Multifocal motor neuropathy and
progressive muscular atrophy
Pathophysiological similarities and differences

Lotte Vlam

Cover image

Meindert Vlam

Layout

Renate Siebes, Proefschrift.nu

Printed by

Ridderprint, Ridderkerk

ISBN

978-90-393-6392-8

© 2015 Lotte Vlam

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means, electronically, mechanically, by
photocopying, recording or otherwise, without the prior written permission of the author.
The copyright of the articles that have been published, has been referred to the respective
journals.

Multifocal motor neuropathy and
progressive muscular atrophy
Pathophysiological similarities and differences

Multifocale motorische neuropathie en progressieve spinale spieratrofie
Pathofysiologische overeenkomsten en verschillen
(met een samenvatting in het Nederlands)

Proefschrift
ter verkrijging van de graad van doctor aan de
Universiteit Utrecht op gezag van de rector magnificus,
prof.dr. G.J. van der Zwaan, ingevolge het besluit van het
college voor promoties in het openbaar te verdedigen
op dinsdag 15 september 2015 des middags te 12.45 uur
door

Lotte Vlam
geboren op 16 september 1985
te Apeldoorn

Promotor:

Prof.dr. L.H. van den Berg

Copromotor:

Dr. W.L. van der Pol

Funding of the studies described in this thesis was provided bij the Prinses Beatrix Spierfonds.

Voor mijn ouders

Contents
Chapter 1

Introduction and aims of this thesis

Chapter 2

Multifocal motor neuropathy: diagnosis, pathogenesis and treatment
strategies

9
17

PART I Immune pathogenesis
Chapter 3

Association of IgM monoclonal gammopathy with progressive
muscular atrophy and multifocal motor neuropathy: a case-control
study

49

Chapter 4

Cytokine profiles in multifocal motor neuropathy and progressive
muscular atrophy

67

Chapter 5

Complement activity is associated with disease severity in multifocal
motor neuropathy

77

PART II Genetics
Chapter 6

Genetic overlap between apparently sporadic motor neuron diseases

99

Chapter 7

SMN1 gene duplications are increased in patients with sporadic adult
onset progressive muscular atrophy and multifocal motor neuropathy

117

Chapter 8

Mutations in the TRPV4 gene are not associated with sporadic
progressive muscular atrophy

129

Chapter 9

Multifocal motor neuropathy is not associated with genetic variation in
PTPN22, BANK1, Blk, FCGR2B, CD1A/E, and TAG-1 genes

135

PART III Diagnosis and treatment
Chapter 10

The diagnostic utility of determining anti-GM1:GalC complex antibodies
in multifocal motor neuropathy: a validation study

149

Chapter 11

Pharmacokinetics of intravenous immunoglobulin in multifocal motor
neuropathy

165

Chapter 12

Summary and general discussion

177

Samenvatting (Summary in Dutch)

189

Dankwoord

197

About the author

203

Curriculum vitae

204

List of publications

205

Chapter 1

Introduction and aims of this thesis

Chapter 1

Introduction and aims

Introduction
Motor neuron disorders (MNDs) are a clinically and pathologically heterogeneous group
of diseases, including primary lateral sclerosis (PLS), amyotrophic lateral sclerosis (ALS),
and progressive muscular atrophy (PMA). These disorders are characterized by weakness
due to progressive loss of upper (PLS) or lower motor neurons (PMA), or a combination of
both (ALS), illustrated in Figure 1.1. Especially shortly after onset the distinction of MND
types is not always straightforward.
It is generally acknowledged that MND constitute a spectrum of disorders, and that pathogenic mechanisms are shared between MND. Moreover, there is emerging awareness that
pathogenic pathways are not unique to MND, but may also underlie other neurodegenerative
disorders. The identification of shared genetic risk factors for MND and frontotemporal
dementia (FTD),1-3 or spinocerebellar ataxia (SCA)4,5 are clear examples of such phenotypic
variability. The possible contribution of inflammation to MND pathogenesis has been
addressed in some studies,6 but remains to be studied in more detail.
MND have to be distinguished from MND ‘mimics’, i.e. disorders that may similar clinical
characteristics, but may have a better prognosis or may be amenable to treatment. Chronic
inflammatory neuropathies, in particular chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor neuropathy (MMN) are among the most important
MND mimics. MMN is, similar to many cases of MND, characterized by slowly progressive
asymmetric distal weakness.7 MMN is probably caused by an antibody-mediated disruption
of the nodes or Ranvier, paranodal regions, or the adjacent myelin sheath.8,9 The contribution
of genetics has not been studied in detail.
The research project described in this thesis started with the hypothesis that both genetic
and inflammatory mechanisms may contribute to the pathogenesis of MMN and PMA. The
primary aim was therefore to investigate the pathophysiological similarities and differences
between these two disorders, and explore where they overlap with ALS.

Spectrum of MNDs
ALS is the most prevalent and devastating of the neurodegenerative disorders, affecting
both the upper and lower motor neurons and thereby leading to rapidly progressive muscle
weakness and respiratory insufficiency. On average, ALS patients die within three years
after symptom onset.10 Riluzole is at present the only effective drug, but only extends life
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Figure 1.1 Spectrum of motor neuron disorders.

1
expectancy of ALS patients with 3–6 months.11,12 Hereditary ALS (familial ALS or fALS), with
autosomal dominant or recessive or X-linked transmission, accounts for approximately 5%
of cases. Mutations in several genes, including superoxide dismutase-1 (SOD1), angiogenin
(ANG), fused in sarcoma/translated in liposarcoma (FUS/TLS), TAR DNA-binding protein
43 (TARDBP/TDP-43) and valosin-containing protein (VCP) have been identified in fALS.10
The intronic hexanucleotide repeat expansion in chromosome 9 open reading frame 72
(C9ORF72) that was discovered recently is the most important ALS-causing mutation.1,2
It probably also underlies many ‘sporadic cases’. For example, this genetic abnormality
explains 37% of the familial ALS cases in the Netherlands and 6.1% of the patients with
sporadic ALS.13 Repeat expansion in the C9ORF72 gene are not exclusive to MND, but are
also associated with FTD.1-3
PLS is a diagnosis of exclusion in patients with sporadic adult-onset slowly progressive
spinal-bulbar spasticity and is diagnosed in 2–4% of the MND patients. Disease course of
PLS is mostly slowly progressive. ALS cases with an exclusive UMN onset and more rapid
progression can mimic PLS until LMN signs become apparent. Riluzole has not been shown
to slow disease progression.14
PMA accounts for 5–10% of adult onset MNDs and is characterized by progressive generalized muscle weakness due to loss of lower motor neurons. Whether PMA is a distinct
disease identity separate from ALS remains subject of debate, especially since a substantial
number of patients with PMA eventually develop upper motor neuron signs or have a disease
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progression similar to ALS.15 A subgroup of patients, however, have a disease course that
is slowly progressive or stationary for years or for decades.16 Mutations in the SOD1 gene
have been identified in some patients with familial PMA,17 and recently 4 of 246 (1.6%)
patients with sporadic PMA where shown to carry the repeat expansion in the C9ORF72
gene.13 These findings suggest that ALS and PMA share genetic risk factors, but also that
other underlying causes of motor neuron degeneration in PMA remain to be identified.
MMN is a rare immune-mediated chronic neuropathy characterized by progressive asymmetric limb weakness and atrophy without sensory loss.18 It has, despite clinical similarities
with ALS and PMA, unique features that were already described in the first reports of
this disease.19-21 MMN is characterized by conduction block (CB), i.e. reduced capacity to
propagate action potentials along axons,22 the presence of anti-GM1 IgM antibodies in a
substantial subgroup of patients,23 and response to immune modulatory treatment.24 Brachial
plexus magnetic resonance imaging25,26 and ultrasound27 are often abnormal outside sites of
CB, suggesting widespread pathogenic alterations of axons or myelin sheaths. It is of great
importance to differentiate MMN from MND since patients with MMN generally respond
to treatment with intravenous (IVIg) or subcutaneous (SCIg) immunoglobulins,24,28-30
although efficacy of treatment differs between patients. In addition, patients with MMN
have a normal life expectancy.

Aims of this thesis
The main aims of our study were:
1. To further dissect and explore the possibility of a shared immunological background
of PMA and MMN. The studies described in this thesis addressed:
•

the prevalence of monoclonal gammopathy in patients with ALS, PLS,
PMA and MMN, in relation to clinical features and disease course
(chapter 3).

•

serum concentrations of inflammatory markers that could help to explain the presence of IgM monoclonal gammopathy or IgM anti-GM1antibodies in MMN and PMA patients (chapter 4).

•

innate classical and lectin pathway activity, mannose binding lectin
(MBL2) genotypes and serum MBL concentration in patients with MMN
using a case-control design. We also investigated whether complement
activity was associated with disease severity (chapter 5).

12

Chapter 1

and PMA. We determined:
•

mutation frequencies in genes known to be associated with MND in
patients with sporadic PMA and compared their mutation frequencies
to those of patients with sporadic ALS (chapter 6).

•

mutations in the transient receptor potential vanilloid 4 (TRPV4) gene in
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2. To investigate the genetic contribution of candidate genes in patients with MMN

patients with sporadic PMA and healthy controls (chapter 7).
•

SMN1 and SMN2 copy number variation in PMA and MMN (chapter 8).

•

frequencies of single nucleotide polymorphisms (SNPs) in genes known to
be involved in auto-immune diseases in patients with MMN (chapter 9).

3. To improve the diagnosis and treatment of patients with MMN. We studied:
•

the clinical utility of the GM1:GalC complex assay in the diagnosis of
MMN (chapter 10).

•

the variability of IVIg pharmacokinetics in patients with MMN in relation
to treatment response and genetic polymorphisms of the endothelial IgG

1

receptor (chapter 11).
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Abstract
Multifocal motor neuropathy (MMN) is a rare inflammatory neuropathy characterized
by slowly progressive, asymmetric distal limb weakness without sensory loss. The
clinical presentation of MMN may mimic amyotrophic lateral sclerosis, other variants
of motor neuron disease, or chronic inflammatory demyelinating polyneuropathy with
asymmetric onset. Differentiation is important, as these diseases differ in prognosis
and treatment. The electrophysiological finding of conduction block in the absence
of abnormalities in sensory nerves is the hallmark of MMN, but can be difficult to
detect. Intravenous immunoglobulin is efficacious in most patients, but long-term
maintenance therapy does not prevent slowly progressive axonal degeneration. Moreover,
cyclophosphamide, although effective, has substantial adverse effects, and the efficacy of
other immunosuppressive drugs, including rituximab, is not established. The underlying
pathological mechanisms of MMN are unclear, but IgM autoantibodies against the
ganglioside GM1 may cause changes in nodal and perinodal structures that compromise
nerve conduction. Further elucidation of the disease mechanisms may ultimately lead
to improved treatment strategies. In this Review, we discuss the diagnostic criteria for
MMN, and provide an update on the current understanding of MMN pathogenesis. We
also describe available treatments and promising new therapeutic strategies.
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Multifocal motor neuropathy (MMN), which was first described in 1985, is a rare disorder,
with a prevalence of around 0.6 per 100,000 individuals.1 It is a purely motor neuropathy
with slowly progressive, asymmetric, predominantly distal weakness of limbs. Conduction
block was identified as the electrophysiological characteristic that distinguished MMN
from motor neuron disease (MND).2-4 In 1988, the association of MMN with high serum

Multifocal motor neuropathy

Introduction

levels of IgM antibodies against the ganglioside GM1 were reported, together with the
positive effects of treatment with the immunosuppressive agent cyclophosphamide.5 These
groundbreaking reports were followed by larger case series that described the clinical and
electrophysiological characteristics of patients with MMN in more detail.6-12
High-dose intravenous immunoglobulin (IVIg) remains the treatment of choice, following
clinical trials that showed this approach to be efficacious and safe.13-16 Moreover, early
intervention with IVIg may prevent axonal damage.17 As such, MMN is regarded as a
treatable disorder with a relatively favorable prognosis compared with its most important
mimic, amyotrophic lateral sclerosis (ALS). However, the effect of IVIg on MMN may decline
after several years, and many patients experience progression of neurological deficits despite

2

increasing IVIg doses.17,18 Alternative treatment strategies that prevent permanent weakness
are, therefore, needed. Although clinical, immunological and electrophysiological studies
have improved our understanding of MMN, the underlying pathogenic mechanisms need
further dissection.
In this Review, we discuss the clinical characteristics, differential diagnosis, and diagnostic
criteria for MMN. We summarize what is known about the pathophysiology of MMN, the
evidence supporting the validity of established treatment strategies, and the treatment options
in refractory cases. Finally, we highlight potential novel therapeutic strategies.

Clinical features
Demographics
Males are more commonly affected by MMN than are females, with an approximate male:female
ratio of 2.7:1.1 In almost 80% of patients, the first symptoms appear before the age of 50 years.
The mean age at onset is 40 years (range 20–70 years).1,19,20 Onset is generally at an earlier age in
men (38 years) than in women (45 years).1 In contrast to chronic inflammatory demyelinating
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polyneuropathy (CIDP), onset of MMN has not been reported in patients over 70 years
of age.

Symptoms
MMN is characterized by asymmetric, predominantly distal limb weakness that follows the
distribution of individual nerves, without evident sensory loss. The ulnar, median, radial and
tibial nerves are most commonly affected, with striking differences in weakness of muscles
innervated by a common terminal nerve, which probably reflects the irregular pattern of
nerve involvement.1,20 Frequently reported initial symptoms are wrist drop, reduced grip
strength and foot drop. Weakness usually starts in the forearm or hand muscles, but the first
symptoms may present in the distal leg (20–30% of cases) or occasionally in the upper arm
(5% of cases).1,12,16,19,20 Almost all patients with symptom onset in the legs eventually develop
weakness in the arms, which often becomes the most prominent disease feature.20-22 Over time,
symptoms may spread to the upper arm, but rarely to the upper leg.1
Many patients with MMN-more so than patients with other peripheral nerve disorderscomplain of increased weakness in cold conditions.23 Muscle atrophy is usually mild compared
with weakness in the first years after onset, but can be substantial in patients with a long
disease duration.19,20 Muscle hypertrophy has been reported in a small number of patients.24
Other motor symptoms include cramps and fasciculations, which are reported in more than
half of patients.19 Tendon reflexes are normally low or absent in weakened muscles, although
normal reflexes are found in 8% of patients, and brisk, although not pathological, reflexes are
found in 9% of patients. Importantly, brisk reflexes may even occur in the affected muscles.
Absence of cranial nerve involvement is considered to be a supportive criterion for the diagnosis
of MMN,28 although it has been reported in some cases.29,30 Weakness of respiratory muscles
is extremely rare in MMN, but respiratory impairment due to phrenic nerve involvement has
been described.31-34

Disease course
The disease course of MMN is usually steadily progressive. Rare cases of stepwise and
spontaneously remitting disease courses have also been described,19 although such findings
were not corroborated in a recent study.1 Patients with MMN do not develop weakness of
bulbar and respiratory muscles, and they have a normal life expectancy. Despite the beneficial
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in muscle strength, causing considerable disability.17,18 Severe functional impairment of the
arms is reported by 20% of patients, and severe fatigue that interferes with professional or
daily life activities is experience by more than half of patients.1 Determinants of permanent
weakness and disability are the number of years without IVIg treatment and the amount of
axon loss.1,35 Early recognition and appropriate treatment of patients with MMN is, therefore,
of great importance, and future treatment strategies should aim to prevent axon loss.

Multifocal motor neuropathy

effects of treatment with IVIg, the majority of patients experience a slowly progressive decline

Diagnosis
Differential diagnosis
Asymmetric weakness of distal muscle groups rarely presents in neuropathies and is compatible
with early stages of MND. The differential diagnosis of MMN is summarized in Table 2.1.

Table 2.1

2

Differential diagnosis of MMN
MMN

ALS

LMND

CIDP

LSS

Distribution of weakness

Asymmetric

Asymmetric

Asymmetric

Symmetric

Asymmetric

Prominent sensory
symptoms

No

No

No

Yes

Yes

Tendon reflexes

Normal or
decreased in
weakened
muscles*

Increased in
weakened
muscles

Decreased
in
weakened
muscles

General
hyporeflexia
or areflexia

Decreased
in
weakened
muscles

Disease course

Slowly
progressive

Rapidly
progressive

Slowly or
rapidly
progressive

Progressive
or relapsing

Progressive
or relapsing

CSF protein > 1g/L

No

No

No

Yes

Rare

Increased titers of GM1specific IgM antibodies

Common

Rare

Rare

Rare

Rare

Abnormal MRI signal in
the brachial plexus

Asymmetric

No

No

Symmetric

Asymmetric

Response to IVIg

Yes

No

No

Yes

Yes

Response to
corticosteroids

No‡

No

No

Yes

Yes

* In some patients reflexes are brisk. ‡ May aggravate symptoms. Abbreviations: ALS, amyotrophic lateral sclerosis;
CIDP, chronic inflammatory demyelinating polyneuropathy; CSF, cerebrospinal fluid; IVIg, intravenous immunoglobulin; LMND; lower motor neuron disease; LSS, Lewis–Sumner syndrome; MMN, multifocal motor neuropathy.
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Increasing awareness that asymmetric weakness of limbs could be caused by MMN probably
explains the shorter time to diagnosis in recent years,1 but many patients with MMN are
initially diagnosed as having MNDs such as ALS, progressive spinal muscular atrophy
or segmental spinal muscular atrophy.36 MMN can mimic the early symptoms of ALS,
particularly the combination of weakness and fasciculations with retained or brisk reflexes
in the affected limb,11,37 but overt upper motor neuron signs-that is, pathological reflexesexclude MMN.1 Slow progression of the disease, absence of bulbar signs, and absence of
respiratory muscle weakness can also help to differentiate MMN from ALS.
Distinguishing MMN from lower motor neuron disease, particularly segmental distal spinal
muscular atrophy,38,39 can present a greater challenge. The characteristic conduction block
might only be present in nerves that are not always routinely investigated, such as nerves
innervating non-weakened muscles,40 proximal nerve segments, or the musculocutaneous
nerve.1 The finding of high signal intensity on T2-weighted images of the brachial plexus
and the presence of high GM1-specific IgM antibody titers suggest MMN.41
In the presence of conduction block, MMN should be differentiated from asymmetric
variants of CIDP. Typically, patients with CIDP present with symmetric distal and proximal
weakness with sensory impairment in the arms and legs.42 However, CIDP may also present
with predominant motor signs, or with asymmetric or multifocal sensorimotor symptoms
(Lewis–Sumner syndrome [LSS]), which may be harder to distinguish from MMN.43-45
Proximal weakness in the legs at an early time point often helps to differentiate pure motor
variants of CIDP from MMN.
Distinguishing LSS from MMN may be complicated by the presence of mild vibration sense
disturbances, which occur in approximately one-fifth of patients with MMN and suggest
subclinical sensory involvement.1,26,54 The distinction is not trivial, as patients with LSS may
respond to treatment with corticosteroids and plasmapheresis, whereas such therapy might
aggravate weakness in patients with MMN. Characteristics that are more compatible with
LSS than with MMN are a relapsing-remitting disease course, progression of symptoms
in a matter of weeks, and clear clinical sensory deficits that are confirmed by decreased
sensory nerve action potential amplitudes. Other ancillary investigations are less helpful
in differentiating between the two diseases. Cerebrospinal fluid (CSF) protein levels in
most cases of MMN and LSS are normal or slightly increased (< 1 g/l), unlike in CIDP. The
presence of a high GM1-specific antibody titer could suggest MMN, but marginally increased
titers have low sensitivity and do not exclude LSS or lower motor neuron disease.45,48,49,51,52
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closely related to MMN, continues to be debated.44-46,48,50,52,53
Finally, entrapment neuropathy and hereditary neuropathy with liability to pressure palsies
are other mimics of MMN, but can be relatively easily distinguished by nerve conduction
abnormalities at sites of compression.55

Multifocal motor neuropathy

Whether LSS represents a nosologically distinct entity or a focal variant of CIDP, or is more

Diagnostic criteria
Several groups and consortia have proposed sets of diagnostic criteria for MMN, which
show considerable overlap.28,41,56-58 The diagnosis of MMN is based on clinical and
electrophysiological characteristics, and may be supported by results from ancillary
investigations-that is, normal or slightly increased CSF protein (< 1 g/l), the presence
of GM1-specific IgM antibodies, and abnormal MRI signals in the brachial plexus. The
diagnostic criteria are summarized in Box 2.1.

Electrophysiological findings

2

Motor conduction block-the inability of motor axons to propagate action potentials-outside
common sites of entrapment is the electrophysiological hallmark of MMN. In an affected
nerve segment, conduction block in numerous axons may result in a reduction of the
compound muscle action potential (CMAP) following proximal versus distal stimulation
of the muscle-a phenomenon known as decrement. Decrement can also occur owing to
increased temporal dispersion, which results from an increase in the difference in conduction
velocities of various axons in a nerve. This causes desynchronized arrival of action potentials
at the motor end plate and, subsequently, increased cancellation of the positive and negative
phases of the motor unit action potentials that constitute the CMAP. Phase cancellation is
suggested to be more prominent when the motor unit action potentials contributing to the
CMAP are polyphasic owing to collateral reinnervation following partial denervation.59
Criteria for conduction block should, therefore, exclude decrement caused by temporal
dispersion or increased phase cancellation.
We define definite conduction block as a greater than 50% reduction of the CMAP area over
a long nerve segment (between Erb’s point and the axilla, upper arm, forearm or lower leg)
or a CMAP amplitude reduction of at least 30% over a short distance (2.5 cm), detected by
inching. We define probable conduction block as a reduction in CMAP amplitude of at least
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Box 2.1 Diagnostic criteria for MMN41,60
Clinical criteria
1. Slow or stepwise progressive limb weakness
2. Asymmetrical limb weakness
3. Fewer than seven affected limb regions (upper arms, lower arms, upper legs, or lower legs)
4. Decreased or absent tendon reflexes in affected limbs
5. Signs and symptoms are more pronounced in arms than in legs
6. Age 20–65 years at onset of disease
7. No objective sensory abnormalities except for vibration sense
8. No bulbar signs or symptoms
9. No upper motor neuron features
10. No other neuropathies (for example, diabetic, lead, porphyric, or vasculitic neuropathy, chronic
inflammatory demyelinating polyneuropathy, Lyme neuroborreliosis, post-radiation neuropathy,
hereditary neuropathy with liability to pressure palsies, Charcot–Marie–Tooth neuropathies, or
meningeal carcinomatosis)
11. No myopathy (for example, facioscapulohumeral muscular dystrophy or inclusion-body myositis)
Laboratory criteria
1. CSF protein < 1 g/L
2. High GM1-specific IgM antibody titer
3. High signal intensity on T2-weighted MRI of the brachial plexus
Electrodiagnostic criteria
1. Definite motor conduction block: CMAP area reduction on proximal versus distal stimulation of at
least 50% over a long nerve segment (between Erb’s point and the axilla, upper arm, lower arm or
lower leg), or a CMAP amplitude reduction on proximal versus distal stimulation of at least 30% over
a short distance (2.5 cm), detected by inching. CMAP amplitude of at least 1 mV on stimulation of the
distal part of the segment with motor conduction block.
2. Probable motor conduction block: CMAP amplitude reduction on proximal versus distal stimulation
of at least 30% over a long segment of an arm nerve. CMAP amplitude of at least 1 mV on stimulation
of the distal part of the segment with motor conduction block.
3. Slowing of conduction compatible with demyelination: motor conduction velocity 75% of the lower
limit of normal; distal motor latency or shortest F wave latency 130% of the upper limit of normal, or
absence of F waves (all after 16–20 stimuli). CMAP amplitude on distal stimulation of at least 0.5 mV.
4. Normal sensory nerve conduction in arm segments with motor conduction block. Normal sensory
neuron action potential amplitudes on distal stimulation.
Definite MMN
1–11 on clinical criteria, 1 on laboratory criteria, and 1 and 4 on electrodiagnostic criteria
Probable MMN
1–3 and 6–11 on clinical criteria, 1 on laboratory criteria, and 2 and 4 on electrodiagnostic criteria
Possible MMN
1 and 7–11 on clinical criteria, 2 or 3 on laboratory criteria, and 3 and 4 on electrodiagnostic criteria
Abbreviations: CMAP, compound muscle action potential; CSF, cerebrospinal fluid; MMN, multifocal motor
neuropathy.
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on stimulation of the distal segment to be at least 1 mV.41
Whether conduction block is always part of MMN is an important issue and depends on
the criteria used to define this feature and the number of nerves investigated.60 Extensive
nerve conduction studies are essential for finding proximal conduction blocks. As patients
with MMN with and without conduction block have similar clinical features and respond
equally well to IVIg infusions,1,61 a diagnosis of possible MMN in the absence of conduction
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30% over a long segment of an arm nerve. Both definitions require the CMAP amplitude

block was included in consensus criteria.28,41 Features of demyelination other than conduction block, lack of denervation in the paraspinal muscles, presence of GM1-specific IgM
antibodies and an abnormal MRI signal in the brachial plexus can help to identify patients
with a high likelihood of response to IVIg.41,61-63 Additional studies, such as nerve root
stimulation,64,65 conventional transcranial magnetic stimulation, and the triple stimulation
technique,66,67 may be helpful in detecting proximal conduction blocks. Fatigability testing
was proposed as a useful tool to reveal transient, activity-dependent conduction block,68-70
but the validity of this method was not supported by a recent study.71
Typically, sensory nerve conduction studies show normal sensory nerve action potential
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amplitudes and normal sensory nerve conduction velocities, which are necessary to fulfill
the diagnostic criteria of MMN. Recent studies showed, however, that reduced sensory nerve
action potential amplitudes can occur years after MMN onset.25-27

Laboratory characteristics
Routine blood and urine analysis are unrevealing in MMN, with the exception of slightly
elevated levels of creatine kinase in up to two-thirds of patients.19 Analysis of the CSF may
reveal slight increases of protein levels (< 1 g/l) in approximately 30% of patients, but in the
remaining patients the CSF findings are normal, including absence of oligoclonal bands.19
Results from immunofixation electrophoresis are normal in the vast majority of patients,
but in some cases an IgM monoclonal protein can be detected.4,11,72
GM1-specific IgM antibodies in serum can act as a marker for MMN if cut-off levels are set
sufficiently high. By use of a high cut-off level, these antibodies can be detected in serum in
approximately 50% of patients with MMN.73 The reported prevalence of antibodies varies
widely (20–85%),73-76 however, reflecting methodological differences. Antibodies against
gangliosides other than GM1 are only present in a low percentage of patients and, as such,
have little diagnostic utility.73,77,78
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Neuroimaging
An abnormal MRI signal in the brachial plexus has been reported in 40–50% of patients
with MMN. The abnormalities include increased signal intensities in the brachial plexus
and ventral rami of the roots on T2-weighted images, which correspond to the distribution
of symptoms and are associated with diffuse nerve swelling.79,80 Another study using
ultrasonography demonstrated multiple sites of nerve enlargement along the brachial plexus
and median, ulnar and radial nerves in 90% of patients.81

Pathophysiology
Conduction block and nerve pathology
Motor conduction block is the characteristic, although not entirely specific, electrophysiological
finding in MMN. The pathophysiological mechanisms underlying this feature and other
aspects of nerve dysfunction have not been completely elucidated. Results from electrophysiological studies have shown clear signs of dysfunction at the nodes of Ranvier, with
hyperpolarization and depolarization, both of which can lead to failure of action potential
conduction.82-85 In theory, conduction block can result from primary dysfunction of the
axon at the nodes of Ranvier or paranodal abnormalities of the myelin sheath. Pathology
studies of motor nerves from patients with MMN are scarce, and have shown contradictory
results, with signs of demyelination in some studies86-88 and primary axonal degeneration
in another study.89 Nerve dysfunction in MMN is, however, probably more widespread
than sites of conduction block, suggesting generalized rather than focal dysfunction of the
axonal membrane.82
A second striking characteristic of MMN compared with other inflammatory demyelinating
neuropathies is the high frequency of axonal degeneration.35 Axon loss, rather than
conduction block, is the most important determinant of permanent weakness and
disability.1,35,90 Treatment with IVIg may counteract pathogenic pathways that cause axon
loss, by reducing axonal dysfunction and promoting reinnervation.17,91
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Pathological studies of motor nerves from patients with MMN are scarce. Small perivascular
lymphocyte infiltrates have been documented in two patients, which could suggest an
inflammatory or immune component of the disease,89 but were not detected in others.86-88
Results from other studies, discussed below, seem to support the concept of an immunemediated pathogenesis.
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Immunopathology

GM1-specific antibody titers
Antibodies to glycolipids, including gangliosides, are associated with a wide range of
inflammatory neuropathies.76 GM1 is ubiquitously expressed, but is probably more abundant
in motor than in sensory nerves.92 It is enriched in paranodal myelin, and also expressed
in the axolemma at the nodes of Ranvier of peripheral motor nerves.76 The neurobiological
functions of gangliosides are not fully understood, but they are thought to play a part
in the maintenance and repair of nervous tissues, stabilization of paranodal junctions,
and clustering of ion channels, all of which are essential for rapid propagation of action
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potentials.93
The relative abundance of GM1 in motor nerves offers an explanation for the association
of GM1-specific IgG antibodies with pure motor axonal forms of Guillain-Barré syndrome
(GBS).94 The pathogenic potential of GM1 IgM antibodies in MMN is less clear. On one
hand, low titers of GM1-specific IgM antibodies have been detected in a small percentage
of patients with MND,19 leading some researchers to doubt the specificity-and, therefore,
the pathogenicity-of these antibodies in MMN. Moreover, initial in vivo and in vitro studies
on the pathogenic properties of GM1-specific IgM antibodies yielded conflicting results.95-99
On the other hand, more-recent studies have shown that high titers of anti-GM1 IgM
are considerably more common in MMN than in MND and other neuropathies.77 The
antibodies can activate the classic complement pathway,100,101 and complement-activating
capacity correlates with antibody titers.101 Patients with MMN who were seropositive for
GM1-specific IgM antibodies had significantly more weakness, disability and axon loss
than patients without these antibodies.73 Moreover, higher antibody titers correlated with
more-severe weakness.73 These studies indicate that GM1-specific IgM serum antibodies
from patients with MMN may share pathogenic characteristics with GM1-specific IgG
serum antibodies from patients with GBS.
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Antibody-mediated pathology
Specific animal models of MMN are not available. However, data from experimental models
of GBS have revealed various effects of GM1-specific antibodies on the function of peripheral
nerves that might be relevant for MMN pathogenesis. First, binding of anti-GM1 antibodies
to GM1 at paranodal junctions may alter the paranodal anatomy, and cause mislocalization
or disruption of sodium and potassium channel clusters.93 Second, antibodies may activate
the classic complement pathway and formation of the membrane attack complex, a porin
that compromises membrane integrity, leading to disruption of sodium channel clusters
(Figure 2.1).94 These experimental findings may reflect the pathogenic mechanisms that
ultimately cause conduction block and axonal damage, and offer clues as to how immunological and electrophysiological characteristics of MMN may be linked. Antibody-inhibiting
and complement-inhibiting drugs counteracted the pathogenic effects of ganglioside-specific
antibodies in experimental models of antibody-mediated polyneuropathy.102,103 Indeed, the
efficacy of IVIg in MMN may be explained by its capacity to inhibit anti-GM1 IgM-mediated
complement deposition and to induce a systemic reduction of classic pathway function.100,101
GM1 IgM antibodies are part of the repertoire of the innate immune system, which probably
explains the lack of specificity of low titers of anti-GM1 IgM antibodies for MMN. GM1specific B-cell activation would explain increased titers, but the underlying mechanism
remains to be clarified.
Anti-GM1 antibodies in GBS are associated with infections by microorganisms—most
commonly Campylobacter jejuni-that express ganglioside-like structures on their surface
a few days or weeks before disease onset. Infection with C. jejuni can cause activation of
GM1-specific B cells and increased anti-GM1 antibody titer-a process known as ‘molecular
mimicry’.104 Results from small-scale serological studies have failed to document a similar
association with MMN.105
Monoclonal IgM gammopathy of undetermined sig¬nificance is also associated with
increased titers of GM1-specific IgM,106 suggesting that intrinsic B cell clone changes may
underlie MMN. Indeed, the frequency of IgM monoclonal gammopathy seems to be higher
in patients with MMN than in healthy age-matched controls (6% versus 2%; L. Vlam, S.
Piepers, N. A. Sutedja, E. A. Cats, W. L. van der Pol and L. H. van den Berg, unpublished
work). Taken together, infections with C. jejuni and premalignant B cell changes do not seem
to explain increased anti-GM1 IgM titers in most MMN cases, suggesting other unknown
mechanisms of B cell activation in MMN.
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Figure 2.1 Possible pathological mechanisms in MMN.
(a) The nodes of Ranvier ensure saltatory conduction under normal conditions. Gangliosides such as GM1
play a part in maintaining tight junctions at the paranodal regions, anchoring potassium channels and
clustering sodium channels. (b) MMN is associated with production of GM1-specific IgM antibodies in about
50% of patients. These antibodies could bind to GM1 at nodes of Ranvier and activate complement, leading
to disruption of Schwann cell–axolemma junctions, and displacement and disruption of ion channel clusters.
Deposition of complement factors, including the membrane attack complex, might compromise membrane
integrity and cause axonal damage. Abbreviation: MMN, multifocal motor neuropathy.

MMN patients with and without anti-GM1 IgM antibodies show similar clinical features.73 This
finding could indicate that the serum of ‘seronegative’ patients contains antibodies against as
yet unidentified antigens that have a similar function or anatomical distribution to GM1. Some
candidate antigens have been identified. Serum reactivity to complexes consisting of multiple
gangliosides, as reported in other inflammatory neuropathies,107 could not be demonstrated
in MMN.73,108 However, serum IgM from patients with MMN was found to bind to a mixture
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of lipids containing GM1, galactocerebroside and cholesterol. This lipid-context-dependent
antibody binding to GM1 could partly explain the large proportion of patients with MMN who
are seronegative for anti-GM1 antibodies.109 More recently, disulfated heparin disaccharide
was identified as a potential antigen in patients with motor neuropathies.110 These results
need to be further explored to enable us to understand their clinical significance in MMN.

Other features of autoimmunity
Whether MMN is a classic autoimmune disease remains undetermined.111 Many autoimmune
diseases are associated with specific HLA alleles.112 The HLA system is crucial for presentation
of specific peptide antigens to T lymphocytes, and particular HLA haplotypes can facilitate
activation of autoreactive lymphocytes. The frequency of the HLA-DRB1*15 haplotype was
increased among Dutch patients with MMN,113 similar to the association found in multiple
sclerosis.114 However, evidence for involvement of peptides as autoantigens in MMN is
lacking, and how the observed HLA association fits into a concept of MMN pathogenesis
is currently unclear. An increased incidence of other autoimmune diseases in patients
with MMN (E. A. Cats, A. S. Bertens, J. H. Veldink, L. H. van den Berg and W.-L. van der
Pol, unpublished work) is a further line of evidence supporting autoimmunity in MMN.
Other findings, however, argue against autoimmunity in MMN; in particular, the higher
incidence in males than in females, the lack of response to corticosteroids, and the lack
of disease association with single nucleotide polymorphisms in genes that predispose to
B-cell-mediated autoimmune disease.115

Treatment
Intravenous and subcutaneous immunoglobulin
The beneficial effects of IVIg treatment for patients with MMN have been demonstrated in
four double-blind, placebo-controlled trials,13-16 which were meta-analyzed in a Cochrane
review.116 Improvement in muscle strength was shown to be significantly greater after IVIg
therapy than after placebo. The reported adverse effects of IVIg, which included rashes, chills,
fever, mild hypotension or hypertension, nausea, malaise, headache, and mild arthralgia,
were mild and transient.116 Treatment with IVIg is now regarded as the standard therapy
for patients with MMN (Figure 2.2). Recently, three larger retrospective studies confirmed
the favorable response to initial IVIg treatment in 70–90% of patients.1,20,117
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First IVIg course; cumulative dose 2 g/kg administered in 2–5 consecutive days

Assessment of motor function 2–4 weeks after IVIg administration

Multifocal motor neuropathy

Diagnosis of MMN according to specified criteria*

Improvement‡

Yes

No

Follow-up; subsequent
deterioration of motor function

Yes

Second IVIg
course (2g/kg)

IVIg
maintenance
treatment;
usually 0.4–1
g/kg once
every 4 weeks

No

Monitor
motor
function
without
treatment

Monitor motor function; adjust IVIg
dose if necessary

Reconsider diagnosis; high
likelihood of MMN

Yes

6 months
follow-up;
disease course
characteristic
of MMN

Yes

No

2

Consider
other
diagnosis

No

Consider second IVIg course or
alternative therapy
(cyclophosphamide or rituximab)

Figure 2.2 Management of MMN.
IVIg is efficacious in most patients. The dose of maintenance treatment needs to be individually tailored,
necessitating regular re-evaluation of the patient. Alternative treatment strategies can be considered in
patients with definite MMN who experience progression and are refractory to IVIg. * Criteria are described in
Box 2.1 and Supplementary Box 1 online. ‡ Increase in strength of at least two muscle groups of ≥ 1 grade on
the Medical Research Council scale without a decrease in other muscle groups, decrease of 1 point in at least
two categories of the Self-Evaluation Scale, or decrease of at least 1 point on the Overall Disability Sum Score.
Abbreviations: IVIg, intravenous immunoglobulin; MMN, multifocal motor neuropathy.
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The first IVIg course is usually administered at a cumulative dose of 2 g/kg over 2–5
consecutive days.28 The effect of IVIg only lasts for a few weeks, necessitating repeated
infusions.116 The optimal dose and treatment interval for the IVIg maintenance infusions
have not been established.118 The IVIg maintenance dose needs to be tailored to the individual
on the basis of motor impairment, initial response to IVIg, and the time interval between
the first IVIg infusion and the subsequent decline in muscle strength. Therefore, a patient’s
muscle strength and, ideally, muscle function needs to be closely monitored. In our studies,
we define improvement as a 1-point decrease in either the upper-limb or lower-limb score
on the Overall Disability Sum Score,119 or in the score of two or more motor activities on
the Self-Evaluation Scale,120 and a muscle strength increase in at least two muscle groups of
1 grade or more on the Medical Research Council scale, without a decrease in the strength
of other muscle groups.1
To determine the extent and duration of one full IVIg course, we monitor muscle strength
and function. Few patients experience a stable disease course without maintenance
treatment,1,117 but those who do must be identified before maintenance treatment is started.
If muscle strength and function deteriorate in the weeks or months following treatment, a
second full course of IVIg (2 g/kg) is given, followed by an IVIg maintenance dose of 0.4
g/kg administered in a single day, once every 4 weeks. Regular re-evaluation of the dose is
important, especially because many patients seem to require an increase in the IVIg dose
over time.1,20
The first two courses of IVIg should be administered in the hospital to monitor adverse
effects, but maintenance treatment at home, supervised by a trained nurse, may represent
a cost-effective alternative to in-hospital infusions. In our experience, IVIg treatment at
home was safe, preferred by the patients, and reduced not only the cost of therapy but also
the number of days the patients were unable to work.121
Subcutaneous immunoglobulin (SCIg) is an alternative to IVIg, and is particularly suitable for
patients with difficult venous access. In contrast to IVIg, SCIg can be self-administered. One
randomized, single-blinded trial and two open-label studies suggested that SCIg is feasible
and, in the short-term, safe and therapeutically equivalent to IVIg.122-124 The most important
drawback of SCIg is the limited volume of the agent that can be administered subcutaneously
at a single site. SCIg was found to be effective as long-term treatment in six patients with
MMN,125 although four of the nine patients who participated in the original trial122 preferred
to resume IVIg treatment because they found the SCIg procedure too difficult or experienced
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SCIg because this form of treatment allowed avoidance of hospitalization and the adverse
effects and difficulties of intravenous infusion, while providing a higher degree of autonomy
and improved flexibility. Some of the advantages of SCIg are similar to the advantages of
homecare IVIg treatment.
Although the long-term effects of immunoglobulin maintenance treatment have been
confirmed in several studies,17,18,20,91,126 IVIg treatment does not prevent a mild gradual
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subcutaneous swelling during SCIg infusion. The other patients requested to continue with

decline in muscle strength-probably due to ongoing axonal degeneration-over time.17,18,59

Other therapies
Immunomodulatory therapies other than IVIg have been investigated in open-label trials
and in one placebo-controlled trial. Prednisolone and plasmapheresis are ineffective in
most patients with MMN and may even exacerbate symptoms.20,127-129 Cyclophosphamide
was the first drug used to treat patients with MMN, and has been reported to be effective
in several case series. In a recent review of these studies,130 28 patients (68%) reported some
or significant improvement, but the substantial adverse effects of cyclophosphamide restrict
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its long-term use.60
Uncontrolled studies28,130-132 have suggested beneficial effects of treatment with interferon-β,
cyclosporine, methotrexate, azathioprine and mycophenolate mofetil in some patients with
MMN. However, a randomized placebo-controlled trial showed that adjunctive treatment
with mycophenolate mofetil did not alter the disease course of patients with MMN, and did
not allow significant reduction of IVIg doses.133 Treatment with eculizumab, a monoclonal
antibody directed against complement factor C5, did not allow dose reduction of IVIg in
most patients, although some improvements in objective motor performance measures and
conduction block were observed after treatment in an open-label study of 13 patients.134
Several case reports and small uncontrolled studies have described treatment experiences
with ritixumab, a monoclonal antibody directed against the B-cell-specific antigen CD20.135-140
The results from these studies are inconsistent (Table 2.2). A randomized controlled trial
is, therefore, needed to further establish the safety and efficacy of rituximab treatment in
patients with MMN.
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Prospective, openlabel, controlled
study

21 patients with
IgM associated
polyneuropathies
with insufficient
effect of IVIg

14

Not mentioned

Yes

2 years

Participants

Number of MMN
patients included

Mean disease
duration, years

IgM anti-ganglioside
antibodies

Follow-up

Pestronk
2003135

Study design

Study feature

12 weeks

Yes

5

1

Two patients with
chronic motor
neuropathy and
declining response
to IVIg

Case series

Rojas-García
2003136

Table 2.2 Studies of rituximab treatment in MMN

5 years

No

12

1

One patient
with MMN and
declining response
to IVIg

Case report

Ruegg
2004137

1 year

No

Not mentioned

2

Six patients with
IVIg-dependent,
relapsing immune
polyneuropathy

Prospective, openlabel, uncontrolled
study

Gorson
2007138

27–39 months

No

7

3

Three patients
with MMN and
declining response
to IVIg

Case series

Stieglbauer
2009139

1 year

No

18

6

Six patients with MMN
receiving periodic IVIg
infusions

Prospective, open-label,
uncontrolled study

Chaudry
2010140
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Mean change in
strength 22% vs.
0% control group

At least 11*

Clinical outcome
measure

Number of improved
MMN patients

0

Clinical
deterioration after
2 months

Monotherapy

1

IVIg dosing
interval
increased from
7 days to 12 days,
and subjective
clinical
improvement

Add-on therapy

Monotherapy
Sustained clinical
improvement in all
patients

3

Add-on therapy
IVIg dose
reduction of 43%
and increase
in strength in
one patient, but
increase of IVIg
dose by 24% in
other patient

1

* Not mentioned solely for MMN patients (improvement of strength in 18 out of 21 patients).
Abbreviations: IgM, immunoglobulin M; IVIg, intravenous immunoglobulin; MMN, multifocal motor neuropathy.

Monotherapy

4

No significant
improvement in
group mean scores;
subjective and objective
improvements in strength
and disability in individual
patients; IVIg dosing
interval increased from 4
weeks to 5 weeks in one
patient

Add-on therapy
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Conclusions
MMN is a treatable disorder and should, as such, be differentiated from MND. Conduction
block is the electrophysiological hallmark of MMN but may be difficult to identify. Nerve
conduction studies should, therefore, be as extensive as required – including proximal nerve
segments—in patients with asymmetric, progressive limb weakness without evident sensory
disturbance or upper motor neuron signs. Although treatment with IVIg is efficacious in
most patients with MMN, a slowly progressive decline in muscle strength during longterm IVIg treatment usually occurs. Determinants of permanent weakness are the number
of years without IVIg treatment and the amount of axon loss. Future treatment strategies
should aim to prevent axon loss.
The underlying pathogenesis of MMN remains largely unknown, but the disease is thought
to be immune-mediated, with an important role for GM1-specific IgM antibodies. The
pathogenic potential of these antibodies is suggested by their complement-activating capacity
and by the finding that higher antibody titers correlate with more-severe weakness. More
research is needed to further elucidate the pathological disease mechanisms underlying
MMN in order to find new targets for therapy. Promising future directions include strategies
that reduce levels of GM1-specific antibodies, modulate complement activity and improve
nerve function.

Key points
• Multifocal motor neuropathy (MMN) is a rare disorder characterized by asymmetric, predominantly
distal limb weakness without evident sensory loss
• MMN should be differentiated from amyotrophic lateral sclerosis, lower motor neuron disease, chronic
inflammatory demyelinating polyneuropathy and Lewis–Sumner syndrome
• The diagnosis of MMN is based on clinical and electrophysiological characteristics, and may be
supported by results from ancillary investigations, especially in the absence of conduction block
• MMN is thought to be an immune-mediated disorder in which B cells, autoantibodies and complement
play an important role
• Treatment with intravenous immunoglobulin is efficacious in most patients with MMN, but a slowly
progressive decline in muscle strength usually occurs, owing to ongoing axonal degeneration
• Several immunosuppressive therapies have been investigated in small, open-label studies, but
conclusive evidence of efficacy is lacking
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Association of monoclonal gammopathy with MND and MMN

Abstract
Objective: Monoclonal gammopathy in patients with amyotrophic lateral sclerosis (ALS)
and related disorders has been reported in small studies but the validity of the reported
associations remains uncertain. Presence of monoclonal gammopathy may indicate
specific pathogenic pathways and may facilitate the development of novel treatment
strategies. The objective of this large case-control study was to determine the prevalence
of monoclonal gammopathy in motor neuron diseases (MND) and multifocal motor
neuropathy (MMN).
Methods: Monoclonal gammopathy was determined by immuno-electropheresis and
immunofixation in serum from 445 patients with ALS, 158 patients with progressive
muscular atrophy (PMA), 60 patients with primary lateral sclerosis (PLS), 88 patients
with MMN and in 430 matched healthy controls. Anti-ganglioside antibody titers were
determined in sera from patients with MMN and PMA, and in ALS and PLS patients with
monoclonal gammopathy. Logistic regression analysis was used to investigate associations
of monoclonal gammopathy with motor neuron diseases and clinical characteristics.
Results: Neither ALS nor PLS were associated with monoclonal gammopathy. IgM
monoclonal gammopathy was more frequent in patients with PMA (8%) (OR = 4.2; p =
0.001) and MMN (7%) (OR = 5.8; p = 0.002) than in controls (2%). High titers of antiGM1 IgM antibodies were present in 43% of MMN patients and 7% of PMA patients.
Patients with PMA and IgM monoclonal gammopathy or anti-GM1 antibodies had a
higher age at onset, more often weakness of upper legs and more severe outcome than
patients with MMN.
Conclusion: PMA and MMN, but not ALS and PLS, are significantly associated with
IgM monoclonal gammopathy and anti-GM1 antibodies. These results may indicate that
a subset of patients presenting with PMA share pathogenic mechanisms with MMN.
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Monoclonal gammopathy of undetermined significance (MGUS) is the most common
plasma cell disorder, with a prevalence of 3% in the population over 50 years of age.1
Even in the absence of hematological malignancy, monoclonal gammopathy may reflect
proliferation of a small B-cell clone that secretes auto-reactive or toxic antibodies which
cause non-hematological disorders, including polyneuropathy associated with IgM monoclonal gammopathy and antibodies to myelin-associated glycoprotein (MAG), amyloid
polyneuropathy and polyneuropathy with organomegaly, endocrinopathy, M-protein and
skin changes (POEMS).2-7 An increased prevalence of MGUS has also been reported in
patients with motor neuron disease (MND), including amyotrophic lateral sclerosis (ALS)
and progressive muscular atrophy (PMA).8-13 Presence of IgM monoclonal gammopathy
was also reported in a patient with primary lateral sclerosis (PLS)14 and in patients with
multifocal motor neuropathy (MMN),15-17 a rare asymmetric neuropathy which may mimic
MND.18

Association of monoclonal gammopathy with MND and MMN

Introduction

Previous studies on the association of monoclonal gammopathy with MND and MMN
have yielded inconsistent results, and well-powered case-control studies have not been
performed (for literature review see Table S3.1). Establishing an association may suggest
specific pathogenic pathways and may support the development of new treatment strategies.

3

The aim of this study was to assess the association of monoclonal gammopathy with ALS,
PLS, PMA or MMN and to determine the relation with clinical features and disease course
in a large case-control study with well-defined patients.

Material and methods
Literature search
We conducted a PubMed search using ‘amyotrophic lateral sclerosis’, ‘progressive muscular
atrophy’, ‘primary lateral sclerosis’, ‘motor neuron disease’, ‘multifocal motor neuropathy’,
‘monoclonal gammopathy’, ‘IgM’, ‘IgA’, and ‘IgG’ as search items to identify all case-control
and cohort studies on monoclonal gammopathy in MND and MMN published up to
October 2012.
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Patients and controls
All included patients were seen between January 1, 1999 and September 1, 2011 at the
MND outpatient clinic of the University Medical Center Utrecht, a tertiary referral clinic
in The Netherlands. In order to have sufficient information about the disease course, onset
of symptoms in all included patients was prior to September 1, 2007, allowing a minimal
follow-up period of 4 years. Follow-up was at regular intervals of 3 to 6 months. A diagnosis
of sporadic ALS was made according to the El Escorial criteria.19 Patients were diagnosed
with PMA if they met the following criteria: (a) age at onset > 18 years; (b) lower motor
neuron signs (i.e. weakness, atrophy and fasciculations) on neurological examination and (c)
evidence of lower motor neuron involvement during concentric needle electromyography.
Exclusion criteria were (a) family history of MND; (b) history of diseases that may mimic
PMA (acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy, thyrotoxicosis or
hyperparathyroidism); (c) clinical signs of upper motor neuron involvement (pseudobulbar
symptoms, pseudobulbar reflexes, hyperreflexia, or extensor plantar response); (d) objective
sensory signs on neurological examination; (e) structural lesions on magnetic resonance
imaging or computed tomography of head and spine; and (f) motor conduction block or
demyelinating features on extensive standardized nerve conduction studies.18,20 We applied
diagnostic criteria for PLS and MMN as described previously.21-23 Demographic features,
clinical characteristics, electrophysiological findings and survival up to October 2012 were
recorded. Controls were healthy volunteers, matched for age (difference of 5 years or less)
and gender to the patients with ALS. All controls were of Dutch ancestry without a history
of neurological disease or family history of MND.
The Medical Ethical Committee of the University Medical Center Utrecht approved the
study protocol and all subjects gave written informed consent.

Laboratory examinations
The presence of M-protein (isotype, kappa or lambda light chain) and its concentration in
serum were determined by routine diagnostic immunofixation and immunoelectrophoresis
techniques.
Since polyneuropathy associated with monoclonal gammopathy and MMN are often
associated with anti-GM1 antibodies,24-26 we determined the presence of IgG and IgM
anti-GM1 antibodies in serum from all patients with MMN and PMA and from patients
with ALS and PLS who also had a monoclonal gammopathy. In addition, serum samples
of patients with MMN and PMA were tested for IgM antibodies against gangliosides GM2,
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(ELISA) methodology as described previously.26,27 In short, ELISA plates were coated with
300 pmol ganglioside per well or were left uncoated. Serum samples were diluted to 1/100
in PBS/BSA 1%, added in duplicate and incubated overnight. For each sample a corrected
optical density (OD) was calculated (OD of ganglioside-coated wells minus OD of noncoated wells). Each sample was tested at least twice and positive and negative control sera
were included in each experiment. The anti-ganglioside IgM and IgG antibody titre was
defined as the highest dilution that resulted in a corrected OD higher than the cut-off value
of 0.3 for IgM and 0.2 for IgG.27 Sera with anti-ganglioside IgM antibody titres of 1:400, and
IgA and IgG titres of 1:100 and higher, were considered positive.

Electrophysiological studies
Electrophysiological studies were performed in all patients. Concentric needle examination
of 17 muscles in four regions (bulbar, cervical, thoracic, lumbosacral) was used to confirm

Association of monoclonal gammopathy with MND and MMN

GD1a, GD1b and GQ1b. We used the standardized enzyme-linked immunosorbent assay

or detect lower motor neuron involvement. The patients with lower motor neuron signs
in the arms or legs but without upper motor neuron signs underwent extensive nerve
conduction studies as described previously.20 The extremities were warmed in water at 37°C
for at least 30 minutes prior to investigation. Motor nerve conduction was measured on

3

both sides in the median, ulnar, radial and musculocutaneous nerves up to Erb’s point, and
in the peroneal and tibial nerves up to the popliteal fossa. For each nerve, distal compound
muscle action potential (CMAP) amplitude, distal motor latency and shortest F-M latency
were scored. For each nerve segment, CMAP area reduction and motor conduction velocity
were scored. Conduction abnormalities were classified as definite conduction block (CMAP
area reduction of at least 50%), probable conduction block (area reduction of 30–50% in
an arm nerve) or features other than conduction block compatible with demyelination
(decreased motor conduction velocity, increased distal motor latency, F-M latency or
temporal dispersion). The CMAP on distal stimulation of a nerve segment had to be at least
1 mV to score conduction block. Criteria for demyelinative slowing were more stringent if
the distal CMAP amplitude was below 1 mV.28

Statistical analysis
The association between the presence of monoclonal gammopathy stratified for isotype (i.e.
IgM and IgA/IgG) and MND (ALS, PMA and PLS) and MMN was evaluated by logistic
regression analysis. Age and gender were included as covariates in the analysis, as the control
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subjects were age- and gender-matched to the patients with ALS. As four diagnostic groups
were studied, Bonferroni correction was used and a p-value of 0.01 was considered to be
statistically significant. Possible associations of monoclonal gammopathy and anti-ganglioside
antibodies with disease characteristics were analyzed by Fisher’s exact test or by Mann-Whitney
U test. Differences in survival were tested using Kaplan-Meier survival analysis (logrank-test).

Results
Literature search
An overview of the published studies is presented in Table S3.1. We identified 4 case-control
studies8,10,13,29 and 3 cohort studies.9,12,15 Three of the 4 case-control studies reported a
significantly increased prevalence of monoclonal gammopathy in MND.8,10,13 The prevalence
of monoclonal gammopathy in these studies ranged from 1.2 to 60.0% in patients with ALS.
The sample size of included PMA patients in the studies was relatively small, nine being the
highest number. We did not find case-control or cohort studies including patients with PLS.
We identified only one uncontrolled study of 9 patients with MMN15 and two studies that
included patients with ALS and PMA with conduction block,12,13 which might have been
compatible with a diagnosis of MMN. Only one MMN patient had an IgM monoclonal
gammopathy. These numbers were too small to draw definite conclusions. Differences in
diagnostic criteria, techniques for detecting monoclonal gammopathy and the absence of
appropriate controls precluded meta-analysis of previous results.

Patients and controls
Four hundred and forty-five patients with ALS, 60 patients with PLS, 158 patients with PMA,
88 patients with MMN and 430 healthy controls were included. Characteristics of patients
and controls are shown in Table 3.1. Median age was comparable in patients with ALS,
PMA and controls. Patients diagnosed with PLS and MMN were on average younger than
patients with ALS and PMA. Male gender predominated in patients with PMA and MMN.

Presence of monoclonal gammopathy
Table 3.2 summarizes the presence of IgA/IgG and IgM monoclonal gammopathy in serum
from patients with MND, MMN and controls. IgA monoclonal gammopathy coincided with
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Number
Gender, male
Age at inclusion, yr
Age at onset, yr
Site at onset
Bulbar
Cervical
Thoracic
Lumbar
Multiple regions
Death within 4 yr of onset
Mortality at end of study
Disease duration, yr

ALS

PLS

PMA

MMN

Controls

445
252 (57)
63 (24–85)
62 (22–84)

60
35 (58)
58 (21–79)
49 (18–76)

158
117 (74)
63 (18–81)
59 (15–80)

88
64 (73)
52 (27–78)
40 (22–66)

430
216 (51)
62 (27–94)
-

147 (33)
133 (30)
8 (2)
154 (34)
3 (1)
321 (72)
411 (92)
2.7 (0.1–23.4)

5 (8)
3 (5)
52 (87)
2 (3)
10 (17)
15.8 (3.8–40.3)

98 (62)
2 (1)
58 (37)
44 (28)
77 (49)
7.2 (0.7–37.8)

58 (66)
30 (34)
3 (3)
16.7 (6.9–49.0)

-

Data are presented as numbers (%) or medians (ranges).

Table 3.2
controls
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Table 3.1 Characteristics of patients and controls

Frequency and isotype of monoclonal gammopathy in patients compared to healthy

IgM
Controls
ALS
PLS
PMA
MMN
IgG + IgA
Controls
ALS
PLS
PMA
MMN

N (%)

Adjusted OR

(95% CI)

p-value

9/430 (2)
5/445 (1)
1/60 (2)
13/158 (8)
6/88 (7)

0.5
1.0
4.2
5.8

(0.2–1.6)
(0.1–8.6)
(1.7–10.3)
(1.8–18.1)

0.3
1.0
0.001
0.002

23/430 (5)
19/445 (4)
3/60 (5)
14/158 (9)
3/88 (3)

0.8
1.1
1.8
0.7

(0.4–1.6)
(0.3–3.7)
(0.9–3.7)
(0.2–2.6)

0.6
0.9
0.1
0.6

3

Data are adjusted for age and gender.

IgG monoclonal gammopathy in all patients. IgM monoclonal gammopathy was significantly
more common in patients with PMA (8%) and MMN (7%) than in controls (2%), whereas
it was similar in patients with ALS (1%) and PLS (2%). One of 9 (11%) control subjects with
an IgM monoclonal protein had a lambda light chain compared to 40%, 42% and 33% in
the patients with ALS, PMA and MMN, respectively (p > 0.05).
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Three patients with IgM monoclonal gammopathy had a history of hematological malignancy.
In 2 of these, IgM monoclonal gammopathy could be quantified. Both patients, one with
PMA (5 g/l) and the other with MMN (26 g/l), had been diagnosed with Waldenström
disease, 14 years prior to and 30 years after onset of weakness, respectively. The third patient
had ALS and was diagnosed with chronic lymphatic leukemia approximately 10 years prior
to onset of first weakness.
Frequency of IgG/IgA M-protein was not significantly increased in any of the patient groups.

Anti-ganglioside antibodies
We determined IgM and IgG anti-GM1 antibodies in serum samples from ALS and PLS
patients with monoclonal gammopathy and in all available serum samples from patients
with PMA or MMN (Figure 3.1). Ten out of 88 sera (11%) from patients with PMA and 52
of 88 (59%) patients with MMN contained IgM anti-GM1 antibodies with titres ≥ 1:100.
Titres ≥ 1:400 were detected in 6 (7%) PMA patients and 38 (43%) MMN patients.26 Serum
samples from the 3 PMA patients with the highest anti-GM1 IgM antibody titre also had
IgM monoclonal gammopathy.

Figure 3.1 Anti-GM1 IgM antibodies in serum from patients with MND and MMN.
Anti-GM1 IgM titres in serum from various patient groups. The red symbols represent patients with IgM
monoclonal gammopathy. Abbreviations: PLS = primary lateral sclerosis; ALS = amyotrophic lateral sclerosis;
MMN = multifocal motor neuropathy; PMA = progressive muscular atrophy.
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antibody titre ≥ 1:400. Prevalence of IgM antibodies to the gangliosides GM1, GM2, GD1a,
GD1b and GQ1b in MMN patients has been published previously.26 Additional testing of
the PMA samples revealed one patient with both IgM anti-GM1 and anti-GD1b, probably
the result of antibody cross-reactivity.26 Only one patient with MMN had anti-GM1 IgG
antibodies in addition to anti-GM1 IgM antibodies, as reported previously.26 Anti-GM1 IgG
antibodies were not detected in any of the sera from patients with PMA. Anti-GM1 IgG
and IgM antibodies were absent in all available sera of patients with ALS (n = 14) and PLS
(n = 4) with IgA/IgG or IgM monoclonal gammopathy.

Comparison of characteristics between PMA patients with and without IgM
monoclonal gammopathy or IgM anti-GM1 antibodies
The PMA patient group was subdivided into patients with IgM monoclonal gammopathy

Association of monoclonal gammopathy with MND and MMN

Four of the 6 patients with MMN and IgM monoclonal gammopathy had an anti-GM1 IgM

and/or high anti-GM1 IgM antibodies with titres ≥ 1:400 (PMA+) and those without (PMA-).
Age and site at onset and distribution of weakness were similar in PMA+ and PMA- patients
(Table 3.3). Three of 16 PMA+ patients (19%) died within 4 years of disease onset, compared
to 29% of the PMA- patients (p > 0.05). Figure 3.2 shows the survival curves for patients
with ALS, PLS, PMA-, PMA+ and MMN. PMA+ patients had a longer survival time than
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PMA- patients, but this difference was not significant.

Table 3.3 Comparison of clinical characteristics between PMA patients with (+) and without (-) IgM
monoclonal gammopathy and/or IgM anti-GM1 antibodies* and between PMA+ and MMN patients

Number
Gender, male %
Age at onset, yr (range)
Age at onset > 60 yr, %
Site at onset, %
Cervical
Thoracic
Lumbar
Upper leg weakness, %#
Death within 4 yr of onset, %
Mortality at end of study, %

PMA-

PMA+

p-value

MMN

p-value

142
75
59 (15–80)
42

16
69
60 (33–78)
44

0.61
0.90
0.88

88
73
40 (22–66)
2

0.77
< 0.001
< 0.001

64
1
35
42
29
51

50
0
50
50
19
31

0.27
0.99
0.27
0.55
0.39
0.14

66
0
34
15
0
3

0.27
0.27
0.004
< 0.001
0.002

* Antibody titres ≥ 1:400.
# Median disease duration of the patients with upper leg weakness was 2.1 years for PMA compared to 15.0
for MMN (p = 0.02).
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Figure 3.2 Kaplan-Meier survival curve for subgroups of MND patients including PMA patients with
and without IgM monoclonal gammopathy or anti-GM1 IgM antibodies*.
* Anti-GM1 IgM antibody titres ≥ 1:400. No significant difference in survival between PMA patients with
(PMA+) and without (PMA-) IgM monoclonal gammopathy or IgM anti-GM1 antibodies (Logrank test p =
0.15).

Comparison of characteristics between PMA patients with IgM monoclonal
gammopathy or IgM anti-GM1 antibodies and patients with MMN
Extensive nerve conduction studies in all PMA+ patients did not show conduction block,
nerve conduction slowing or other demyelinating features that would suggest a diagnosis
of MMN. PMA+ patients appeared to have a different clinical presentation compared to
patients with MMN: they had a significantly higher age at onset (p < 0.001), more often
upper leg weakness (p = 0.004) and a more severe outcome (more death within 4 years of
onset, p < 0.001; more death at end of study (p = 0.002) (Table 3.3).
One PMA patient with IgM monoclonal gammopathy and anti-GM1 antibodies received
treatment with intravenous immunoglobulins (IVIg; cumulative dose of 2.0 g/kg over 5
consecutive days) but did not experience improvement in muscle strength.
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This large case-control study shows an increased prevalence of IgM monoclonal gammopathy
in patients with MMN and PMA, but not in patients with ALS or PLS. In addition, high IgM
anti-GM1 antibody titres were detected in some patients with PMA, although at a lower rate
than in sera from patients with MMN. These findings could indicate that IgM monoclonal
gammopathy or anti-GM1 IgM antibodies are biomarkers for a subgroup of patients with
PMA who suffer from a potentially immune-mediated motor neuron or nerve disease.
Although differentiating between PMA and MMN may be challenging,30 it is for a number of
reasons unlikely that the patients with PMA and monoclonal gammopathy or anti-GM1 IgM
antibodies had in fact MMN. Firstly, all patients with PMA and IgM monoclonal gammopathy or IgM anti-GM1 antibodies underwent extensive nerve conduction studies, including
investigation of nerves that are less commonly tested and proximal nerve segments.31 We
used diagnostic criteria that allow the diagnosis of MMN even in the absence of conduction

Association of monoclonal gammopathy with MND and MMN

Discussion

block,32 but the results of nerve conduction studies failed to show conduction block or any
other demyelinating feature that would suggest a diagnosis of MMN. Secondly, the clinical
phenotype of the PMA patients with IgM monoclonal gammopathy or anti-GM1 antibodies differed significantly from that of patients with MMN. PMA patients had a higher age
at onset, and more often weakness in the upper legs relatively early in the disease course,

3

which is uncommon in MMN and only found in a proportion of patients with long disease
duration.23,33 Thirdly, although disease outcome may be more favorable in patients with
PMA and IgM monoclonal gammopathy and/or IgM anti-GM1 antibodies than in PMA
patients without these immunological abnormalities, it was certainly less favorable than in
patients with MMN. Overall, these findings strongly suggest that PMA patients with IgM
monoclonal gammopathy or anti-GM1 antibodies were not patients who eluded a diagnosis
of MMN. We cannot exclude the possibility that the patients with a clinical phenotype of
PMA and monoclonal gammopathy or anti-GM1 IgM antibodies were patients with axonal
motor neuropathy with normal nerve conduction studies or had conduction blocks located
in nerve segments which cannot be assessed with electrophysiological examination, e.g.
blocks proximal to Erb’s point or very distal motor conduction blocks. Motor nerve biopsy
might help to differentiate between the two34,35 and would be of interest for further studies.
The shared association of MMN and PMA with IgM monoclonal gammopathy suggests that
immune-mediated mechanisms may play a role in the pathogenesis of both disorders despite
the clinical and electrophysiological differences. B-cells are thought to play an important role
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in the pathogenesis of MMN and cause nerve damage and disruption of ion channels at the
nodes of Ranvier through production of anti-GM1 IgM and possibly other pathogenic antibodies.36,37 A similar process may be involved in the patients with PMA and IgM monoclonal
gammopathy or anti-GM1 IgM antibodies. The found IgM monoclonal gammopathy may
reflect proliferation of autoreactive B-cell clones that recognize yet unidentified antigens
expressed on motor neurons or their axons. The absence of an association of monoclonal
gammopathy with ALS argues against the possibility that the presence of IgM monoclonal
gammopathy or anti-GM1 IgM antibodies is an epiphenomenon secondary to unspecific
stimulation of B-cells after extensive motor neuron damage. Monoclonal gammopathy
secondary to viral infection cannot be excluded. Retroviral infection is a possible cause of
motor neuron disorders: an increased prevalence of monoclonal gammopathy and antibodies against glycolipids such as GM1 has been observed in patients with HIV-infection.38-43
Reverse transcriptase activity suggestive of retroviral infection has been found in patients
with ALS but has not been investigated in PMA.44
The methodology employed may be insufficiently sensitive to allow identification of the
entire subgroup of PMA patients with immunological abnormalities. This is suggested by
the finding that the presence of anti-GM1 IgM antibodies was not always associated with
IgM monoclonal gammopathy and vice versa, although patients with very high anti-GM1
IgM antibody titres were more likely to have IgM monoclonal gammopathy (Figure 3.1).
The lack of positive immunofixation results in some sera with anti-GM1 IgM antibodies
indicates that the immunofixation and immunoelectrophoresis techniques are not sufficiently sensitive to detect monoclonal gammopathy in all patients, or alternatively that the
anti-GM1 IgM antibodies are of oligoclonal or polyclonal origin. Moreover, we only tested
the presence of anti-ganglioside antibodies which probably reflects part of the specificities
of pathogenic antibodies in lower motor neuron syndromes.45 We may, therefore, require
more sensitive biomarkers for the identification of this subgroup of patients with PMA.
Several previous reports suggested an association of monoclonal gammopathy with ALS.
The only study with appropriate methodology, however, failed to detect an increased
prevalence of monoclonal gammopathy in ALS.29 A drawback of all previous studies was
the limited number of patients and controls. The differences in methodology of previous
studies furthermore precluded meta-analysis. The size of the current study including 445
patients with ALS practically excludes the possibility of a meaningful association with IgG/
IgA or IgM monoclonal gammopathy with ALS. Our finding of an increased prevalence
of IgM monoclonal gammopathy in patients with PMA is in line with the study by Shy et
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monoclonal gammopathy.8
To summarize, the presence of IgM monoclonal gammopathy is associated with PMA and
MMN, but not with ALS and PLS. This finding may indicate that immune-mediated pathogenic mechanisms in a subgroup of PMA patients and MMN are shared.
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Method

Cellulose acetate and
agarose gel IEP.
Case-control study

Cellulose acetate IEP and
agarose gel IFE.
Cohort study

Agarose gel IEP.
Case-control study
Immunoblotting.
Case-control study

IFE. Cohort study

Article

Shy 1986

Younger 1990

Duarte 19913

Sanders 1993

109 MND patients
65 ALS
1 ALS with CB
29 ALS-PUMNS
6 ALS-PUMNS with CB
6 PMA
2 PMA with CB

30 ALS patients
30 healthy subjects
30 ALS patients
30 healthy subjects

120 MND patients
58 ALS
50 ALS-PUMNS
9 PMA
3 PBP

206 MND patients
ALS
PBP
PMA
Monomelic MND
100 patients with other
neurological diseases1

Study population

4 (3.7)
2 (3.0)
2 (5.7)
-

1 (3.3)
15 (50)
3 (10)

3 (2.5)
1 (1.7)
2 (4.0)
-

6 (2.9)
3 (ns)
1 (ns)
1 (ns)
1 (ns)
1 (1.0)

IgG

Table S3.1 Overview of published series of monoclonal gammopathy in motor neuron disease

Supporting information

2 (1.8)
2 (5.7)
-

-

3 (2.5)
1 (1.7)
2 (4.0)
-

-

IgA

2 (1.8)
2 (3.0)
-

7 (23.3)
1 (3.3)

6 (5.0)
3 (5.2)
2 (4.0)
1 (11.1)
-

4 (1.9)
4 (ns)
-

IgM

Monoclonal gammopathy

8 (7.3)
4 (6.1)
4 (11.4)
-

High frequency

Significantly
increased
prevalence

High frequency

11 (9.2)2
5 (8.6)
5 (10.0)
1 (11.1)
1 (3.3)
18 (60.0)4
4 (13.3)

Significantly
increased
prevalence

Conclusion

10 (4.8)
3 (ns)
1 (ns)
5 (ns)
1 (ns)
1 (1.0)

Total
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Agarose gel IEP.
Case-control study

IEP. Cohort study

Lavrnic 1995

Bentes 1999

2 (3.6)
1 (2.5)
1 (50.0)
ns

-

4 (7.1)
1 (2.5)
3 (33.3)
ns

-

56 MND patients
40 ALS
9 MND-PUMNS
2 MND-PUMNS with CB
3 LMND
2 LMND with CB
121 patients with other
neuroimmunological disorders5
9 MMN patients

ns
ns
ns
ns
-

1 (1.2)
ns
ns
ns
ns
2 (2.4)

82 MND patients
26 ALS
49 ALS/PBP
5 PMA
2 PBP
82 healthy subjects

1 (11.1)

ns

ns
ns
ns
ns
-

1 (11.1)

6 (10.7)
2 (5.0)
3 (33.3)
1 (50.0)
5 (4.1)

1 (1.2)
ns
ns
ns
ns
2 (2.4)

-

Significantly
increased
prevalence

No increased
prevalence
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Patients with myasthenia gravis, idiopathic spastic paraparesis or dermatomyositis.
2
One patient had an IgG/IgM biclonal paraprotein.
3
The presence of monoclonal gammopathy was investigated in the same study population using two techniques resulting in different frequencies.
4
Four patients had an IgG/IgM biclonal paraprotein.
5
Patients with myasthenia gravis, polyneuropathy, Guillain-Barré syndrome, radiculopathy, inflammatory myopathy or compressive myelopathy.
Data are numbers (%). Abbreviations: IEP = immunoelectrophoresis, IEF = immunofixation electrophoresis, MND = motor neuron disease, PMA = progressive muscular
atrophy, PBP = progressive bulbar palsy, ALS = amyotrophic lateral sclerosis, PUMNS = probable upper motor neuron signs, CB = conduction block, ns = not specified.

1

Agarose gel IEP and IFE.
Case-control study

Willison 1993
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Abstract
Multifocal motor neuropathy (MMN) and progressive muscular atrophy (PMA)
are associated with IgM monoclonal gammopathy or the presence IgM anti-GM1antibodies. To further investigate the pathophysiology of MMN and PMA we determined
concentrations of 16 mainly B-cell associated inflammatory markers in serum from 25
patients with MMN, 55 patients with PMA, 25 patients with amyotrophic lateral sclerosis
(ALS) and 50 healthy controls. Median serum concentrations of the16 tested cytokines
and chemokines were not significantly increased in patients with MMN or patients
with PMA, irrespective of the presence of IgM monoclonal gammopathy or high IgM
anti-GM1 antibodies. These results argue against a systemic B-cell mediated immune
response underlying the pathogenesis of MMN and PMA.
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Multifocal motor neuropathy (MMN) and progressive muscular atrophy (PMA) share clinical
characteristics of progressive muscle weakness and atrophy. MMN is an immune-mediated
neuropathy characterized by nerve conduction block and is amenable to treatment with
intravenous immunoglobulin (IVIg).1 PMA is a heterogeneous neurodegenerative disorder
with a natural history ranging from rapidly progressive with ensuing respiratory insufficiency
within years to slowly progressive in decades.2,3 The association of IgM anti-GM1 antibodies
with MMN is well established and these antibodies can be detected in approximately 50% of

Cytokine profiles in MMN and PMA

Introduction

patients.4 We recently found that both MMN and PMA, but not amyotrophic lateral sclerosis
(ALS), were associated with IgM monoclonal gammopathy and high titers of IgM anti-GM1
antibodies were also present in 11% of patients with PMA.5 Moreover, patients with PMA
and IgM monoclonal gammopathy and/or high IgM anti-GM1 antibodies tended to have
a more favorable disease course.5 The presence of IgM monoclonal gammopathy and IgM
anti-GM1 antibodies in patients with MMN and a subgroup of PMA may suggest common
pathogenic mechanisms, in particular the activation of specific B-cells.
The aim of this study was to further investigate the role of B-cells in the pathogenesis of
MMN and PMA. We therefore determined circulating proteins concentrations relevant for
B-cell function in serum of patients with MMN and PMA with and without IgM monoclonal
gammopathy or IgM anti-GM1 antibodies, patients with ALS and healthy controls.

4

Methods
Patients and controls
We included 55 patients with PMA of whom 14 (25%) had an IgM monoclonal gammopathy
or IgM anti-GM1-antibodies (PMA+), 25 patients with MMN of whom 14 (56%) had an
IgM monoclonal gammopathy or IgM anti-GM1-antibodies, 25 patients with ALS and a
total of 50 healthy controls. Sera with IgM anti-GM1-antibodies of 1:400 or higher were
considered positive since these high antibody titers are known to be specifically associated
with MMN whereas lower antibody titers can occasionally also be found in sera from
healthy controls.4 The healthy controls were age and gender matched to the corresponding
disease phenotype. Diagnostic criteria were described previously.5 Demographic features,
clinical characteristics and survival were recorded. Exclusion criteria for patients and
controls included diabetes mellitus, since high blood glucose levels induce cytokine release6,7
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and IVIg treatment less than six months prior to blood sampling, since IVIg is known to
modulate cytokine production.8,9 Since cytokine levels decrease after multiple freeze-thaw
cycles and cytokines are known to degrade over time, especially when storage time exceeds
three years,10 we selected recently collected serum samples and used samples that had not
been thawed before. Moreover, the serum samples of the healthy controls were matched for
freezer storage time to the PMA, ALS and MMN samples.
The Medical Ethical Committee of the University Medical Center Utrecht approved the
study protocol and all subjects gave written informed consent.

Cytokine assays
B-cell activating factor (BAFF), a proliferation inducing ligand (APRIL), interleukin 2 (IL2), IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, IL-21, tumor necrosis factor α (TNF-α), interferon α
(IFN-α), IFN-γ, granulocyte colony-stimulating factor (G-CSF), chemokine (C-X-C motif)
ligand 13 (CXCL 13) and vascular endothelial growth factor (VEGF) were selected as the
inflammatory markers of interest.11,12 BAFF and APRIL concentrations were determined
using a standardized pre-coated enzyme-linked immunosorbent assay (ELISA) (eBioscience,
Vienna, Austria) according manufacturer’s instructions. The remaining proteins were
measured by an in house developed and validated panel using xMAP technology
(Luminex, Austin, TX USA) as described previously.13 Acquisition was done with xPonent 4.2
(Luminex) and analysis with Bioplex manager 6.1.1 (Biorad Laboratories, Herfordshire, UK).

Statistical analysis
Chi-square test or Mann-Whitney U test was used to investigate differences in gender
and age between patients and controls. Cytokine concentrations in the patient groups and
controls were compared with Mann-Whitney U test (SPSS for Windows, Chicago, IL USA).
A p-value < 0.05 was considered statistically significant. To investigate whether a single
cytokine contributed to disease susceptibility a cluster analysis was performed (Omniviz
v6.1 Instem scientific, Staffordshire, UK).
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Patients and controls
Baseline characteristics are shown in Table 4.1. Median age and gender did not differ between
patients with PMA+, PMA-, ALS and controls, and between MMN patients and matched
controls. Nerve conduction studies in patients with MMN showed a probable (compound
muscle action potential (CMAP) area reduction of 30–50% in an arm nerve) (12%) or
definite (area reduction of at least 50%) (88%) conduction block.14 Only two MMN patients

Cytokine profiles in MMN and PMA

Results

had no signs of axon loss, defined as normal distal CMAP amplitudes of the median, ulnar,
radial, musculocutaneous, peroneal, and tibial nerves on both sides.14 Serum of 12 MMN
patients (50%) contained IgM anti-GM1 antibodies with titres ≥ 1:400 and 2 MMN patients
had a detectable IgM monoclonal protein. Of the PMA patients, 7 had an IgM monoclonal
gammopathy, 3 patients had high IgM anti-GM1 antibodies and 4 patients had both.

Cytokine levels
None of the tested median serum protein levels were significantly elevated in patients with
MMN or patients with PMA and IgM monoclonal gammopathy or high IgM anti-GM1
antibodies compared to healthy and disease controls. A heatmap of all markers is displayed
in Figure 4.1. Hierarchical cluster analysis of the different cytokines for the MMN patients,

4

Figure 4.1 Heatmap of cytokine profiles.
Heatmap was made with the diagnosis fixed. The black bar represents the 14 PMA+ patients, the gray bar the
25 MMN patients and the white bar the 50 healthy controls. A color profile was made to show the cytokine
profile of each individual using minimal and maximal expression normalization per protein; red represents
a maximum and blue a minimum cytokine concentration (all pg/ml). There was no clustering of any of the
tested cytokines among the patient subgroups.
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72
23 (92)
53 (25–74)
41 (22–68)
0
17 (68)
8 (32)
9 (1–49)
0

0
9 (64)
5 (36)
10 (1–38)
3 (21)

MMN
(N = 25)

10 (71)
70 (41–81)
60 (33–78)

PMA+
(N = 14)

0
26 (63)
15 (37)
8 (1–29)
11 (27)

29 (71)
65 (39–82)
57 (26–75)

PMA(N = 41)

7 (28)
12 (48)
6 (24)
2 (1–6)
12 (48)

18 (72)
68 (34–83)
67 (34–81)

ALS
(N = 25)

-

-

-

22 (88)
53 (32–79)
-

Controls MMN
(N = 25)

-

20 (80)
67 (36–83)
-

Controls PMA
(N = 25)

Data are median (range) or number (%). Abbreviations; PMA+/-: progressive spinal muscular atrophy with and without IgM anti-GM1 antibodies or IgM monoclonal
gammopathy respectively, MMN: multifocal motor neuropathy, ALS: amyotrophic lateral sclerosis, CP: healthy controls, age, gender and storage time matched to PMA
and ALS patients, CM: healthy controls, age, gender and storage time matched to MMN patients.

Gender, male
Age at inclusion, years
Age at onset, years
Site of onset
Bulbar
Cervical
Lumbosacral
Disease duration, years
Mortality, March 1, 2013

Table 4.1 Baseline characteristics
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Cytokine profiles between MMN patients with and without IgM anti-GM1 antibody titres
≥ 1:400 did not differ. Because the IL-6 concentration tended to be slightly higher in the
PMA+ patients (Figure 4.2), we performed a sub analysis comparing the 2 MMN and 11
PMA patients with IgM monoclonal gammopathy combined to the PMA matched healthy
controls. There was no difference in median IL-6 levels between the subgroups (4.8 vs 3.0
p = 0.2). We could not corroborate findings of increased IL-2, TNF-α and G-CSF levels15,16
(Figure 4.2).

Cytokine profiles in MMN and PMA

PMA+ patients and healthy controls revealed no significant clusters (data not shown).

4


Figure 4.2 Serum IL-2, IL-6, TNF-α and G-CSF levels in patients with MMN, PMA, ALS and healthy
controls.
None of the serum cytokine levels were significantly elevated in the MMN or PMA patients compared to their
matched healthy and disease controls.

Discussion
We recently reported the association of IgM monoclonal gammopathy with both MMN
and PMA,5 suggesting that similar disease mechanisms may underlie these disorders. In
this study we investigated whether concentrations of specific cytokines that are associated
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with B-cell function are increased in serum from patients with MMN and PMA. We applied
strict selection criteria for the used serum samples and matched our controls for age and
gender to our patients to reduce the possibility of spurious associations.6-10 We did not find
significant differences in any of the 16 tested cytokine levels between the patient groups
and healthy controls.
Our findings are in line with the study by Terenghi et al. who also found comparable cytokine concentrations in 22 patients with MMN and healthy controls,15 but contradict recent
finding by others, who reported elevated serum IL-1Ra, IL-2, G-CSF, TNF-a, and TNFR1
levels in 16 patients with MMN compared to 15 patients with other non-inflammatory
neurological diseases.16 They also found significantly increased levels of G-CSF and TNF-a
in patients with MMN compared to patients with ALS, and in the 11 MMN patients with
‘focal demyelination’.16 Serum TNF-a levels in the MMN patients with decreased distal CMAP
amplitudes tended to be higher than those in the non-decreased CMAP group.16 All of our
included MMN patients -in line with diagnostic consensus criteria- had conduction block,
i.e. focal demyelination, and only two patients had no signs of axonal loss. We were therefore unable to corroborate the previously reported results, although it seems unlikely that
the presence of focal demyelination can be explained by the presence of specific cytokines.
Our study does not provide evidence for a systemic B-cell mediated immune response in
MMN and PMA+, as has been reported in other inflammatory neurological disorders such
as multiple sclerosis, optic neuromyelitis and anti-MAG neuropathy. We cannot exclude
the possibility that MMN and PMA are different from these prototypical neurological inflammatory disorders, in the sense that they are characterized by very localized, low-grade
inflammatory processes. This may ultimately damage motor neurons or axons, but may not
be reflected in increased systemic cytokine levels. Alternatively, the presence of monoclonal gammopathy may be secondary to other disease mechanisms such as increased motor
neuron and axon loss, although we find this less likely since we did not find an increased
prevalence of monoclonal gammopathy in patients with ALS.5
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Complement activity in MMN

Abstract
Objective: To investigate whether high innate activity of the classical and lectin pathways
of complement is associated with multifocal motor neuropathy (MMN), and whether
levels of innate complement activity or the potential of anti-GM1 antibodies to activate
the complement system correlate with disease severity.
Methods: We performed a case-control study including 79 patients with MMN and 79
matched healthy controls. Muscle weakness was documented with MRC sumscore and
axonal loss with nerve conduction studies. Activity of the classical and lectin pathways
of complement was assessed by enzyme-linked immunosorbent assay (ELISA). We also
determined serum mannose binding lectin (MBL) concentrations and polymorphisms
in the MBL gene (MBL2), and quantified complement activating properties of anti-GM1
IgM antibodies by ELISA.
Results: Activity of the classical and lectin pathway, MBL2 genotypes and serum MBL
concentrations did not differ between patients and controls. Complement activation
by anti-GM1 IgM antibodies was exclusively mediated through the classical pathway
and correlated with antibody titers (p < 0.001). Logistic regression analysis showed that
both high innate activity of the classical pathway of complement and high complement
activating capacity of anti-GM1 IgM antibodies were significantly associated with more
severe muscle weakness and axonal loss.
Conclusion: High innate activity of the classical pathway of complement and efficient
complement activating properties of anti-GM1 IgM antibodies are determinants of
disease severity in patients with MMN. These findings underline the importance of
anti-GM1 antibody mediated complement activation in the pathogenesis and clinical
course of MMN.
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Multifocal motor neuropathy (MMN) is a chronic polyneuropathy characterized by
asymmetric predominantly distal limb weakness, conduction block and the presence of
anti-GM1 IgM antibodies in approximately half of patients.1 The frequent presence of antiGM1 antibodies and the response to treatment with intravenous immunoglobulins (IVIg)
suggest an immune-mediated aetiology.2,3

Complement activity in MMN

Introduction

The hypothesis that anti-GM1 antibodies play an important role in MMN pathogenesis is
supported by similarities with the axonal variants of the Guillain-Barré syndrome (GBS)4,5
and animal models.6,7 Rabbits developed anti-GM1 antibodies and flaccid paresis after
immunization with GM1. Their IgG reacted with rabbit peripheral nerve8 and only anti-GM1
antibodies from rabbits with neuropathy activated complement.9 Deposition of complement
components and anti-GM1 IgG antibodies in (para)nodal regions, where GM1 is abundantly
expressed,10,11 caused disruption of sodium channel clustering at the nodes of Ranvier.12 This
mechanism may underlie conduction block, which is also a characteristic of GBS.4
Few studies have addressed pathogenic mechanisms and the role of anti-GM1 IgM antibodies
in patients with MMN. Anti-GM1 IgM antibodies in sera from patients with MMN, but
not from relevant disease controls, activate complement in vitro13,14 and IVIg may exert
beneficial effects by attenuation of systemic complement activity and antibody-mediated
deposition of complement.13,14
Differences in innate complement activity determine susceptibility to and outcome of several

5

15

inflammatory disorders, possibly also of GBS. We therefore investigated whether high innate
activity of the classical and lectin pathways of complement, which are activated by antibody
complexes, are risk factors for MMN or unfavorable outcome and compared innate classical
and lectin pathway activity, mannose binding lectin (MBL2) genotypes, and MBL serum
concentrations between patients and controls. We also investigated whether the complement
activating capacity of anti-GM1 IgM antibodies is associated with disease severity.

Methods
Patients and controls
Seventy-nine patients with MMN and 79 gender- and age-matched (+/- 5 years) healthy
controls were included in this study. All participants were Dutch Caucasian and fulfilled
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the diagnostic criteria for MMN.16 Muscle strength was examined bilaterally by the same
investigator (EAC) in all patients using the Medical Research Council (MRC) scale ranging
from 0 (= no movement) to 5 (= normal). Eleven arm muscle groups and seven leg muscle
groups were tested, and the MRC sum score was calculated accordingly (maximum 180).
Axonal loss was assessed by scoring decreased distal compound muscle action potential
(CMAP) (amplitude below the lower limit of normal) for the median, ulnar, radial,
musculocutaneous, peroneal, and tibial nerves on both sides.17 Anti-GM1 IgM antibody
titers were determined with ELISA.3

Standard protocol approvals, registrations, and patient consents
The study protocol was approved by the Medical Ethical Committee of the University Medical
Center Utrecht and all subjects gave written informed consent.

Sera and DNA samples
Serum samples were obtained from all patients and stored at -80°C before use. Seventy
patients with MMN (89%) received IVIg maintenance treatment at the time of blood
sampling. Serum IgG levels were determined in all samples using nephelometric techniques
(Beckman Coulter Image). Genomic DNA was isolated from whole blood samples using
standard methodology. DNA samples could be obtained for 75 patients and 71 controls.

MBL concentrations and genotyping of MBL2
Serum concentration of the multimeric MBL protein was determined with an enzyme-linked
immunosorbent assay (ELISA) (Sanquin, Amsterdam, The Netherlands). The X/Y promoter
polymorphism (rs7096206) and the three SNPs in exon 1 (wild-type ‘A’ and variants ‘O’
rs5030737, rs1800450 and rs1800451) of the MBL2 gene were determined using a previously
described denaturing gradient gel electrophoresis (DGGE) assay in a nested polymerase
chain reaction (PCR) protocol.18,19 Genotypes 0/0 and XA/0 were considered MBL-deficient,
and genotypes YA/0, XA/XA, XA/YA and YA/YA were considered MBL-sufficient, with the
YA/YA genotype related to the highest lectin pathway activity.20,21

Activity of lectin and classical pathways of complement
The innate activity of the lectin and classical pathways of complement were determined
using a previously published ELISA protocol with minor modifications.22,23 In short,
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the lectin pathway, with human-IgM (3 μg/ml, Calbiochem, San Diego, CA, USA) for the
classical pathway, or were left uncoated. For each sample a corrected optical density (OD)
was calculated (OD of coated wells minus OD of non-coated wells). Serum samples diluted
1/100 in GVBS++ (Veronal containing 0.05 mM CaCl2, 0.025 mM MgCl2 and 0.1% gelatin;
pH 7.4–7.6) were added in triplicate. In order to block any contribution of the classical
pathway to the complement activation by mannan, anti-human C1q (Sanquin, Amsterdam,

Complement activity in MMN

ELISA plates were coated with either mannan (10 μg/ml, Sigma, St. Louis, MO, USA) for

The Netherlands) was added to the serum during assessment of the lectin pathway activity.24
To correct for day-to-day variation and variation between the plates, human pooled serum
(HPS) from 10 healthy donors was included in each experiment. Lectin and classical pathway
activity was expressed relative to the activity of the HPS (corrected OD sample / corrected
OD HPS * 100).

Complement-activating capacity of anti-GM1 IgM antibodies
We measured complement activation by IgM anti-GM1 antibodies with a previously
described ELISA with some modifications.13 Plates were coated with 0.5 ug GM1 in
methanol (Alexis, Kordia Life Sciences, Leiden, The Netherlands) or with human
plasma IgM (3 μg/ml in 0.1 M Na-carbonate buffer pH 9.6, Calbiochem, San Diego,
CA, USA) as a positive control. Wells saturated with PBS 1% BSA served as a control for
non-specific binding. Heat-inactivated patient sera diluted 1/100 in PBS 1% BSA were
added in triplicate. Pooled healthy donor serum diluted 2/100 in GVBS++ was added as
a complement source. C3 complement binding was detected by adding digoxygenin (dig)

5

labeled mouse anti-C3c ‘WM1’ antibody (ATCC, 0.1 μg/ml in 1% BSA-PBS), followed by
incubation with peroxidase labeled anti-dig antibody (Roche Diagnostics, Indianapolis,
IN, USA). C5b-9 complement binding was detected by adding mouse-anti-C5b-9 (1 μg/ml
in 1% BSA-PBS, Santa Cruz Biotechnology Inc., Dallas, TX, USA) followed by incubation
with anti-mouse-IgG-peroxidase (80 ng/ml in 1% BSA-PBS, Jackson Immuno Research
Laboratories INC., Baltimore, MD, USA). All incubation volumes were 70 μl.

Statistical analysis
Pearson’s chi-square test was used to compare MBL2 genotypes between patients and controls.
Mann-Whitney U test was used to compare age, MBL concentrations, lectin and classical
pathway activity and IgG concentrations between patients and controls, and differences
in MBL concentration and classical and lectin pathway activity between patients on IVIg
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maintenance treatment and IVIg naïve patients. Correlations of MBL2 genotypes with
MBL concentration and lectin pathway activity were calculated with the Kruskal-Wallis
test. Spearman’s rank correlation coefficient was used to investigate the association of MBL
concentration with lectin pathway activity, IgG concentration with lectin and classical
pathway activity, and C3b and C5b-9 deposition with anti-GM1 IgM titers.
To identify if activity of the complement pathways contributed to disease severity, we used
multinomial logistic regression analysis with weakness (MRC sum score) and axonal loss
(number of nerves with decreased distal CMAP) as outcome measures. We divided patients
in quartiles based on degree of weakness and axon loss. Patients with minor abnormalities
(first quartile) were compared to patients with a mild, moderate or severe disease course
(second, third and fourth quartile, respectively). Multivariate analysis was performed to
investigate whether MBL2 genotypes, MBL concentration, classical and lectin pathway
activity and GM1 complement-activating capacity were determinants of outcome. Gender
(male/female), conduction block (CMAP area reduction 30–50%/CMAP area reduction
over 50%), age at onset, years untreated (disease duration without IVIg treatment) and IgG
concentration were included as covariates. We used SPSS for Windows (version 20, Chicago,
IL, USA) for all statistical analysis. P-values < 0.05 were considered statistically significant.

Results
Patients and controls
Characteristics of patients and controls are shown in Table 5.1.

MBL2 genotypes and MBL serum concentrations
MBL2 SNPs were in Hardy-Weinberg equilibrium. There were no differences in genotype
distributions between 75 patients and 71 controls (p = 0.17) (Table 5.2). Frequencies of
genotypes associated with high MBL activity (YA/YA and YA/XA) were similar between
patients (63%) and controls (54%) (p = 0.26).
The median MBL serum concentration was 1550 ng/ml (range 40–4000 ng/ml) in patients
and 1760 ng/ml (range 20–4000 ng/ml) in controls (p = 0.97). The MBL concentration
correlated with the MBL2 haplotype in patients and controls (p < 0.001) (Table 5.2,
Supplementary figure e-5.1).
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Age at inclusion
Gender, male
Age at onset
Site of onset
Hand
Upper arm
Foot
Anti-GM1 antibodies ≥ 1:400
Conduction block
Definite
Probable
Axonal loss present
Degree of axonal loss
MRC sumscore
ODSS

Patients
(n = 79)

Controls
(n = 79)

52 (27–78)
61 (77)
40 (22–66)

53 (27–78)
60 (76)
-

45 (57)
4 (5)
30 (38)
34 (43)

-

65 (82)
14 (18)
69 (87)
2 (0–10)
165 (108–179)
4 (0–9)

-

Complement activity in MMN

Table 5.1 Characteristics of patients and controls

Abbreviations: MRC = Medical Research Council, ODSS = Overall Disability Sum Score. Data are median (range)
or number (%).

Lectin and classical pathway activity in patients and controls
Figure 5.1 shows the activity of the lectin and classical pathway of 79 MMN patients and
79 controls relative to the activity of pooled serum from 10 healthy donors. The median
lectin pathway activity was 77% (range 0–329%) in MMN patients and 96% (range 0–347%)
in controls (p = 0.37). The lectin pathway activity correlated with the MBL2 haplotype (p

5

< 0.001) and the MBL concentration (rs = 0.77, p < 0.001) in MMN patients and controls
(Table 5.2). The median classical pathway activity was 96% (range 24–161%) in MMN
patients and 98% (range 52–157%) in controls (p = 0.32). Lectin or classical pathway activity
did not correlate with IgM anti-GM1 antibody titers. Median lectin or classical pathway
activity did not differ between patients with or without anti-GM1 IgM antibody titers ≥
1:400 (Supplementary figure e-5.2).

Lectin and classical pathway activity and association with IgG concentration
Seventy patients (89%) were on IVIg maintenance treatment at the time of blood withdrawal.
Median IgG concentration in the samples of the patients on IVIg treatment was 19 g/L
compared to 16 g/L in the nine patients of whom blood was taken before treatment (p = 0.45).
Serum IgG concentrations were higher in patients than in controls (median 18 g/L vs. 11 g/L,
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Table 5.2 MBL2 genotype, MBL concentration and lectin pathway activity in MMN patients and
controls
Genotype

n (%)

MBL concentration,
ng/ml (range)

Lectin pathway activity,
% (range)*

Patients (n = 75)

YA/YA
YA/XA
YA/0
XA/XA
XA/0
0/0

29 (39)
18 (24)
15 (20)
4 (5)
4 (5)
5 (7)

3120 (900–4000)
1900 (620–3400)
520 (140–1300)
580 (140–1060)
90 (40–160)
80 (60–140)

147 (0–329)
165 (0–319)
14 (0–176)
6 (0–63)
0 (0–4)
0 (0–0)

Controls (n = 71)

YA/YA
YA/XA
YA/0
XA/XA
XA/0
0/0

19 (27)
19 (27)
23 (32)
0
4 (6)
6 (8)

3540 (1640–4000)
2180 (660–3600)
580 (200–2200)
70 (20–410)
40 (20–80)

206 (0–340)
178 (16–347)
29 (0–200)
2 (0–6)
0 (0–6)

* In relation to activity of pooled serum from 10 healthy donors (set at 100%). There were no differences
in MBL2 genotype distributions (p = 0.17), median MBL serum concentration (p = 0.97) and median lectin
pathway activity (p = 0.37) between patients and controls.

Figure 5.1 Classical pathway and lectin pathway activity in MMN patients and controls.
Lectin and classical pathway activity was expressed relative to the activity of the human pooled serum (%).
Bars represent median classical and lectin pathway activity.
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IVIg naive patients (median classical pathway activity 96% vs. 97%, p = 0.58; lectin pathway
activity 77% vs. 70%, p = 0.87). There was no correlation between IgG concentration and
classical pathway activity (p = 0.23) or lectin pathway activity (p = 0.19) in MMN patients
(Supplementary figure e-5.3).

Complement-activating capacity of anti-GM1 IgM antibodies

Complement activity in MMN

p < 0.001). Complement activity did not differ between the patients on treatment and the

Figure 5.2a shows the complement activation by anti-GM1 IgM antibodies. Deposition of
complement activation products C3b and the terminal pathway complex C5b-9 (membrane
attack complex, MAC) correlated with anti-GM1 IgM antibody titers (C3b rs = 0.73, p <
0.001; C5b-9 rs = 0.71, p < 0.001). As expected, serum of the 27 patients without detectable
anti-GM1 IgM antibodies did not activate the complement system. Compared to the OD
values of these anti-GM1 IgM antibody negative patients, median C3b and C5b-9 OD values
of the patients with GM1 reactivity were higher in samples with anti-GM1 IgM antibody
titers of ≥ 1:400 (p < 0.001).
Deposition of complement factors C3b and C5b-9 showed close correlation (rs = 0.93, p
< 0.001, Figure 5.2b). C3b and C5b-9 deposition was abrogated after addition of anti-C1q
antibody or the calcium scavenger EGTA (data not shown), suggesting that complement
activation was triggered through the classical pathway of complement.

Antibodies, complement activity and disease severity

5

We investigated the association of complement activity and disease severity in a multivariate
model with gender, conduction block, age at onset, years without IVIg treatment and IgG
concentration as covariates. We used muscle weakness and axon loss, which is an important
determinant of disability,2,25 as outcome measure. We defined quartiles of weakness (MRC
sum score) or axon loss (number of nerves with a decreased distal CMAP). Weakness was
minor in 21 patients (173–179), mild in 20 patients (165–172), moderate in 19 patients
(146–164) and severe in 19 patients (108–145). Results from extensive nerve conduction
studies to score axon loss were available for 77 patients. Axon loss was minor in 24 patients
(0–1), mild in 15 patients (2), moderate in 21 patients (3–4) and severe in 17 patients (5–10).
Patients with minor weakness or axon loss were compared to patients with a mild, moderate
or severe disease course.
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A

B



Figure 5.2 Activation of the complement system by IgM anti-GM1 antibodies.
(A) Association between IgM anti-GM1 antibody titers and complement deposition. Data are expressed as
median OD values of C3b and C5b-9 deposition, the error bars represent the 95% confidence interval. (B)
Correlation between deposition of complement components C3b and C5b-9.
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higher in patients with mild, moderate and severe weakness compared to those with minor
weakness (p = 0.006, p = 0.02 and p = 0.003). A similar trend was seen for the association
of innate classical pathway activity with the degree of axonal loss (mild p = 0.17; moderate
p = 0.03 and severe p = 0.07) (Figure 5.3a).
Complement-activating capacity of anti-GM1 IgM antibodies, defined as the deposition
of complement component C3b, was also higher in the patients with severe weakness (p =

Complement activity in MMN

Multinomial logistic regression analysis showed that innate classical pathway activity was

0.03) and axon loss (p = 0.01). There was no difference in complement-activating capacity

5

Figure 5.3 Classical complement pathway activity and disease severity.
(A) Association between high innate classical pathway activity and degree of muscle weakness and axon
loss. Innate classical pathway activity was higher in patients with mild (p = 0.006), moderate (p = 0.02) and
severe weakness (p = 0.003) compared to those with minor weakness. Axon loss was also more pronounced
in patients with higher innate classical pathway activity (mild p = 0.17; moderate p = 0.03 and severe p =
0.07). (B) Association between activation of the complement system by IgM anti-GM1 antibodies and
degree of muscle weakness and axon loss. Anti-GM1 IgM complement-activating capacity, defined by the
deposition of complement component C3, was significantly higher in the patients with severe weakness (p
= 0.03) and axonal loss (p = 0.01) compared to those with minor weakness or axon loss. Data were analyzed
in a multivariate model with gender, conduction block, age at onset, years untreated and IgG concentration
included as covariates. Data are presented as mean with SEM.
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of anti-GM1 IgM antibodies between patients with minor, mild or moderate symptoms
(Figure 5.3b).
MBL2 genotypes, serum MBL concentration or intrinsic lectin pathway were not associated
with disease severity. Years without IVIg treatment, which is a known prognostic factor,2
was significantly associated with a more severe outcome.

Discussion
The results from this study underline the importance of antibody-complement interaction
in MMN pathogenesis and suggest that both complement-activating capacity of anti-GM1
IgM antibodies and high innate classical pathway activity are risk factors for unfavorable
outcome in MMN. Previous studies already showed that anti-GM1 IgM antibodies in
sera from patients with MMN have complement-activating properties,13,14 Unique in this
study is that we addressed both complement and antibody activity in relation with disease
characteristics.
Our findings fit into a model of MMN pathogenesis in which antibody-mediated complement
deposition at the nodes of Ranvier is a crucial step.8,9,12 Although complement deposition in
motor nerves of patients with MMN has not been studied in detail, experimental studies
have identified complement deposition as an important pathogenic mechanism that causes
disruption of the ultrastructure at the nodes of Ranvier and paranodes, in particular the
clustering of ion channels.12 Our data confirmed that anti-GM1 IgM antibodies trigger
complement deposition only via the classical pathway.13,14 Both high innate classical pathway
activity and complement activating capacity of anti-GM1 antibodies were associated with
severe weakness and axonal loss, suggesting that patient characteristics that may promote
complement deposition in nerves influence outcome. Whether a similar pathogenic mechanism
underlies MMN in patients without apparent anti-GM1 IgM antibody titers remains to be
answered. Recent reports have suggested that the subgroup of patients without anti-GM1
antibodies may be smaller than previously assumed when more sensitive methodology is
used, but these studies also consistently showed that a subgroup of patients completely lack
anti-GM1 IgM.26,27 We did not find evidence for a role of the MBL pathway of complement
in MMN pathogenesis, in contrast to a previous report in GBS.15 Innate activity of the MBL
pathway and MBL concentrations were similar in patients and controls, anti-GM1 antibodies
did not activate the MBL pathway in vitro and there was no association with MBL2 genotypes.
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of venapuncture is a potential weakness of this study. Although there was no inverse
correlation of IgG concentrations with complement activity or differences in complement
activity between patients with and without IVIg, we cannot exclude the possibility that IVIg
maintenance therapy changed innate complement activity.13,14 Inclusion of only treatment
naïve patients was not feasible due to the low incidence of MMN.2
Experimental complement inhibition attenuated disease course in animal models of anti-

Complement activity in MMN

The use of IVIg maintenance therapy by the majority of patients with MMN at the time

ganglioside antibody mediated neuropathies.28-30 Although IVIg exerts multiple immunemodulatory effects,31 IVIg efficacy may be at least partially explained by both complement
inhibition at systemic levels and by attenuation of complement deposition in nerves.13,14,32-34
It has not been established whether currently used IVIg doses and treatment frequencies
optimally attenuate complement activity. IVIg doses and pharmacokinetics differ between
patients which could cause inter-individual differences in complement inhibition at
equivalent IVIg doses.2,35 Our data may suggest that in particular patients with relatively high
levels of innate complement activity or antibodies with pronounced complement-activating
properties could benefit from higher IVIg dosing or additional alternative complement
inhibitory treatment strategies. Nafamostat mesilate, a synthetic serine protease inhibitor
that has been successfully tested in the GBS rabbit model,28 and monoclonal antibodies that
target complement components of the classical or terminal pathway are possible candidate
drugs. Adjunctive treatment with the C5-specific monoclonal antibody eculizumab showed
small improvements in motor performance in some patients with MMN.36 The relatively
disappointing results from this trial may suggest that there are other pathogenic mechanisms

5

than MAC deposition in MMN, but it cannot be excluded that deposition of C3, which is
not blocked by eculizumab, is sufficient to cause ultrastructural alterations at the nodes of
Ranvier. Alternatively, eculizumab infusion may not cause full C5 depletion in the peripheral
nervous system, or may fail to antagonize local production of C5 by Schwann cells. Larger
randomized controlled trials in patients with both GBS and MMN are clearly needed to
further clarify these issues.37,38
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Figure e-5.1 Correlation between MBL2 haplotype, MBL concentration and lectin pathway activity.
MBL2 haplotype correlations with MBL concentration (left panel; p < 0.001) and lectin pathway activity (middle panel; p < 0.001), and correlation of MBL concentration
with lectin pathway activity (right panel; rs = 0.77, p < 0.001) in patients and controls. There were no significant differences in MBL2 genotype distribution, MBL
concentration or lectin pathway activity between patients and controls (Table 5.2).
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Figure e-5.2 Classical and lectin pathway of complement activity in patients with or without antiGM1 IgM antibody titers.
Median classical pathway activity (p = 0.51) and lectin pathway activity (p = 0.85) did not differ between
patients with or without anti-GM1 IgM antibody titers ≥ 1:400. This cut-off value was chosen since these high
antibody titers are known to be specifically associated with MMN. Classical and lectin pathway activity was
expressed relative to the activity of the human pooled serum (%). Bars represent median values.
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Figure e-5.3 Classical and lectin pathway activity in relation to serum IgG concentration in patients
with MMN.
There was no correlation between serum IgG concentration and classical pathway activity (p = 0.23) or lectin
pathway activity (p = 0.19) in patients with MMN. Classical and lectin pathway activity was expressed relative
to the activity of the human pooled serum (%).
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Abstract
Progressive muscular atrophy (PMA) and amyotrophic lateral sclerosis (ALS) are
devastating motor neuron diseases (MNDs), which result in muscle weakness and/or
spasticity. We compared mutation frequencies in genes known to be associated with
MNDs between patients with apparently sporadic PMA and ALS. A total of 261 patients
with adult-onset sporadic PMA, patients with sporadic ALS, and control subjects of Dutch
descent were obtained at national referral centers for neuromuscular diseases in The
Netherlands. Sanger sequencing was used to screen these subjects for mutations in the
coding regions of superoxide dismutase-1 (SOD1), angiogenin (ANG), fused in sarcoma /
translated in liposarcoma (FUS/TLS), TAR DNA-binding protein 43 (TARDBP), and
multivesicular body protein 2B (CHMP2B). In our cohort of PMA patients we identified
two SOD1 mutations (p.D90A, p.I113T), one ANG mutation (p.K17I), one FUS/TLS
mutation (p.R521H), one TARDBP mutation (p.N352S), and one novel CHMP2B
mutation (p.R69Q). The mutation frequency of these genes was similar in sporadic
PMA (2.7%) and ALS (2.0%) patients, and therefore, our findings demonstrate a genetic
overlap between apparently sporadic PMA and ALS.
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Motor neuron diseases (MNDs) are a heterogeneous group of disorders characterized by
muscle weakness and/or spasticity due to degeneration of motor neurons. Progressive
muscular atrophy (PMA) refers to a subgroup of the MND patients with rapidly or gradually
developing muscle weakness. PMA accounts for 5–10% of adult-onset MNDs, and is caused
by a progressive loss of lower motor neurons (LMNs).1,2 Differentiation of PMA from
amyotrophic lateral sclerosis (ALS) is important, since the median survival of patients with
PMA is significantly longer than that of patients with ALS.3

Genetic overlap between PMA and ALS

Introduction

The etiology of MNDs is complex. Most of the ALS cases, for instance, are sporadic in nature
and thought to be caused by an interaction of genetic and environmental factors.4 Currently,
many genes appear to be involved in the pathogenesis of ALS, including chromosome 9
open reading frame 72 (C9orf72), superoxide dismutase-1 (SOD1), angiogenin (ANG),
fused in sarcoma / translated in liposarcoma (FUS/TLS), TAR DNA-binding protein 43
(TARDBP/TDP-43), vesicle-associated membrane protein B (VAPB), optineurin (OPTN),
valosin-containing protein (VCP), ubiquilin-2 (UBQLN2), sequestosome-1 (SQSTM1), and
profilin-1 (PFN1).5-11 We have recently shown that C9orf72 repeat expansions can also be
detected in apparently sporadic PMA, but at a lower frequency (1.6%) than in apparently
sporadic ALS (6.1%).12 Moreover, we have demonstrated that mutations in four major MNDassociated genes, SOD1, ANG, FUS/TLS and TARDBP, account for less than two percent of
the sporadic ALS cases.13 The combined mutation frequency of these four MND-associated
genes is unknown for sporadic PMA patients. Mutations in charged multivesicular body
protein 2B (CHMP2B) have, however, been reported in sporadic PMA patients.14,15

6

The objective of this study is to determine the mutation frequency of major MND-associated
genes in patients with apparently sporadic PMA. We compared their mutation frequencies to
those in a large cohort of patients with apparently sporadic ALS, revealing a genetic overlap.

Materials and methods
Patient selection
We included 261 patients with apparently sporadic PMA and screened their DNA for
mutations in SOD1, ANG, FUS/TLS, TARDBP, and CHMP2B. PMA patients had already
been screened for mutations in transient receptor potential vanilloid 4 (TRPV4) and repeat
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expansions in C9orf72.12,16 Their diagnosis was based on LMN involvement on clinical and
electrophysiological examination at time of referral. We excluded patients with a family
history of PMA, a history of acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy,
thyrotoxicosis, or hyperparathyroidism, clinical signs of upper motor neuron (UMN)
involvement, sensory signs on neurological examination, structural lesions on magnetic
resonance imaging or computed tomography of head and spine, and motor conduction
block on extensive standardized nerve conduction studies.2
Cohorts of sporadic ALS patients had already been screened for mutations in SOD1 (N
= 451), ANG (N = 941), FUS/TLS (N = 1,192), TARDBP (N = 1,192), and C9orf72 (N =
1,422).12,13,17-19 We screened 1,002 sporadic ALS patients for mutations in CHMP2B. ALS
patients were recruited through the Dutch Prospective Population-based ALS registry;
they were diagnosed according to the El Escorial Criteria at national referral centers for
neuromuscular diseases (University Medical Center Utrecht, Academic Medical Center
Amsterdam, or Radboud University Nijmegen Medical Center).20,21
Mutations in SOD1 (N = 1,894), ANG (N =1,582), FUS/TLS (N = 970), and TARDBP (N =
1,415) had previously been reported in Dutch control subjects.13,18,19 We screened a total of
750 control subjects of Dutch descent for mutations in CHMP2B.

Ethics statement
All material was obtained with approval of the medical ethics committee for research in
humans of the University Medical Center Utrecht, The Netherlands, and all participants
gave written informed consent.

Genetic analysis
Coding regions of SOD1 (NM_000454.4), ANG (NM_001145.4), FUS/TLS (NM_004960.3,
exon 5, 6, 14, 15), TARDBP (NM_007375.3, exon 6), and CHMP2B (NM_014043.3) were
screened for mutations using touchdown PCR, as described previously.13,22 Sanger sequencing
and data analysis were performed with BigDye Terminator 3.1 sequencing kit (Applied
Biosystems, Foster City, California), DNA Analyzer 3730XL (Applied Biosystems) and
PolyPhred.23 Each mutation was confirmed on genomic DNA and its impact on the structure,
and function of the protein was predicted with PolyPhen-2 (PolyPhen-2 version 2.1.0; http://
genetics.bwh.harvard.edu/pph2/) and PMut (http://mmb.pcb.ub.es/PMut/PMut.jsp).
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Lists of descendants were compiled for index patients. Based on these lists, civil records/
registers, and church records of the Dutch population, pedigrees were generated (containing
two parents, four grandparents, eight great-grandparents, etc.). This information was then
used to determine whether index patients were related, and detailed family trees were
constructed.

Haplotype analysis

Genetic overlap between PMA and ALS

Genealogical analysis

Extended haplotype analysis, using six extragenic polymorphic markers flanking TARDBP
(D1S1612, D1S503, D1S244 proximal of TARDBP, and D1S2667, D1S2740 and D1S1597
distal of TARDBP), was performed to construct a haplotype segregating with the identified
p.N352S mutation in TARDBP. Validity of the constructed haplotype was determined by
segregation analysis in families and patients whose DNA was available for testing.

Statistical analysis
A Fisher’s exact test or Chi-square test was used to compare mutation frequencies, gender,
site of onset, and current status (alive/deceased) between PMA and ALS patients; a MannWhitney test was used to compare age at onset and disease duration (GraphPad Prism
version 5; http://www.graphpad.com). P-values below 0.05 were considered significant.

Results

6

Study population
Baseline characteristics of the 261 sporadic PMA patients and 1,002 sporadic ALS patients
are shown in Table 6.1. Patients with PMA were more likely to be male (72% versus 59%);
furthermore, they lived longer (7.6 year versus 3.8 year), and had a lower age at onset (58.0
year versus 60.6 year) than patients with ALS.

Mutation frequencies
Table 6.2 summarizes the mutations found in patients and control subjects. In individual
PMA patients we detected heterozygous mutations in SOD1 (p.D90A [c.1078A>C], p.I113T
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Table 6.1

Baseline characteristics of study population

Cohort

Number
(N)

Male/female
(N) (%)

Age at onset
(y) (CI)

Alive/deceased
(N) (%)

Duration
(y) (CI)

PMA

261

187/74 (72/28)

58.0 (56.4–59.7)

137/116 (54/46)

7.6 (6.7–8.5)

ALS

1,002

593/409 (59/41)

60.6 (59.8–61.3)

135/854 (14/86)

3.8 (3.6–4.1)

Abbreviations: PMA = progressive muscular atrophy, ALS = amyotrophic lateral sclerosis, N = number, y = years,
and CI = 95% confidence interval. Disease duration is defined as the interval between age at onset and age
at death, or between age at onset and age last known to be alive. Patients with sporadic PMA are more likely
to be male (p-value 0.001), to have a lower age at onset (p-value 0.010), to be alive (p-value < 0.001), and to
have a longer disease duration than patients with sporadic ALS (p-value < 0.001).

[c.1147T>C]), ANG (p.K17I [c.122A>T]), FUS/TLS (p.R521H [c.1562G>A]) and TARDBP
(p.N352S [c.1055A>G]), accounting for 2.3% of the patients. Previously, we showed that
missense mutations in SOD1, ANG, FUS/TLS and TARDBP were present in 1.7% of the ALS
patients, and 0.4% of the control subjects.13,17-19 In our current study, we also identified four
novel CHMP2B mutations, one of which was present in a PMA patient (p.R69Q [c.206G>A]),
and three in ALS patients (p.R22Q [c.65G>A], p.N54T [c.161A>C], p.T83I [c.248C>T]).
All four CHMP2B mutations are located in a domain that is important for the formation
of multivesicular bodies (MVBs), involved in sorting of cargo proteins to intraluminal
vesicles.24 These mutations are located in well conserved areas (Figure S6.1) and predicted
to be pathological (Table 6.2). They account for 0.38% of the sporadic PMA patients and
0.30% of the sporadic ALS patients. None of these CHMP2B mutations was present in our
control subjects; however, in one control subject (0.13%) we did detect a mutation (p.S194L
[c.581C>T]) that had previously been reported in a patient with frontotemporal dementia
(FTD).25

Clinical characteristics
The average age at onset of PMA patients with missense mutations was 48 years, and five of
them were male (71%). Although only one of these patients had died, their average disease
duration already exceeded 114 months (range 37–316). These clinical characteristics of
sporadic PMA patients with missense mutations were consistent with the characteristics
of our entire PMA cohort. More detailed signs and symptoms are provided in Table 6.3.
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p.D90A
p.I113T
p.I99V
Total (%)

p.G(-10)D
p.K17I
p.T80S
p.F100I
Total (%)

p.S115N
p.Q210H
p.R487C
p.R495X
p.R521H
Total (%)

p.N352S
p.I383V
Total (%)

p.R22Q
p.N54T
p.R69Q
p.T83I
p.S194L
Total (%)

SOD1

ANG

FUS/TLS

TARDBP

CHMP2B

2
3
3
3
6

6
6

5
6
14
14
15

2
2
2
2

4
4
4

Exon

7 (0.5)

1/ 1,19213
0/ 1,192
1/ 1,192
1/ 1,192
0/ 1,192
3/ 1,192 (0.17)
3/ 1,19213
1/ 1,192
4/ 1,192 (0.34)
1/ 1,002 a
1/ 1,002
0/ 1,002
1/ 1,002
0/ 1,002
3/ 1,002 (0.30)
18 (2.0)

0/ 261 a
0/ 261
0/ 261
0/ 261
1/ 261
1/ 261 (0.38)
2/ 261 a
0/ 261
2/ 261 (0.77)
0/ 261 a
0/ 261
1/ 261
0/ 261
0/ 261
1/ 261 (0.38)
7 (2.7)

0/ 750 a
0/ 750
0/ 750
0/ 750
1/ 750
1/ 750 (0.13)

1/ 94118
3/ 941
1/ 941
1/ 941
6/ 941 (0.64)

0/ 261 a
1/ 261
0/ 261
0/ 261
1/ 261 (0.38)

0/ 1,41513
0/ 1,415
0/ 1,415 (0.00)

0/ 97019
1/ 970
0/ 970
0/ 970
0/ 970
1/ 970 (0.10)

0/ 1,58218
2/ 1,582
0/ 1,582
0/ 1,582
2/ 1,582 (0.13)

3/ 1,894
0/ 1,894
0/ 1,894
3/ 1,894 (0.16)

1/ 451
0/ 451
1/ 451
2/ 451 (0.44)

13

1/ 261
1/ 261
0/ 261
2/ 261 (0.77)

CON
17

ALS
a

PMA

Possibly damaging
Probably damaging
Probably damaging
Probably damaging
Benign

Benign
Benign

Unknown
Unknown
Probably damaging
N/A
Probably damaging

N/A
Benign
Possibly damaging
Probably damaging

Benign
Probably damaging
Benign

Prediction PolyPhen-2

Pathological
Neutral
Pathological
Pathological
Neutral

Pathological
Neutral

Neutral
Neutral
Pathological
N/A
Pathological

N/A
Pathological
Neutral
Neutral

Pathological
Pathological
Neutral

Prediction PMut

Genetic overlap between PMA and ALS

Abbreviations: CON = control subjects, and N/A = not applicable. Mutations in SOD1, ANG, FUS/TLS, TARDBP, and CHMP2B were present in 2.7% of the PMA patients,
2.0% of the ALS patients, and 0.5% of the control subjects. No PMA patients were detected with mutations in multiple MND-associated genes. A Fisher’s exact test or
Chi-square test was used to compare mutation frequencies between patients with PMA and ALS for each gene; no significant differences were detected (data not shown
for simplicity). a Cohort described in the present study.

Total (%)

Variant

Gene

Table 6.2 Missense mutations found in SOD1, ANG, FUS/TLS, TARDBP, and CHMP2B
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Table 6.3 Clinical characteristics of newly identified patients with missense mutations

Group

Gene

Variant

Gender

LMN a
signs

PMA

SOD1

p.D90A
p.I113T
p.K17I
p.R521H
p.N352S
p.N352S
p.R69Q

M
F
M
M
F
M
M

1
2
1
3
2
4
1

0
0
0
0
0
0
0

17
48
66
47
68
61
26

Cervical
Lumbosacral
Lumbosacral
Cervical
Cervical
Lumbosacral
Cervical

316
108
52
68
37
101 b
116

p.R22Q
p.N54T
p.T83I

M
F
M

3
3
2

2
2
1

57
68
71

Cervical
Bulbar
Cervical

68
28 b
75

ANG
FUS/TLS
TARDBP
CHMP2B
ALS

CHMP2B

UMN a
signs

Age at
onset (y)

Site of onset

Duration
(m)

Abbreviations: M = male, F = female, LMN = lower motor neuron, UMN = upper motor neuron, and m =
months. Clinical characteristics of ALS patients with SOD1, ANG, FUS/TLS and TARDBP mutations have been
described elsewhere.13,17-19 a Number of affected body regions at time of diagnosis (maximum four: bulbar,
cervical, thoracic or lumbosacral). b Deceased.

Genealogical- and haplotype analyses
Previously, we have shown that the p.N352S mutation in TARDBP is a founder mutation
in the Dutch ALS population.13 Hence, we performed a thorough genealogical analysis and
demonstrated that our PMA patients with p.N352S mutations had common ancestors, dating
back to the 17th century in the north of France (Figure S6.2). Haplotype analysis revealed
that these patients also shared the haplotype that was reported in Dutch ALS patients.13

Discussion
Patients with isolated LMN signs represent a subgroup of the patients with MND. To assess
the mutation frequency of MND-associated genes in this subgroup, we compared 261
apparently sporadic PMA patients to apparently sporadic ALS patients. Our PMA patients
were more likely to be male and lived significantly longer than ALS patients, as reported
previously.3 We detected two SOD1 mutations (p.D90A, p.I113T), one ANG mutation
(p.K17I), one FUS/TLS mutation (p.R521H), one TARDBP mutation (p.N352S), and one
novel CHMP2B mutation (p.R69Q) in individual PMA patients. For each of these genes
we compared mutation frequencies between our PMA patients and ALS patients, and did
not detect significant differences.
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more than twenty percent of the patients with isolated LMN signs will develop UMN signs
within six years, especially in the first years after symptom onset.1,3,26 Nonetheless, it can
be difficult to diagnose these UMN signs due to LMN wasting and pathophysiological
abnormalities caused by damaged motor pathways, motor neurons and interneurons.27
Pathological studies have also revealed ubiquitinated inclusions and involvement of the
corticospinal tract in PMA patients, which are typical for ALS patients and emphasize
similarities between these diseases.28,29
Previously, mutations in SOD1, ANG, FUS/TLS, TARDBP and CHMP2B have been identified

Genetic overlap between PMA and ALS

Clinical and pathological similarities between PMA and ALS have already been reported:

in patients with a range of clinical phenotypes, including combinations of FTD, Parkinson’s
disease, and ALS.14,18,22,30-45 CHMP2B mutations have also been described in sporadic PMA
patients, while mutations in MND-associated genes have been detected in familial ALS
patients with predominantly LMN signs.15,19,28,46-50 In addition, we have recently shown that
C9orf72 repeat expansions are present in sporadic PMA patients, but at a lower frequency
than in sporadic ALS patients (1.6% versus 6.1%);12 other studies have shown that C9orf72
repeat expansions were present in approximately 7% of white sporadic ALS patients from
the USA, Europe and Australia, and that bulbar onset ALS is frequently encountered in
patients with these expansions.51-54 Our current findings demonstrate that mutations in
SOD1, ANG, FUS/TLS, TARDBP and CHMP2B are also associated with apparently sporadic
PMA, thus expanding the wide range of clinical phenotypes reported to date. Furthermore,
the comparable mutation frequencies between PMA and ALS patients show that, apart from
clinical and pathological similarities, these diseases demonstrate a genetic overlap as well,
suggesting that PMA is a subtype of ALS.

6

We detected a SOD1 mutation (p.D90A) in a patient with sporadic PMA, a patient with classical
sporadic ALS, and control subjects. This is the most common SOD1 mutation, and causes
both autosomal dominant and recessive ALS.55,56 Although it behaves dominantly in many
families, it is a polymorphism in the Swedish population, primarily causing ALS when in the
homozygous state.57 Another SOD1 mutation (p.I113T) was also present in a PMA patient;
it is known for its clinical heterogeneity, including asymptomatic subjects, patients with mild
fasciculations, patients with typical ALS, and patients with ALS-FTD and chorea.41,58 Both
these SOD1 mutations appear to result in ALS through aggregation of mutant SOD1 protein.59
In addition, we identified an ANG mutation (p.K17I) in one PMA patient, and in two out
of 1,582 Dutch control subjects. The p.K17I mutation has already been reported in ALS
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patients and in control subjects.18 Despite its presence in control subjects, it does affect the
neuroprotective-, angiogenic- and ribonucleolytic activity of ANG.50,60,61 It seems likely
that this mutation raises ALS susceptibility and/or acts as a genetic modifier, a hypothesis
supported by recent reports of families that harbor a p.K17I mutation in combination with
TARDBP- or FUS/TLS mutations, and a large international collaborative study, which
demonstrates that ANG mutations confer a substantial risk for ALS.13,18,62
In one PMA patient, we identified a FUS/TLS mutation (p.R521H); one of the most common
FUS/TLS mutations with a disease duration of approximately four years.63,64 In two other
PMA patients we detected a TARDBP mutation (p.N352S), which has been described in
German and Japanese ALS patients.65-67 We have recently reported that p.N352S is a founder
mutation in the Dutch ALS population.13 In the present study, we revealed that our PMA
patients had common ancestors and shared a haplotype also detected in Dutch ALS patients.
The four CHMP2B mutations we detected (p.R69Q, p.R22Q, p.N54T, p.T83I) are novel,
absent in control subjects, located in well conserved areas, and predicted to be pathogenic.
One of these was identified in a patient with sporadic PMA (0.38%), three in patients with
sporadic ALS (0.30%). These mutation frequencies demonstrate that CHMP2B mutations
are not specific for PMA, but are present in patients with PMA, FTD, ALS-FTD, and ALS.
We also detected one previously reported mutation (p.S194L) in a control subject.25 Since
this variant is located within an area of low complexity and predicted to have neutral effects,
it probably represents a rare benign polymorphism.
Recently, we have provided evidence for an oligogenic etiology of familial ALS.13 We
reported five families with mutations in multiple MND-associated genes: ANG mutations
were detected in combination with FUS/TLS and TARDBP mutations, and C9orf72 repeat
expansions in combination with TARDBP, SOD1, and FUS/TLS mutations (p-value 1.57 x
10-7). In our present study, we did not identify mutations in multiple MND-associated genes
in a single patient; however, the high phenotypic variability that is seen amongst patients
with mutations in these genes (ranging from FTD to Parkinson’s disease and MNDs) does
suggest that other genetic and/or environmental factors influence disease characteristics
of sporadic MNDs.
To summarize, we have detected comparable mutation frequencies in patients with apparently
sporadic PMA and ALS, indicating a genetic overlap between these two diseases. Thus,
our findings favor the hypothesis that PMA is a subtype of ALS and not a distinct entity,
broadening the disease spectrum of ALS.
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Figure S6.1 CHMP2B mutations and conservation.
Conservation of amino-acid residues across species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/.
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Pedigree of two PMA patients with p.N352S mutations in TARDBP.
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SMN copy number variation

Abstract
Objective: To investigate survival motor neuron (SMN) 1 and SMN2 gene copy number
variation in progressive muscular atrophy (PMA) and multifocal motor neuropathy
(MMN).
Methods: We included 228 patients with sporadic adult onset PMA and 102 patients
with MMN and used multiplex ligation-dependent probe amplification (MLPA) to
determine SMN1 and SMN2 copy numbers. A cohort of 984 healthy individuals served
as controls. We examined associations of SMN copy numbers with disease susceptibility,
patient characteristics and survival.
Results: SMN1 duplication frequency was increased in patients with PMA (6.6%) and
MMN (10.8%) compared to healthy controls (3.6%, p = 0.004 and 0.06 respectively).
SMN1 deletions were more frequent in patients with MMN than controls (6.9% vs.
2.3%, p = 0.002). MMN and PMA patients with three SMN1 copies had an earlier age
at onset. There was no association of SMN2 copy number with MMN and PMA disease
susceptibility, but PMA patients with an SMN2 deletion had a more severe disease course.
Conclusion: SMN1 duplications are associated with PMA and MMN susceptibility and
age at onset. SMN2 deletions are associated with worse disease outcome in patients with
PMA. SMN copy number variation may represent a risk factor for adult onset lower
motor neuron disorders and motor neuropathies.
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Progressive muscular atrophy (PMA) is a rare form of adult-onset motor neuron disease
(MND) and is characterized by exclusive and progressive loss of lower motor neurons.1,2
Its natural history ranges from slowly progressive over many years to a disease course
comparable with amyotrophic lateral sclerosis (ALS).1 The pathophysiology of PMA remains
to be elucidated, but some genetic overlap between PMA and ALS has been established.3,4

SMN copy number variation

Introduction

An important clinical mimic of PMA is multifocal motor neuropathy (MMN), a rare and
probably immune mediated asymmetric polyneuropathy that responds to treatment with
intravenous (IVIg) or subcutaneous (ScIg) immunoglobulins.5
Survival motor neuron (SMN) protein is essential for alpha motor neurons in the spinal
cord. The SMN locus on chromosome 5q contains two genes, i.e. telomeric SMN1 and the
highly homologous centromeric SMN2. SMN2 produces only 10% of full length mRNA
due to a point mutation within exon 7.6 Homozygous deletion of SMN1 results in SMN
deficiency and thereby causes hereditary proximal spinal muscular atrophy (SMA), the
most common lower motor neuron disorder in infants and young children.6,7 SMN1 copy
number variation has been found associated with ALS susceptibility8-12 and data from a
few preliminary studies suggested that copy number variation of the SMN locus may also
be more frequent in both PMA and MMN.13-17 The aim of this study was to investigate the
association of SMN1 and SMN2 copy number variation in well characterized and large
cohort of patients with PMA and MMN.

Material and methods
Patients

7

We included 228 patients with sporadic adult onset PMA and 102 patients with MMN.
All patients were seen at the MND outpatient clinic of the University Medical Center
Utrecht, a tertiary referral clinic in The Netherlands. Patients were diagnosed with PMA
if they met the following criteria: (a) age at onset > 18 years; (b) lower motor neuron
signs (i.e. weakness, atrophy and fasciculations) on neurological examination and (c)
evidence of lower motor neuron involvement during concentric needle electromyography.
Exclusion criteria were (a) family history of MND; (b) history of diseases that may mimic
PMA (acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy, thyrotoxicosis or
hyperparathyroidism); (c) clinical signs of upper motor neuron involvement (pseudobulbar
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symptoms, pseudobulbar reflexes, hyperreflexia, or extensor plantar response); (d) objective
sensory signs on neurological examination; (e) structural lesions on magnetic resonance
imaging or computed tomography of head and spine; and (f) motor conduction block or
demyelinating features on extensive standardized nerve conduction studies. Patients with
PMA were previously screened for mutations in SOD1, ANG, FUS/TLS, TARDBP, CHMP2B,4
TRPV418 and extended repeats in C9orf72.3 Patients were diagnosed with MMN based on
previously described criteria.5,19 Demographic features, clinical characteristics and survival
up to January 2013 were recorded. We used a cohort of 984 healthy individuals who were
previously screened for SMN copy number variation using the same MLPA assay as reference
population.8

SMN copy number variation
SMN1 and SMN2 copy numbers were determined with multiplexed ligation-dependent
probe amplification (MLPA) assays using standard protocols (www.mlpa.com). We used the
SALSA MLPA kit P060 version B2, according to the manufacturer’s recommendation (MRC
Holland, the Netherlands, www.mrcholland.com). A total of 50–100 ng of genomic DNA
was used in each MLPA assay. Control DNA samples of individuals with known SMN1 and
SMN2 copy numbers were included in each experiment. Data normalization and analysis
were performed with GeneMarker software using standard parameters (SoftGenetics, State
College, PA).

Statistical analysis
SMN1 and SMN2 copy number states for each individual were assessed using Gaussian
mixture modeling with the CNV tools software package in R, as described previously.8
Association of SMN copy number variation with the different diagnostic groups was
analyzed in a multivariate logistic regression model including age at inclusion and gender
as covariates. As three diagnostic groups were studied, Bonferroni correction was used and
a p-value of 0.02 was considered to be statistically significant. Possible associations of SMN1
and SMN2 copy number status with disease characteristics were analyzed by Chi-square
test or by Kruskal-Wallis test. In the patients with PMA, Cox regression was used to test
for effect of SMN1 and SMN2 copy number on survival, using age at onset, gender and site
of onset as covariates.
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Patients
Table 7.1 shows the clinical characteristics of patients and controls. Median age at inclusion
was comparable in patients with PMA and controls. Patients diagnosed with MMN were
significantly younger. Male gender predominated in patients with PMA and MMN.

SMN copy number variation

Results

SMN copy number variation
The frequency of SMN1 duplications, defined as 3 SMN1 copies detected by MLPA, was
higher in patients with MMN (10.8%) and PMA (6.6%) than healthy controls (3.6%, p =
0.004 and 0.06 respectively) (Table 7.2). Patients with MMN also had increased numbers
of SMN1 deletions (6.9% vs. 2.3%, p = 0.002). SMN2 copy numbers did not differ between
patients with MMN or PMA and controls.
There was no association of gender or site of onset in patients with PMA and MMN and
SMN1 copy number variation (data not shown, p > 0.3). Age of onset was younger in patients
with PMA and MMN with two or three SMN1 copies (median age of onset: PMA 1 copy
69 years, 2 copies 59 years, 3 copies 51 years, p = 0.08; MMN 1 copy 54 years, 2 copies 42
years, 3 copies 37 years, p = 0.006) (Figure 7.1). We found no effect of SMN1 deletions or
duplications on survival in the patients with PMA using Cox regression analysis (p > 0.2).

Table 7.1 Characteristics of patients and controls

Number
Gender, male
Age at inclusion, yr
Age at onset, yr
Site of onset (%)
Bulbar
Cervical
Thoracic
Lumbar
Multiple regions
Death within 4 yr of onset
Mortality at end of study
Disease duration, yr

PMA

MMN

Controls

228
167 (73)
63 (18–87)
59 (18–80)

102
76 (75)
52 (25–76)
42 (22–68)

984
511 (52)
63 (24–97)
-

2
56
2
37
3
44 (19)
84 (37)
5 (1–40)

0
73
0
27
0
0 (0)
2 (2)
14 (1–50)

-

7

Date are number (%) or median (range).
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SMN1 copy numbers were equally distributed among the 44 PMA patients who died within 4
years after disease onset (1 copy 1/5, 20%; 2 copies 39/205, 19%; 3 copies 4/18, 22%; p = 0.95).

Table 7.2

SMN1 copy number association analysis
Controls

MMN

OR

p

PMA

OR

p

SMN1
1
2
3

23 (2.3)
926 (94.1)
35 (3.6)

7 (6.9)
84 (82.4)
11 (10.8)

4.3 (1.7–10.9)
3.0 (1.4–6.5)

0.002
0.004

10 (4.4)
203 (89.0)
15 (6.6)

2.3 (1.0–4.9)
1.8 (1.0–3.4)

0.04
0.06

SMN2
0
1
2
3

78 (7.9)
370 (37.6)
482 (49.0)
54 (5.5)

9 (8.8)
46 (45.1)
43 (42.2)
4 (3.9)

1.2 (0.6–2.7)
1.3 (0.8–2.1)
0.9 (0.3–2.6)

0.62
0.25
0.82

16 (7.0)
98 (43.0)
112 (49.1)
2 (0.9)

0.9 (0.5–1.5)
1.1 (0.8–1.5)
0.2 (0.1–0.7)

0.60
0.57
0.01

Data are number (%).

Diagnosis
80

MMN
PMA

70

Age at onset (years)

60

50

40

30

20

10
1

2

3

SMN1 copy number
Figure 7.1 Age at onset of the PMA and MMN patients subdivided by SMN1 copy number status.
Age of onset was earlier in the PMA and MMN patients with two or three SMN1 copies (p = 0.08 and 0.006
respectively).
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Figure 7.2 Kaplan-Meier survival curve for the PMA patients with a deletion, one or two copies of
the SMN2 gene.
Patients with PMA and a SMN2 deletion had a more severe disease course compared to the PMA patients with
two SMN2 copies (p = 0.02). The two patients with three SMN2 copies are left out of this figure.

SMN2 copy number was not associated with gender, site of onset or age at onset in patients
with PMA and MMN (data not shown, p > 0.3). Figure 7.2 shows the survival curves for
the PMA patients stratified by SMN2 copy number. The survival analysis showed that
PMA patients with an SMN2 deletion had a more severe disease course compared to the

7

PMA patients with two SMN2 copies (OR 2.5, CI 1.2–5.1, p = 0.02). Eleven of the 16 (69%)
PMA patients with an SMN2 deletion died before the end of this study compared to 30 of
98 (31%) PMA patients with one SMN2 copy and 41 of 112 (37%) with two SMN2 copies
(p = 0.007). Six (38%) of the PMA patients with a SMN2 deletion died within 4 years after
symptom onset, compared to 16 (16%) and 22 (20%) of the PMA patients with one or two
SMN2 copies respectively (p = 0.2).
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Discussion
We found increased frequencies of SMN1 duplications in both patients with PMA and MMN.
This finding reached statistical significance in patients with MMN, but not in patients with
PMA. Age of onset was earlier in the PMA and MMN patients with two or three SMN1
copies compared to the patients with one copy. Survival analysis additionally showed more
unfavorable disease course in PMA patients with an SMN2 deletion. These data suggest that
copy number variation within the SMN locus increases alpha-motor neuron vulnerability
and is a risk factor for adult-onset lower motor neuron disorders and motor neuropathies
in addition to infantile and childhood onset hereditary proximal SMA.
One previous study reported a similar association of SMN1 duplications and PMA, combined
with a lower median age at onset in patients with PMA and three SMN1 copies.16 We could
not corroborate the previously reported association of PMA with SMN2 deletions,13-15
although survival analysis showed worse disease course in PMA patients with a SMN2
deletion compared to the PMA patients with two SMN2 copies.
The pathophysiological explanation of these findings remains to be established. Hereditary
proximal SMA is caused by SMN deficiency due to homozygous SMN1 deletions. The severity
of SMA inversely correlates with SMN2 copy number, suggesting a gene dose effect on
SMN2 mRNA derived residual protein levels. A possible explanation of our findings is that
extensive gene duplication, crossing over and mutation may have resulted in dysfunctional
SMN haplotypes with 3 SMN1 copies for example by deletion of SMN promotor sequences.
In this scenario, increased SMN1 copy number could paradoxically reflect relative SMN
protein deficiency, which would explain lower motor neuron vulnerability. Alternatively,
the relative abundance of SMN protein in individuals with 3 functional SMN1 copies could
alter the stochastic of interaction with other proteins20 and thereby crucial protein complex
dynamics in motor neurons. This could eventually cause motor neuron toxicity. Further
studies of SMN protein levels in whole blood and fibroblasts are needed to establish whether
SMN copy number variation causes relative deficiency or abundance. The finding that
similar mechanisms may be involved in MMN could suggest overlapping pathophysiological
mechanisms of motor neuron vulnerability in MND and immune-mediated motor
neuropathies. The exclusive presence of IgM pathogenic antibodies and the absence of
inflammatory markers in serum suggest that MMN is probably characterized by low-level
or very localized motor nerve inflammation. Intrinsic vulnerability of motor neurons caused
by altered SMN physiology could therefore contribute to MMN susceptibility and disease
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duplications in 847 patients with sporadic ALS suggests that the association with MND is
not spurious.8
The main strengths of the present study are the relatively large numbers of well-characterized
patients with these rare disorders, the use of the robust MLPA assay and the statistical
methodology that is less prone to type 1 errors and false-positive associations than other

SMN copy number variation

course. The recent study and meta-analysis that confirmed increased frequencies of SMN1

techniques.21 Since this is the first case-control study investigating SMN copy number
variation in MMN, validation studies are needed.
Our data suggest that copy number variation of the SMN locus is a shared risk factor
for childhood and adult onset lower motor neuron disorders and inflammatory motor
neuropathies. The recent emergence of several SMN2 enhancing treatment strategies clearly
indicates that the association of SMN copy numbers with SMN protein levels needs to be
investigated in more detail.
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Genetic heterogeneity of TRPV4 in PMA

Introduction
Progressive muscular atrophy (PMA) is an adult-onset neurodegenerative disease
characterized by progressive loss of lower motor neurons (LMNs). Its disease course ranges
from slowly progressive in many years to rapid progression rates similar to those observed in
patients with amyotrophic lateral sclerosis (ALS).1 Whether PMA is a distinct disease identity
separate from ALS remains the question, especially since upper motor neuron signs may
develop over time1 and mutations in the superoxide dismutase-1 (SOD1) gene, which are a
known cause of ALS, have also been identified in patients with familial PMA.2 Moreover,
mutations in the charged multivesicular protein 2B (CHMP2B) gene have been reported
in three patients with sporadic lower motor neuron predominant ALS.3 Non-synonymous
mutations in the transient receptor potential vanilloid 4 (TRPV4) gene, which encodes a
calcium permeable protein channel, have recently been identified in patients with lower
motor neuron disorders such as congenital distal spinal muscular atrophy, scapuloperoneal
spinal muscular atrophy (SPSMA), and Charcot-Marie-Tooth (CMT)/ hereditary motor and
sensory neuropathy (HMSN) type 2c.4,5 These disorders are characterized by predominant
lower motor neuron degeneration. The TRPV4 gene is of special interest since mutations may
lead to neurotoxicity induced by intracellular hypercalcemia, and therefore, pharmacological
blockade of TRPV4 channels may offer a target for therapy of TRPV4-associated disorders.6
We hypothesized that TRPV4 may be a candidate gene for susceptibility to PMA, and
screened a Dutch cohort of patients with sporadic PMA and controls for non-synonymous
mutations.

Methods
A total of 264 patients with sporadic PMA and 768 healthy controls, all Caucasian and from
Dutch descent, were included in the study. Patients were seen by experienced neurologists
at the Dutch national ALS referral center. Diagnosis was based on lower motor neuron
involvement on neurological and electrophysiological examination. Exclusion criteria included
a history of acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy, thyrotoxicosis,
or hyperparathyroidism, sensory signs on neurological examination, structural lesions on
magnetic resonance imaging or computed tomography of head and spine, motor conduction
block on extensive standardized nerve conduction studies and clinical signs of upper motor
neuron involvement – that is, pseudobulbar symptoms, clonus of the masseter reflex,
hyperreflexia (including brisk reflexes in weakened muscles), or extensor plantar response.1
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protocol and all patients gave informed consent. Genomic DNA was extracted from peripheral
blood using standard methodology. Coding regions of TRPV4 were screened for mutations
by direct sequencing. Primers for PCR amplification were designed using LIMSTILL (http://
limstill.niob.knaw.nl) and are available on request. The PCR amplification fragments were
sequenced with BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster City,
California), and analyzed on a 3730XL DNA Analyzer. Each identified mutation was confirmed
by an independent PCR and sequencing reaction. Impact of the mutation on the structure
and function of the protein was predicted with PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2/) and PMut (http://mmb.pcb.ub.es/PMut/PMut.jsp).

Genetic heterogeneity of TRPV4 in PMA

The Medical Ethical Committee of the University Medical Centre Utrecht approved the study

Results
Patient characteristics and the results of the TRPV4 gene analysis are shown in the Table 8.1.
None of the previously described mutations (R232C, R269H, R269C, R315T, R316C, V620I)4,5
were identified in our patients with PMA. We did, however, identify a novel heterozygous
c.2337G>A mutation in exon 14, changing Valine to Isoleucine at position 750 (V750I).
Nonetheless, the estimated impact of this mutation was neutral or benign and it was also
present in two control subjects.

Table 8.1 Study population characteristics and results of TRPV4 analysis

Characteristics
No. of subjects
Age, median, y
Sex, male/female, No.
Results
Mutation V750I, No. (%)
PolyPhen
Pmut
p-value*

Patients

Controls

264
63
189/75

768
62
426/340

2 (0.8)
Benign
Neutral
0.27

2 (0.3)

8

* Using Fisher’s exact test.
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Comment
Recent studies have demonstrated that mutations in the TRPV4 gene are associated with
a heterogeneous group of diseases characterized by lower motor neuron or axonal degeneration. We evaluated genetic variance in this gene as possible risk factor for PMA, but
none of the previously described mutations could be identified. One novel mutation was
detected at similar frequencies in patients and controls (p-value 0.27), and thus most likely
represents a rare benign polymorphism. Hence, we conclude that genetic heterogeneity of
TRPV4 is not associated with PMA.
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No genetic variation in candidate genes for MMN

Abstract
The contribution of genetic heterogeneity to the pathogenesis of multifocal motor
neuropathy (MMN) has not been elucidated. We investigated frequencies of single
nucleotide polymorphisms (SNPs) in the candidate genes PTPN22, BANK1, Blk, and
FCGR2B, which have been found to be associated with other autoimmune diseases,
CD1A and CD1E, important for antigen presentation of glycolipids, and TAG-1,
which is associated with responsiveness to IVIg in patients with chronic inflammatory
demyelinating polyneuropathy. SNP frequencies were determined by means of TaqMan
SNP genotyping assay and direct sequencing of candidate genes in 92 Dutch patients
with MMN and 1152 healthy controls. SNP frequencies did not differ between patients
and controls (all p-values > 0.15) and disease characteristics were not associated with
SNP genotypes. Our results suggest that allelic variation in these genes does not play a
major role in determining MMN susceptibility.
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Multifocal motor neuropathy (MMN) is characterized by asymmetric predominantly distal
limb weakness and conduction block (CB).1 B cells, IgM anti-ganglioside antibodies and
complement may play a role in MMN pathogenesis.2-4 Recently, we found an association of
MMN with the HLA-DRB1*15 haplotype, suggesting that genetic heterogeneity underlying
autoimmune disease (AID) may also be important for MMN pathogenesis.5
AIDs share common susceptibility genes.6 Single nucleotide polymorphisms (SNPs) in
protein tyrosine phosphatase, non-receptor type 22 (PTPN22), B-cell scaffold protein with
ankyrin repeats (BANK1) and B lymphocyte kinase (Blk) genes influence B-cell functioning
and are associated with B-cell mediated and other AIDs, such as systemic lupus erythematosus

No genetic variation in candidate genes for MMN

Introduction

(SLE) and autoimmune thyroid disease.7 Promoter polymorphisms in the Fc gamma receptor
class IIB (FCGR2B) gene, which encodes an inhibitory IgG receptor expressed on B-cells,
lead to distinct haplotypes. One of the haplotypes is found to be associated with SLE and
chronic inflammatory demyelinating polyneuropathy (CIDP).8-10 Polymorphisms of the CD1
cluster of genes, i.e. CD1A and CD1E, may determine efficacy of antigen presentation of
glycolipids such as GM1, and in one study were found to be associated with Guillain-Barré
syndrome (GBS),11 but not in a second study,12 nor in a pilot study of 13 Italian patients with
MMN.13
Most patients with MMN respond to intravenous immunoglobulin (IVIg) treatment.14
Responsiveness to IVIg treatment may be determined by SNPs in the transient axonal
glycoprotein 1 (TAG-1) gene, which encodes a protein important for axon-Schwann cell
interactions, as was reported for patients with CIDP.15
To study the contribution of SNPs in genes involved in antigen presentation and B-cell
function to MMN susceptibility, presence of serum anti-GM1 IgM antibodies, IVIg
responsiveness and outcome, we performed a genetic association study in a large cohort of
well-defined MMN patients.

9
Materials and methods
Study population
A total of 1152 healthy controls and 92 patients with a diagnosis of probable or definite MMN
according to previously published criteria were included in the study.1 Clinical characteristics
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of all but four patients have been reported previously.14 All subjects were Caucasian and of
Dutch descent.
The Medical Ethical Committee of the University Medical Center Utrecht approved the study
protocol and all patients gave written informed consent.

Genetic analysis
Genomic DNA was extracted from venous blood using standard methodology. Sequencing
was performed for SNPs in CD1A, CD1E, TAG-1 and FCGR2B, using a 96-capillary DNA
Analyzer 3730XL and a BigDye Terminator 3.1 sequencing kit (Applied Biosystems) as
described previously.16 Primers used in this study were described previously.8,11,15 Sequence
data were analyzed in PolyPhred.
For PTPN22, BANK-1 and Blk we used a pre-designed TaqMan SNP Genotyping Assay (Applied
Biosystems). Allelic PCR products were analyzed on an ABI Prism 7900 HT sequence detection
system using SDS 2.3 software.

Genetic and statistical analysis
SNP frequencies in patients and controls were compared by X2 testing using PLINK program v
1.07.17 Variables that differed significantly between patients and controls were included in the
analysis as covariates. The Bonferroni adjustment was used to correct for multiple comparisons.
A p-value of 0.0045 (0.05/11) was considered statistically significant.
Possible associations of SNPs with MMN disease characteristics were analyzed by Fisher’s
exact test or by One-Way Anova.
To estimate the degree of linkage disequilibrium (LD) in the TAG-1 and FCGR2B genes, the
standardized disequilibrium coefficient (D’) was calculated using Haploview (version 4.1, Broad
Institute, Cambridge, MA, USA).18 Significance for TAG-1 and FCGR2B haplotypes between
patients and controls, as well as haplotype analysis for TAG-1 SNPs between IVIg responders
and non-responders, were computed through permutation testing (100,000 permutations)
by Haploview.
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Patients
Patient and control characteristics are shown in Table 9.1. Since age and gender differed
significantly between patients and controls, odds ratios and p-values were adjusted for
these variables.

Genotype and allele frequencies in patients and controls
The results, expressed as genotype and allele frequencies, in both patients and controls are
shown in Table 9.2. Genotype distributions were in Hardy–Weinberg equilibrium, with the
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Results

exception of the FCGR2B promoter SNPs (rs3219018 p-value 2.9E-07, rs34701572 p-value
5.6E-06). Genotype and allele frequencies did not differ between MMN patients and controls.
LD analysis of TAG-1 and FCGR2B showed strong linkage (TAG-1 D’ value > 0.8, FCGR2B
= 0.99). TAG-1 and FCGR2B haplotypes between patients and controls, and haplotype
frequencies of the TAG-1 gene between responders and non-responders to IVIg therapy,
did not differ after correction with 100,000 permutations (data not shown).

Table 9.1 Characteristics of patients and controls Characteristics of patients and controls

Male, n (%)
Median age at inclusion (range), y
Median age at onset (range), y
Definite MMN, n (%)
Probable MMN, n (%)
Axonal damage, n (%)
Median MRC sum score (range)
Median ODSS (range)
Median Rankin Scale (range)
Anti-GM1 IgM antibodies, titers ≥ 1:400, n (%)
Response to IVIg therapy, n (%)
Median IVIg dose (range), gram/week
HLA-DRB1*15 positive, n (%)
Abnormal MRI brachial plexus, n (%)

N

Patients

N

Controls

92
92
92
92
92
92
87
87
87
88
76
69
71
55

65 (71)
51 (26–76)
40 (22–66)
73 (79)
19 (21)
78 (85)
166 (108–179)
4 (2–9)
2 (0–4)
39 (44)
70 (92)
14 (5–100)
29 (41)
25 (45)

1152
1152

592 (51)
62 (22–96)
-

9

Abbreviations: N, number of subjects; Y, years; MMN, multifocal motor neuropathy; MRC, Medical Research
Council; ODSS, Overall Disability Sum Score; IVIg, intravenous immunoglobulin; MRI, magnetic resonance
imaging.
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Controls

Controls

Controls

Patients
Controls

CD1E (rs1065457)

Controls

Patients

39 (44)
305 (48)

779 (89)

875

88
634

79 (86)

862 (88)

79 (86)

612 (57)

52 (57)

496 (50)

44 (50)

888 (82)

75 (85)

AA

92

Controls

CD1A (rs2269715)

92

978

Patients

CD1A (rs2269714)

91

1078

Patients

BLK (rs13277113)

88

998

Patients

BANK1 (rs17266594)

88

1080

Patients

PTPN22 (rs2476601)

N

35 (40)
256 (40)

94 (11)

12 (13)

112 (11)

12 (13)

398 (37)

33 (36)

420 (42)

41 (47)

178 (17)

11 (13)

AB

2 (0)

1 (1)

4 (1)

1 (1)

68 (6)

6 (7)

82 (8)

3 (3)

14 (1)

2 (2)

BB

14 (16)
73 (12)

Genotype frequency, n (%)

Genotypic and allelic frequencies in patients and controls

Gene (SNP)

Table 9.2

133 (64)
866 (68)

1652 (94)

170 (92)

1836 (94)

170 (92)

1622 (75)

137 (75)

1412 (71)

129 (73)

1954 (90)

161(91)

A

71 (36)
402 (32)

98 (6)

14 (8)

120 (6)

14 (8)

534 (25)

45 (25)

584 (29)

47 (27)

206 (10)

15 (9)

B

Allele frequency, n (%)

1.20 (0.86–1.66)

1.52 (0.84–2.75)

1.35 (0.76–2.42)

0.96 (0.67–1.37)

0.89 (0.62–1.27)

0.96 (0.56–1.65)

OR (95%CI)*

0.28

0.17

0.31

0.81

0.52

0.88

p*
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72 (79)
829 (76)

91
1093

29 (32)

62 (68)
723 (65)

91

315 (36)

982

1106

367 (42)

38 (41)

92

19 (21)
264 (24)

373 (34)

40 (44)

253 (29)

61 (67)
577 (66)

92

873

27 (29)

47 (51)
447 (48)

24 (26)
261 (28)

92

937

*Odds ratio and p-value for allelic association.
Abbreviations: SNP, single nucleotide polymorphism; N, number of subjects.

Patients
Controls

FCGR2B (rs34701572)

Controls

Patients

FCGR2B (rs3219018)

Controls

Patients

TAG-1 (rs2229866)

Controls

Patients

TAG-1 (rs2275697)

Controls

Patients

21 (23)

0 (0)
0 (0)

10 (1)

0 (0)

185 (21)

14 (15)

43 (5)

4 (4)

229 (24)

95 (52)

163 (90)
1922 (88)

1819 (82)

153 (84)

997 (57)

116 (63)

1407 (81)

149 (81)

969 (52)

89 (48)

19 (10)
264 (12)

393 (18)

29 (16)

737 (43)

68 (37)

339 (19)

39 (19)

905 (48)

0.75 (0.41–1.36)

0.81 (0.49–1.34)

0.86 (0.63–1.18)

0.96 (0.65–1.42)

0.97 (0.71–1.33)

0.34

0.41

0.36

0.85

0.87
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Chapter 9

9

141

Chapter 9

No genetic variation in candidate genes for MMN

There was no association of SNPs with clinical characteristics, increased titers of anti-GM1
IgM antibodies or presence of the HLA-DRB1*15 allele.

Discussion
Our results do not suggest that polymorphisms in genes that influence antigen presentation,
B-cell function and susceptibility to AIDs, or responsiveness to IVIg treatment play an
important role in determining MMN susceptibility, nor do they modify its disease course.
Serum anti-GM1 IgM antibodies are detected in approximately 50% of patients with MMN.
Pathogenicity of these antibodies is suggested by the finding that they bind to GM1 in
peripheral nerves, activate complement, and interfere with function of sodium channels,
which is essential for nerve conduction.3,4,19 Moreover, higher antibody titers correlate
with more weakness, disability and axon loss.2 Therefore, we selected genes that might be
involved in downstream events that lead to serum anti-GM1 IgM production as candidate
genes for this study.
Antigen presentation of glycolipids by antigen-presenting cells (APC) probably represents the
first step that leads to activation of B-cells that produce anti-GM1 IgM antibodies. Glycolipid
structures are processed and presented by APC through CD1 molecules, which constitute a
conserved family of HLA-like molecules. CD1B is the key CD1 molecule for presentation
of GM1, but is not polymorphic; the polymorphic CD1E may play a secondary role.20 Our
data did not show an association of CD1A or CD1E SNPs with MMN, nor with the presence
of serum anti-GM1 IgM antibodies, which is consistent with the Italian pilot study.13
SNPs in genes that regulate B-cell function are common risk factors for several AIDs.7
PTPN22 and BANK1 play a role in B-cell receptor signalling, Blk and BANK1 in B-cell
activation, and FCGR2B is an important inhibitory receptor of B-cell functions. SNPs in
these genes are associated with AIDs in which B-cells contribute to pathogenesis.8-10,21-24 The
allele frequencies of PTPN22, BANK1, Blk and FCGR2B were very similar for patients with
MMN and controls. The distribution of FCGR2B genotypes was not in Hardy-Weinberg
equilibrium due to a higher than expected number of heterozygotes, which may be explained
by variation in copy numbers.25 Especially since the FCGR locus evolved through gene
copying.26 Our data do not support the hypothesis that MMN shares some of the common
genetic risk markers with other AIDs. Furthermore, none of the SNPs were associated with
specific MMN disease characteristics.
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A recent study in Japan showed that TAG-1 SNPs may predict IVIg responsiveness in CIDP.15
Our results suggest that lack of IVIg responsiveness in MMN is probably not explained by
specific TAG-1 haplotypes. The association of IVIg responsiveness and TAG-1 heterogeneity
may be exclusive to CIDP or there may be ethnic differences in the contribution of TAG-1
polymorphisms to IVIg responsiveness. This is supported by the fact that allelic and genotype
frequencies differed significantly between Japanese and Dutch populations.
This study failed to find evidence for other genetic markers that predispose to MMN in
addition to the HLA-DRB1*15 haplotype.

No genetic variation in candidate genes for MMN

Patients with MMN are generally responsive to treatment with IVIg, with a few exceptions.
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Abstract
Background: Multifocal motor neuropathy (MMN) is associated with IgM antibodies
to GM1 ganglioside. The importance of the lipid milieu that might facilitate or inhibit
antibody binding to GM1 in immunoassays is well recognised. Existing studies, using a
range of different approaches, generally concur that anti-GM1 IgM antibody detection
rates are improved by the addition of galactocerebroside (GalC) to the GM1 assay.
Objective: The current study sought to formally evaluate the clinical utility of the
GM1:GalC complex assay in the diagnosis of MMN.
Methods: Anti-GM1 and -GM1:GalC antibodies were examined using ELISA and
glycoarray (dot blot) in a fully blinded study design, consisting of 100 MMN patients,
100 ALS cases and 100 healthy controls.
Results: The detection of anti-GM1 Abs using glycoarray was 67% sensitive and 85%
specific. The addition of GalC to GM1, (1:1 weight to weight ratio), increased the
sensitivity to 81%, whilst dropping specificity to 80%. Increasing the GalC content to a
1:5 ratio (or higher) further decreased specificity, and in doing so limited the usefulness
of the GM1:GalC assay to the level of GM1 alone. The addition of GalC to the ELISA
method also significantly increased sensitivity compared with GM1 alone, albeit with a
significant decrease in specificity.
Conclusions: This study indicates that the GM1:GalC assay is an advantageous assay
adaptation for detecting anti-GM1 antibodies in MMN, using either glycoarray or ELISA,
and warrants introduction into clinical diagnostic practice.
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Detection of anti-GM1 IgM antibodies (Abs) is often used as a clinical tool in the differential
diagnosis of multifocal motor neuropathy (MMN). However, optimal assay methodology
remains uncertain due to wide assay sensitivity and specificity variations, both between
and within laboratories.1,2 Almost twenty years have passed since the description of
galactocerebroside (GalC) as one potential binding enhancer of the anti-GM1 Abs that are
present in MMN sera.3 This original ELISAbased study concluded that the addition of GalC
(and sulphated cholesterol) in tenfold ratiometric excess of GM1 unmasked Ab reactivities
in a significant number of MMN patients which had been previously characterised as antiGM1 Ab negative. More recently, three studies have reported similar findings, two using

Anti-GM1:GalC complex antibodies in MMN

Introduction

a glycoarray technique4,5 and another using ELISA.6 The study by Galban-Horcajo used a
dot blot microarray platform designed as a screening method for anti-lipid antibodies.7
In this array, GM1 and GalC were premixed at a 1:1 weight to weight ratio and this assay
returned a very high sensitivity compared with GM1 alone, albeit in preselected MMN
clinical cohort.5 The Nobile-Orazio study, following a similar method to that of Pestronk
and co-workers3 used polystyrene ELISA plates coated with GM1:GalC in a 1:10 weight to
weight ratio and also showed increased diagnostic sensitivity for MMN.6 The Delmont study
used a combination of both ELISA and dot blot methods.4 Existing studies thus conclude
that GalC combined with GM1 significantly enhance the detection rate and signal intensity
of anti-GM1 Abs, although were not rigourously controlled for selection bias. The current
study aimed to validate these findings using a large, unbiased and observer blinded cohort
of MMN cases, ALS cases and healthy controls.

Materials and methods
Sera collection and clinical data
Serum samples from 100 patients with MMN, 100 patients with amyotrophic lateral
sclerosis (ALS) and 100 healthy controls (HC) were examined. All participants were Dutch
caucasians. Diagnostic criteria for MMN and ALS were applied as published previously.8,9
Muscle strength was recorded in eleven arm muscle groups and seven leg muscle groups of

10

patients with MMN using the Medical Research Council (MRC) scale, and the MRC sum
score was calculated accordingly (maximum 180). Overall disability was determined using
the Overall Disability Sum Score (ODSS).10 Patients underwent nerve conduction studies
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following a previously published11 protocol. The site of onset (i.e. bulbar, cervical, thoracic
or lumbosacral region) of weakness in patients with ALS was documented.
Ethical approval was given by the Medical Ethical Committee of the University Medical
Center Utrecht and all subjects gave written informed consent.
All 300 samples were randomised and coded prior to commencing the serology screening.
The database was then locked until completion of analysis.
Due to limited volumes of some serum samples, patients were excluded from experiments
with 1:5 and 1:10 GM1:GalC ratios in glycoarray (3 MMN and 3 controls), and from GM1
alone and 1:10 GM1:GalC in ELISA (4 MMN and 1 control). In such cases, there was
a reduction in the total number of comparative samples for intra- and inter-technique
comparison, which for some lipid antigens, resulted in altering the sensitivity and specificity
(+/- 1%), which was accompanied by minor change in the area under the curve (AUC ≤
0.006).

Lipid source and preparation
The glycolipids screened were GM1, GM2, GM3, GA1, GalC, 3-sulphated galactosylceramide
(sulphatide, sulph), sulphated glucuronyl paragloboside (SGPG) and sialosyllactoneotetraosylceramide (LM1). Glycolipids were purchased from Sigma, UK except SGPG
and LM1 which were provided by RK Yu, Georgia Health Sciences University, USA. Lipid
stocks were dissolved in a 2:1 chloroform/methanol solution. Then, 1:1 (weight/weight)
complexes were created by mixing equal volumes, at equal concentration, of the component
glycolipid solutions. For the preparation of 1:5 and 1:10 GM1:GalC complexes, equal volumes
of the two glycolipid solutions were added, although in this case the GalC solution was 5
and 10 times respectively more concentrated than the GM1 solution.

ELISA
For the GM1 and GM1:GalC 1:10 ELISA, the INCAT method was used.12 The inclusion of
GM1:GalC 1:10 heteromeric complex within this methodology was performed as previously
described and according to previously published ratios.5 Polystyrene plates (Immulon 2HB,
Dynatech, UK) were coated with 100ng of GM1 or 1100ng of GM1:GalC 1:10 glycolipid(s)
in methanol (or methanol alone, blank wells) and allowed to evaporate. Plates were blocked
with 2% bovine serum albumin (BSA) in phosphate buffered saline (PBS) for 1 h at 4°C. Sera
were then diluted in 0.1% BSA/PBS, and 100 μl applied to duplicate wells at 1/100 dilution
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1/3000) was applied for 1 h at 4°C. Detection was performed with ophenylenediamine
dihydrochloride and the reaction terminated with 50 μl of 4 M H2SO4. Optical density (OD)
was detected at 492 nm using an automated plate reader (SunriseTM, Tecan Group Ltd.,
Männedorf, Switzerland).

Combinatorial glycoarray
Glycoarray was conducted as previously described.5 Briefly, 10ng of single glycolipids or a
total weight of 10, 30 or 55ng of 1:1, 1:5 or 1:10 heteromeric glycolipid ratios respectively,
were spotted using an ATS4 TLC autosampler (Camag, Muttenz, Switzerland) onto

Anti-GM1:GalC complex antibodies in MMN

overnight at 4°C. After washing, peroxidase-labelled anti-human IgM antibody (diluted

polyvinyldifluoride (PVDF) membranes affixed to glass slides. Array slides were blocked
in 2% BSA/phosphate buffered saline (BSA/PBS), and then incubated for 1 h at 4°C with
sera diluted 1/100 in 1% BSA/PBS. After washing, rabbit anti-human IgM horseradish
peroxidise conjugated secondary antibody (diluted 1:25000) was applied for 30 min at 4°C.
Binding was detected by enhanced chemiluminescence (Pierce ECL Plus Western Blotting
Substrate, Thermo scientific, UK). Exposure time was 1 min. Radiographs were digitized by
flatbed scanning, and spot intensity calculated using TOTALLAB image analysis software
(Nonlinear Dynamics Ltd, Newcastle upon Tyne, UK), expressed as intensity units (IU).

Statistical analysis
ROC analysis was performed in MEDCALC software using Hanley & McNeil methodology.
The area under the curve (AUC) was calculated for each lipid antigen, and indicated
the average diagnostic accuracy of the test over the entire operating range (thresholdindependent). An area under the curve (AUC) value of 0.75 was set as the reference cut-off
value for a potentially useful clinical marker, in which a value of 1.0 indicates a perfect test
(100% sensitivity, 100% specificity) and a value of 0.5 corresponds to a random chance of
separating disease from control groups. The criterion for determining the optimal threshold
value, for categorising samples as healthy or diseased, was calculated using Youden index (J)
(MEDCALC). This value equates to the point on the ROC curve with maximum difference
between sensitivity (true positive rate) and 100-specificity (false positive rate). Comparisons

10

of technique or lipid antigen and their corresponding sensitivity and specificity were
performed using the McNemar Chi-squared test.13 Intensity unit values for glycoarrays were
used to produce heat maps and were clustered relative to GM1 intensity (MEV software;
Dana-Farber Cancer Institute, Boston, MA, USA). All the remaining graphic representations
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were produced using GRAPHPAD PRISM 6 software (GraphPad Software Inc., San Diego,
CA, USA).

Results
ROC analysis of glycoarray data
Glycoarray binding profiles, from which the quantitative data are derived, illustrate the typical
enhancement of binding to GM1 by GalC (Figure 10.1a, b). From these raw data, heat maps
were generated, here illustrated for GM1, GM2 and GA1 in complex with GalC and alone
(Figure 10.1c). GM1:GalC 1:1 was the best performing marker for discriminating MMN
from both ALS and HC, yielding a value of 0.834 (Table 10.1). Next, GM1:GalC 1:5 and
GM1 alone presented AUCs of 0.777 and 0.764 respectively. The AUC difference between
GM1:GalC 1:1 and GM1 alone was significant (0.834 vs. 0.764, p = 0.005). For GM2 and
GM2:GalC, antibody binding events are less pronounced overall in all groups but slightly
favour MMN, and also appears to be scattered independently of anti-GM1 intensity. For
GA1 and GA1:GalC, a relative increase in positive sera is again seen in the MMN group
that partly co-segregates in intensity with the anti-GM1 signal intensity; however both the
HC and ALS cohorts also show high binding frequency to both GA1 and GA1:GalC. All
the glycoarray data for all 300 samples were then subjected to ROC analysis in order to
quantitatively assess the diagnostic accuracy obtained using different lipid targets. AUCs
were then calculated from the ROC curves. Figure 10.1d shows the ROC curves for the
six targets shown in the heatmap. Other ROC curves are not shown, but extracted data is
tabulated as described below. Other than GM1:SGPG, yielding an AUC of 0.760, no other

Table 10.1 Test performance of glycoarray and ELISA for GM1 alone and GM1:GalC at the various
ratios after cut-off value optimisation

Glycoarray
GM1
GM1:GalC 1:1
GM1:GalC 1:5
GM1:GalC 1:10
ELISA
GM1
GM1:GalC 1:10

Cut-off criterion value*

Sensitivity

Specificity

AUC

> 5325
>0
> 14650
> 21280

67
81
70
61

85
80
77
79

0.764
0.834
0.778
0.743

> 0.19
> 0.12

49
69

91
74

0.749
0.767

* Cut-off value optimised for the highest diagnostic accuracy as determined by the highest AUC.
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a

GM1
GM1:GalC1:1
GM2
GM2:GalC1:1
GA1
GA1:GalC1:1

d

Figure 10.1
(A) Glycoarray grids illustrating that antibody binding to GM1 is enhanced by the presence of GalC. (B)
Samples sero-negative for GM1 alone are antibody positive at increasing ratios of GM1:GalC. (C) Heat map
illustration of all 300 serum samples tested by glycoarray. Each sample is colour coded according to the
intensity of binding to each target (red represents the strongest down through the rainbow scale to blue
which is weakest and black equals no binding), and data has been sorted by decreasing GM1:GalC intensity
in the 3 clinical categories (left to right, top row). Each sample in subsequent vertical column is locked to
the intensity order assigned by the top row. Visual inspection of the heat map clearly indicates the positive
bias towards GM1:GalC and GM1 binding in the MMN population compared with HC and ALS. (D) ROC curve
plotting sensitivity against 100-specificity of selective lipid markers tested on glycoarray. For each lipid
target, an area under the curve (AUC) is calculated, in which the best lipid marker will have an AUC closest to
1. In this example GM1:GalC 1:1 (AUC = 0.834) is determined to be the best discriminator of MMN and control
serum samples, and was found to be statistically significant from the second most efficient lipid, GM1 alone
(AUC = 0.764, p = 0.0051).
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marker under scrutiny, including both GM2 and GA1, fell above the threshold of acceptance
(0.75) for a clinically useful marker.
When analysing the two different groups of controls (ALS and HC) as separate categories,
GM1:GalC 1:1 still yields a significantly better diagnostic performance than GM1 alone.
Thus, comparing the MMN group against the ALS group yields an AUC of 0.787 for GM1
and 0.858 for GM1:GalC 1:1 (p = 0.009). The same analysis for MMN versus HC yields an
AUC of 0.741 for GM1 and 0.809 for GM1:GalC 1:1 (p = 0.012).

Comparative evaluation by glycoarray of GM1 and GM1:GalC ratios
The intensity threshold to best define healthy controls from patients was calculated from the
ROC analysis curves for each lipid target (Table 10.1), and the ability of the assay to correctly
categorise samples as MMN (sensitivity) or controls (specificity) was thereby compared at
optimal assay thresholds (Table 10.2). Across all disease and control categories, increasing
the ratio of GalC relative to GM1 in the GalC:GM1 complexes resulted in an overall increase
in antibody binding intensities (as illustrated in Figure 10.1a,b). This increase included
anti-GM1 positive MMN and control samples, and those found to be seronegative for GM1.
To compensate for this overall increase in antibody binding with an increasing GalC ratio,

Table 10.2

Clinical characteristics of GM1:GalC positive and negative MMN patients
GM1:GalC reactivity

Number
Gender, male
Age at onset
Site of onset
Cervical
Lumbar
MRC sum score
ODSS
Conduction block
Definite
Probable
Degree axon lossa
On IVIg maintenance treatment

Negative

Positive

p-value

19
15 (79)
41 (22–52)

81
58 (72)
42 (22–68)

0.52
0.40

12 (63)
7 (37)
170 (128–179)
3 (2–6)

57 (70)
24 (30)
164 (113–179)
3 (1–9)

0.54

16 (84)
3 (16)
2 (0-8)
14 (74)

68 (84)
13 (16)
2 (0–9)
64 (79)

0.98

Data are median (range) or number (%).
Abbreviations: ODSS = Overall Disability Sum Score.
a
Number of nerves with decreased distal compound muscle action potential (maximum 12).
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most favourably delineate healthy and control populations. Only in the case of GM1:GalC
1:1 was the threshold reduced (to zero) compared with the threshold for GM1 (5325 units);
a contributing factor being that GM1:GalC complexes contained half as much GM1 lipid
antigen (5ng) as that applied per spot in GM1 alone (10ng). The addition of GalC to GM1
in a 1:1 ratio yielded a statistically significant improvement in the glycoarray sensitivity
(from 67% to 81%, p = 0.003) without a significant loss of specificity (falling from 85%
to 80%, p = 0.064), when compared with the current gold standard of GM1 alone (Table
10.2). Increasing the ratio of GM1:GalC to 1:5 or 1:10, compared with GM1, did not further
improve the assay sensitivity and indeed resulted in a significant reduction in specificity.

Anti-GM1:GalC complex antibodies in MMN

threshold cut off values (automatically assigned in the ROC analysis) increased, in order to

Increasing the GM1:GalC ratio to 1:10 resulted in a sensitivity significantly worse than either
1:1 or 1:5 (p = 0.001 and p = 0.013 respectively). The assay performance of GM1:GalC 1:1 and
1:5 were broadly similar (sensitivity p = 0.078 and specificity p = 0.233), however as a ratio of
1:5 was not a significant improvement over GM1 alone and both sensitivity and specificity were
reduced (albeit, not significantly) compared to a ratio of 1:1, it was concluded that the most
suitable lipid target, in this study, for correctly assigning MMN patients as anti-GM1 antibody
positive (and control groups as anti-GM1 antibody negative) on glycoarray was GM1:GalC
1:1. The combination of GM1 alone and/or GM1:GalC 1:1 yields a sensitivity of 84% (84/100;
64 positive for both, 3 positive for GM1 alone and 17 positive for GM1:GalC 1:1 alone) and a
specificity of 78% (155/200). These data are tabulated in a flow chart for clarity (Figure 10.2).

Comparative evaluation by ELISA of GM1 alone and GM1:GalC 1:10
ELISA and glycoarray techniques were compared using defined sample sets for each lipid
antigen, and threshold values previously optimised for each assay (Table 10.1). For GM1:GalC
1:10, the glycoarray and the ELISA performed similarly (sensitivity = 61% vs. 69%, p = 0.23
and specificity = 79% vs. 74%, p = 0.253, respectively). These data are also presented in box
and whisker plots with outliers (Figure 10.3) for ease of comparison, where it is clearly evident
that whilst the MMN group harbours a greater proportion of higher intensity samples when
assayed by either glycoarray or ELISA, considerable categorical overlap exists at this 1:10
GM1:GalC ratio. In particular, there are an equal number of rare individual samples in all

10

three groups (MMN, ALS and HC) in which antibody signals are very high, lying beyond
the limit of the upper interquartile range (i.e. outliers, plotted as individual dots), when
assayed by either ELISA or glycoarray.
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Figure 10.2
Flow chart diagram illustrating categorisation of all 300 serum samples tested by glycoarray as positive (>
threshold) or negative (≤ threshold) for GM1 (threshold = 5325) and GM1:GalC (threshold = 0). For all samples
considered negative for both GM1 and GM1:GalC 1:1, the samples were also categorised according to ‘other
reactivities’, in which a positive sample is determined as being greater than the calculated threshold for any
lipid target tested on glycoarray.

For GM1 alone, sensitivity was significantly better in the glycoarray than the ELISA (67%
vs. 51%, p = 0.004). Thus for GM1 alone, 20 ELISA-negative MMN patients were positive on
glycoarray, whereas only 5 glycoarray-negative MMN patients were positive on ELISA. The
improved sensitivity of glycoarray was at the expense of reduced specificity when compared
with ELISA (84% vs. 91% p = 0.031). The increase in the diagnostic false positive sampling
rate resulted from 22 ELISA- negative controls being positive on glycoarray, in comparison
with 9 glycoarraynegative controls being positive on ELISA. In addition, a further 9/199
controls (5%) were categorised as positive in both techniques, at these specific cut-off values.
Correlation analysis conducted to compare GM1 and GM1:GalC 1:10 ELISA and glycoarray
values in any one sample returned correlation coefficients of 0.58 and 0.45 respectively,
indicating weak intra-sample concordance across the two techniques, even through overall
sensitivity and specificity data were similar.
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b

Figure 10.3
Box and whisker plots graphically illustrating the median and inter quartile data range for antibody binding
intensity (glycoarray) and optical density (ELISA) for all 3 sample categories for GM1:GalC at 1:10 ratio.
Outliers are individually assigned a data point (filled black circle) a. When testing by glycoarray a threshold
of 21280 (dotted line) is applied to optimally discriminate disease and healthy groups. Complete separation
of these groups is not possible, due to a substantial number of the control groups that were measured with
binding intensities above the threshold. b. It is a similar scenario for ELISA utilising an optimised threshold of
0.121 (dotted line). When GalC is applied to GM1 at increasing ratios, antibody binding is increased in both
MMN and control groups, thereby reducing both sensitivity and specificity compared with the optimal 1:1
ratio of GM1:GalC.
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a

As there was no statistically clear advantage between techniques at optimal threshold, we
compared the average accuracy of glycoarray and ELISA using GM1 alone across all measured
values (AUC = 0.762 and 0.752 respectively), and once more, no significant difference was
found (p = 0.784), suggesting that both techniques performed equally when the GM1:GalC
ratio was set at 1:10. Since the ELISA was only conducted at a GM1:GalC ratio of 1:10, it is
not possible to directly compare both methods at 1:1 ratios. However, when comparing the
optimally performing array conditions of GM1:GalC 1:1 with the GM1:GalC 1:10 ELISA,
improvements in sensitivity (80% vs. 70%) and specificity (80% vs. 74%) were seen, although
these did not achieve statistical significance (p = 0.09 and 0.12 respectively).

Association with clinical characteristics
The clinical characteristics of GM1:GalC Ab positive and negative MMN patients are

10

depicted in Table 10.2. None of the clinical features were significantly different between
the two patient groups, although the GM1:GalC positive patients tended to have more
pronounced weakness (MRC sum score 164 vs. 170, p = 0.08), in keeping with previous
findings.14 The clinical features of the 17 GM1:GalC positive ALS patients were compared
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with the antibody negative ALS patients. There was no difference in gender, age at onset,
site of onset or upper and lower motor neuron involvement on neurological examination.
Furthermore, disease duration and mortality were similar (2.9 vs. 2.8 years p = 0.45 and
88% vs. 90% p = 0.79, respectively).

Discussion
Herein we demonstrate that the addition of GalC to GM1 improves the diagnostic sensitivity
of anti-GM1 IgM Ab detection in patients with MMN relative to healthy control and ALS
cases, using both glycoarray and ELISA measurement techniques. Our previous studies using
glycoarray,5 and a recent study using ELISA6 have already reinforced the previous findings
that GM1 and GalC in complex generate an Ab binding enhancing effect.3 The distinctive
feature of the current study is that it adopts a fully blinded design to test a relatively large
number of samples for the effect of GM1-GalC complexes on test characteristics in a
diagnostic laboratory independent of the source of clinical material.
Our data indicate that using GalC-GM1 complexes at 1:1 (weight to weight) ratio in
glycoarray significantly improves the IgM Ab detection rate (i.e. diagnostic sensitivity),
without significantly altering specificity. Further ratiometric increases of GalC up to 1:5 and
1:10 weight to weight ratios relative to GM1 significantly decreased specificity, particularly
at the higher ratio of GalC, without any concomitant improvement in sensitivity, and
should thus be avoided when designing these assays for clinical diagnostic use. The effect
of increasing GalC on reducing specificity appeared more pronounced in ELISA than in
glycoarray, but owing to the limited range of GM1:GalC ratios used in ELISA, definite
conclusions on the optimal configuration of the ELISA cannot be drawn from this study.
In particular, it remains possible that lower GalC ratios and/or introduction of additional
lipids such as neutral lipids or cholesterol might yield different sensitivity and specificity
data, using either ELISA or glycoarray. However since this study was designed as a validation
study of existing reported ratios, further exploration of these variations was not performed.
Although both ELISA and glycoarray register the same phenomenon of GalC dependent
enhancement of anti-GM1 Ab binding, correlation between both their binding intensity
levels (i.e. titre or amount) and their diagnostic performances (i.e. positive or negative)
with any one sample was inexact. At a given intensity and OD threshold, both techniques
returned similar diagnostic scores when considering the sample groups as a whole, with no
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results by glycoarray and negative results by ELISA, and vice versa, as borne out by the low
correlation coefficients (~0.5) in regression analysis. This is likely due to clinical samples
containing a highly diverse collection of heterogeneous anti-GM1 antibodies of slightly
differing specificity and affinity/avidity for the GM1 oligosaccharide. The 2 techniques detect
these binding events to varying extents according to the antigen conformation adopted on
adherence to the assay surfaces (polystyrene or PVDF) that are biophysically distinct, as
has been previously suggested.15 This does not indicate methodological imprecision, but
rathermore, methodological differences. Practically, however, this may confound clinical
interpretation since one assay method may produce a positive result on an individual sample

Anti-GM1:GalC complex antibodies in MMN

difference in either sensitivity or specificity. However, individual samples might yield positive

that is not recapitulated in a second assay.
In diagnostic testing, it is essential to recognise that the healthy population may possess
circulating antibodies with a similar binding profile to the disease category under
investigation, as is very evidently the case for anti-GM1 IgM antibodies. Indeed, all antiglycolipid antibodies vary in their baseline levels within the normal population, which may
be related to ethnicity and geographical location. The selection of robust and appropriate
control groups is thus a critical factor in assay development. Some anti-glycolipid antibodies,
such as anti-GD1a and -GQ1b IgG antibodies, may be so rarely present in the normal
population that they represent good biomarkers. In contrast anti-GA1 and anti-sulfatide
antibodies are very commonly found, and thus require the establishment of different assay
parameters. In such cases, a clear separation of healthy from disease groups is not possible.
Application of a cut-off may enable detection of all of the disease patients, however, if the
selected threshold value encroaches upon the upper limit of normal in the control samples,
there will be a reduction in specificity, and a corresponding increase in diagnostic false
positives. This scenario is commonly seen with anti-glycolipid diagnostic assays, and this
highlights the reciprocal relationship between sensitivity and specificity.
Whilst it is clear that anti-GM1 and -GM1:GalC IgM antibodies are expanded in MMN
relative to normal and disease controls, it is pertinent to ask whether this biomarker has
sufficient accuracy to be useful in clinical diagnostics, using either ELISA or glycoarray
methods. In a small disease cohort examined under strictly controlled laboratory parameters

10

combined with patient referral bias, such as observed in our recent MMN study,5 it was
possible to segregate all MMN patients (100% sensitivity) with minimal detection of
diagnostic false positives (4/57, 93% specificity). As the sample size, clinical referral pattern
and assay diversity increases, this becomes increasingly difficult to achieve. Thus, if 1000
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unselected neuropathy cases seen in routine clinical practice are all referred for anti-GM1
IgM antibody testing, and one assumes an MMN frequency of 0.5% of all neuropathies and
an assay sensitivity of 80% and specificity of 80%, then 203 patients will yield a positive
antiGM1 IgM antibody assay result, only 4 of whom will have MMN. Even in specialized
motor neuron disease clinics where asymmetric weakness is a common phenotype and
where MMN frequency may be tenfold higher (5%), the vast majority of patients with antiGM1 antibodies will have MND. This underlines the importance of understanding patient
selection criteria in laboratory testing settings.
The finding of IgM antibodies to GM1:GalC in MMN patients previously described as
antibody negative which showed no differences in disease phenotype when compared to
antibody positive patients, strengthens once again the notion of MMN as an antibody driven
neuropathy. The elusive antibody presumed to be present in ‘antibody-negative’ cases remains
to be identified. Alternatively the anti-GM1 antibody we measure in serum represents a
benign antibody population that frequently but not always co-segregates with a separate
population of neurotoxic antibodies whose detection methodology and specificity remains
to be determined. This latter view would be consistent with the substantial overlap in finding
apparently benign anti-GM1 IgM antibodies in normal and disease control populations.
The pathogenic roles, if any, of anti-GM1:GalC antibodies remain to be explored, although
it might be predicted that they would favour the targeting of GM1 in myelin membranes
(since GalC is a myelin lipid) rather than GM1 in axolemmal membranes. The findings of
substantially elevated antibody levels in a proportion of healthy control and ALS groups
suggests that their neurotoxicity may be limited to very specific, as yet poorly understood
immunopathological circumstances. With respect to the origin of anti-GM1:GalC antibodies,
they may arise from the innate immune repertoire or arise through antigen-driven pathways;
this remains to be investigated.
In clinical diagnostic practice, the GM1:GalC 1:1 assay improves sensitivity without
significantly affecting specificity and could readily be introduced into ELISA or dot blot
assay formats for use in routine testing. Inter-laboratory variation in methods, including
commercially-available kits, dictates that GM1:GalC ratios should be optimised in a rangefinding study at an individual laboratory or kit manufacturer level.
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Abstract
Background: Multifocal motor neuropathy (MMN) is often responsive to treatment
with intravenous immunoglobulin (IVIg), but the optimal dose and intervals of IVIg
maintenance treatment have not been established. Increase in IgG concentration (ΔIgG)
after IVIg infusion has recently been identified as determinant of outcome in GuillainBarré syndrome. ΔIgG may therefore represent a potentially useful biomarker to optimize
IVIg dosing in patients with MMN.
Objective: The aims of this study were to determine variability of IVIg pharmacokinetics
in patients with MMN in relation to treatment response, and to establish whether
interindividual differences in IVIg pharmacokinetics were associated with genetic
polymorphisms of the endothelial IgG receptor (FcRn) which determines IgG half-life.
Methods: Twenty-three patients with MMN receiving their first IVIg treatment at a
cumulative dose of 2.0 g/kg in 5 days were included. A good treatment response was
defined as an increase in muscle strength of at least one MRC point in minimally two
muscle groups. IgG concentrations in serum were determined at baseline, at days 1
and 5 of the IVIg course and 3 weeks after treatment. FcRn copy number variation and
differences in repeat length of the variable number of tandem repeats (VNTR) in the
FcRn gene were determined by qPCR and Sanger sequencing.
Results: : Seventeen patients (74%) had a good response to treatment. Total IgG and
ΔIgG levels showed large variation between patients. Mean ΔIgG was higher in IVIg
responders than in non-responders, with the largest difference on day 1 (11.1 vs. 4.5 g/L,
p = 0.06), but our study lacked power to show statistically significant differences. Genetic
variation in the FcRn gene was not associated with ΔIgG levels or response to treatment.
Conclusion: IVIg pharmacokinetics varies in patients with MMN and may be associated
with clinical response.
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Multifocal motor neuropathy (MMN) is a rare chronic immune-mediated neuropathy
characterized by slowly progressive, asymmetric predominantly distal limb weakness without
sensory loss. Nerve conduction studies show persistent conduction block or features of
demyelination.1 Intravenous immunoglobulin (IVIg) improves muscle strength and delays
the occurrence of permanent axonal damage, which causes weakness and disability refractory
to treatment. The effect of IVIg only lasts several weeks and repeated infusions are therefore

Pharmacokinetics of IVIg in MMN

Introduction

necessary in most patients.2 The optimal dose and treatment interval for the IVIg infusions in
MMN have not been established, but it is clear that they differ between patients. Biomarkers
that would predict optimal IVIg dose and interval may prevent further axonal damage and
would be helpful to reduce health costs and the treatment burden for patients.
The increase in IgG concentration (ΔIgG) after IVIg treatment was recently identified as an
independent determinant of outcome in patients with Guillain-Barré syndrome. A relatively
small ΔIgG measured two weeks after treatment was associated with poor outcome.3 IgG
pharmacokinetics are characterized by a long half-life at physiological concentrations
in comparison with other plasma proteins and an increase of catabolic rates at higher
concentrations of IgG. These phenomena are explained by the presence of an intracellular
endothelial IgG receptor (FcRn) that protects IgG from intracellular catabolism in lysosomes
and shuttles IgG back to the circulation.4 We hypothesized that ΔIgG may be a biomarker
that predicts treatment efficacy in patients with MMN, and that copy number variation or
genetic polymorphisms of FcRn may explain differences in ΔIgG. Biomarkers of treatment
efficacy could eventually be used to tailor IVIg doses in individual patients.
We therefore studied IVIg pharmacokinetics in patients with MMN who received their
first IVIg treatment in relation to treatment efficacy and known genetic heterogeneity of
FcRn.5

Material and methods
Patients
Twenty-three patients with MMN who received their first IVIg infusion at a cumulative dose

11

of 2 g/kg between 2007 and 2012 at the department of Neurology of the University Medical
Center Utrecht were included. Patients were diagnosed according to previously described
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criteria.6 Extensive nerve conduction studies were performed in all patients to detect definite
or probable conduction block and other demyelinating features.7 The extent of axonal loss was
assessed by scoring decreased distal compound muscle action potential (CMAP) (amplitude
below the lower limit of normal) for the median, ulnar, radial, musculocutaneous, peroneal,
and tibial nerves on both sides, ranging from 0 (no axonal loss) to 12 (axonal loss in all
examined nerves).8 Serum samples were obtained before treatment, at day 5 of the IVIg
course and 3 weeks after treatment. Serum samples collected at the first day of treatment
were available of 14 patients. The presence of anti-GM1 IgM antibodies was determined by
enzyme-linked immunosorbent assay (ELISA).9 Genomic DNA of 18 patients was available
for genetic studies. Serum and DNA samples were stored at -80°C until use.
To monitor treatment response, muscle strength was assessed before and 3 weeks after
treatment by the same examiner using the Medical Research Council (MRC) scale ranging
from 0 (no movement, no contraction) to 5 (normal). Eleven muscle groups of arms and 7
muscle groups of legs were tested as described previously,7 with a maximum MRC sum score
of 180. We defined a good response to treatment as a patient with an increase in strength
of 1 MRC scale grade or more in at least two muscle groups, without a decrease in strength
of other muscle groups.7 The examiner who performed the clinical assessment was blinded
for IgG concentrations, and the technician who determined the IgG concentrations was
blinded for the treatment response.
The Medical Ethical Committee of the University Medical Center Utrecht approved the
study protocol and all patients gave written informed consent.

Determination of serum IgG concentrations
Quantitative determination of serum IgG concentration was performed by rate nephelometry
on the Beckman Coulter Immage 800 Immunochemistry System using the Beckman Coulter
IgG assay, according to the manufacturers’ instructions (Beckman Coulter, Inc., Miami, FL,
USA). ΔIgG was calculated by subtracting the pre-treatment level from the level at day 1,
day 5 and 3 weeks after IVIg treatment.

Genetic analysis of the neonatal Fc receptor (FcRn)
VNTR polymorphism
Repeat length determination of the variable number of tandem repeats (VNTR) in the
promoter of the FcRn gene was performed with fragment analysis and Sanger sequencing.
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sequencing was used to determine the exact number of tandem repeats.
The VNTR containing region was amplified by means of polymerase chain reaction (PCR)
on genomic DNA using a 5-FAM-labeled forward primer, as described previously.10 Primer
sequences (forward 5’-TCT CGA CAC TGG GTC TGA-3’, reverse 5’-AGG AAG GAG
AAA GAG CAG-3’) were adopted from the publication of Sachs et al.5 Fragment analysis
was performed in a 48-capillary 3730XL DNA analyzer (Applied Biosystems) using a POP7 polymer. Fragment sizes were determined with Peak Scanner software v1.0 (Applied
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Fragment analysis was performed to detect differences in fragment sizes and Sanger

Biosystems, Foster City, CA, USA).
After a second PCR amplification of the VNTR containing region, fragments were sequenced
with BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, CA, USA)
and analyzed on a 3730XL DNA Analyzer. Sequence traces were analyzed with PolyPhred
software.11

Copy number assay
FcRn copy number variation (CNV) was determined by quantitative polymerase chain
reaction (qPCR), using a predesigned TaqMan copy number assay (Applied Biosystems).
The qPCR was run in an Abi Prism 7900HT (Applied Biosystems) and data were analyzed
using CopyCaller software (Applied Biosystems, Foster City, CA, USA).

Statistical analysis
Depending on whether the variable concerned was normally distributed or not, we chose
to use a parametric or non-parametric test. Serum IgG concentration measured at the
different time points during and after IVIg treatment were compared with the independent
samples t-test. Associations of IgG concentrations between these time points were tested
with Pearson correlation coefficient (r). To determine differences in patient characteristics
between treatment responders and non-responders Mann-Whitney U test, Chi-square test
or Fisher’s exact test was used. Differences in total IgG and ΔIgG levels between responders
and non-responders were investigated with the independent samples t-test. To illustrate the
variation in total IgG and ΔIgG levels between patients, the coefficient of variation (CV)
(ratio of the standard deviation to the mean) was calculated. SPSS for Windows (version
20, Chicago, IL, USA) was used for all statistical analysis. P-values < 0.05 were considered

11

statistically significant.
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Results
Patients
Patient characteristics are shown in Table 11.1. Seventeen of the 23 included patients (74%)
responded well to IVIg treatment. The remaining patients did not respond to treatment at all
(n = 4) or had an increase of only 1 point on the MRC sum score (n = 2). Increase in strength
3 weeks after treatment was significantly higher in IVIg responders than in non-responders
(median increase in MRC points on sum score of 4.0 vs 0.0; p < 0.01). Clinical characteristics
at baseline did not differ significantly between IVIg responders and non-responders.

Serum IgG concentration
Variation in serum IgG concentration and ΔIgG levels during and after IVIg treatment for
all patients and for IVIg responders and non-responders are presented in Figure 11.1 and
Table 11.2. Serum IgG concentrations increased significantly in all patients and reached peak
levels at day 5 of the IVIg course. Three weeks after the infusions IgG concentrations were
lower than at day 5, but remained significantly elevated compared to baseline (p = 0.001).
Total IgG levels 3 weeks after treatment correlated with the levels at baseline (r = 0.54, p =
0.01). There was no correlation between total IgG levels at baseline and levels measured at
day 1 and day 5 of treatment (p = 0.29 and p = 0.14, respectively). Total IgG levels and ΔIgG

Table 11.1

Baseline characteristics and characteristics of IVIg responders and non-responders

Age at onset
Gender, male
Years until IVIg treatment
Conduction block
Definite
Probable
Axonal loss present
Extent of axonal loss
IgM anti-GM1 antibodies titers ≥400
MRC sum score at baseline
Increase in MRC sum score after
treatment

All patients
(n = 23)

Responders
(n = 17)

Non-responders
(n = 6)

p-value

41 (24–55)
18 (78)
4 (0-36)

41 (24–53)
14 (82)
4 (0-11)

45 (31–55)
4 (67)
6 (0-36)

0.40
0.58
0.60

19 (83)
4 (17)
19 (83)
2 (0–9)
12 (52)
167 (119–177)
3 (-2–16)

15 (88)
2 (12)
14 (82)
2 (0–9)
9 (53)
166 (119–176)
4 (2–16)

4 (67)
2 (33)
5 (83)
3 (0–6)
3 (50)
167 (157–177)
0 (-2–1)

0.27
0.27
1.00
0.36
1.00
0.71
< 0.01

Data are presented as numbers (%) or medians (ranges). P-values represent differences between IVIg responders
and non-responders.
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Figure 11.1 Variability in intravenous immunoglobulin (IVIg) pharmacokinetics in patients with
multifocal motor neuropathy (MMN) during and after the same IVIg course at a cumulative dose of 2
g/kg in 5 days.
ΔIgG levels represent the change in serum IgG concentration determined at the different time points
compared with pretreatment levels and are subdivided for treatment responders and non-responders. Dots
represent outliers.

levels varied substantially between patients. Coefficient of variations ranged from 21 to 35%
for total IgG levels and from 36 to 87% for ΔIgG levels. ΔIgG levels at different time points
showed significant correlation (day 1 with day 5 r = 0.75, p = 0.002; day 5 with 3 weeks r =
0.61, p = 0.003; day 1 with 3 weeks r = 0.60, p = 0.03).
Mean ΔIgG levels were higher in IVIg responders than in non-responders at all time points,
with the largest difference after the first infusion, but differences did not reach statistical
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significance (p = 0.06). Patients with high IgG levels at baseline had a relatively low increase
in IgG during and after treatment (correlation of baseline IgG level with ΔIgG at day 1 r
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Table 11.2 Variation in total serum IgG concentration (g/L) and ΔIgG levels (g/L) during and after IVIg
treatment in patients with MMN
Total IgG levels

Pre-treatment
Day 1
Day 5
3 weeks

All patients

Responders

Non-responders

p-value

13.6 (4.7, 35%)
23.2 (7.1, 31%)
36.9 (7.8, 21%)
18.9 (4.9, 26%)

12.7 (3.9)
23.8 (7.8)
37.1 (8.0)
18.6 (4.5)

16.0 (6.3)
22.0 (6.2)
36.5 (8.1)
19.7 (6.3)

0.27
0.65
0.88
0.71

ΔIgG levels

Day 1
Day 5
3 weeks

All patients

Responders

Non-responders

p-value

8.7 (7.2, 83%)
23.4 (8.5, 36%)
5.4 (4.7, 87%)

11.1 (7.5)
24.4 (9.1)
6.0 (4.7)

4.5 (4.5)
20.5 (6.5)
3.7 (4.5)

0.06
0.29
0.33

Data are means (standard deviation, coefficient of variation %). P-values represent differences between IVIg
responders and non-responders.

= 0.36, p = 0.20; with ΔIgG at day 5 r = 0.42, p = 0.05; with ΔIgG at 3 weeks r = 0.47, p =
0.03). Baseline IgG levels were higher in IVIg non-responders than in responders, although
the difference was not significantly different (16.0 vs. 12.7 g/L, p = 0.27). ΔIgG levels at the
different time points did not correlate with disease severity at baseline, i.e. with MRC sum
score or degree of axonal loss as reflected by decreased CMAP amplitudes. Total and ΔIgG
levels did not differ between IgM anti-GM1 positive and negative patients.
To further assess if the extent of treatment response correlated with the increase in IgG
concentration, the IVIg responders were clustered into tertiles based on the increase in MRC
sum score measured 3 weeks after treatment. Six patients had an increase of 2 to 3 points
on the MRC sum score, 6 of 4 points and 5 of 5 or more points. The mean ΔIgG levels at
day 1, day 5 and 3 weeks after treatment did not differ between these three subgroups (p =
0.69, p = 0.14 and p = 0.22, respectively).

Genetic analysis of the neonatal Fc receptor (FcRn)
Fragment analysis confirmed variability in tandem repeats in the FcRn gene as reported
previously.5 Sanger sequencing showed that the 3/3 repeat genotype was most common (14
(78%) out of 18), followed by the heterozygous 3/2 repeat genotype (2 (11%) out of 18) and
the rare 3/4 (1 (6%) out of 18) and 3/5 (1 (6%) out of 18) repeat genotypes. All patients had
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or copy number variation of the FcRn gene were not associated with total serum IgG
concentrations, ΔIgG levels or treatment response.

Discussion
Pharmacokinetics of IVIg in patients with MMN, who were treated with their first IVIg
course at a cumulative dose of 2.0 g/kg in 5 days, showed large interindividual variation.

Pharmacokinetics of IVIg in MMN

two copies of the FcRn gene, with the exception of one patient who had one copy. VNTR

A similar variability in IVIg pharmacokinetics was previously described in patients with
GBS, and a relatively low ΔIgG was identified as an independent determinant of poor
outcome.3 GBS and MMN share important pathological characteristics, in particular the
association with conduction block and the presence of anti-GM1 antibodies.12 ΔIgG values
during and after the 5-day IVIg course in patients with MMN were are on average higher
in IVIg responders than in non-responders, but our study lacked power to show statistically
significant differences. The largest difference in ΔIgG levels between responders and nonresponders was found after the first day of treatment, and sample size analysis indicated that at
least 40 patients should have been included to achieve a power level of 0.80 and a type I error
rate of 0.05 for this timepoint. Therefore our findings only suggest that ΔIgG represents a
potential biomarker for response to IVIg treatment in patients with MMN, and that this
should be investigated in larger collaborative studies. The inclusion of other clinical scales
and outcome measures in addition to the MRC sum score to monitor treatment response like
the Overall Disability Sum Score and the Self-Evaluation Scale should also be considered.1,13
The 23 included patients are a representative group of MMN patients with similar
demographics, disease severity and disability scores as our previously published cohort of
88 Dutch patients with MMN.7 Disease characteristics of patients with MMN, including
the extent of axonal loss which is associated with the response to IVIg treatment,7 did not
differ between IVIg responders and non-responders, suggesting that ΔIgG is not associated
with unfavorable baseline characteristics. We defined a good treatment response as an
increase in strength of 1 MRC scale grade or more in at least two muscle groups, without
a decrease in strength of other muscle groups and did not incorporate more subjective
functional scales in our definition of treatment response. Treatment response criteria were
therefore more stringent than previously, which may explain why IVIg response rates were

11

lower than reported before.7 Given the rarity of MMN, we included a relatively large cohort
of treatment-naïve patients with MMN. Nevertheless, the sample size of our study did
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not provide sufficient power to show significant differences in ΔIgG. Importantly, ΔIgG
levels in non-responders were lower at all time points during and 3 weeks after the IVIg
course. The magnitude of the treatment response did not correlate with the increase in IgG
concentrations after treatment, but this should also be studied in larger patient cohorts. The
pharmacokinetic data of our study are in many respects similar to the findings in patients
with GBS. Taken together, this may suggest that ΔIgG values represent a biomarker for
treatment response in patients with MMN.
IgG half-life is longer than that of most other plasma proteins and its pharmacokinetics are
concentration dependent. These characteristics are explained by the presence of the intracellular
FcRn that specifically rescues IgG from catabolism.4 Increased IgG concentrations after IVIg
probably result in FcRn saturation and higher catabolic rates of IgG. Lower ΔIgG values
may therefore reflect relatively high levels of FcRn saturation. In our study, baseline IgG
concentrations were generally higher and ΔIgG values were lower in non-responders than
in responders. Moreover, high baseline IgG concentrations correlated with a low ΔIgG level.
This may indicate that FcRn is relatively closer to saturation levels in non-responders than
responders. We evaluated whether these interindividual differences in ΔIgG could be explained
by allelic copy number variation or by polymorphisms of the FcRn gene that determine FcRn
mRNA transcript levels and IgG binding capacity,5 but found no differences between groups.
The underlying cause of the large variation in ΔIgG remains therefore at present unknown.
ΔIgG values may eventually prove useful to determine optimal IVIg dosing in patients with
MMN. Dose finding studies have not been performed, and cumulative doses of 2 g/kg are
arbitrarily used for the first IVIg treatment, followed by monthly maintenance treatment
at 0.4–1.0 g/kg.1 IVIg maintenance doses used by Dutch patients with MMN range from
5 to 50 grams per week, which may reflect differences in IVIg need between subgroups of
patients.7 The finding that ΔIgG values two weeks after IVIg treatment are an independent
determinant of poor outcome in patients with GBS suggests that some GBS patients may
need higher cumulative IVIg doses,3 and has resulted in an international randomized clinical
trial to evaluate the effect of a second IVIg dose in GBS patients with poor prognosis (SIDGBS trial, NTR2224).14 A similar effort to study the effect of higher or more frequent IVIg
doses in patients with MMN will be complicated by the fact that MMN is a very rare disease
with a prevalence 0.6–1 per 100,000.7 However, the high level of disability that ensues in a
subgroup of patients with MMN and the high cost of IVIg treatment warrant an international
effort to ensure sufficient power to further study the association of ΔIgG with response to
treatment and to optimize IVIg treatment.
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Progressive muscular atrophy (PMA) and multifocal motor neuropathy (MMN) share
many clinical similarities. They are both characterized by progressive asymmetric muscle
weakness with atrophy and fasciculations. Tendon reflexes are normally low or absent,
although in some patients with MMN normal or even brisk reflexes in weakened muscles
have been reported,1 making the clinical differentiation between PMA and MMN, but also
early stages of amyotrophic lateral sclerosis (ALS), even harder. Most patients with PMA
experience generalized weakness and develop respiratory failure as is seen in patients
with ALS.2 A subset of PMA patients, however, have a slowly progressive disease course
or segmental distribution of weakness in which symptoms remain limited to one limb,3,4
resembling the clinical phenotype of MMN. Although MMN and PMA are clinically much
alike, the pathogenesis of both disorders is thought to be totally different. MMN on one hand
belonging to the group of immune-mediated disorders of the peripheral nervous system such
as Guillain-Barré syndrome (GBS), chronic inflammatory demyelinating polyneuropathy
(CIDP) and polyneuropathy associated with IgM monoclonal gammopathy. PMA on the
other hand is considered a neurodegenerative disorder and part of the spectrum of motor
neuron disorders, including ALS and primary lateral sclerosis (PLS), in which genetic
vulnerability plays an important role. At the start of this research project, little was known
about the contribution of inflammation to PMA pathogenesis and only few studies had
addressed genetic heterogeneity in both PMA and MMN. Therefore, the main aim of this
thesis was to investigate the contribution of genetic and inflammatory mechanisms in the
pathogenesis of MMN and PMA, and to identify to what extent these pathophysiological
processes overlap and differ between these two disorders and with ALS.

Part I – Immune pathogenesis
In chapter 3 we determined the prevalence of monoclonal gammopathy in a large-case control
study including well-phenotyped patients with ALS, PLS, PMA and MMN. An established
association could indicate specific pathogenic pathways and facilitate the development of
novel treatment strategies. IgM monoclonal gammopathy was significantly more frequent
in patients with PMA (8%) and MMN (7%) than in controls (2%). In addition, high IgM
anti-GM1 antibody titres were detected in 7% of patients with PMA and survival tended to
be more favorable in the PMA patients with IgM monoclonal gammopathy or IgM anti-GM1
antibodies than in those without. Electrophysiological and clinical characteristics in PMA
patients with IgM monoclonal gammopathy or IgM anti-GM1 antibodies were distinct from
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prevalence of IgM monoclonal gammopathy may be secondary to PMA and MMN, it seems
more likely that the found association implies inflammatory pathways, especially since such
an association could not be demonstrated in ALS nor in PLS. The cause of the increased
numbers of MMN and PMA patients with IgM monoclonal gammopathy and IgM antiGM1 antibodies remains to be elucidated. The recently reported exclusive use of either the
kappa or lambda light chain in 90% of patients with MMN compared to 39% of patients with
GBS,5 suggests that the IgM anti-GM1 antibodies in most patients with MMN are produced
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those in MMN, so it unlikely that the patients were misdiagnosed. Although the increased

by only a single or very limited numbers of B-cell clones. Only two (11%) of the MMN and
PMA patients with IgM monoclonal gammopathy were diagnosed with a B-cell dyscrasia
(Waldenström disease), so premalignant B-cell changes does not seem to explain the found
association in most cases. Another possibility could be that the anti-ganglioside antibodies
are induced by molecular mimicry, as is seen with preceding Campylobacter jejuni infection
in GBS.6 We and others performed serological studies that failed to document an association
of MMN with Campylobacter jejuni infection.7 Preceding infections with other bacteria or
viruses has however not been studied and could be of interest for future MMN research.
To further investigate immune-mediated processes and relevance of B-cell function in the
pathogenesis of MMN and PMA, we measured concentrations of inflammatory markers in
serum of patients with MMN and PMA with and without IgM monoclonal gammopathy or
IgM anti-GM1 antibodies, and compared those to patients with ALS and healthy controls
(chapter 4). There were no significant differences in any of the 16 tested cytokine levels
between the patient groups and healthy controls. We could therefore not provide further
evidence for a systemic B-cell mediated immune response in MMN and PMA.
Whether the IgM anti-GM1 antibodies in MMN are truly pathogenic is another question
that remains to be answered. Experimental models of GBS have shown that IgG anti-GM1
antibodies activate the complement cascade and disrupt the architecture of the neuromuscular
junction and distal nerve segments. In the acute motor axonal neuropathy (AMAN) rabbit
model, antibodies disrupt the clustering of ion channels at the Nodes of Ranvier.8 Two previous
studies have demonstrated that IgM anti-GM1 antibodies in sera from patients with MMN
can trigger complement activation and that addition of IVIg attenuates these effects in vitro.9,10
The assumption that IgM anti-GM1 antibodies are pathogenic is further supported by the
finding that patients with MMN and anti-GM1 IgM antibodies had more severe weakness,
more disability, and more axon loss than patients without anti-GM1 IgM antibodies, and
that high antibody titers were associated with more weakness.11 In chapter 5, we investigated
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whether high innate activity of the classical and lectin pathways of complement are associated
with MMN, and whether levels of innate complement activity or the potential of anti-GM1
antibodies to activate the complement system contribute to an unfavorable outcome. Since
genetic heterogeneity of mannose binding lectin (MBL) is associated with severity of GBS,
we also determined MBL serum concentration and MBL2 haplotypes in patients with MMN
and healthy controls. Our data confirmed that IgM anti-GM1 antibodies trigger complement
deposition only via the classical pathway. Furthermore, complement deposition correlated
with IgM anti-GM1 antibody titres, and both high innate classical pathway activity and
complement activating capacity of anti-GM1 antibodies were significantly associated with
more severe weakness and axonal loss. Although a previously performed study only showed
some improvement of motor function in 33 MMN patients treated with adjunctive treatment
with the C5-specific monoclonal antibody eculizumab,12 our results underline the importance
of antibody-complement interaction in MMN pathogenesis and suggest that complement
inhibitory treatment should be explored further. There were no differences in MBL2 genotype
distributions, innate activity of the MBL pathway and MBL concentrations between patients
and controls. This implies that despite similarities, there are also important differences in the
pathophysiological terminal pathways of GBS and MMN.

Part II – Genetics
The etiology of motor neuron disorders is complex. Most of the ALS cases, for instance, are
sporadic in nature and thought to be caused by an interaction of genetic and environmental
factors. Many genes appear to be involved in the pathogenesis of ALS, including C9orf72,
SOD1, ANG, FUS/TLS and TARDBP.13-15 In a previous study we have shown that C9orf72
repeat expansions can be detected in 6.1% of Dutch patients with apparently sporadic ALS
and in 1.6% of patients with sporadic PMA.16 Mutation frequencies of the other four major
MND-associated genes in PMA is unknown. In chapter 6 we sequenced coding regions
SOD1, ANG, FUS/TLS and TARDBP in 261 patients with sporadic PMA and compared the
results to a cohort of patients with ALS. Patients were also screened for mutations in the
charged multivesicular body protein 2B (CHMP2B) gene, since mutations in this gene were
previously reported in patients with sporadic lower motor neuron predominant ALS.17,18
Two SOD1 mutations, one ANG mutation, one FUS/TLS mutation, one TARDBP mutation
and one novel CHMP2B mutation were detected in individual PMA patients. There were
no significant differences in mutation frequencies between PMA and ALS patients.
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neurons in the spinal cord, and a few preliminary studies suggested that both PMA and
MMN are associated with copy number variation of the SMN locus,19-23 SMN1 and SMN2
copy number status was investigated in patients with PMA and MMN (chapter 7). The
frequency of SMN1 duplications, defined as 3 SMN1 copies, was higher in patients with
MMN (10.8%) and PMA (6.6%) than healthy controls (3.6%). Moreover, age of onset was
earlier in the MMN and PMA patients with SMN1 duplications. Patients with MMN also had
significantly increased numbers of SMN1 deletions (6.9% vs. 2.3%). SMN2 copy numbers
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Since the survival motor neuron (SMN) protein is known to be essential for alpha motor

did not differ between patients with MMN or PMA and controls. Survival analysis, however,
showed a more unfavorable disease course in PMA patients with an SMN2 deletion. SMN1
copy number had no influence on survival. The pathophysiological explanation of these
findings remains to be established. Possibly, extensive gene duplication, crossing over and
mutation may have resulted in paradoxical dysfunctional SMN haplotypes with 3 SMN1
copies, for example by deletion of SMN promotor sequences. In this model, increased SMN
copy number may reflect relative SMN protein deficiency, which would explain lower motor
neuron vulnerability. Alternatively, relative abundance of the SMN protein may alter its
interactions with other proteins and thereby be neurotoxic.
Apart from the above mentioned genes, we also assessed mutations in the transient receptor
potential vanilloid 4 (TRPV4) gene in patients with PMA and healthy controls (chapter 8).
This gene was of interest because mutations had been identified in patients with lower motor
neuron disorders such as congenital distal spinal muscular atrophy, scapuloperoneal spinal
muscular atrophy, and Charcot-Marie-Tooth/hereditary motor and sensory neuropathy type
2c.24,25 None of the previously described mutations were identified in the 264 included patients
with PMA. We found one novel heterozygous mutation, but the impact of this mutation was
predicated to be neutral or benign and was also present in two control subjects. Hence, we
concluded that genetic heterogeneity of TRPV4 is not associated with PMA.
In chapter 9 of this thesis we determined frequencies of single nucleotide polymorphisms
(SNPs) in the candidate genes protein tyrosine phosphatase, non-receptor type 22 (PTPN22),
B-cell scaffold protein with ankyrin repeats (BANK1), B lymphocyte kinase (Blk), and Fc
gamma receptor class IIB (FCGR2B), which are known to influence B-cell function and have
been found to be associated with other autoimmune diseases,26 CD1A and CD1E, important
for antigen presentation of glycolipids such as GM1,27-29 and transient axonal glycoprotein 1
(TAG-1), which is associated with responsiveness to intravenous immunoglobulin in patients
with chronic inflammatory demyelinating polyneuropathy.30 Genotype and allele frequencies
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did not differ between the 92 tested MMN patients and 1152 healthy controls. There was
also no association of SNPs with clinical characteristics, IgM anti-GM1 antibody titers or
presence of the HLA-DRB1*15 allele, which was previously found increased among patients
with MMN.31 Although in a case-control study overall prevalence of autoimmune disease
was higher in patients with MMN and their ﬁrst-degree relatives,32 our study failed to find
genetic markers in addition to HLA-DRB1*15 allele that determine MMN susceptibility or
modify its disease course.

Part III – Diagnosis and treatment
The association between MMN and IgM anti-GM1 antibodies is well established, but the
reported prevalence of these antibodies varies widely, which is probably due to differences
in laboratory techniques. Several studies suggested that IgM anti-GM1 antibody detection
rates could be improved by the addition of galactocerebroside (GalC) to the GM1 assay.33-36
Therefore we evaluated the clinical utility of the GM1:GalC complex assay in the diagnosis
of MMN. The results, which are described in chapter 10, show that addition of GalC to GM1
improved the diagnostic sensitivity of both the ELISA and glycoarray. For the glycoarray,
sensitivity increased from 67% to 81%, for the ELISA from 49% to 69%, but also a significant
decrease in specificity. The GM1:GalC assay could therefore be an improvement for IgM
anti-GM1 antibody detection in the clinical practice. It is however important to optimize
and validate the assay in each laboratory. Although addition of GalC increases the number
of MMN patients who test positive for IgM anti-GM1 antibodies, there remains a subgroup
of patients in whom these antibodies cannot be detected. The clinical characteristics of
these seronegative MMN patients are similar to those with antibodies and they respond
equally well to intravenous immunoglobulin (IVIg) treatment.11 This may indicate that
antibodies specific for other antigens remain to be identified. In the evaluation of the
GM1:GalC assay serum samples were also screened for GM2, GM3, GA1, 3-sulphated
galactosylceramide (sulphatide, sulph), sulphated glucuronyl paragloboside (SGPG) and
sialosyl-lactoneotetraosylceramide (LM1). None of the other tested glycolipids or their
combination was associated with MMN. The question therefore remains whether other
antibodies are involved in the anti-GM1 IgM ‘negative’ MMN patients, or that this reflects
a limitation of sensitivity of the currently used laboratory assays.
IVIg is the first line treatment for MMN and improves muscle strength in the vast majority of
patients.37 The effect of IVIg, however, only lasts for several weeks and repeated infusions are
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been established, but it is clear that they differ between patients. Increase in IgG concentration
after IVIg treatment was identified as an independent determinant of outcome in patients
with GBS.38 In search for biomarkers that would help to tailor the IVIg dose to the individual
MMN patient, we measured serum IgG concentrations during and after the first IVIg course
in 23 patients and investigated correlations of IgG concentrations with treatment efficacy
(chapter 11). In addition, we determined copy number variation and the repeat length of the
variable number of tandem repeats (VNTR) in the promotor of the FcRn gene encoding the
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needed.37 The optimal dose and treatment interval for the IVIg infusions in MMN have not

endothelial IgG receptor (FcRn), which determines IgG half-life.39 Pharmacokinetics of IVIg
showed large inter-individual variation. Increase in IgG concentration during and after the
5-day IVIg course were on average higher in IVIg responders than in non-responders, but
our study lacked power to show statistically significant differences. Genetic variation in
the FcRn gene was not associated with IgG levels or response to treatment. Therefore we
conclude that increase in IgG concentration during IVIg infusion may represent a potential
biomarker for treatment response in patients with MMN, and that this should be investigated
in larger collaborative studies.
Taken together, the research described in this thesis further broadens the spectrum of motor
neuron disorders and narrows the gap between motor neuron disease and motor neuropathy.
The described genetic overlap between PMA and ALS documented in chapter 6, in addition
to previously reported clinical and pathological similarities, indicates that PMA could be
seen as a subtype of ALS. At the same time, the association of PMA and MMN with IgM
monoclonal gammopathy, and the absence of such an association with ALS or PLS, leads to
the suggestion that PMA may also share important pathogenic characteristics with MMN.
Furthermore, although at a much lower rate than in patients with MMN, IgM anti-GM1
antibodies could be detected in some patients with PMA. One could argue that a subgroup
of patients with PMA in fact suffer from an immune-mediated motor neuron or motor
neuropathy, and could therefore potentially benefit from immune-modulating therapy,
while the pathogenesis in the other PMA patients more seems to resemble that of ALS. If
such a distinction truly exists, the question how these PMA patients can be distinguished
requires further research. A crossroads between ALS, PMA and MMN documented is the
increased frequency of SMN1 duplications in all groups. Directions for future studies could
be to find an explanation on how this altered copy number of the SMN locus leads to motor
neuron vulnerability.
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Dit proefschrift gaat over ziekten van motorische zenuwcellen. Deze zenuwcellen zijn
zowel in de hersenen (centraal gelegen motorische neuronen) als in de hersenstam en
het ruggenmerg (perifeer gelegen motorische neuronen) gelokaliseerd. De perifere
motorische neuronen zijn via hun uitlopers (axonen) verbonden met de spieren, die zij via
elektrisch-chemische prikkeloverdracht aansturen. Ziekten van deze zenuwcellen worden
motorneuronziekten genoemd. Motorneuronziekten kunnen verder worden ingedeeld in
aandoeningen waarbij alleen het centraal motorisch neuron (primaire laterale sclerose, PLS)
of het perifeer motorisch neuron (progressieve spinale spieratrofie, PSMA) is aangedaan.
De meest voorkomende motorneuronziekte is echter amyotrofische laterale sclerose (ALS),
waarbij zowel het centraal als perifeer motorisch neuron in het ziekteproces zijn betrokken.
Multifocale motorische neuropathie (MMN) is een ziekte waarbij de axonen zijn aangedaan.
In Figuur 1.1 van dit proefschrift is dit spectrum schematisch weergegeven.
PSMA en MMN kunnen zich met een vergelijkbaar symptomencomplex openbaren. Beide
ziekten worden gekarakteriseerd door het ontstaan van (meestal) asymmetrische spierzwakte
aan armen en/of benen en dunner wordende spieren. Bij de meeste patiënten zijn de spierrekkingsreflexen bij het neurologisch onderzoek laag of afwezig. Het kan daarom moeilijk zijn
om deze aandoeningen van elkaar te onderscheiden. Dit is van groot belang omdat MMN
een behandelbare aandoening is en een goede prognose heeft wat betreft overleving. Het
ziektebeloop van patiënten met PSMA toont veel variatie, maar is vaak progressiever dan
bij patiënten met MMN. De meeste patiënten met PSMA ervaren in de loop van maanden
of enkele jaren toenemende spierzwakte van een groot deel van de skeletspieren en de
ademhalingsspieren. Een dergelijk beloop verschilt niet van dat van ALS, en veel patiënten
met PSMA overlijden daarom ten gevolge van respiratoire complicaties. Er is echter ook
een subgroep patiënten met langzaam progressieve of stationaire spierzwakte, vergelijkbaar
met het beloop dat we kennen van MMN. Zenuwgeleidingsonderzoek is van groot belang
om MMN van PSMA en vroege vormen van ALS te onderscheiden, omdat dit onderzoek
de voor MMN karakteristieke geleidingsblokkade kan laten zien.
Het is onbekend of er naast de klinische gelijkenissen ook overeenkomsten zijn in de
ontstaanswijze (pathogenese) van PSMA en MMN. MMN is waarschijnlijk een ontstekingsachtige (‘immuun-gemedieerde’) aandoening. Hiermee wordt bedoeld dat het afweersysteem
dat het lichaam normaliter beschermt tegen indringers zoals virussen en bacteriën, de
eigen zenuwen beschadigt. PSMA wordt meestal gerekend tot de neurodegeneratieve
ziekten, waarbij erfelijke (‘genetische’) factoren een belangrijke rol spelen. Aan de start
van het in dit proefschrift beschreven onderzoek was nog weinig bekend over de bijdrage
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variatie in het ontstaan van zowel PSMA als MMN. Het belangrijkste doel was dan ook
om de bijdrage van genetische en immunologische mechanismen in de pathogenese van
PSMA en MMN te bestuderen, en te onderzoeken of deze pathofysiologische processen
overeenkomen of juist verschillen.

Deel I – Immuunpathogenese

Samenvatting (Summary in Dutch)

van immunologische processen in de pathogenese van PSMA en van de rol van genetische

In hoofdstuk 3 onderzochten we of ‘monoklonale gammopathie van onduidelijke betekenis’
(MGUS), een aandoening waarbij in het bloed van patiënten een monoklonale IgG of IgM
antistof kan worden aangetoond, vaker voorkwam bij patiënten met PLS, ALS, PSMA of
MMN dan bij gezonden. Antistoffen, ook wel antilichamen of immunoglobulinen genoemd,
zijn afweereiwitten die door een witte bloedcel, de B-cel, worden gevormd. IgM monoklonale
gammopathie kwam significant vaker voor bij patiënten met PSMA (8%) en MMN (7%)
dan bij controlepersonen (2%). Daarnaast werd bij 7% van de patiënten met PSMA en bij
ongeveer 50% van de patiënten met MMN een IgM anti-GM1 antistof aangetoond. De
gemiddelde overleving van de PSMA-patiënten met IgM monoklonale gammopathie of
IgM anti-GM1 antistoffen was iets langer dan in de patiënten zonder deze eiwitten. Deze
bevindingen suggereren dat immuun-gemedieerde mechanismen ook meespelen in de
pathogenese van PSMA, zeker omdat deze associatie niet werd gevonden met PLS of ALS.
Om het belang van B-cel-functie in het ontstaan van PSMA en MMN verder te onderzoeken
hebben we vervolgens concentraties bepaald van ontstekingsmoleculen (cytokines) in het
bloed van PSMA- en MMN-patiënten met en zonder IgM monoklonale gammopathie,
en die vergeleken met de waarden van patiënten met ALS en gezonde controlepersonen
(hoofdstuk 4). Bij veel immuun-gemedieerde aandoeningen kunnen verhoogde concentraties
van cytokines in het bloed worden gevonden, maar geen enkele van de 16 geteste cytokines
was significant verhoogd in de door ons onderzochte patiëntengroepen. We vonden dus geen
aanwijzingen voor een gegeneraliseerde (‘systemische’) B-cel-gemedieerde immuunrespons
in PSMA en MMN, maar een lokale reactie (in de zenuw) kan op grond van deze resultaten
niet worden uitgesloten.
Of de anti-GM1 IgM antistoffen die gevonden worden bij patiënten met MMN (en PSMA)
echt een rol spelen in de pathogenese is controversieel. IgM antistoffen zijn een vroeg product
van een afweerreactie en vormen een eerste verdedigingslijn van het lichaam. IgM antistoffen
binden niet sterk aan hun doelmolecuul en kunnen slechts een beperkt aantal functies van
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het immuunsysteem activeren, in het bijzonder de klassieke en mogelijk lectineroute van het
complementsysteem. Het complementsysteem is een eiwitcascade die leidt tot de neerslag
van complementproducten die schade aan weefsels kunnen veroorzaken. Experimentele
studies hebben aangetoond dat IgG anti-GM1 antistoffen in acute motorische axonale
neuropathie (AMAN), een puur motorische variant van het Guillain-Barré syndroom
(GBS), de complementcascade in gang kunnen zetten en leiden tot een verstoring van
de opbouw van de zenuw. Verder is aangetoond dat ook IgM anti-GM1 antistoffen uit
bloed van patiënten met MMN het complementsysteem in principe kunnen activeren en
dat intraveneuze immunoglobulinen (IVIg), de 1e keus behandeling van patiënten met
MMN, deze potentiële schadelijke effecten kunnen verminderden. Polymorfismen in het
mannose-binding lectin (MBL gen) zijn bovendien geassocieerd met de mate van ernst
van GBS. Wij onderzochten daarom de activiteit van de klassieke en lectineroutes van het
complementsysteem in het bloed van patiënten met MMN en controles, en bestudeerden
of de mate van complementactiviteit gerelateerd is aan het ziektebeloop. Ook bepaalden
we genetische factoren, de MBL polymorfismen, die de complementactiviteit beïnvloeden.
Onze resultaten, beschreven in hoofdstuk 5, bevestigden dat IgM anti-GM1 antistoffen
het complementsysteem alleen via de klassieke route activeren. Daarnaast was de mate
van complementdepositie gecorreleerd met de hoogte van de antistoftiters, en een hogere
complementactiviteit was geassocieerd met meer zenuwschade en spierzwakte. Er was geen
verschil in MBL concentraties of MBL polymorfismen tussen patiënten en controles. De
uitkomsten benadrukken het belang van antistof-complementinteractie in de pathogenese
van MMN en suggereren dat de mogelijkheden van complementremmende behandeling
in patiënten met MMN verder onderzocht dienen te worden.

Deel II – Genetica
Genetische factoren spelen een rol in de pathogenese van motorneuronziekten. ALS is in
een minderheid van de gevallen (10%) een in families overervende aandoening (fALS), en
de laatste jaren is aangetoond dat genetische variatie in genen zoals C9orf72, SOD1, ANG,
FUS/TLS en TARDBP, ook een rol speelt in zogenaamd sporadische gevallen van ALS (sALS).
In een eerdere studie hebben we bijvoorbeeld aangetoond dat C9orf72 repeat expansies
gevonden kunnen worden in 6.1% van de Nederlandse patiënten met sporadische ALS,
maar ook bij 1.6% van de patiënten met sporadische PSMA. Het voorkomen van mutaties
in de andere vier met ALS geassocieerde genen bij patiënten met PSMA was onbekend. In
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gebracht van 261 patiënten met PSMA en die vergeleken met een cohort ALS-patiënten.
Daarnaast hebben we de patiënten ook gescreend op mutaties in het charged multivesicular
body protein 2B (CHMP2B) gen, aangezien mutaties in dit gen eerder beschreven waren
in ALS-patiënten waarbij vooral het perifeer motorisch neuron aangedaan leek te zijn.
We hebben twee SOD1 mutaties, één ANG mutatie, één FUS/TLS mutatie, één TARDBP
mutatie en één nieuwe CHMP2B mutatie gedetecteerd. De mutatiefrequenties verschilden
niet tussen PSMA- en ALS-patiënten.

Samenvatting (Summary in Dutch)

hoofdstuk 6 hebben we de coderende regio’s van SOD1, ANG, FUS/TLS en TARDBP in kaart

Het survivalmotorneuron (SMN) eiwit is essentieel is voor de overleving van motorneuronen
in het ruggenmerg. Afwezigheid van het belangrijkste SMN (SMN1) gen veroorzaakt
hereditaire proximale spinale musculaire atrofie (SMA), een ziekte van motorische
zenuwcellen die zich op de baby- of kinderleeftijd openbaart. Veranderingen in het aantal
SMN1 en SMN2 genen (copy number variation, CNV) is beschreven bij ALS, maar het was
onduidelijk of soortgelijke genetische variatie van het SMN locus geassocieerd is met PSMA
of MMN. We hebben daarom het aantal kopieën van SMN1 en SMN2 onderzocht in onze
beide patiëntengroepen (hoofdstuk 7). De frequentie van SMN1 duplicaties, gedefinieerd als
3 SMN1 kopieën, was hoger in de patiënten met MMN (10.8%) en PSMA (6.6%) vergeleken
met gezonde controles (3.6%). Daarnaast waren de patiënten met SMN1 duplicaties jonger ten
tijde van het ontstaan van de ziekte. Patiënten met MMN hadden ook meer SMN1 deleties.
Het aantal SMN1 kopieën had geen invloed op het beloop van de ziekte. PSMA-patiënten
met een SMN2 deletie hadden een slechtere overleving. De pathofysiologische betekenis van
deze bevindingen moet nog verder onderzocht worden. Het is mogelijk dat de gevonden
genetische variatie geassocieerd is met minder efficiënte productie van het SMN eiwit. Een
alternatieve verklaring is dat niet alleen een tekort, maar ook een overschot aan SMN eiwit
een nadelig effect heeft op het functioneren van motorische zenuwcellen.
Naast de bovengenoemde genen hebben we ook het voorkomen van mutaties in het
transient receptor potential vanilloid 4 (TRPV4) gen in patiënten met PSMA onderzocht
(hoofdstuk 8). Dit gen was een kandidaat omdat variatie in dit gen beschreven is bij ziekten
die klinisch op PSMA kunnen lijken (erfelijke motorische en sensorische neuropathie en
distale/congenitale SMA). In dit gen werd echter geen enkele van de eerder beschreven
mutaties gevonden. Variatie in het TRPV4 gen levert daarom geen belangrijke bijdrage aan
de pathogenese van PSMA.
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Variatie (single nucleotide polymorfismen, SNPs) van PTPN22, BANK1, Blk en FCGR2B,
genen waarvan bekend is dat ze B-cel-functie beïnvloeden en geassocieerd zijn met andere
auto-immuunaandoeningen, van CD1A en CD1E, belangrijk voor de antigeen presentatie
van glycolipiden zoals GM1, en van TAG1, geassocieerd met respons op behandeling met
intraveneuze immunoglobulinen, werd onderzocht in patiënten met MMN. SNP-frequenties
waren gelijk tussen patiënten met MMN en controles. We vonden dus geen bewijs voor
andere genetische factoren dan de eerder gevonden associatie met het HLA-DRBI*15 allel
in de pathogenese van MMN.

Deel III – Diagnose en behandeling
De gerapporteerde prevalentie van IgM anti-GM1 antistoffen verschilt enorm ten gevolge van
kleinere en grotere verschillen in de detectiemethodologie. Het vermogen om deze antistoffen
in het bloed aan te tonen kan vergroot worden door het gebruik van de combinatie van GM1
en galactocerebroside (GalC) in laboratoriumtesten. De diagnostische bruikbaarheid van
de GM1:GalC-complextest was echter nog niet eerder geëvalueerd. In hoofdstuk 10 laten we
zien dat het toevoegen van GalC de sensitiviteit van de test significant verhoogt met behoud
van specificiteit. We adviseren daarom het gebruik van deze combinatie, waarbij het wel
van belang is om de test in elk afzonderlijk laboratorium te valideren en te optimaliseren.
Intraveneuze (IVIg) of subcutane (ScIg) immunoglobulinen zijn de eerste keuze behandeling
voor patiënten met MMN. Toediening leidt in de meerderheid van de patiënten tot
verbetering van de spierkracht, maar het effect houdt meestal maar een paar weken aan.
Herhaling van behandeling is daarom nodig, maar de optimale dosering van IVIg en het
beste tijdsinterval tussen de infusen is onbekend. De klinische praktijk wijst uit dat de IVIgbehoefte van patiënt tot patiënt verschilt. De relatieve stijging van de IgG-concentratie in
het bloed na IVIg-behandeling bleek een onafhankelijke voorspeller van het ziektebeloop in
patiënten met GBS. We hebben daarom onderzocht of de toename van de IgG-concentratie
gedurende en na de eerste 5-daagse immunoglobulinekuur in het bloed van patiënten met
MMN op een of andere wijze samenhangt met het effect van de therapie (hoofdstuk 11).
We zagen een grote variabiliteit in de mate van stijging in IgG-concentratie in het bloed
van 23 onderzochte MMN-patiënten. De patiënten met een goede behandelreactie op IVIg
hadden gemiddeld een hogere stijging in IgG. Dit moet echter wel nog in een grotere groep
patiënten met MMN bevestigd worden.
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‘lumpers’. Enerzijds lijkt het identificeren van een groep patiënten met een mogelijk immuungemedieerde vorm van een motorneuronziekte het spectrum aan motorneuronziekten
te verbreden. Anderzijds lijken de genetische en immunologische overeenkomsten de
veronderstelde verschillen tussen motorneuronziekte en motorische neuropathie eerder te
verkleinen. Een belangrijke nog te beantwoorden vraag is of de subgroep van patiënten met
PSMA die mogelijk lijden aan een immuun-gemedieerde motorneuronziekte baat hebben bij
een immuun-modulerende behandeling. Een tweede belangrijke vraag is hoe de verhoogde
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Samenvattend bieden de resultaten van dit proefschrift voer voor zowel ‘splitters’ als

frequentie van SMN1 duplicaties bij patiënten met ALS, PSMA en MMN samenhangt met
een verhoogde kwetsbaarheid van motorische zenuwcellen. Omdat de laatste 10 jaar een
groot aantal experimentele medicijnen is ontwikkeld dat de productie van het SMN eiwit kan
stimuleren, heeft beantwoording van deze vraag mogelijk ook therapeutische consequenties.

195

Dankwoord

Dankwoord

En ineens is het zo ver, ik ben aanbeland bij het laatste hoofdstuk van mijn proefschrift. Ik
wil hier graag de gelegenheid nemen om een aantal mensen te bedanken.
Prof. dr. L.H. van den Berg, beste Leonard. Ik kan werkelijk iedereen een promotietraject
binnen jouw onderzoeksgroep aanraden. Veel bewondering heb ik voor de manier waarop
je voor ons allemaal een goed onderzoeksklimaat creëert, je heldere kritische blik en het
vermogen een artikel altijd nog verder aan te scherpen.
Dr. W.L. van der Pol, beste Ludo. Ik wilde altijd al graag wetenschappelijk onderzoek doen.
Toen de mogelijkheid kwam om onder jouw begeleiding te promoveren, hoefde ik geen
moment meer na te denken. Dank voor alles wat je me over de jaren hebt geleerd en voor
het vertrouwen dat je in me hebt getoond. Ik zou het zo weer over doen.
Prof. dr. J.H. Veldink, beste Jan. Je hulp bij de statistische en genetische vraagstukken was
onmisbaar. Veel dank voor je interesse en bereidheid zitting te nemen in de beoordelingscommissie van dit proefschrift.
Dr. B.C. Jacobs, beste Bart. Met veel plezier heb ik een aantal weken bij jou gewerkt op het
laboratorium in het Erasmus MC. Bedankt voor de fijne samenwerking, ik hoop dat we die
in de nabije toekomst voort kunnen zetten.
Prof. dr. P.A. van Doorn, beste Pieter. Ik voel me vereerd dat je onderdeel uitmaakt van
mijn leescommissie. Ik heb veel ontzag voor jouw kennis van de neuromusculaire ziekten
en hoop nog veel patiënten samen te zien op de polikliniek. Ik zal de grommende hulphond
in de hoek van de polikamer in ieder geval niet snel vergeten.
Overige leden van de beoordelingscommissie, prof. dr. V.V.A.M. Knoers, prof. dr. L.J. Kapelle
en prof. dr. A.B.J. Prakken. Hartelijk dank dat ik u mijn proefschrift ter beoordeling mocht
voorleggen.
Dr. H. Franssen, beste Hessel. Jouw enthousiasme voor de klinische neurofysiologie is
ronduit aanstekelijk, ik kijk nu al uit naar mijn KNF-jaar.
Dr. N.C. Notermans, beste Nicolette. Jij wist me als student nog meer te motiveren voor de
neurologie. Ik weet nog dat ik dacht, zo’n neurologe wil ik ook wel worden.
Prof. dr. P.A.E. Sillevis Smitt en prof. dr. P.J. Koudstaal. Wat ben ik blij dat jullie me de
mogelijkheid hebben geboden om mijn opleiding tot neuroloog te volgen in het Erasmus
MC. Vanaf het eerste moment voelde ik me welkom, hartelijk dank daarvoor.

198

jij al verricht had was dit proefschrift niet tot stand gekomen. Ik ben je niet alleen dankbaar
voor al je hulp en advies, maar vooral ook voor alle gezellige momenten op het lab.

Dankwoord

Elisabeth Cats, jij was mijn directe voorganger in het MMN-onderzoek. Zonder het werk wat

Jan Stork, soms leek er geen eind aan te komen, maar eindelijk zijn dan alle complementproeven
afgerond waarmee ik als student onder jouw supervisie ben begonnen. Je nuchtere blik en
droge humor maakte dat de tijd omvloog.
Marc Jansen, jouw komst naar het lab had voor mij op geen beter moment kunnen komen.
Heel erg bedankt voor het uitvoeren van de laatste experimenten. Ook al rook het niet altijd
even lekker, jij ging onvermoeid door.
Paul van Vught, veel dank voor je geduld toen ik voor het eerst een pipet in mijn handen
had en je hulp bij het SMN artikel.
Peter, Jelena en Raymond, ook jullie wil ik graag bedanken voor de ondersteuning bij het
labwerk.
Medelabgenoten, Oliver, Ewout, Renske, Meinie, Max, Renée, Perry, Marloes, Anna, Wouter,
Frank, Annelot, Henk-Jan, Anne. Dat ik mijn tijd op het lab zo leuk heb gevonden komt
ondermeer door jullie. Dank voor alle lol, gezelligheid en vriendschap.
Mijn andere collega’s van het UMC Utrecht, Erasmus MC en St. Elisabeth Ziekenhuis.
Bedankt voor de goede sfeer, samenwerking en interessante discussies.
Mijn goede vrienden al vanaf de middelbare school. Pieter, heel fijn dat je er altijd voor me
bent. Max, mijn mede-neuro-nerd, dat er nog maar veel interessante gesprekken onder het
genot van een drankje mogen volgen. Bo, Bregje en Jochem, ontzettend leuk dat we na al
die jaren nog steeds goed contact hebben. Steven, jouw steun de afgelopen jaren heeft veel
voor me betekend, dank voor alles. Sebastiaan, onze vriendschap is me zo veel waard, bij
jou kan ik altijd helemaal mezelf zijn.
Claire, Suus, Jorg en Irene, dank voor de fantastische studententijd en alle gezelligheid
daarbuiten.
Ingrid, jij kent me door en door en aan een paar woorden hebben we al genoeg. Ik kan me
geen betere vriendin wensen en ben heel blij dat je vandaag als paranimf aan mijn zijde staat.
Sietske en Jorrit, al een aantal jaar maken jullie deel uit van ons gezin. Ik kijk uit naar nog
meer etentjes met zijn allen rond de tafel.

199

Dankwoord

Loura, lief zusje en mijn andere paranimf. Ik ben zo ongelofelijk trots op jou en weet zeker
dat ik op deze dag, en alle toekomstige, op je kan rekenen.
Siemen, broertje, wat heb ik je gemist toen je een jaar in Thailand zat. Zo fijn dat je nu in
Amsterdam woont en we elkaar weer veel kunnen zien.
Mart, soms denk ik je in te kunnen halen, maar uiteindelijk geef jij toch altijd weer het goede
voorbeeld. Een echte grote broer.
Lieve mama en papa, ik weet niet waar ik moet beginnen met jullie te bedanken of hoe ik
moet verwoorden wat jullie voor me betekenen. Daarom houd ik het simpel: dit boekje is
voor jullie.
Jasper, met jou samen is het één groot feest, je bent de allerliefste!

200

Dankwoord

201

About the author

About the author

Curriculum vitae
Lotte Vlam werd geboren op 16 september 1985 te Apeldoorn. Zij groeide op in WenumWiesel en behaalde in 2003 haar VWO-diploma aan de Koninklijke Scholengemeenschap
Apeldoorn. In datzelfde jaar begon ze aan de studie geneeskunde aan de Universiteit
Utrecht. Tijdens haar studie reisde ze onder andere af naar Dar es Salaam in Tanzania
voor haar co-schap gynaecologie, was ze actief in de opleidingscommissie en volgde ze
een onderwijsstage. Al snel groeide de interesse voor de neurologie. In 2010 sloot ze haar
studie dan ook af met een oudste co-schap neurologie en wetenschappelijke stage op het
laboratorium experimentele neurologie van het UMC Utrecht, dit onder begeleiding van
dr. A.C.J. Stork en dr. W.L. van der Pol. Het doen van wetenschappelijk onderzoek beviel
goed. Na het behalen van haar artsdiploma in februari 2010 startte ze in april aan haar
promotieonderzoek naar de immunologische en genetische achtergrond van multifocale
motorische neuropathie en progressieve spinale spieratrofie, waarvan de resultaten in dit
proefschrift staan beschreven. Dit deed zij onder supervisie van prof. dr. L.H. van den Berg
en dr. W.L. van der Pol. In september 2013 werd ze aangenomen voor de opleiding neurologie
in het Erasmus MC Rotterdam (opleider: prof. dr. P.A.E. Sillevis Smitt).

204

1.

Vlam, L., Stam, M., de Jager, W., Cats, E. A., van den Berg, L. H. & van der Pol, W. L.
Cytokine profiles in multifocal motor neuropathy and progressive muscular atrophy.
J. Neuroimmunol., in press.

2.

About the author

List of publications

Galban-Horcajo, F., Vlam, L., Delmont, E., Halstead, S. K., van den Berg, L. H., van
der Pol, W. L. & Willison, H. J. The diagnostic utility of determining anti-GM1:GalC
complex antibodies in multifocal motor neuropathy: a validation study. J. Neuromusc.
Dis. 2, 157–165 (2015).

3.

Vlam, L., Cats, E. A., Harschnitz, O., Jansen, M. D., Piepers, S., Veldink, J. H., Franssen,
H., Stork, A. C., Heezius, E., Rooijakkers, S. H., Herpers, B. L., van Strijp, J. A., van
den Berg, L. H. & van der Pol, W. L. Complement activity is associated with disease
severity in multifocal motor neuropathy. Neurol. Neuroimmunol. Neuroinflamm. 2(4),
e119 (2015).

4.

Vlam, L., Piepers, S., Sutedja, N. A., Jacobs, B. C., Tio-Gillen, A. P., Stam, M., Franssen,
H., Veldink, J. H., Cats, E. A., Notermans, N. C., Bloem, A. C., Wadman, R. I., van der
Pol, W. L. & van den Berg, L. H. Association of IgM monoclonal gammopathy with
progressive muscular atrophy and multifocal motor neuropathy: a case-control study.
J. Neurol. 262(3), 666–673 (2015).

5.

Vlam, L., Cats, E. A., Willemse, E., Franssen, H., Medic, J., Piepers, S., Veldink, J. H., van
den Berg, L. H. & van der Pol, W. L. Pharmacokinetics of intravenous immunoglobulin
in multifocal motor neuropathy. J. Neurol. Neurosurg. Psychiatry 85(10), 1145–1148
(2014).

6.

van Blitterswijk, M., Vlam, L., van Es, M. A., van der Pol, W. L., Hennekam, E. A.,
Dooijes, D., Schelhaas, H. J., van der Kooi, A. J., de Visser, M., Veldink, J. H. & van
den Berg, L. H. Genetic overlap between apparently sporadic motor neuron diseases.
PLoS One 7(11), e48983 (2012).

7.

Vlam, L., van den Berg, L. H., Cats, E. A., Piepers, S. & van der Pol, W. L. Immune
pathogenesis and treatment of multifocal motor neuropathy. J. Clin. Immunol. 33
Suppl 1, S38–42 (2013).

205

About the author

8.

van Rheenen, W., van Blitterswijk, M., Huisman, M. H., Vlam, L., van Doormaal, P.
T., Seelen, M., Medic, J., Dooijes, D., de Visser, M., van der Kooi, A. J., Raaphorst, J.,
Schelhaas, H. J., van der Pol, W. L., Veldink, J. H. & van den Berg, L. H. Hexanucleotide
repeat expansions in C9ORF72 in the spectrum of motor neuron diseases. Neurology
79(9), 878–882 (2012).

9.

Vlam, L., Schelhaas, H. J., van Blitterswijk, M., van Vught, P. W., de Visser, M., van
der Kooi, A. J., van der Pol, W. L. & van den Berg, L. H. Mutations in the TRPV4 gene
are not associated with sporadic progressive muscular atrophy. Arch. Neurol. 69(6),
790–791 (2012).

10.

Groen, E. J., van Rheenen,W., Koppers, M., van Doormaal, P. T., Vlam, L., Diekstra,
F. P., Dooijes, D., Pasterkamp, R. J., van den Berg, L. H. & Veldink, J. H. CGG-repeat
expansion in FMR1 is not associated with amyotrophic lateral sclerosis. Neurobiol.
Aging 33(8), 1852.e1–3 (2012).

11.

Vlam, L., van der Pol, W. L., Cats, E. A., Straver, D. C., Piepers, S., Franssen, H. & van
den Berg, L. H. Multifocal motor neuropathy: diagnosis, pathogenesis and treatment
strategies. Nat. Rev. Neurol. 8(1), 48–58 (2011).

12.

Koppers, M., van Blitterswijk, M. M., Vlam, L., Rowicka, P. A., van Vught, P. W.,
Groen, E. J., Spliet, W. G., Engelen-Lee, J., Schelhaas, H. J., de Visser, M., van der Kooi,
A. J., van der Pol, W. L., Pasterkamp, R. J., Veldink, J. H. & van den Berg, L. H. VCP
mutations in familial and sporadic amyotrophic lateral sclerosis. Neurobiol. Aging.
33(4), 837.e7–13 (2012).

13.

Vlam, L., Cats, E. A., Seelen, M., van Vught, P. W., van den Berg, L. H. & van der
Pol, W. L. Multifocal motor neuropathy is not associated with genetic variation in
PTPN22, BANK1, Blk, FCGR2B, CD1A/E, and TAG-1 genes. J. Peripher. Nerv. Syst.
16(3), 175–179 (2011).

206

