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“My right hand has become very weak. [...] |
cannot lift heavy things. My fingers can grip hold
of any suitcase, but | cannot hang a coat on a
hook. | find it difficult to brush my teeth. When |
write, my hand gets tired. | can only play slowly
and pianissimo.”

(1958)

“[My doctors] are both extremely satisfied with
the condition of my hands and legs. After all, the
fact that | cannot play the piano and that | can
walk up steps only with the greatest of difficulty
has no importance. One need not play the piano,
and one can avoid going up steps and stairs. One
can just sit at home.”

(1966)

- Dimitri Shostakovich (1906-1975), famous
Russian composer, describing in his letters the
symptoms and consequences of his motor
neuron disease
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Chapter 1

Introduction

Multifocal motor neuropathy (MMN) is a rare disorder that causes asymmetric weakness,
more often in arms than legs. It is a mimic of amyotrophic laterals sclerosis (ALS) and the
importance of proper diagnosis lies not only in its difference with regard to survival, but also
to the possibility of treatment. Postponement of treatment has been found associated with
permanent deficits, which can be severe and debilitating.! The number of diagnoses in the
Netherlands (population size 17.3 million) is an estimated 5-10 times per year and a
comparison with the incidence of ALS cases (400-500 patients per year) clearly illustrates the
diagnostic challenge.? Despite the low prevalence figures that internationally range between
0.3-1.3 per 100.000, costs of MMN to society are high, caused by the often lifelong need for
treatment with high doses of immunoglobulins.>3¢

Both the clinical presentation and pathophysiology of MMN are uncommon. First, the clinical
picture of markedly asymmetric muscle weakness that predominates in the arms without
sensory abnormalities is highly unusual for neuropathies that are normally characterized by
symmetrical, predominantly sensory or sensory-motor deficits in the legs more than the arms.
Second, although inflammation underlies MMN pathophysiology since patients respond to
immunoglobulin treatment, disease onset is usually quite insidious. Unlike the prototypical
inflammatory disorders of the nervous system, such as multiple sclerosis (MS) and chronic
inflammatory demyelinating polyradiculoneuropathy (CIDP), MMN disease course is not
characterized by relapses and remissions, but rather by slow but constant progression. Third,
MMN does not have the classic characteristics of an autoimmune disease, such as the
epidemiological predominance of women or the response to treatment with corticosteroids.
Indeed, prednisone is not effective for treatment of MMN and may even paradoxically worsen
muscle weakness. Finally, a currently incompletely unraveled, T-cell independent
immunopathology probably underlies MMN, which may be a feature unique tot MMN, but
could also be relevant for other immune-mediated neurological disorders, such as (variants
of) the Guillain-Barré syndrome and anti-MAG neuropathy.

MMN: a short clinical history

The first known case report of MMN was probably provided by Roth et al. in 1986, with a case
description of a male patient who developed cramps and muscle weakness of the right hand
without sensory abnormalities at the age of 44 with conduction blocks found on motor nerve
conduction studies. It was however the seminal publication by the group of Pestronk et al. in
1988 that added the presence of antibodies directed at the glycolipid GM1 and the response
to immunomodulating treatment to the clinical description.”? Because muscle strength
improved after treatment with cyclophosphamide, MMN was recognized as a distinct,
immune-mediated, and treatable condition.

Clinical deficits and MMN disease course

MMN mostly affects men (75% of patients with MMN are male) at a relatively young age (the
mean age at onset is at 40 years) and the onset is most often in the arms. Its natural history is
characterized by slowly progressive muscle weakness, which is strikingly asymmetrical,
multifocal and mostly affects distal arm muscles.*3° MMN mimics the first stages of lower-
motor neuron dominant cases of amyotrophic lateral sclerosis (ALS). Its status as a mimic of
this invariably fatal disease likely explains why MMN was often (and sometimes still is)
regarded as a ‘benign’ disease. Several studies have shown that this is a misunderstanding, as
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MMN is a progressive disorder and 20% of patients with MMN develop severe disability of
hand function.210

Diagnosis of MMN

The European Federation of Neurological Societies (EFNS) published the diagnostic consensus
criteria for MMN in 2010, which are summarized in Table 1.1! For a diagnosis of MMN, the
presence of clinical symptoms consistent with MMN, i.e. an asymmetrical, multifocal
distribution of muscle weakness in the absence of cranial nerve palsies, marked sensory
symptoms, bulbar symptoms or signs consistent with upper motor neuron involvement, needs
to be supported by abnormalities of ancillary diagnostic tests. This includes the presence of
motor nerve conduction blocks during nerve conduction studies, defined as a loss of CMAP
area and amplitude upon more proximal nerve stimulation of >30%, but preferably >50%.
Results of nerve conduction study results, and results of other ancillary investigations that
serve as supportive criteria, such as the absence of pleocytosis with moderately increased
protein concentration (<1 g/L) in cerebrospinal fluid, the presence of IgM antibodies directed
against GM1, abnormal magnetic resonance imaging of the brachial plexus, and a response to
treatment with immunoglobulins, are used to group patients in diagnostic categories termed
definite, probable, and possible MMN. It is important to note that even though the term
‘possible MMN’ might suggest diagnostic uncertainty to the reader, these patients, by
definition, have a typical clinical phenotype consistent with MMN, have normal sensory nerve
conduction studies, and respond to treatment with immunoglobulins. Recent studies have
shown that ultrasound can be used to reliably document the presence of pathological
thickening of peripheral nerves in the upper arm and the brachial plexus in a large majority of
patients with MMN. Peripheral nerve ultrasound has very high sensitivity for the detection of
MMN and other inflammatory neuropathies, which suggests it is an excellent first-tier tool to
identify patients who might have MMN.? Moreover, patients with thickened nerves who do
not fulfill current MMN diagnostic criteria, may nonetheless benefit from treatment with
immunoglobulins.’® These data suggest that ultrasound investigations deserve a more
prominent place in the diagnostic work-up of patients with asymmetric weakness compatible
with MMN.

Treatment

The first proposed treatment for MMN was cyclophosphamide, but this approach has been
left after the proven efficacy of immunoglobulin treatment. Immunoglobulins can be
administered intravenously (IVIg) or subcutaneously (sclg) and consist of 1gG and minimal
quantities of IgA and IgM antibodies, pooled from hundreds of blood donors.'*7 IVig
treatment partially improves muscle weakness of patients with MMN and is believed to
improve long-term outcome. Although its exact working mechanism is not known, it probably
exerts most of its function in patients with MMN through binding to components of the
complement cascade, limiting complement activation.’*® Subcutaneous immunoglobulin
treatment is a more recent alternative to 1Vlg, which shows similar efficacy and for some
patients improves their independence and flexibility.?°
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Table 1. Diagnostic criteria for multifocal motor neuropathy?!

I. Clinical criteria
Core criteria

Supportive criteria

Exclusion criteria

1. Slowly progressive, focal, and asymmetric limb weakness,
for longer than one month

2. No objective sensory abnormalities except for minor
vibration sense abnormalities in the lower limbs

3. Predominant upper limb involvement

4. Decreased or absent tendon reflexes in the affected limb
5. Absence of cranial nerve involvement

6. Cramps and fasciculations in the affected limb

7. Response in terms of disability or muscle strength to
15mmune-modulatory treatment

8. Upper motor neuron signs

9. Marked bulbar involvement

10. Marked sensory involvement

11. Diffuse symmetric weakness during the initial weeks

Il. Electrophysiological criteria for conduction block

Definite motor CB

Probable motor CB

Sensory NCS

11l. Supportive criteria

1. Negative peak CMAP area reduction on proximal vs. distal
stimulation of at least 50% whatever the nerve segment
length. Negative peak CMAP amplitude on stimulation of the
distal part of the segment with motor CB must be >20% of the
lower limit of normal and >1mV and increase of proximal to
distal negative peak CMAP duration must be <30%

2. Negative peak CMAP area reduction of at least 30% over a
long segment of an upper limb with increase of proximal to
distal negative peak CMAP duration <30%

OR

Negative peak CMAP area reduction of at least 50% (same as
definite) with an increase of proximal to distal negative peak
CMAP duration >30%

3. Normal sensory nerve conduction in upper limb segments
with CB

1. Elevated anti-GM1 IgM antibodies

2. Increased CSF protein (< 1 g/l)

3. Brachial plexus MRI showing increased signal intensity on
T2-weighted imaging associated with a diffuse nerve swelling
of the brachial plexus

4. Objective clinical improvement following IVIg treatment
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Diagnostic categories
Definite MMN Clinical criteria 1, 2 and 8-11
+ electrophysiological criteria 1 and 3 in one nerve

Probable MMN Clinical criteria 1, 2 and 8-11
+ electrophysiological criteria 2 and 3 in two nerves
Clinical criteria 1, 2 and 8-11
+ electrophysiological criteria 2 and 3 in one nerve
+ at least two supportive criteria 1-4

Possible MMN Clinical criteria 1, 2 and 8-11
+ normal sensory nerve conduction studies
+ supportive criteria 4

Clinical criteria 1 with clinical signs present in only one nerve,
+ clinical criteria 2 and 8-11
+ electrophysiological criteria 1 or 2 and 3 in one nerve

CB = conduction block, CMAP = compound muscle action potential, CSF = cerebrospinal
fluid, MMN = multifocal motor neuropathy, MRI = magnetic resonance imaging, IVIlg =
intravenous immunoglobulins

Unfortunately, the efficacy of immunoglobulin treatment is partial, and most patients will
experience a slowly progressive disease course, leading to increasing muscle weakness and
disability.1%1>16  Treatment with other immunosuppressant drugs like prednisone,
azathioprine, methotrexate, interferon-beta and rituximab have not been proven effective
and prednisone and plasmapheresis may even worsen symptoms.!> Interestingly, although
activation of the complement cascade is central in the pathophysiology underlying MMN,
treatment with eculizumab, an anti-C5 monoclonal antibody, is probably ineffective.'>16:2!
Therefore, identifying new and more effective treatment strategies for patients with MMN
remains important. To achieve this, we need to improve our detailed understanding of the
immunopathology underlying MMN.

Immunopathogenesis of MMN

From the first description by the group of Pestronk in 1988, MMN has been associated with
IgM antibodies directed at the ganglioside GM1, a glycolipid that is expressed by motor nerves
more than by sensory nerves, in particular at and close to the nodes of Ranvier.®° Because of
this association, and because patients with MMN benefit from immunomodulatory treatment,
MMN is considered an immune-mediated neuropathy. Yet, strikingly, nerve biopsies
performed in patients with MMN show a marked absence of true demyelination or infiltration
by cells of the immune system, in contrast to the histopathology seen in patients with CIDP.?2
Therefore, major questions regarding the pathogenesis of MMN are still to be answered,
including the identification of factors associated with MMN susceptibility, the origin of anti-
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GM1 IgM antibodies and the immunological environment determining their pathogenicity.
Their answers may form the rationale for new treatment strategies, and these questions have
therefore formed the basis of this thesis.

Immunogenetics

Our knowledge on genetic susceptibility underlying MMN is very limited. Previous studies
have shown that patients with MMN, more often than controls, have first-degree relatives
with other autoimmune diseases, such as type 1 diabetes, Hashimoto’s thyroid disease and
celiac disease.?® This may be explained by a more general susceptibility for autoimmune
diseases that could be genetic. Although genetic associations with altered B-cell function have
not been found, one study reported that patients with MMN more often carry an MHC class
Il variant called HLA-DRB1*15.24#2> MHC class Il genes form part of a family of genes primarily
involved in the presentation of peptides by antigen-presenting cells, such as dendritic cells
and B cells, to CD4* T helper cells.?® From an immunological perspective, it is quite difficult to
directly correlate this genetic association with the production of IgM antibodies to the
glycolipid (i.e. non-peptide) GM1, which are presumably produced in a T cell-independent
manner. The fact that this MHC class Il allele has been found to be associated with increased
autoantibodies in rheumatoid arthritis and CIDP offers an alternative explanation that needs
confirmation.?”.28

Anti-GM1 IgM antibodies engage the complement system

GM1 is a ganglioside that is part of a group of molecules known as glycosphingolipids.
Gangliosides all share a common molecular structure, consisting of a ceramide core, to which
one or multiple sugars (hexoses) are attached. The hydrophobic stalk is incorporated in the
cell’s lipid bilayer, exposing sugars as potential epitopes for anti-ganglioside antibodies.?® IgG
antibodies that target GM1 have been shown to bind to the axolemma of motor neurons,
thereby disrupting clusters of voltage-gated sodium channels at the nodes of Ranvier, and, in
the paranodal region, interfering with normal axon-Schwann cell interactions.3°

There is a striking variation in the prevalence of IgM antibodies to GM1 between different
cohorts of patients with MMN, ranging from 20-80%. More recent studies that employed well-
described and standardized ELISA and glycoarray techniques converge to an antibody
prevalence figures of at least 40% of patients with MMN.%3134 Much of the variation of anti-
GM1 IgM prevalence numbers is likely caused by differences in the techniques used.3>3¢ The
presence of anti-GM1 IgM antibodies in MMN is probably underestimated when solid-phase
assays are used, as shown by recent studies using induced-pluripotent stem cell (iPSC)
techniques.?” The use of iPSC-derived motor neurons in combination with serum samples from
supposedly anti-GM1 IgM seronegative patients actually showed the presence of such
antibodies at immunologically relevant levels, but below ELISA detection limits. The iPSC
approach has also helped to show the pathogenic potential of anti-GM1 IgM antibodies,
through the damaging effects of complement activation. These in vitro findings are compatible
with the finding that patients with MMN and high anti-GM1 IgM antibody titers have more
severe muscle weakness.3! The association of antibody titers with clinical characteristics is
accompanied by the finding that high innate activity of the classical pathway (i.e. the pathway
activated by antibodies) of complement is associated with more severe muscle weakness.>38
The current working model of MMN pathophysiology consists of the tandem activity of
antibody and complement. Experiments with iPSC-derived motor neurons have demonstrated
that, upon binding of IgM antibodies, classical pathway activation leads to deposition of
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complement, including the membrane-attack complex (MAC), on motor neuron cells, leading
to structural motor neuron damage.3°3’

The origin of anti-GM1 antibodies

If anti-GM1 IgM antibodies are instrumental in the activation of the classical complement
cascade and thereby play a central role in the immunopathogenesis of MMN, the most
important question is how and where they are elicited. Nores et al. showed in 2004 that anti-
GM1 IgM antibodies are absent in umbilical cord blood but appear in serum during the first
months of life. The appearance of anti-GM1 IgM antibodies showed a perfect concordance
with anti-bacterial anti-glycan IgM antibodies, suggesting that they most likely formed as a
normal innate immune response to the formation of the microbiome by bacteria colonizing
the respiratory tract or gut.3® Changes in the microbiome can cause changes in titers and
isotypes of anti-GM1 antibodies, as has been shown in variants of the Guillain-Barre syndrome
(GBS).*° GBS, in its classical form, is a postinfectious, monophasic inflammatory neuropathy
that leads to flaccid paralysis, usually with marked sensory abnormalities, that develops in
days to weeks. Though most patients respond to immunotherapy, some patients with GBS are
left with severe neurological deficits, and in some, GBS is lethal.*! Serum of patients with GBS
who suffer from the pure-motor axonal variant (i.e. AMAN) often contains anti-GM1
antibodies of the IgG isotype. AMAN and the presence of these antibodies is strongly
associated with preceding gastrointestinal infections with Campylobacter (C.) jejuni, a gram-
negative bacterium that can express structures on its outer membrane that resemble
GM1.4243 The presumed pathological mechanism of AMAN is one in which these GM1-like
epitopes on the outer cell membrane of C. Jejuni elicit the humoral immune response in the
host, that allows the production of IgG antibodies that cause the collateral damage to nerve
cells. This mechanism is known as molecular mimicry.** Although molecular mimicry is
relevant for AMAN, studies have failed to show a clear association between MMN and
preceding C. jejuni infection, in accordance with MMN not being known as a typical post-
infectious inflammatory neuropathy.*> Moreover, in contrast to GBS, anti-GM1 IgM antibodies
have an oligoclonal origin in MMN, and infection-driven molecular mimicry driving anti-GM1
production fails to explain the absence of immunoglobulin class switching as seen in patients
with MMN.46

Outline of this thesis

The aims of this thesis are to improve our understanding of the clinical outcome and
pathophysiology of MMN, more specifically:
1. To study the natural history of MMN;
- In chapter 2, we describe the results of a Dutch combined cross-sectional and follow-
up study on patients with MMN, and investigated clinical and immunological
parameters associated with MMN disease course.
2. Toidentify genetic susceptibility factors of MMN;
- In chapter 3, we report the outcome of a genetic study on genetic variation in the
MHC class || DRB1, DQA1 and DQB1 loci.
- In chapter 4, we investigated whether altered copy numbers of the SMN1 and SMN2
genes, encoding the survival motor neuron (SMN) protein, associated with various
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motor neuron diseases, including MMN, and lower- and upper motor neuron-
dominant forms of ALS (PMA and PLS).
- In chapter 5, we took a closer look on the associations between common
polymorphisms in the promotor regions of genes encoding the membrane-bound
complement regulators CD46, CD55 and CD59 and MMN, and correlated these
polymorphisms to MMN disease course.

3. To study immunological processes that underlie MMN, in particular the presence and
origin of antibodies.
- In chapter 6, we studied innate immune responses to LPS in patients with MMN and
controls by stimulating whole blood with LPS and measuring immune-regulating
proteins before and after stimulation.
- In chapter 7, we investigated the potential role of Schwann cells in MMN by
performing IgM binding experiments on Schwann cells and determining the role of
anti-GM2 IgM antibodies in MMN susceptibility and disease course.
- In chapter 8, we performed a study on the microbiota that make up the gut
microbiome in patients with MMN and controls, and correlated bacterial diversity and
their relative abundance to the presence of anti-GM1 IgM antibodies.
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Chapter 2

Abstract

Objective To assess the clinical course of multifocal motor neuropathy (MMN) in a large cohort
of patients and to identify predictive factors of a progressive disease course.

Methods Between May 2015 and February 2016, we collected clinical data from 100 patients
with MMN of whom 60 had participated in a nationwide cross-sectional cohort study in 2007.
We documented clinical characteristics using standardized questionnaires and performed a
standardized neurological examination. We used multiple linear regression analysis to identify
factors that correlated with worse outcome.

Results We found that age of diagnosis (45.2 vs. 48.6 years, p<0.02) significantly increased
between 2007 and 2015-2016, whereas diagnostic delay decreased with 15 months. Seven out
of ten outcome measures deteriorated over time (all p<0.01). Patients who had a lower MRC
sum score and absence of one or more reflexes at the baseline visit showed a greater
functional loss at follow up (p=0.007 and p=0.016).

Conclusions Our study shows that MMN is a progressive disease. Although 87% of patients
received maintenance treatment, muscle strength, reflexes, vibration sense, and the Self-
Evaluation Scale significantly deteriorated over time. Lower MRC sum score and absence of
reflexes predicted a more progressive disease course.

Classification of evidence This study provides Class Il evidence that lower MRC sum score and
the absence of reflexes predict a more progressive disease course in patients with MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a pure motor disorder characterized by slowly
progressive asymmetric distal weakness mainly in the hands, the absence of upper motor
neuron signs and presence of one or more abnormal ancillary investigations, i.e. abnormal
nerve conduction or conduction block (CB), thickening or T2 hyperintensity on MRI of the
brachial plexus, sonographic nerve thickening, increased protein content in the CSF or the
presence of anti-GM1 IgM antibodies in serum.!” Administration of intravenous or
subcutaneous immunoglobulins transiently improves muscle strength and maintenance
treatment is therefore needed.®1?

Consensus criteria have facilitated diagnosis of MMN and shortened diagnostic delays, but we
know less of the disease course and outcome.*” Early case reports suggested that its course is
not benign in individual patients, but few studies have longitudinally addressed natural history
in larger patients cohorts.’*% Early treatment may improve long-term outcome, but
accumulating axonal damage nevertheless results in significant disability in up to one fifth of
patients.*® More detailed insight in MMN’s clinical course would help to identify correlates of
worse outcome and thereby patients at higher risk for developing severe deficits, and
eventually to investigate efficacy of other treatment approaches.

We have previously reported the characteristics of a relatively large cross-sectional cohort of
patients with MMN in The Netherlands.* In order to gain more insight in the clinical course of
MMN, we performed a combined cross-sectional and follow-up study in a cohort of 100
patients with the aim to identify factors that predict a progressive disease course of MMN.

Methods

Study design and patients

This cross-sectional cohort study was performed between May 2015 and February 2016 in the
UMC Utrecht, a large tertiary referral center for neuromuscular disorders in The Netherlands.
We invited all patients listed in the MMN database of the UMC Utrecht who met the following
inclusion criteria: 1) a diagnosis of definite, probable or possible MMN according to the
EFNS/PNS criteria and 2) age 218 years.” A subgroup of our patients previously participated in
a similar cross-sectional cohort study in 2007.%

Neurological examination and questionnaires

We documented clinical characteristics of patients with MMN (including but not limited to site
of onset and age at symptom onset) using a standardized questionnaire and collected the
Overall Disability Sum Score (ODSS), the Self-Evaluation Scale (SES), the Rasch-built Overall
Disability Score for MMN (MMN-RODS) and the Fatigue Severity Scale (FSS).17-?

All patients underwent a standardized neurological examination (Table e-1).% This consisted of
bilateral grading of motor function of 18 muscle groups using the Medical Research Council
(MRC) scale to calculate the MRC sum score with a maximum of 180 points. Sensory function
was tested using a Rydell-Seiffer tuning fork to assess vibration sense in arms and legs
bilaterally. Vibration sense was graded from normal (grade 0) to abnormal at the
acromioclavicular joint or anterior superior iliac spine (grade 4).*23 Tendon reflexes of biceps,
triceps, knee and ankle were performed on both sides and scored as normal, brisk or absent.
We used data obtained during a previous study in 2007 as baseline data.* To minimize inter-
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observer variability, one of the authors (EAC) who collected clinical data during the 2007 study
trained the author (BAJ) who performed the clinical examination in 2015-2016, with special
emphasis on the interpretation of MRC and Rydell-Seiffer scales.*

Nerve conduction studies and other ancillary investigations

One of the authors (HSG), who has extensive experience in clinical neurophysiology, evaluated
available nerve conduction study results using the EFNS/PNS criteria for CB and other
abnormalities.” All patients underwent a standardized NCS protocol and stimulation was up to
Erb’s point.2* CB was defined as definite CB (compound muscle action potential (CMAP) area
reduction of at least 50%) or probable CB (CMAP area reduction of 30-50%)’, and axonal loss
as a decreased distal CMAP (distal CMAP amplitude below the lower limit of normal) in 21
nerves, including the median, ulnar, radial, musculocutaneous, peroneal, and tibial
nerves.*2>26 We also collected all available results of laboratory studies (in particular the
presence of anti-GM1 IgM antibodies in serum and analysis of cerebrospinal fluid) and of MRI
of the brachial plexus.”

Statistical analyses

MMN cohort data

We stratified the MMN patients into two groups: 1) patients diagnosed before our previous
study in 2007, and 2) patients diagnosed after 2007, to explore differences in clinical
characteristics.* Depending on the distribution of the variable, we compared groups using the
Mann-Whitney U test (for continuous data) and the ¥? test (for categorical data). To account
for right skew in time-related covariates, we log-transformed (natural) duration of treatment,
months untreated and time to diagnosis. Univariate linear regression analyses were performed
to identify changes in clinical characteristics over calendar time. Dependent variables were age
at diagnosis, time to diagnosis (log-transformed) and age at onset of symptoms. The
independent variable was the year of diagnosis. Subsequently, we calculated the mean MRC
score per muscle group for patients with longer and shorter disease duration (defined as equal
to or larger than the median disease duration). We corrected the obtained p-values for
multiple testing using the Benjamini Hochberg method. Multiple linear regression analysis was
used with backward elimination based on p-value selection to predict the MRC sum score
2015-2016 based on sex, symptom onset in a leg, presence of anti-GM1 IgM antibodies, FSS
(0-63), duration of treatment in months (log-transformed), months untreated (log-
transformed) and age at onset of symptoms in years.

Longitudinal follow-up data

The mean yearly rate of decline of each outcome measure was estimated between visit 1
(2007) and visit 2 (2015-2016) and tested using a one-sample t-test (i.e. assessing whether the
yearly rate of decline is other than zero). Multiple linear regression analysis was performed
with backward elimination based on p-value selection to predict the yearly rate of decline in
MRC sum score based on sex, presence of anti-GM1 IgM antibodies, symptom onset in leg,
months untreated (log-transformed), age at onset of symptoms in years, ODSS (0-8), MRC sum
score (0-180) and sum score of reflexes (0-8). The last three variables were analyzed with data
of the first visit (2007). Patients were asked to describe their disease course as stable, gradually
but slowly progressive, gradually progressive, stepwise progressive or gradually improving.
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Results

Standard protocol approvals, registrations, and patient consent
The local medical ethics committee of the UMC Utrecht approved the research protocol
(NL50354.041.14). All included patients gave written informed consent.

Data availability statement
The data that support the findings of this study will be available on request from the
corresponding author.

MMN cohort in 2015:
142 patients

We identified a total of 142 patients with MMN. Hundred patients (70.4%) agreed to
participate of whom 60 patients previously participated in a nationwide cross sectional cohort
study in 2007.* Reasons for not participating are shown in Figure 1.

Nationwide cohort study
2007:
88 patients

54 “new” MMN patients

]

3 not reached
1 missing data
10 no time/interest

9 not reached
8 deceased
11 no timelinterest

Follow-up study:
60 inclusions

—

|

4 inclusions (diagnosis
before 2007)

36 inclusions (diagnosis
in or after 2007)

Cross sectional cohort study:
100 inclusions

Figure 1 Flowchart of study
MMN = multifocal motor neuropathy

17



Chapter 2

Clinical characteristics

Patient characteristics (sex, age at onset of symptoms, MMN diagnosis according to EFNS/PNS
criteria and additional investigations i.e. NCS, MRI brachial plexus, CSF protein and presence
of anti-GM1 IgM antibodies) between participants (n=100) and non-participants (n=42), were
not significantly different, except for the onset of muscle weakness (p=0.04). Median age at
onset of symptoms and age of diagnosis were significantly higher in patients diagnosed after
2007 (p<0.01 and p=0.02; Table 1).

We performed univariate linear regression analysis with year of diagnosis as independent
variable. Both median age at onset of symptoms and median age of diagnosis significantly
increased over time (both p<0.01) (Figure 2). Median time from symptom onset to diagnosis
(i.e. diagnostic delay) decreased over time (6.4 years (range 1-27) in period 1996 to 2000; 1,8
years (range 1-29) in period 2011-2015) but was significantly longer for patients with onset of
symptoms in a leg and for patients with higher age at diagnosis (p=0.01, p<0.01). We use a
starting dose of 0.4 g/kg immunoglobulins per 3-4 weeks and then tailor the dose (if needed
up to 1g/kg) until patients remain stable during the treatment interval.2 The starting dose was
significantly higher for patients diagnosed before 2007 (p<0.01), probably due to a different
treatment regime with repeated loading doses of immunoglobulins in the period before 1995
rather than lower-dosed weekly to monthly maintenance therapy. We found no significant
differences in clinical characteristics between males and females.

Weakness, sensory function, and tendon reflexes

The distribution of muscle weakness was distal more than proximal and more pronounced in
hand than in foot or lower leg muscles (Table e-2). Finger flexion and plantar foot flexion were
relatively spared compared to hand and finger extension and dorsal foot flexion. Patients with
longer disease duration had significantly more weakness in hand and lower leg/foot muscles
compared to patients with shorter disease duration (all p<0.05) (Figure 3, Table e-2). We found
abnormal vibration sense on the toes in 57 patients (57.6%). Median disease duration was
longer in these patients compared to those without sensory findings (median 16.1 years, range
(1.3-46.5) versus 11.5 range (1.9-30.5); p=0.03). We found at least one absent reflex in 79
patients (79.8%). Sixteen of these patients (20.2%) had generalized areflexia (Table e-3). We
did not find a relation between the presence of conduction block (definite and/or probable)
and the absence of reflexes (p>0.10).
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Nerve conduction studies and laboratory investigations

One or more definite CBs were present in 74 patients (74.0%), only probable CB in 19 patients
(19.0%) and no CB in 7 patients (7.0%). The diagnosis of MMN in these 7 patients without CB
was based on the presence of anti-GM1 IgM antibody titers (4 patients; 57.1%), abnormal CSF
protein concentrations (protein level >0.4 gram/liter (g/L)) (2 patients; 28.6%), an abnormal
MRI of the brachial plexus (3 patients; 42.9%), and response to immunoglobulin therapy in all
patients. We found evidence of axonal damage during NCS in 71 patients (71.0%), the presence
of anti-GM1 IgM antibodies in 55/90 patients (61.1%) and abnormal CSF protein
concentrations (>0.4g/L) in 20/26 (76.9%) patients.

Disability questionnaires

Results of the disability questionnaires are shown in Table e-3. Median ODSS of the arms was
2 (range 0-4), of the legs 1 (range 0-5), and of arms and legs combined 3 (range 0-8). Twelve
patients (12.1%) reported no disability of the arms, and 34 patients (34.7%) did not experience
disability of the legs.

Correlates of outcome

Results from multiple linear regression analysis are summarized in Table e-4. Lower MRC sum
score correlated with longer disease duration without treatment, presence of anti-GM1 IgM
antibodies and lower age at onset of symptoms (p=0.024, p=0.046 and p=0.006).

Outcome measures over time

Mean differences between visit 1 (2007) and visit 2 (2015-2016) of different outcome
measures are shown in Table 2. Except for ODSS, FSS and vigorimetry of the left hand, all
outcome measures deteriorated over time (all p<0.01). The difference in MRC sum score
between 2015 and 2007 was significantly larger in patients with axonal damage compared to
patients without axonal damage (5.2 points versus 13.8 points; p =0.014). Most patients
indicated that their disease course was stable (25.0%) or mildly progressive (61.7%). The dose
of immunoglobulin treatment significantly increased over time (p <0.001).

Predictors of progression

Multiple linear regression showed that faster progression, i.e. a larger difference of the MRC
sum score of visit 1 (2007) and visit 2 (2015-2016) per year correlated with the reflexes sum
score (i.e. absent reflexes) and a lower MRC sum score in 2007 (p=0.016 and p=0.007) (Table
e-5).
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Table 2 Outcome measures over time

Mean 95% Cl p

difference/year
ODSS (0-12 points) -0.004 [0.03, -0.04] 0.81
MRC sum score (0-180 points) -1.361 [-0.97, -1.75] <0.01
SES (0-25 points) 0.352 [0.54, 0.16] <0.01
FSS (0-63 points) -0.94 [-0.25, -1.63] <0.01
Vibration sense (abnormal in 0-4 limbs) 0.121 [0.15, 0.09] <0.01
Reflexes arm (absence in 0-4 reflexes) 0.055 [-0.02,-0.09] <0.01
Reflexes leg (absence in 0-4 reflexes) 0.072 [-0.03, -0.11] <0.01
Reflexes sum score (absence in 0-8 reflexes) 0.121 [-0.06, -0.18] <0.01
Grip strength right (kPa) -1.127 [-0.39, -1.87] <0.01
Grip strength left (kPa) -0.770 [0.04, -1.58] 0.06
Number of affected muscle groups 0.465 [0.36-0.58] <0.01

Mean difference per year was calculated as the difference between visit 1 (2007) and visit

2 (2015-2016) divided by the follow-up duration.

Absence of reflexes arm: biceps and triceps reflexes (0-4); and leg: knee and ankle reflexes
(0-4), kPa = Kilopascal, ODSS = Overall Disability Sum Score, MRC = Medical Research
Council, SES = Self-Evaluation Scale, FSS = Fatigue Severity Scale, 95% Cl = 95% confidence

interval
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Discussion

This study aimed to document clinical outcomes of patients with MMN and identify predictors
of disease progression. We combined cross-sectional data with longitudinal data with a mean
duration between visits of eight years. Our clinical observations confirmed that MMN is a
progressive disorder in the large majority of patients even when they receive immunoglobulin
maintenance treatment. Virtually all selected outcome measures significantly deteriorated
over time. Factors with prognostic value of a progressive disease course were absence of
reflexes and a lower MRC sum score at baseline.

A previous study described the natural history of 38 treatment-naive patients with MMN
retrospectively. Patients with longer disease duration (n=10) had significantly lower MRC sum
scores and a higher number of affected regions. None of the patients experienced
spontaneous improvement or a relapsing remitting course.'* Taylor et al. longitudinally
assessed 18 patients with MMN and found a slowly worsening of muscle weakness, i.e. a
change in neurological impairment score (NIS) of 1.3 points/per year.'> We performed multiple
linear regression analysis to determine predictors of a progressive disease course and found
that absence of at least one reflex and a lower MRC sum score at baseline were associated
with a larger decrease of the MRC sum score over time. This amounted to a difference of 1.36
MRC point decrease of the MRC sum score per year in patients with generalized areflexia
compared to those with normal reflexes. These findings can help to identify patients with a
more progressive disease course. Until the development of more effective treatment
strategies for MMN, the identification of patients at greater risk may ultimately help to tailor
the dosing or frequency of immunoglobulin treatment in the future.

We used two approaches to analyze cross-sectional data. First, we compared patients with a
diagnosis before and after 2007, and thereby with longer and shorter disease duration. The
distribution pattern of muscle weakness in patients with shorter and longer disease duration
was similar but the severity of weakness of hand and lower leg/foot muscles was significantly
increased in the latter. This finding supports the longitudinal data and also shows that proximal
muscle groups are relatively spared. The second approach consisted of multiple linear
regression analysis to determine factors that were associated with more severe weakness.
Previous studies showed that axonal damage is highly associated with muscle weakness and
therefore we performed the analysis without axonal damage as an independent factor.*#'® We
found that presence of anti-GM1 IgM antibodies and ‘years untreated’ were associated with
more severe weakness, which is similar to findings of smaller previous studies.?”?° These data
imply that to prevent permanent weakness, reducing time to diagnosis and providing earlier
treatment are crucial. Increased awareness of MMN and possibly the extension of reliable
diagnostic tools, such as nerve ultrasound might serve this goal. We think that MMN should
also be actively excluded in older patients or those with asymmetric weakness in a leg.

The follow-up data showed that almost all outcome measures significantly deteriorated over
time. However, there were some exceptions, most notably vigorimetry of the left hand.
Although we cannot explain this finding, we previously observed that weakness is more
common in the dominant hand.* This has also been reported for other inflammatory
asymmetric syndromes such as neuralgic amyotrophy.3° Moreover, fatigue seemed to improve
over time. Fatigue is a common symptom of chronic immune-mediated disorders but without
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intervention, at best remains stable but often deteriorates over time.*3132 A possible
explanation for the improvement of fatigue in MMN could be that patients get used to the
feeling of fatigue or adapted by changing frequency or intensity of their daily activities (e.g.
change or quit their jobs, improve their lifestyles). We do not think that immunoglobulin
therapy provides an explanation for the reduction in reported fatigue, since both in 2007 and
in 2015 approximately 85% of the patients received maintenance therapy.

Median age at onset of symptoms and age of diagnosis significantly increased over time. The
higher median age at diagnosis could be explained by an already increased awareness of
MMN, resulting in more frequent clinical suspicion in older patients presenting with
asymmetric weakness. Moreover, the addition of novel diagnostic techniques other than nerve
conduction studies such as nerve ultrasound or the more frequent use of immunoglobulin
trials to assess response to treatment could have led to the higher median age at
diagnosis.®7:33 The cause of the increase of age at onset is unknown although it is not unique
for MMN. Similar trends have been observed in amyotrophic lateral sclerosis (ALS)
(unpublished data of ALS cohort of 2900 patients in UMC Utrecht The Netherlands).3*3> We
can therefore not exclude the possibility that this trend is caused by changes in an altered
referral pattern of patients with motor neuron disorders in our center.

Despite the fact that MMN is considered a pure motor neuropathy, we found vibration sense
abnormalities in 57% of the patients. These deficits were confined to the feet in 97% of the
patients and in general occurred in patients with longer disease duration. Vibration sense also
significantly deteriorated over time, which is similar to previous studies that showed reduced
sensory nerve action potentials years after MMN onset.3%37

Our study has some limitations. Neurological examination at both study visits was performed
by different investigators. However, the authors who performed neurological examination
were trained prior to the second tier of the study to minimize differences in performance,
evaluation and interpretation of the MRC and Rydell-Seiffer scales. The large majority of
patients received immunoglobulin maintenance treatment, which will have attenuated the
true progression of MMN. Moreover, the relation of disease course with immunoglobulin
therapy was not a primary aim of our study. We usually tailor treatment dose and frequency
to maintain stable function between gifts.? Although we found a significant increase in dose of
immunoglobulin over time, possible relations between the therapy and progression should be
a topic for future studies.

Our study shows that MMN is a progressive disorder in the large majority of patients despite
immunoglobulin maintenance treatment. Diagnostic delays are more common in older
patients or with onset of weakness in one of the legs. Absence of reflexes and lower MRC sum
score at baseline predict a more progressive disease course. Whether these patients would
benefit from more aggressive treatment approaches with immunoglobulins needs to be
established.
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Supplementary tables

Table e-1 Specification of neurological examination and questionnaires

Modality

Description

MRC score

Bilateral measurement of motor function of:

Abduction of the arm

Flexion and extension of the
forearm wrist, and fingers

Spreading of the fingers

Abduction, adduction and opposition
of the thumb

Flexion of the hip

Flexion and extension of the knee and
foot

Extension and flexion of the toes

MRC sum score: 0-180 points

Vibration sense

Bilateral assessment of sensory function using
Rydell-Seiffer tuning fork:

Normal (grade 0)

Abnormal hallux valgus (grade 1)

Abnormal ankle (grade 2)

Abnormal knee (grade 3)

Abnormal at the acromioclavicular
joint or anterior superior iliac spine
(grade 4)

Vigorimetry

Bilateral measurement of grip strength in
Kilopascals (kPa) with the Martin Vigorimeter
(Martin Medizintechnik, Tuttlingen, Germany)
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Table e-2 Mean MRC grade per muscle group
Total cohort Disease duration Disease duration p-value

(n=100) < 180.6 months > 180.6 months
(n=50) (n=50)
Proximal arm
Elbow extension 4.7 4.7 4.6 0.33
Elbow flexion 4.4 4.5 4.3 0.63
Shoulder abduction 4.5 4.5 4.5 0.38
Wrist flexion 4.4 4.5 4.3 0.63
Wrist extension 3.9 4.1 3.6 0.20
Hand
Flexion fingers 4.5 4.7 4.3 0.01
Extension fingers 33 3.7 3.0 0.03
Adduction thumb 3.4 3.9 2.9 0.01
Opposition thumb 3.2 3.7 2.7 0.03
Spreading fingers 3.1 3.5 2.7 0.03
Abduction thumb 3.0 3.6 2.4 0.01
Upper Leg
Hip flexion 4.9 4.8 4.9 0.33
Knee flexion 4.9 49 49 0.73
Knee extension 4.9 5.0 4.9 0.38
Lower leg/foot
Foot plantar flexion 4.3 4.8 3.9 0.03
Flexion toes 4.2 4.7 3.7 0.03
Foot dorsal flexion 3.4 4.2 2.6 0.01
Extension toes 3.5 4.1 2.9 0.04
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Table e-3 Outcome measures

All inclusions (n=100)

MRC sum score

165 (69-180)

Vibration sense

Abnormal in at least one limb 57 (58)

Normal 42 (42)
Reflexes

At least one reflex abnormal 79 (80)

Generalized areflexia 16 (16)

Normal 20 (20)
0oDSS

Arms 2 (0-4)

Legs 1(0-5)

Total 3 (0-8)
SES 10 (1-25)
FSS 37 (9-61)

Data are shown in median (range) or in number of patients (%).

MRC = Medical Research Council, ODSS = Overall Disability Sum Scale, SES = Self-Evaluation

Scale, FSS = Fatigue Severity Scale
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Chapter 3

Abstract

Objective To gain further insight in the immunopathology underlying multifocal motor
neuropathy (MMN) by exploring the association between MMN and the human leukocyte
antigen (HLA) class Il DRB1, DQB1 and DQA loci in depth and by correlating associated
haplotypes to detailed clinical and anti-ganglioside antibody data.

Methods We performed high-resolution HLA-class Il typing for the DRB1, DQB1 and DQAL1 loci
in 126 well-characterized MMN patients and assessed disease associations with haplotypes.
We used a cohort of 1305 random individuals as a reference for haplotype distribution in the
Dutch population.

Results The DRB1*15:01-DQB1*06:02 haplotype (OR 1.6 (95% Cl 1.1-2.2), p <.05) and the
DRB1*12:01-DQB1*03:01 haplotype (OR 2.7 (95% CI 1.2-5.5), p<.05) were more frequent in
patients with MMN than in controls. These haplotypes were not associated with disease
course, response to treatment or anti-ganglioside antibodies.

Conclusions Multifocal motor neuropathy is associated with the DRB1*15:01-DQB1*06:02

and DRB1*12:01-DQB1*03:01 haplotypes. These HLA molecules or gene variants in their
immediate vicinity may promote the specific inflammatory processes underlying MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a rare neuropathy with a distinct clinical phenotype. It
is characterized by distal, asymmetric, primarily upper limb weakness without significant
sensory abnormalities. MMN affects mostly young to middle-aged men and although
treatment with intravenous or subcutaneous immunoglobulins (IVIg of sclg) often leads to
improvement in muscle strength, remission is rare. In the majority of patients disease course
is slowly progressive, leading to severe disability of hand and arm function in a significant
subgroup of patients.3

MMN is probably an immune-mediated disorder. From its first description, the presence of
IgM antibodies directed at GM1, a glycolipid constituent of motor and sensory nerves, has
been noted. These antibodies are probably mono- or oligoclonal and have the capacity to
activate the classical complement pathway.*® The interaction of antibodies and complement
was recently shown to interfere with motor neuron function and to induce cell damage and
death in an induced pluripotent stem cell (iPSC) derived model for MMN.”8

It is as yet not known which genetic and environmental factors may contribute to MMN
susceptibility, including the propensity for increased anti-GM1 IgM titers. Common genetic
factors for autoimmunity may play a role as suggested by slightly increased risk for
autoimmune diseases and the increased frequency of the HLA-DRB1*15 allele in Dutch
patients.>% In order to gain further insight in the pathogenesis of MMN, we performed a high-
resolution HLA-DRB1, -DQA1 and -DQB1 typing in MMN patients and assessed their
association with MMN susceptibility and MMN disease course.

Materials and methods

Study population

Patients were diagnosed and enrolled at the outpatient clinic of the University Medical Center
of Utrecht (UMCU), a tertiary referral center and national expertise center for MMN. All
patients fulfilled diagnostic criteria for definite, probable or possible MMN as specified in both
the initial criteria described by our group and the follow-up EFNS diagnostic criteria.'**2 These
criteria primarily rely on the presence of the specific finding of conduction block, or —in its
absence - a combination of abnormal ancillary investigations or a response to treatment with
intravenously administered immunoglobulins that suggests MMN.

Clinical data were obtained from the MMN database, when necessary supplemented with the
most recent data from UMCU patient files.! Data included sex, age at onset, age at diagnosis,
delay until diagnosis, presence of anti-GM1 IgM antibodies, response to IVIg treatment, last
recorded IVIg dosage per month, abnormalities on MR imaging of the brachial plexus, muscle
strength and number of affected limb regions at the first visit and last follow-up visit. Onset of
disease was defined as first complaints of muscle weakness. Diagnostic delay was defined as
the time that lapsed between first symptom onset and MMN diagnosis. Muscle strength was
graded on a 6-point Medical Research Council (MRC) scale, ranging from 0 (no contraction) to
5 (normal muscle strength against resistance) on the patients’ first and last visit to the
outpatient clinic. We documented MRC scores of shoulder abduction, elbow flexion, elbow
extension, wrist flexion, wrist extension, finger flexion, finger extension, finger spreading, hip
flexion, knee flexion, knee extension, foot dorsal flexion and foot plantar flexion. MRC sum
scores (maximum score 130) were obtained by summation of the MRC values of all tested
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muscle groups. In addition, the number of affected limb regions, i.e. bilateral proximal and
distal limb regions (maximum score 8) on patients’ first and last follow-up visit were recorded.
Nerve conduction studies were performed as described previously.»° In short, motor and
sensory function were assessed bilaterally in median, ulnar, radial, musculocutaneous,
peroneal and tibial nerves. The number of definite conduction blocks, defined as CMAP area
reduction of at least 50% (definite conduction block), or of 30%-50% (probable conduction
block) over 2.5 cm inching, was scored in nerves with a distal CMAP > 1 mV. IgM antibodies
against GM1 were assessed using a standardized ELISA in most patients.' The presence and
titers of antibodies against the gangliosides GM1, GD1b, asialo-GM1 and GM2 were tested
using a standardized ELISA as described earlier.!* Anti-ganglioside cross-reactivity patterns
were assessed in anti-GM1 IgM positive and negative patients.’ A neuroradiologist reported
on hyperintensity or thickening of the brachial plexus on MR imaging.

All patients with MMN were Dutch. The control group for HLA typing consisted of a random
sample of 1305 Dutch individuals living in or near the city of Leiden, The Netherlands.'®

HLA typing

We used the commercially available NGSgo-AmpX kit (GenDx), containing HLA-DRB1, HLA-
DQB1 and HLA-DQAZ1 specific primers. Regions of interest were amplified by polymerase
chain reaction according to the manufacturer’s instructions.

A library preparation using NGSgo-LibrX and NGSgo-IndX kits was performed on the PCR
products prior to next-generation sequencing (NGS). We used the MiSeq reagent kit v2 (500
cycles) MS-102-2003 for forward and reverse MiSeq sequencing. We used the freely available
NGSengine software (GenDx) for data analysis and HLA typing. We used the standard World
Health Organization nomenclature.

Statistical analysis

We carried out statistical analyses using R statistics version 3.4.1 (2017) and used the Genetics
package to calculate allele and haplotype frequencies. When alleles or haplotypes were found
in at least 5% of the MMN population, we used a Chi-squared or Fisher’s Exact test, as
appropriate, to compare these frequencies to the control cohort. We used odds ratios with a
95% confidence interval as a measure of association. When correlating haplotypes to clinical
parameters, we performed pairwise comparisons between patients that either did or did not
carry an associated haplotype. Continuous clinical variables, i.e. age at onset, age at diagnosis,
number of definite conduction blocks, the anti-GM1 IgM antibody titer, IVIg dosage, first and
last visit MRC sum scores and first and last visit number of affected regions,were compared
using a Student’s t test or a Mann-Whitney U test, as appropriate. We compared dichotomous
variables, i.e. the presence of anti-GM1 IgM antibodies,with a Chi-squared or Fisher’s Exact
test. We corrected continuous variables for sex, diagnostic delay, age at diagnosis, disease
duration and treatment with immunoglobulins using a multivariate linear model. We used the
common rule of thumb of at least 10 observations per correcting variable.

Given the aim of this study, the small patient population and the independence of variables,
we deemed a p-value correction method using the Bonferroni method too conservative for
comparing the HLA data. Therefore, we used a false discovery rate (fdr) method instead. Since
the clinical variables are not independent, we used a Bonferroni correction method to correct
the p-values of comparisons of clinical data. In both cases, a corrected p-value < .05 was
considered statistically significant.
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Standard protocol approvals, registrations, and patient consents

The locally appointed ethics committee of the University Medical Center Utrecht gave
approval for this study (protocol NL-50354.041.14). All included patients gave written
informed consent prior to inclusion in this study.

Data availability statement
The data that support the findings in this study will be available on request from the
corresponding author.

Results

Study population

We obtained full high-resolution HLA typing from 126 out of 130 (97%) initially enrolled
patients with MMN. Baseline characteristics are shown in table 1. Nine patients (7.1%) were
lost to follow-up after their first visit to the UMCU. Nerve conduction data from our hospital
were available of all patients with the exception of 9 (7.1%) who underwent NCS elsewhere
prior to referral to our hospital. These NCS were revised by experts for a previous study and
presence and site of conduction block were recorded in our files.! Brachial plexus MRI results
were available of 73 (58%) of patients. Anti-GM1 IgM antibody testing results (positive or
negative) were available for 88 (70%) patients. Follow-up data were present in 117 MMN
patients, with a median follow-up time of over 9 years.

HLA class Il typing

High-resolution HLA typing yielded 26 DRB1 and 16 DQB1 alleles in 126 MMN patients. Results
are shown in table 2.

Allele frequencies of DRB1*15:01 and DRB1*12:01 were significantly higher in MMN patients.
The DRB1*15:01-DQB1*06:02 and DRB1*12:01-DQB1*03:01 haplotype frequencies were
significantly higher in MMN patients (OR 1.6 (1.1-2.2) and 2.7 (1.2-5.5)), as shown in table 3.
Comparisons of HLA-DQA1 allele frequencies were not possible since we lacked information
in the control cohort. All patients carrying the HLA-DRB1*15:01-DQB1*06:02 haplotype also
carried the HLA-DQA1*01:02 allele. Eleven out of 12 patients (92%) carrying the HLA-
DRB1*12:01-DQB1*03:01 haplotype carried the HLA-DQA1*05:05 allele. Therefore, HLA-
DQA1*01:02 and HLA-DQA1*05:05 seem to form part of the extended haplotypes of HLA-
DRB1*15:01-DQB1*06:02 and HLA-DRB1*12:01-DQB1*03:01, respectively.
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Table 1 Baseline characteristics of MMN patients (N=126)

N (%)

Male, n (%) 96 (76) 126 (100)
Age at onset, years (SD) * 41 (10.5) 126 (100)
Age at diagnosis, years (SD) ® 48 (10.9) 126 (100)
Delay until diagnosis, months $ 49 (3-585) 126 (100)
Definite MMN, n (%) 94 (75) 126 (100)
Probable MMN, n (%) 22 (17) 126 (100)
Possible MMN, n (%) 10 (8) 126 (100)
Follow-up, months ® 109 (4-345) 119 (94)
Positive anti-GM1 IgM antibody, n (%) 74 (67) 111 (88)
Anti-GM1 IgM antibody titer$ 1:200 (0 —1:51200) 88 (70)
Abnormal brachial plexus MRI, n (%) 33 (26) 73 (58)
Response to IVIg therapy, n (%) 94 (93) 101 (80)
IVlg dosage per 4 weeks (range)$ 53 (0-275) 101 (80)
Definite CB on diagnostic EMG, n (range) $ 1(0-8) 117 (93)
MRC sum score on first visit (range) $ 122 (85-130) 126 (100)
MRC sum score on last visit (range) ¢ 120 (51-130) 117 (93)
Affected limb regions on first visit, n (range) ® 3(1-8) 126 (100)
Affected limb regions on last visit, n (range) $ 4 (0-8) 117 (93)

$ Values displayed as mean (SD)

§ Values displayed as median (range)

Abbreviations: CB = Conduction block, I1VIg = Intravenous immunoglobulins, MMN =
Multifocal motor neuropathy, MRC = Medical resource council, MRI = Magnetic
resonance imaging
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Table 3 Haplotype frequencies of MMN associated DRB1 alleles in MMN patients and
controls

HLA Class Il Haplotype MMN MMN (%)* Controls p-value OR (95% ClI)
DRB1*12:01-DQB1*03:01 0.044 8.7 0.016 0.006" 2.7 (1.2-5.5)
DRB1*15:01-DQB1*05:01 0.000 0.0 0.000 - -
DRB1*15:01-DQB1*05:02 0.000 0.0 0.001 - -
DRB1*15:01-DQB1*06:01  0.000 0.0 0.001 - -
DRB1*15:01-DQB1*06:02 0.206 36.5 0.142 0.009" 1.6 (1.1-2.2)
DRB1*15:01-DQB1*06:03 0.000 0.0 0.003 - -
DRB1*15:01-DQB1*06:04 0.004 0.8 0.004 - -
DRB1*15:01-DQB1*06:39 0.000 0.0 0.000 - -

Haplotypes frequencies of haplotypes found in at least 5% of MMN patients were
compared between groups. Haplotype frequency = (N haplotype copies)/(2*N).

* Statistically significant after p-value adjustment

$ Percentage of MMN patients (n=126) carrying at least on haplotype copy

Clinical correlation

MMN patients were stratified as carriers of the HLA-DRB1*15:01-DQB1*06:02, HLA-
DRB1*12:01-DQB1*03:01 or neither of these haplotypes. One subject was excluded from the
analysis since this patient carried both. Given the small sample size of patients carrying the
HLA-DRB1*12:01-DQB1*03:01 haplotype, correction for continuous variables was carried out
for the HLA-DRB1*15:01-DQB1*06:02 group only. Results are shown in table 4.

There was no correlation between HLA-DRB1*12:01-DQB1*03:01 haplotype carriership and
clinical parameters. Patients carrying the HLA-DRB1*15:01-DQB1*06:02 haplotype had a trend
towards a higher median MRC sum scores at the first visit and last follow-up visit and a lower
number of affected regions on the last follow-up visit.
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As shown in table 4, the presence of anti-GM1 IgM antibodies did not differ between patients
grouped by haplotype carriership. To further assess the possible pathogenic role of the
associated haplotypes, we determined their correlation with anti-GM1 IgM antibody cross-
reactivity patterns. As described previously, anti-GM1 IgM antibodies can show cross-reactivity
with other gangliosides, notably asialo-GM1 (aGM1), GD1b and GM2, indicative of fine epitope
specificity of anti-GM1 IgM antibodies. Three main specificity patterns have been described.
First, some anti-GM1 IgM antibodies are GM1 specific and do no cross-react with either aGM1,
GD1b or GM2. Second, anti-GM1 IgM antibodies targeting the terminal Gal (B1-3) GalNac
structure show cross-reactivity with asialo-GM1 and GD1b. Third, antibodies targeting a
shared internal sialylated sugar cross-react with GM2.%> In patients without anti-GM1 IgM
antibodies, usually no IgM antibodies against aGM1, GD1b or GM2 are found.

Data on the presence of anti-GM1, -GM2, -GD1b and —asialo-GM1 IgM antibodies were
available for 81 patients (64%). Associations with anti-GM1 IgM cross-reactivity patterns could
not be formally tested for the HLA-DRB1*12:01-DQB1*03:01 haplotype due to very low
numbers (n=7). The presence of the HLA-DRB1*15:01-DQB1*06:02 haplotype did not differ
from the other 45 patients (Chi-squared test, x> = 0.30, p-value .58). HLA-DRB1*15:01-
DQB1*06:02 was not associated with a specific anti-GM1 IgM cross-reactivity pattern, both in
anti-GM1 IgM positive and negative patients (table 5).

Table 5. HLA-DRB1*15:01-DQB1*06:02 status in cross-reactivity patterns of anti-GM1, -GD1b,
-asialo-GM1 (aGM1) and -GM2 IgM antibodies

HLA-DRB1*15:01-DQB1*06:02

Anti-GM1 IgM Cross-reactivity pattern Positive (n (%)) Negative (n (%))
Anti-GM1 IgM*  Anti-GM1 IgM* only 3 (33%) 6 (67%)
(n=44) Anti-GM1/GD1b/aGM1 IgM* 2 (18%) 9 (82%)
Anti-GM1/GM2* 2 (67%) 1(33%)
Other 7 (33%) 14 (67%)
Anti-GM1IgM~  Anti-GM1/GD1b/aGM1/GM2 IgM- 11 (48%) 12 (52%)
(n=37) Other 6 (43%) 8 (57%)

Percentages shown are within cross-reactivity patterns. A Fisher’s Exact test was performed in
the anti-GM1 IgM positive and negative groups separately (p = .44 and 1.00, respectively).
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Discussion

This study corroborates our previous finding of an association of HLA-DRB1*15 with MMN but
not with its clinical characteristics, and extends the association to an extended haplotype,
likely HLA-DRB1*15:01-DQB1*06:02-HLA-DQA1*01:02.1° Moreover, we identified HLA-
DRB1*12:01 as a second risk factor, independent of HLA-DRB1*15:01-DQB1*06:02, as part of
a haplotype with DQB1*03:01 and possibly HLA-DQA1*05:05. Almost half of MMN patients
carried one of these haplotypes (9% and 37%, respectively). These associations may improve
our understanding of the immunopathology in MMN.

In a previous smaller study of 74 patients with MMN we found an association with the HLA
class Il DRB1*15 allele group.’® A major drawback of the previous study was its lack of
statistical power to detect associated alleles with a prevalence below 15%. The larger sample
size and refined methodology in this study allowed us to perform more detailed analysis of the
HLA-DRB1 locus in MMN. Our data show that the association of MMN with DRB1*15 is
explained by an increased frequency of the DRB1*15:01-DQB1*06:02 haplotype. We found a
second association with the DRB1*12:01 allele and more specifically, the DRB1*12:01-
DQB1*03:01 haplotype. This new association is not explained by ethnic imbalance between
patient and control groups. None of the patients had an ethnic background in which allele
frequencies of DRB1*12:01 are reportedly higher, i.e. Asian and African American
populations.t’

The finding of an HLA class Il association with MMN, when interpreted as a role for CD4"* cells
in the pathophysiological processes underlying an immune response against the glycolipid
GM1, is puzzling.® Both HLA-DRB1*15:01 and HLA-DRB1*12:01 have been found associated
with autoimmune disorders, including those of the central and peripheral nervous system.
DRB1*15:01 has been found associated with the anti-neurofascin-155 positive chronic
inflammatory demyelinating polyneuropathy (CIDP) and both alleles may converge in their
reported associations with the multiple sclerosis — NMO spectrum.'®23 Although specific
characteristics of HLA molecules, such as the affinity of DRB1*15:01 to accommodate
constituents of the myelin sheath including myelin-bound protein (MBP) and possibly
ceramide, an important constituent of gangliosides, may suggest a direct pathogenic role, the
initiation of the anti-GM1 IgM immune response is probably T-cell independent.?! Indeed, we
have shown that HLA-DRB1*15:01-DQB1*06:02 is not associated with the presence of anti-
GM1 IgM antibodies, nor with its titer or anti-ganglioside cross-reactivity patterns. Also, we
have previously shown that only a small minority of patients with MMN show signs of anti-
GM1 IgM isotype switching to IgG (1%) or IgA (5%), all with a titer of 1:400 or less and all having
an anti-GM1 IgM titer that far exceeds the isotype titer.}* We therefore think it is unlikely that
the HLA class Il associations are based on directly propagating antigen presentation or
germinal center CD4+ T-cell interaction with activated B cells. However, CD4+ cells, including
T-helper cells and regulatory T cells, could play another role in MMN pathogenesis, for example
in the formation and maintenance of anti-GM1 IgM immunological memory by interacting
with long-lived IgM-secreting plasma cells.?*

Dissecting the pathophysiological role of HLA associations is often difficult. DRB1*15:01 and

DQB1*06:02, and DRB1*12:01 and DQB1*03:01 were in strong linkage disequilibrium (LD) and
this may complicate the direct identification of functional effects of the alleles constituting a
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haplotype, not in the least because alleles within a haplotype may contribute to different
pathogenic pathways.?>?® Moreover, HLA alleles could be in LD with unidentified disease-
associated genes in their vicinity, including the HLA class Ill region that encompasses major
components of the complement system. This is exemplified by the association of DRB1*15:01
with MS, which is better explained by its strong LD with an 11 SNP string (DRB1*15:01-a1
haplotype).’® Future studies are needed to explore the possibility of LD as explanation of the
associations of HLA haplotypes with MMN in more detail.

We did not find associations of HLA haplotypes with MMN disease course or response to
treatment. Although patients carrying the DRB1*15:01-DQB1*06:02 had a trend towards
higher MRC sum scores and a lower number of affected limb regions on their first visit, the
clinical relevance of this finding is questionable. The lack of clear associations is in accordance
with our previous study.*°

To the best of our knowledge, this is the only study on high-resolution HLA-class Il genetics in
MMN and given the rarity of this disease, the study population can be considered large. We
believe that the robustness of our data is exemplified by the fact that we have corroborated
the previous HLA-DRB1*15 association, in an expanded patient cohort and with a new and
larger Dutch control cohort. Since the UMCU is a national tertiary referral center for MMN, we
had the unique opportunity to correlate HLA genetics to clinical parameters and the presence
of anti-ganglioside antibodies. Detailed clinical follow-up information was present in 93% of
our patients, with a median follow-up time of over 9 years. Potential weaknesses are the fact
that approximately 20% of our patients when first seen at our hospital already used IVig,
although this was statistically corrected for. The assessments of muscle strength, both at
patients’ first visit and last follow-up visit, were performed by more than one physician, all
neurologists specialized in neuromuscular disorders. Ethnicity of MMN patients was not
formally recorded, but all were Dutch, matching the ethnic background of the control
population.

In conclusion, this study shows that the DRB1*12:01-DQB1*03:01 and DRB1*15:01-
DQB1*06:02 haplotypes are associated with multifocal motor neuropathy. Future studies
should assess possible population differences and determine the underlying pathogenic
mechanisms in MMN.
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Abstract

Objective To assess the association between copy number variation in the SMN locus and
multifocal motor neuropathy (MMN), progressive muscular atrophy (PMA) and primary lateral
sclerosis (PLS) susceptibility and to determine the association of SMN1 and SMN2 copy
number with MMN, PMA and PLS disease course.

Methods In this monocenter study, we used multiplex ligation-dependent probe amplification
(MLPA) to determine SMN1 and SMN2 copy number in Dutch patients with MMN, PMA and
PLS and controls. We stratified clinical parameters for SMN1 and SMNZ2 copy number. We
analyzed SMN1 and SMN2 exons 1-6, intron 6 and exon 8 copy number to study the genetic
architecture of SMN1 duplications.

Results SMN1 and SMN2 copy number were determined in 132 patients with MMN, 150
patients with PMA, 104 patients with PLS and 956 control subjects. MMN and PLS were not
associated with copy number variation in SMN1 or SMIN2. In contrast, patients with PMA more
often than controls carried SMN1 duplications (= 3 SMN1 copies, 12.0% vs. 5.0%, OR 2.69 (1.43
—4.91), p .0020). SMN1 and SMN2 copy number status was not associated with either MMN,
PLS or PMA disease course. In case of SMIN1 exon 7 duplications, exon 1-6, exon 8 and introns
6 and 7 were also duplicated, suggesting full SMN1 duplications.

Conclusions SVMN1 duplications are associated with PMA, but not with PLS and MMN. SMN1

duplications in PMA are balanced duplications. The results of this study highlight the primary
effect of altered SMN copy number on lower motor neurons.
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Introduction

The survival motor neuron (SMN) locus, including SMN1 and the nearly identical SMN2, has
gone through extensive duplication, deletion and gene conversion events, causing variation in
SMN1 and SMN2 copy number.! Heterogeneity at this locus has been associated with motor
neuron disorders. Homozygous SMN1 deletions lead to lower motor neuron (LMN)
degeneration in hereditary proximal spinal muscular atrophy (SMA), the severity of which is
inversely correlated to SMN2 copy number (CN).>3 SMN1 duplications, in contrast, have been
associated with amyotrophic lateral sclerosis (ALS), a neurodegenerative disease characterized
by progressive loss of both upper and lower motor neurons.*> No study has systematically
investigated the association of other motor neuron disorders with SMIN CN variation (CNV).
Multifocal motor neuropathy (MMN) is a rare, slowly progressive inflammatory neuropathy,
characterized by asymmetrical distal muscle weakness, which responds to immunoglobulin
treatment .58 MMN is associated with specific HLA-haplotypes, suggesting genetic
susceptibility underlying disease pathogenesis.’ The selective motor neuron vulnerability seen
in MMN is not fully explained. Progressive muscular atrophy (PMA) is characterized by
progressive LMN degeneration, leading to muscular atrophy, muscle weakness and in some
cases premature death. Disease progression can be fast and reminiscent of ALS, but is
sometimes slow with patients surviving for decades.>? In contrast with the LMN vulnerability
in PMA and MMN, primary lateral sclerosis (PLS) is characterized by progressive degeneration
of upper motor neurons (UMN) only.®

Here, we hypothesized that the SMN locus modifies susceptibility for a range of motor neuron
disorders and determined SMN CNV in three large cohorts of Dutch MMN, PMA and PLS
patients.

Methods

Study population

MMN patients, PMA patients, PLS patients and controls

All patients with MMN were diagnosed and enrolled at the outpatient clinic of the University
Medical Center Utrecht (UMCU), a tertiary neuromuscular referral center and national center
of expertise for MMN, ALS and SMA. All patients fulfilled the most recent diagnostic criteria
for definite, probable or possible MMN.! These criteria mostly rely on the combination of a
typical clinical phenotype combined with conduction block found on nerve conduction studies
or, in the absence of conduction block, on the basis of abnormal ancillary investigations and/or
a response to treatment with immunoglobulins. All patients with MMN were Dutch.

Patients with PMA and PLS were enrolled through The Prospective ALS study The Netherlands
(PAN), a Dutch population-based prospective case-control study.!? All patients with PMA
suffered from a progressive LMN loss without signs or symptoms consistent with UMN
involvement, i.e. no pseudobulbar affect, increased jaw jerk, muscle hypertonia, pathological
deep tendon reflexes or pathological signs including extensor plantar (Babinski) reflex or ankle
clonus. Patients with PLS showed selective UMN loss, i.e. pseudobulbar dysarthria,
pseudobulbar affect, hypertonia, pathological deep tendon reflexes or pathological signs
including extensor plantar (Babinski) reflexes or clonus. None of the patients with PLS showed
signs or symptoms of LMN degeneration, i.e. no atrophy, fasciculations or diminished or absent
deep tendon reflexes.
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Dutch population-based controls were also enrolled through the PAN study.'? Control subjects
enrolled between January 2012 and August 2018 were included in this study. None of the
controls was diagnosed with MND after inclusion in this study.

Clinical data

For patients with MMN, PMA and PLS, clinical data were drawn from the MMN or PAN
database.'>!* When needed, these data were supplemented with data from UMCU patient
files.

For all patients, recorded data included sex, age at onset, diagnostic delay, site of onset,
response to IVIg treatment, presence of anti-GM1 IgM antibodies and muscle strength testing
on the first and last visit to the outpatient clinic. Results of nerve conduction studies were used
to assess the presence of conduction block in patients with MMN. Survival data from PMA and
PLS patients were obtained by checking the last date the patient was known to be alive in the
municipal population register (updated at quarterly intervals).

Onset of disease was defined as the first complaint of muscle weakness. Diagnostic delay was
defined as the time between onset of muscle weakness and diagnosis. Anti-GM1 IgM antibody
testing was performed using standardized ELISA.'* Results of muscle strength testing on the
first and last visit to the outpatient clinic were quantified on the 6-point Medical Research
Council (MRC) scale. This scale ranges from 0 (no muscle contraction) to 5 (normal muscle
strength against resistance). We documented the MRC scores for left and right shoulder
abduction, elbow flexion and extension, wrist flexion and extension, finger flexion and
extension, finger spreading, hip flexion, knee flexion and extension and foot dorsal and plantar
flexion. An MRC sum score was calculated by summation of the MRC scores of all tested muscle
groups (range 0-130). As an outcome measure in MMN patients who were untreated at their
first visit, a AMRC sum score/month was calculated by subtracting the MRC sum score at the
first from that at the last visit, divided by the follow-up time.

In patients with MMN, nerve conduction studies were performed as described previously.®*3
In short, motor and sensory function were tested bilaterally in the median, ulnar, radial,
musculocutaneous, peroneal and tibial nerves. In nerves with a distal CMAP of >1 mV, the
presence of conduction blocks was assessed, where a definite block was defined as a CMAP
reduction of at least 50%, and a probable block as a reduction of 30-50%.

Survival was defined as time between onset of muscle weakness and death or last date known
alive.

DNA samples

Genomic DNA was extracted from whole blood using standard DNA isolation methods.
Samples from controls, PMA and PLS patients were obtained upon participation in the PAN
study. Samples from MMN patients were obtained during the Dutch national cross-sectional
studies on MMN performed in 2007 and 2015.

SMN CNV analysis

We used multiplex ligation-dependent probe amplification (MLPA) to assess CNV in the SMN
locus. We used the SALSA MLPA P021-B1 SMA probe mix (MRC Holland, Amsterdam, The
Netherlands),. All analyses were performed as described previously.?

SMN1 and SMN2 exon 7 specific probes were used to determine the SMN1 and SMN2 copy
number. The SMN1/2A7-8 gene variant CN was determined by subtracting the median copy
number of the seven probes targeting SMN1 and SMN2 intron 6, exon 7 and 8 from the median
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copy number of the ten probes targeting SMN1 and SMN2 exons 1-6. For example, when the
median copy number of the intron 6 — exon 8 region of SMN1 and SMN2 was three and the
median copy number of SMN1 and SMN2 exons 1-6 was four, this indicated the presence of
one copy of the SMN1/2A7-8 gene variant.'®

Statistical analysis

We used R (version 3.5.1) to perform statistical analyses. SMN1, SMN2 and SMN1/2A7-8 CN in
patients with MMN, PMA and PLS were separately compared to controls using a x? or Fisher’s
Exact test, as appropriate. Odds ratio’s and 95% confidence intervals were calculated.
Patients were stratified by SMN1 CN (1, 2 or 23 copies). To assess possible SMN2 disease
modification, clinical parameters within each SMN1 group were stratified by SMN2 CN. We
compared continuous variables using ANOVA or Kruskal-Wallis testing, as appropriate. In case
of a p-value < .05, a pairwise t-test or Wilcoxon signed-rank test was performed. We used a
prerequisite of at least five observations per group for pairwise comparisons.

Survival analyses within the PMA and PLS groups were performed using the ‘Survminer’
package. Kaplan Meier curves were drawn, stratified by SMN1 CN. At least five observations
per stratum were required for survival analyses. The assumption of proportional hazard was
tested and hazard ratio’s with 95% confidence intervals were calculated. To assess possible
SMN2 disease modification, each SMN1 group was stratified by SMN2 CN and the same
survival analyses were performed.

P-value adjustment using the Bonferroni method was applied in case of multiple testing. A
corrected p-value < .05 was considered statistically significant.

Standard protocol approvals, registrations, and patient consents

The locally appointed ethics committee of the University Medical Center Utrecht gave approval
for this study (METC Utrecht, METC.NL.041). All included patients gave written informed
consent prior to inclusion in this study.

Data availability statement
The data that support the findings in this study will be available on reasonable request from
the corresponding author.

Results

Study population

We included 137 patients with MMN, 159 patients with PMA, 105 patients with PLS and 981
control subjects. We obtained results from 132 patients with MMN (96.4%), 150 patients with
PMA (94.3%), 104 patients with PLS (99%) and 956 control subjects (97.4%). Baseline
characteristics are shown in table 1.
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SMN1 duplications are associated with PMA, but not with MMN and PLS

Sex, age at onset, diagnostic delay and site of onset were recorded in all patient subjects.
Clinical parameters of MMN patients, i.e. the first visit MRC sum score and the number of
affected limbs at the first visit are shown for patients who were treatment naive at their first
visit (n=102). Clinical parameters in the PMA group were recorded for all included patients. At
the end of this study, 55% and 36% of PMA and PLS patients had deceased, of whom 47% and
13%, respectively, had died within four years after disease onset.

CNV analysis

SMN1, SMN2 and SMN1/2A7-8 CN are show in table 2. In controls, we observed 48 SMN1
duplications, of which one person had 4 and one person had 5 copies. All 11 MMN patients
with SMIN1 duplications had 3 copies. Eighteen patients with PMA had SMN1 duplications, of
which three had 4 copies. Seven patients with PLS had a single SMN1 duplication.

Compared to controls, SMN1 duplications were found more frequently in patients with PMA
(12.0% vs. 5.0%, OR 2.69 (1.43 —4.91), p .0020), but not in patients with MMN and PLS. This
association is further exemplified by the fact that also double SMN1 duplications (i.e. at least
four SMIN1 copies) were found more frequently in PMA patients (2% vs. 0.2% (OR 11.0 (1.25 —
133.56), p .015). No associations with SMN2 CNV were found, nor with the presence of the
SMIN1/2A7-8 gene variant. Average total SMN CN was comparable between the patient groups
and controls, possibly indicating an SMN2 deletion event accompanying SMN1 duplications.
A detailed overview of the SMIN1:SMN2 configuration in control subjects and PMA patients is
included in supplementary table e-1.

Clinical correlation

In all patient groups, age at onset and MRC sum score at the first visit were compared by SMN1
group (1, 2 and >3 copies). Due to low numbers in groups with an SMN1 deletion and
duplication, the modifying potential of the SMN2 CN was analyzed in the group with two SMN1
copies only. Results are shown in Figure 1.
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Chapter 4

Figure 1. Clinical parameters stratified by SMN1 and SMN2 copy number in MMN and PMA

patients (previous page)

Boxplots showing median age at onset in years and median MRC sum score at the first visit in
patients with MMN, PMA and PLS. A) Age at onset in years by SMN1 copy number. B) Age at
onset by SMIN2 copy number in patients carrying 2 SMIN1 copies. C) MRC sum score at first visit
by SMN1 copy number. D) MRC sum score at first visit by SMN2 copy number in patients
carrying 2 SMIN1 copies. No association between the clinical parameters and SMN1 or SMIN2
copy number status was found in either disease group (all p-values > .05).
MMN = multifocal motor neuropathy, MRC = medical research council, PLS = primary lateral
sclerosis, PMA = progressive muscular atrophy, SMN = survival motor neuronWe did not find a
positive association between SMN1 and SMN2 CN and median age at onset or median MRC
sum scores at the first visit in patients with MMN, PMA or PLS. In the MMN group, SMN1 CN
and SMN2 CN within patients carrying two SMN1 copies did not alter the rate of progression
as expressed by AMRC sum score/month (p-values .36 and .52, respectively, data not shown).

SMN1 duplications were not found more frequently in patients with PMA and a survival longer
than 48 months (Fisher’s exact test p .30, data not shown). Kaplan-Meier curves were drawn
for all PMA and PLS patients carrying two SMN1 copies and SMN1 duplications. Due to the low
number of patients with an SMIN1 deletion, this group was excluded from survival analysis.
Kaplan-Meier curves are shown in Figure 2.

Figure 2. Survival by SMIN copy number in patients with PMA (see right)

Kaplan-Meier curves showing the probability of survival according to disease duration in
patients with PMA (panels A and C) and PLS (panels B and D). Panels A and C show overall
survival stratified by SMN1 copy number. Panels B and D show overall survival stratified by
SMN2 copy number in patients carrying two SMN1 copies. Due to low numbers, survival curves
for patients with SMN1 deletions and SMN2 duplications are not shown.

Survival did not differ between patients with PMA carrying two or three SMN1 copies (log-rank
test p 0.16, HR 1.6 (0.83 — 3.0), p .16), nor did SMIN2 copy number have an effect on survival in
patients carrying two SMN1 copies (log-rank test p .44; HR O vs. 2 copies: 1.7 (0.57 — 4.8), p
.35, HR 1 vs. 2 copies: 1.3 (0.76 —2.1), p .38). In patients with PLS, SMIN1 CN was not associated
with survival (log-rank test p .22, HR 0.31 (0.04 - 2.2), p .25), nor did SMN2 CN affect survival
in patients carrying two SMN1 copies (log-rank test p .52; HR 0 vs. 2 copies: 1.4 (0.51 -4.1), p
.49; HR 1 vs. 2 copies: 1.4 (0.69 - 3.0), p .33).

HR = hazard ratio, PLS = primary lateral sclerosis, PMA = progressive muscular atrophy, SMN =
survival motor neuron
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Chapter 4

Cox proportional hazard assumption was met in all analyses (p > .05). Although, compared to
PMA patients carrying two SMN1 copies, survival in PMA patients with SMN1 duplications was
lower, this was not statistically significant. SMN2 CN did not affect survival in patients with
PMA or PLS carrying two SMN1 copies.

SMN1 duplication analysis

To gain further insight in the genetic architecture of the SMN locus in case of SMN1
duplications, we further analyzed patients with PMA and controls with three SMN1 copies
(n=15 and 46, respectively). Results are shown in table 3.

In all subjects carrying one SMN1 duplication as expressed by the SMN1 exon 7 CN, SMIN1 exon
8 CN matched the SMN1 exon 7 CN. The same accounts for SMN2 exon 7 and 8 CN. In 36
controls (78%) and 14 patients with PMA (93%), the SMN1 and SMN2 exons 1-6 and intron 6
CN matched the combined SMN1 and SMN2 exon 7 copy number, suggesting a balanced and
full duplication of SMN1. In 10 controls (22%) and 1 patient with PMA (7%), one copy of the
SMIN1/2A7-8 gene variant was found. Besides carrying one extra copy of SMN1 and SMN2
exons 1-6 and intron 6, these subjects all have a probable full SMN1 gene duplication.
Regarding the SMIN1:SMN2 genetic architecture, there was a trend towards patients with PMA
having a higher SMN2 and thus lower SMN1/2A7-8 copy number when compared to controls,
though this was not statistically significant (Fisher’s Exact test p .64 and .26, respectively).
Telomeric NAIP exon 5 duplications were found in 45/61 SMN1 duplications (73%), which did
not differ between PMA patients and controls (Fisher’s Exact test p .51).

Table 3. Genetic architecture of SMN1 duplications in controls and patients with PMA
Controls (n = 46) PMA (n = 15) p

[SMN1:SMN2] (n, %)

3:0] 6 (13) 2(13) 64
[3:1] 20 (43) 4(27)
(3:2] 16 (35) 8 (53)
[3:3] 4(9) 1(7)

SMN1/2A7-8 (n, %)
0 36 (78) 14 (93) 26
1 10 (22) 1(7)

NAIP-5 (n, %)
2 11 (24) 5(33) 51
3 31(67) 10 (67)
4 4(9) 0(0)

SMN = survival motor neuron, PMA = progressive muscular atrophy, NAIP-5 = NLR family
apoptosis inhibitory protein exon 5
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Discussion

In this study, we investigated the possible association between CNV in the SMN locus and the
motor neuron disorders MMN, PMA and PLS, and the effect of SMN1 and SMN2 CN on MMN,
PMA and PLS disease course. We found that, compared to controls, SMN1 and SMN2 CN were
not associated with MMN and PLS, nor their disease characteristics. PMA, but not its disease
course, was associated with SMN1 duplications (OR 2.69 (1.43 - 4.91), p .0020). These results
indicate that CNV in the SMN locus is a novel genetic risk factor for PMA.

Previous studies have shown an association between ALS and SMN1 with a combined OR of
1.76 (95% Cl 1.33 — 2.32).417.18 |nterestingly, a recent study including >6000 patients with ALS
identified no association between ALS and SMN CNV.'° To better understand these conflicting
results and detail the relevance of CNV in the SMN locus for motor neuron disorders, we have
taken a closer look at the extremes of the motor neuron disorder spectrum by analyzing large
cohorts of MNDs characterized by inflammation (MMN), predominant LMN (PMA) and UMN
degeneration (PLS). We found an association between SMN1 duplications and PMA, but not
PLS and MMN. In PMA, we found a similar effect size identified in a previous study.?® We
hypothesize that our findings highlight the primary effect of altered SMN copy number on
lower motor neurons.

PMA and PLS are considered part of a spectrum of MNDs that also includes ALS. In contrast to
ALS and PLS, PMA is limited to clinical signs of lower motor neurons.’ However, up to 50% of
patients with PMA may show signs of corticospinal tract degeneration at autopsy.?! Whether
PMA represents a distinct disease remains a topic of ongoing debate and further research is
warranted to further detail the clinical heterogeneity associated with PMA We nevertheless
think that our PMA cohort differs from a typical ALS cohort on various grounds. Based on
detailed clinical and electrophysiological examination, the patients included in this study
showed exclusive progressive loss of lower motor neurons, and almost none of the patients
had a bulbar onset. Moreover, in 104/159 (65%) survival was longer than four years, and
37/159 (23%) patients had a very long survival of at least eight years (range 96 — 531 months).
Analysis of available follow up data of 54/159 (34%) patients showed a conversion to ALS in
only three cases (i.e. upper motor neuron signs after the start of this study). Of these patients,
none carried an SMN1 duplication.

A central question in this study and in the aforementioned studies is what effect SMIN1
duplications have on LMN SMN protein levels. In our analysis, we showed that the genetic
architecture of SMN1 duplications in PMA does not differ from that of controls, and that about
three quarters of SMN1 duplications are large, including the telomeric NAIP gene. Most
importantly, we showed that SMN1 duplications are probably balanced and could theoretically
lead to a full-length SMN transcript. Though the transcriptional, translational and post-
translational effects in individuals carrying three SMIN1 genes remain unknown, we cannot
exclude the possibility that the association between SMN1 duplications and PMA is caused by
an excess of lower motor neuron SMN protein levels. Further supporting this hypothesis may
be the fact that previous studies have not shown an association with SMN1 deletions.**"18
Alternative explanations may be found in the disruption of regulatory sequences by the large
duplications in the SMN locus. Future research on SMN protein levels in, for example, induced
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pluripotent stem cell (iPSC) derived motor neurons obtained from patients with different
SMN1 genotypes could further address this issue.

To the best of our knowledge, this is the first study reporting on CNV in the SMN locus in MMN
and PLS. The size of the cohorts we included in our analyses is substantial considering the low
prevalence of these diseases. Clinically, MMN patients were characterized in detail and we had
data from longer periods of follow-up for analysis. Our data virtually exclude the SMN locus as
a susceptibility locus for inflammatory MNDs. Although our cohort of patients with PMA is also
relatively large, it is not possible to draw definite conclusions about the association of SMN
CNV and disease course due to a relatively small number of patients with SMN1 duplications.
SMN copy number varies considerably among different ethnicities.’® The results of our study
therefore cannot readily be extrapolated to ethnicities other than that of the patients in this
study, that is, Dutch.

In summary, our study shows that SMN CNV underlies motor neuron vulnerability in PMA, but
not in MMN and PLS. This extends the role of SMN CNV in lower motor neuron diseases
beyond SMA and supports the notion that the SMN locus is a general modifier for lower motor
neuron disease susceptibility. The intriguing finding that, rather than loss of SMN as in SMA,
gene duplications are a main genetic risk factor for PMA, warrants further fundamental
research to improve our understanding of the cellular mechanisms that underlie this
susceptibility.
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Supplementary material

Table e-1. Detailed SMN1:SMN2 copy number configuration in controls and patients with
PMA.

SMN1  SMN2 Controls (n=956) PMA (n=150) p OR (95% Cl)
1 1 8 (0.8%) 1(0.7%) 1.00 -
2 10 (1.0%) 2 (1.3%) 067 -
3 1 (0.1%) 1(0.7%) 25 -
4 2 (0.2%) 0 (0.0%) 1.00 -
2 0 71 (7.4%) 8 (5.3%) 49 -
1 372 (38.9%) 67 (44.7%) 21 -
2 424 (44.4%) 51 (34.0%) 022 0.65(0.44—0.94)
3 20 (2.0%) 2 (1.3%) 76 -
3 0 6 (0.6%) 2 (1.3%) 30 -
1 20 (2.0%) 4(2.7%) 55 -
2 16 (1.7%) 8 (5.3%) .010 3.30(1.20-8.36)
3 4 (0.4%) 1(1.3%) 52 -
4 0 0 (0.0%) 1(0.7%) 014 -
1 (0.1%) 2 (1.3%) 0.05 -
5 0 1 (0.1%) 0 (0.0%) 1.00 -

Cl = confidence interval, OR = odds ratio, PMA = progressive muscular atrophy, SMN =
survival motor neuron
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Abstract

Background and objectives To further substantiate the role of antibody-mediated
complement activation in MMN immunopathology, we investigated the distribution of
promotor polymorphisms of genes encoding the membrane-bound complement regulators
CD46, CD55 and CD59 in patients with MMN and controls, and evaluated their association
with disease course

Methods We used Sanger sequencing to genotype five common polymorphisms in the
promotor regions of CD46, CD55 and CD59 in 133 patients with MMN and 380 controls. We
correlated each polymorphism to clinical parameters.

Results The genotype frequencies of rs28371582, a 21-bp deletion in the CD55 promotor
region, were altered in patients with MMN as compared to controls (p 0.009; Del/Del
genotype 16.8% vs. 7.7%, p 0.005, OR 2.43 (1.27-4.58)), and patients carrying this deletion
had a more favorable disease course (mean difference 0.26 MRC points/year (95% CI 0.040—
0.490), p 0.019)). The presence of CD59 rs141385724 was associated with less severe pre-
diagnostic disease course (mean difference 0.940 MRC point/year (95% Cl 0.083-1.80, p
0.032)).

Conclusions MMN susceptibility is associated with a 21-bp deletion in the CD55 promotor
region (rs2871582), which is associated with lower CD55 expression. Patients carrying this
deletion may have a more favorable long-term disease outcome. Together, these results point
out the relevance of the pre-C5 level of the complement cascade in the inflammatory
processes underlying MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a rare, asymmetric, immune-mediated and motor
neuropathy that mostly affects the relatively young to middle-aged. Its natural history is
characterized by progressive muscle weakness, particularly in distal muscle groups.# Although
MMN responds to immunoglobulin treatment, approximately 20% of patients develop
debilitating loss of hand and arm function.! Patient characteristics associated with the
heterogeneity in MMN severity are largely unknown.%4>

The finding of nerve conduction block, thickening of peripheral nerves on ultrasound or MR
imaging, and the presence of circulating IgM antibodies against the ganglioside GM1 are
characteristic of MMN.>® These antibodies activate the classical pathway of the complement
cascade in solid phase immunoassays and after binding to induced pluripotent stem cell (iPSC)
derived motor neurons.®!! Higher anti-GM1 IgM antibody titers, increased complement
deposition triggered by anti-GM1 IgM in vitro and higher innate activity of the classical
pathway of complement are all associated with more severe muscle weakness.®#%'! These
findings support the hypothesis that activation of complement is central in the inflammatory
processes underlying MMN.

The contribution of variation in innate complement regulation in MMN has not been studied.
Complement activation is tightly regulated at the fluid and tissue levels, amongst others by
membrane-bound complement regulatory proteins (mCRPs), including CD46, CD55 and
CD59.1%13 These proteins play an important role in avoiding tissue damage through unchecked
complement activation, as exemplified by the association of loss of CD55 with complement
hyperactivation, angiopathic thrombosis and protein-losing enteropathy, and by the loss of
CD59 with paroxysmal nocturnal hemoglobinuria, and early-onset chronic axonal neuropathy,
stroke and hemolysis.'**® Common polymorphisms in the promotor region of these mCRPs
lead to variation between individuals in transcriptional activity and cellular mCRP expression.
In general, higher mCRP expression will lead to higher tresholds for complement activity, and
vice versa. The biological relevance of mCRP promotor polymorphisms is shown by their
associations with inflammatory diseases.?’?!

To further our understanding of the role of complement regulation in MMN immunopathology,
we analyzed common polymorphisms in the promotor regions of CD46, CD55 and CD59 in
MMN patients and controls and determined their association with MMN susceptibility and its
disease course.

Methods

Study population

All patients with MMN were diagnosed and enrolled at the outpatient clinic of the University
Medical Center Utrecht (UMCU), a tertiary neuromuscular referral center and national center
for MMN. All patients fulfilled the most recent diagnostic criteria for definite, probable, or
possible MMN.?? These criteria rely on the combination of a typical clinical phenotype
combined with conduction block found on nerve conduction studies or, in the absence of
conduction block, on abnormal ancillary investigations and/or a response to treatment with
immunoglobulins.

Dutch population-based controls were enrolled through the Prospective ALS study The
Netherlands (PAN), a population-based case-control study performed in the UMCU.?3 Control
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subjects did not have a motor neuron disorder, and those enrolled between January 2012 and
August 2018 were included in this study.

Clinical data

We used the UMCU MMN database to extract clinical data for patients with MMN.* When
necessary, we supplemented these data with the most recent data from the UMCU patient
files.

Recorded baseline characteristics included sex, age at onset, diagnostic delay, treatment with
IVlg, the presence of anti-GM1 IgM antibodies and muscle strength testing on the first and last
visit to the UMCU outpatient clinic.

We defined onset of disease as the time of the first complaint of muscle weakness and
diagnostic delay as the time between onset and diagnosis. We documented the presence or
absence of anti-GM1 IgM antibodies as described previously.?* At the first visit and at the last
follow-up visit to the UMCU, we quantified muscle strength using the 6-point Medical Research
Council (MRC) scale. The MRC scale ranges between 0 (no contraction) and 5 (normal muscle
strength against resistance). MRC scores were documented for left and right shoulder
abduction, elbow flexion and extension, wrist flexion and extension, finger flexion and
extension, finger spreading, hip flexion, knee flexion and extension and foot dorsal and plantar
flexion. We calculated an MRC sum score (MRCss) by summation of the MRC scores of all
tested muscle groups (range 0 - 130) for the first and last visit at our hospital.

DNA samples

We used standard DNA isolation methods to extract genomic DNA from whole blood obtained
during two national studies on MMN performed in 2007 and 2015.1* We used control DNA
samples that were obtained upon participation in the PAN study.

Genotyping

We used two techniques to determine the presence of five CD46, CD55 and CD59 promotor
region variants, that were chosen because of both their common presence in healthy
individuals (i.e., with a minor allele frequency (MAF) of at least 20%) and their previously
described association with disease.

First, in patients with MMN only, we used the previously described Sanger sequencing
methodology to genotype five common polymorphisms that have previously been found
associated with disease or disease outcome.’'8 Next, we designed a second primer set to
specifically target the polymorphisms identified in patients with MMN to genotype the control
cohort. These primers and PCR programs are summarized in table S1. We determined optimal
annealing temperatures using a temperature gradient PCR. For CD46 rs2796267 and
rs2796268, CD55 rs28371583 and CD59 rs141385724, we amplified genomic DNA by PCR,
purified the PCR using Sephadex and subsequently performed Sanger sequencing.?® We
validated the sequencing result using eight MMN samples of which we had obtained the full
promotor region sequence of CD46, CD55 and CD59. Results matched in all samples.

We genotyped CD55 rs28371582 by gel electrophoresis of the PCR product. Since rs28371582
is a 21-base pair deletion, we designed primers predicted to provide products of 159 of 180
base pairs, which could subsequently be resolved by gel electrophoresis to determine
homozygous (Ins/Ins or Del/Del) and heterozygous (Ins/Del) genotypes. We included controls
for each genotype (previously determined by Sanger sequencing) on each gel. We validated
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the genotyping results of 20 MMN samples by comparing results with the whole CD55
promotor sequence. These results correlated 100%.

MMN samples that could not be genotyped by amplification of the whole promotor region of
either CD46, CD55 or CD59, were retested once using the polymorphism specific PCR
approach.

Statistical analysis

We used R (version 3.5.1) to perform statistical analyses. We used a X? test to determine the
association between the polymorphisms and MMN susceptibility. When a p-value <0.05 was
found in the overall genotype comparison, post-hoc X? tests with Bonferroni p-value
adjustment were performed per genotype and a p-value <0.017 was considered statistically
significant. Odds ratio’s and 95% confidence intervals (Cl) were calculated.

We used the continuous variables age at onset, first (i.e. baseline) visit and last visit MRC sum
score (FV MRCss and LV MRCss, respectively) as clinical parameters. We compared age at onset
in all patients. The MRCss variables were compared in patients who were treatment-naive at
baseline only. In all comparisons, patients were grouped as either carriers (i.e. having a
heterozygous or homozygous positive genotype) or non-carriers (i.e. having a homozygous
negative genotype).

We compared age at onset using a Student’s t-test. Next, we determined the association
between either of the polymorphisms and muscle strength.
First, we used a linear regression analysis to determine the association between a
polymorphism and the FV MRCss, including the FV MRCss as an outcome variable, and disease
duration at the first visit and polymorphisms status as independent variables. To avoid outlier-
driven effects, patients with a disease duration longer than 20 years at their first visit were
excluded from MRCss analyses. The mean MRCss deterioration over time and its mean
difference between the polymorphism groups were obtained. Thus modelling the pre-
diagnostic disease course, the model’s interaction term indicated whether the change in
muscle strength over time was different for patients carrying any of the polymorphisms in
guestion.

Second, we determined the effect of a polymorphism on the MRCss change between the first
and last visit to our hospital using a linear mixed effects model (R Ime4 package), including the
FV and LV MRCss as separate values. The fixed effect part contained polymorphism status, time
since baseline in months and the interaction between polymorphism and time and included a
random intercept per patient. In this analysis too, the interaction term indicated whether the
change in muscle strength over time differed according to polymorphism status.
Third, since it is known that anti-GM1 IgM antibody status is associated with MMN disease
course, both MRCss analyses were performed in an anti-GM1 IgM antibody status
independent and dependent way.*®*! In the anti-GM1 IgM antibody status dependent way,
antibody status was introduced as extra independent variable/fixed effect.
In all three analyses, we obtained the mean MRCss deterioration over time for both groups,
and calculated the mean difference between groups with its 95% Cl and p-value.
Since we have selected the polymorphisms based on their association with disease instead of
studying all known polymorphisms in the CD46, CD55 and CD59 promotor region, and since
the clinical correlation analysis was exploratory, we did not perform a p-value correction for
these analyses. P-values <0.05 were considered statistically significant.
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Standard protocol approvals, registrations, and patient consents

The locally appointed ethics committee of the University Medical Center Utrecht approved this
study (METC-NL.041.14528). All included patients gave written informed consent prior to
inclusion in this study.

Data availability statement
The data that support the findings in this study will be available on reasonable request from
the corresponding author.

Results

Study population

We included 133 patients with MMN and 380 control subjects. Baseline characteristics are
shown in table 1. Age at onset (MMN) or age at inclusion in the PAN study (controls) is shown.
The first visit MRC sum score is depicted for patients with MMN who were treatment-naive at
their first visit (n=103). The last visit MRC sum score is calculated only for patients with MMN
who were treatment-naive at baseline and for whom follow-up data were available.

Table 1. Baseline characteristics of patients with MMN and control subjects
MMN (N=133) Controls (N=380)

Male sex (n, %) 101 (76) 234 (62)
Age® 43 (16) 67 (11)
Diagnostic delay in months® 42 (70)

EFNS 2010 MMN diagnosis
Definite MMN (n/N, %) 95/129 (74)
Probable MMN (n/N, %) 24/129 (19)
Possible MMN (n/N, %) 10/129 (8)

Anti-GM1 IgM antibodies (n/N, %) 77/117 (66)
IVlg treatment naive at first visit (n, %) 103 (77)
First visit MRC sum score® 122 (9)

IVIg treatment after first visit (n/N, %) 96/103 (93)
IVIg response 90/96 (94)
Follow-up data (n/N, %) 102/103 (99)
Follow-up duration® 101 (154)
Last visit MRC sum score® 121.5 (11.5)

% Values displayed as median (IQR)
IVlg = intravenous immunoglobulins, MMN = multifocal motor neuropathy, MRC
= Medical research council
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Genotyping

Genotyping was successful in at least 97.7% of patients with MMN and at least 99.5% of
control subjects. Characteristics of the polymorphisms, minor allele frequencies, and
genotyping results of patients and controls are shown in table 2. Examples of Sanger
sequencing and gel electrophoresis results are shown in figure S1.

The largest difference in minor allele frequencies was found for CD55 rs28371582 (controls vs.
MMN 0.30 vs 0.36, respectively), though this was not statistically significant (X2 = 2.50, p =
0.11). To compare genotype frequencies, an overall X2 test was performed, which showed a
statistically significant different genotype distribution between patient and controls for CD55
rs28371582 (X2 = 9.38, p = 0.009). In a post-hoc analysis, we found that this effect was driven
by patients with MMN more often carrying the Del/Del genotype (X2 = 8.05, OR 2.43 (1.27 -
4.58), p = 0.005).

Clinical correlation

Next, we investigated whether specific genotypes of the complement regulatory proteins were
associated with clinical features of MMN (Figure 1). We found no association between any
polymorphism and age at onset. None of the polymorphisms in CD46 and CD55 were
associated with MRC sum score deterioration until the first visit (FV MRCss), but patients
carrying CD59 rs141385724 showed a less severe MRCss decline until diagnosis (average
deterioration rate 1.03 MRC points/year in non-carriers; average deterioration rate 0.093 MRC
points/year in carriers; mean difference 0.93 MRC points/year (95% Cl 0.08-1.80, p 0.019)).
Among patients who were treatment-naive at baseline, carriers of CD55 rs28371582 showed
a less severe decline in MRCss during follow-up than non-carriers (average deterioration rate
0.52 MRC points/year in non-carriers; average deterioration rate 0.25 MRC points/year in
carriers; mean difference 0.27 MRC points/year (95% Cl 0.04—0.49, p 0.019)), suggesting a
more favorable long-term disease course after initiation of IVIg treatment. All other
polymorphisms were not associated with MMN disease course. Neither the FV MRCss, nor the
longitudinal MRCss data were different among patients with or without anti-GM1 IgM
antibodies (p-values >0.05 for all analyses).
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Figure 1 (previous page). CD46 rs2796267, CD46 rs2796268, CD55 rs28371582, CD55
rs28371583 and CD59 rs141385724, each assigned a separate row, correlated to clinical
parameters in patients with MMN. The left column shows the age at onset in years. The middle
column depicts the MRC sum score (MRCss) at the first visit in untreated patients, plotted
against the disease duration at the first visit in years on the x-axis. The right column shows the
course of the MRCss between patients’ first and last visit in patients untreated at the first visit,
plotted against MMN disease duration in years on the x-axis. Patients were grouped by either
carrying or not carrying the polymorphism shown in each row (red: carriers; blue: non-carriers).
Patients with MMIN who were treatment-naive at the time of their first visit and who carried
CD59 rs141385724 showed less severe muscle weakness at their first visit (p = 0.032). CD55
rs28371582 was associated with less severe clinical deterioration during the follow-up period
in patients with MMN who were treatment-naive at baseline (p = 0.019).

Discussion

In this study, we show that MMN susceptibility is associated with a polymorphism in the
promotor region of the complement regulatory protein CD55, and its disease course with
promotor polymorphisms of both CD55 and CD59. More specifically, we found that MMN was
significantly associated with rs28371582, a 21-bp deletion in the promotor region of CD55 (p
= 0.009; Del/Del genotype 16.8 vs. 7.7%, OR 2.43 (1.27 - 4.58), p = 0.005), whilst CD59
rs141385724 was associated with less severe muscle weakness at baseline in treatment-naive
patients. Patients carrying CD55 rs28371582 (55% of all patients) also showed a more
favorable disease course after starting IVIg treatment.

Protection of tissues against the deleterious effects of inappropriate complement activation is
mediated by membrane-bound complement regulators, including CD46 (MCP) and CD55
(DAF), which both regulate complement at a level upstream of the formation of the
membrane-attack complex (MAC), and CD59 (MAC-IP), that regulates MAC formation (see Fig.
2).1326-28 cp55 encodes for decay-accelerating factor (DAF), a GPI-linked protein that regulates
complement by enhancing the decay of the C3 convertases C4bC2a and C3bBb. CD55 thus
inhibits the formation and amplification of C3b, the central complement factor.!326:27

The CD55 promotor polymorphism rs28371582 has functional consequences. The CD55
promotor region contains unique genetic features: it does not have a classical TATA box but
rather contains frequent TC, repeats that function as alternative transcription initiation sites,
as typically seen in non-TATA-box promotor regions.3%-32 Interestingly, the CD55 rs28371582
deletion contains three such possible TC, elements. CD55 rs28371582 is associated with a
lower CD55 transcriptional activity, suggesting lower cellular expression levels.3*3* Reduced
CD55 expression has been associated with multiple autoimmune diseases, including systemic
lupus erythematosus, autoimmune hemocytopenia and myasthenia gravis, the latter also
being associated with a CD55 promotor polymorphism.2%2%34 Lower CD55 expression or
reduced CD55 upregulation may promote the formation of C3 convertase and thus the
deposition of C3 fragments on peripheral nerves.3> This may explain the observed association
of this CD55 promotor polymorphism with MMN susceptibility.
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Figure 2. The complement pathways and cascades that follow upon activation. Anti-GM1 IgM
antibodies activate the classical pathway, ultimately leading to formation of the membrane
attack complex (MAC). The membrane-bound complement regulatory proteins CD46, CD55 and
CD59 each inhibit the complement cascade at different levels. CD46 (membrance cofactor
protein (MCP)) acts as a cofactor for the cleavage-mediated inactivation of C3b and C4b. CD55
(decay accelerating factor (DAF)) enhances the dissociation of the central C3 convertases
C4bC2a and C3bBb, thereby inhibiting the formation of the central complement component
C3b. Terminal complement activation is inhibited by CD59 (MAC inhibitory protein (MAC-IP)),
that inhibits the polymerization of C9 and thus MAC formation.
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We found two associations of genetic variability of CRPs and MMN disease course. First,
treatment-naive patients carrying CD59 rs141385724 showed a trend to less severe weakness
at the first visit. CD59 rs141385724 has previously been believed to have a tissue- and
inflammation-specific functional effect and we hypothesize that it is associated with increased
CD59 expression in motor neurons.'”*® After initiation of IVIg therapy, patients carrying this
polymorphism had a similar disease course as compared to non-carriers. Combined with the
negative result of an open-label trial where 1VIg-treated patients with MMN were treated with
eculizumab, an anti-C5 monoclonal antibody that exerts a CD59-like effect on the terminal
complement cascade, the results of our study may indicate that muscle strength deterioration
in patients with MMN treated with IVIg is mediated through complement factors of the
proximal (C2, C4, C3), rather than the terminal pathway (C5-C9, i.e., MAC).3® We hypothesize
that CD59 expression on peripheral nerves is sufficiently high to — in combination with IVig —
hold MAC formation at bay after binding of anti-ganglioside antibodies to myelin or
(para)nodes.

The CD55 promotor polymorphism rs28371582 not only associated with susceptibility, but also
showed a second association with disease course. Treatment-naive patients carrying CD55
rs28371582 actually showed a trend to /ess severe muscle strength deterioration after IVig
therapy, despite the implication of lower CD55 expression and hence increased susceptibility
to complement-mediated nerve damage. We believe that this association is best explained by
the complement modulatory effects of 1VIg. Monomeric IgG can compete directly with Clq,
thereby inhibiting Clg-initiated complement activation.3” IVIg, like CD55, also modulates
complement at the C3 convertase level by scavenging activated C3 through binding to C3b.
This inhibits the formation of the C3 convertases and attenuates further complement
activation via the amplification loop.3%4! If complement factors such as C3 and C4 play an
important role in MMN pathogenesis as suggested by experimental models, carriership of
CD55 rs28371582 may provide a context in which IVIg may exert more pronounced beneficial
effects. 103>

Our study is the first study on genetic susceptibility factors involved in innate complement
regulation in MMN. As MMN is a rare disease, the size of our cohort is significant and includes
a long follow-up time with a median duration of over 8 years. Additionally, our control cohort
is large and population-based. Since the MRC sum scores were collected retrospectively,
relatively small groups were compared in the analyses and any change in MRCss was reduced
to a linear correlation, the results of these correlations should be interpreted with care. Future
in vitro studies in motor neurons could aid in finding biological explanations for the
associations found in this study.'® Moreover, such studies could help in forming a stronger
theoretical basis for treatment strategies targeting the pre-C5 level of the complement cascade
in patients with MMN.

In conclusion, our study reports novel findings that point towards the relevance of
complement regulation at the C3 level in multifocal motor neuropathy. We show that a 21-bp
deletion in the promotor region of CD55 is associated with MMN susceptibility and that
patients carrying this polymorphism showed a trend to a better long-term clinical response
upon IVIg treatment. With new therapies that target the early stages of the complement
cascade emerging, future studies should aim to further our understanding of the importance
of the proximal complement cascade in MMN immunopathology.
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Chapter 6

Abstract

Objective Antibody- and complement-mediated peripheral nerve inflammation are central in
the pathogenesis of MMN. Here, we studied innate immune responses to endotoxin in
patients with MMN and controls to further our understanding of MMN risk factors and disease
modifiers.

Methods We stimulated whole blood of 52 patients with MMN and 24 controls with endotoxin
and collected plasma. With a multiplex assay, we determined levels of the immunoregulating
proteins IL-1RA, IL-1B, IL-6, IL-10, IL-21, TNF-a, IL-8 and CD40L in unstimulated and LPS-
stimulated plasma. We compared baseline and stimulated protein levels between patients
and controls and correlated concentrations to clinical parameters.

Results Protein level changes after stimulation were comparable between groups (p >0.05).
IL-1RA, IL-1B, IL-6 and IL-21 baseline concentrations showed a positive correlation with
monthly IVIg dosage (all corrected p-values <0.016). Patients with anti-GM1 IgM antibodies
showed a more pronounced IL-21 increase after stimulation (p 0.048).

Conclusions Altered endotoxin-induced innate immune responses are unlikely to be a
susceptibility factor for MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a rare, asymmetric, chronic and immune-mediated
neuropathy. It initially causes distal asymmetrical muscle weakness, which can be reversed
partially with regular infusions of intravenously or subcutaneously administered
immunoglobulins (IVIg, sclg).>* Despite treatment, accumulating motor nerve axonal damage
will eventually lead to refractory deficits, causing permanent and significant disability in about
20% of patients.>® MMN is characterized by the presence of IgM antibodies to paranodal
components, primarily the ganglioside GM1.>”# Upon binding, these antibodies can trigger
damage to axons or myelin through activation of the classical pathway of complement.%7:%11
The origin of pathogenic antibodies in MMN is unknown. MMN is not characterized by
systemic inflammation as shown by the lack of inflammatory markers in peripheral blood and
cerebrospinal fluid.'>*3 In patients with Guillain-Barré syndrome (GBS), an acute inflammatory
neuropathy associated with preceding infections that is characterized by the presence of anti-
ganglioside IgG autoantibodies, increased TLR4-mediated innate immune responses were
shown to be a critical host susceptibility factor.!* In this study, we aimed to explore the
possibility of an altered innate immune response as a susceptibility factor for MMN. To this
end, we stimulated blood of patients with MMN and controls with lipopolysaccharide (LPS), a
potent endotoxin known to induce an innate immune response after binding to TLR4.%> We
compared levels of secreted immunoregulatory proteins and studied associations with clinical
parameters.

Methods

Study population

We enrolled patients with MMN as part of a cross-sectional study in the Netherlands (MAIN
study).? All patients had been diagnosed at the outpatient clinic of the University Medical
Center Utrecht (UMCU), a Dutch national center for MMN and other neuromuscular disorders.
All patients fulfilled the most recent 2010 diagnostic criteria for definite, probable or possible
MMN and all patients were Dutch.'® Control subjects were enrolled through the Prospective
ALS study in The Netherlands (PAN study), a prospective Dutch population-based case-control
study performed at the UMCU.'7'® Additionally, we obtained blood samples from healthy
control subjects via the voluntary in-house donor facility of the UMC Utrecht.

Clinical data

We obtained routine clinical and demographic data from our MMN database; when necessary,
these were supplemented with data obtained from the UMCU patient files.2 We recorded sex,
age at onset, age at diagnosis and diagnostic delay, anti-GM1 IgM antibody status, monthly
IVlg dosage and muscle strength, displayed as an MRC sum score (see below), for all patients
at the time of inclusion.

We defined onset of MMN as the first patient-reported complaint of weakness in arm or leg
muscles and diagnostic delay as the time that lapsed between onset and MMN diagnosis. We
used a standardized ELISA to document the presence of anti-GM1 IgM antibodies in serum as
described previously.?®?° We calculated the monthly IVIg dosage at the time of inclusion. On
the day of inclusion in the MAIN study, we performed a standardized neurological examination
thatincluded testing muscle strength, using the 6-point Medical Research Council (MRC) scale,
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which ranges from 0 (no muscle contraction) to 5 (normal muscle strength against resistance).
We documented MRC scores for left and right shoulder abduction, elbow flexion and
extension, wrist flexion and extension, finger flexion and extension, finger spreading, thumb
adduction, abduction and flexion, hip flexion, knee flexion and extension, foot flexion and
extension, and toe flexion and extension and calculated the MRC sum score (range 0-180).2

LPS stimulation experiment

Upon inclusion in the 2015 MAIN study, we collected 10mL of blood in sodium-heparin
vacutainers by venipuncture and used it immediately for experimental procedures. For
baseline concentrations, we centrifuged 1.5mL of unstimulated blood at 1500 x g for 10
minutes at room temperature, collected plasma and stored it immediately at -80°C until
further analysis. For whole blood stimulation experiments, we used 24-well plates. Per
subject, we filled one well with 1mL of freshly drawn whole blood and added LPS at a final
concentration of 1ug/mL (LPS from Escherichia coli 0127:B8, Sigma L3129, 5mg/mL in millQ
(MQ) water). We filled a second well per subject with 1 mL of whole blood and 5uL of MQ,
which served as a control. We incubated plates at 37°C for 4 hours in an incubator with 5%
CO., followed by centrifugation at 1500 x g for 10 minutes at room temperature. We collected
plasma and stored samples at -80°C until further analysis.

Luminex assay

We used previously validated multiplex immunoassays (Luminex platform) to determine
plasma protein levels.?! All assays were performed at the 1SO-certified multiplex core facility
of the UMCU. We determined levels of the immunoregulating proteins IL-1RA, IL-1f, IL-6, IL-
10, IL-21, TNF-q, IL-8 and CD40L in plasma of unstimulated, MQ-, and LPS-stimulated whole
blood samples.

We considered data that were out of the detection range of the Luminex platform (out of
range, OOR), or samples that were extrapolated in the lower or upper ranges from the assay
sensitivity to have been measured imprecisely and therefore replaced these values using the
following method.?? Low OOR or extrapolated values in the low range were replaced by either
the lower limit of quantification (LLOQ) divided by 2, or, when the lowest measured value of
the marker in question was lower than the LLOQ, by the lowest value divided by 2. OOR or
extrapolated values at the upper range were, similarly, replaced by the upper limit of
quantification, or the highest measured value times 2.

Statistical analysis

For statistical analyses, we used R (version 3.6.1). First, we calculated an LPS-induced change
in protein levels by subtracting the change from baseline in the control (MQ) condition from
the change from baseline in the LPS stimulation experiment. We compared the LPS-induced
change between patients and controls using a Mann-Whitney U test. Second, we correlated
clinical parameters to baseline protein levels and their LPS-induced change. We assessed
correlations between the baseline protein levels and the LPS-induced change with monthly
IVlg dosage, disease duration and MRC sum score using Spearman’s correlation coefficient.
We compared results between patients with and without anti-GM1 IgM antibodies using the
Mann-Whitney U test. Because of sample size assumptions, all analyses of continuous
variables, as described above, were only performed for proteins whose above or below OOR
outcomes comprised less than 50% of the total data points. If this was not the case, we
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compared the percentage of OOR and extrapolated data points between patients and controls
using a x° test.

To assess differential clustering of data, we performed a principal component analysis (PCA)
using baseline concentrations and concentration changes after stimulation with LPS
separately. The in-built PCA function of R was used. Ellipses showing the 95% confidence
intervals of the t-distribution were drawn per subgroup.

All p-values were adjusted for multiple testing using the Bonferroni method.

Standard protocol approvals, registrations, and patient consents

The locally appointed ethic committee of the University Medical Center Utrecht approved this
study (METC Utrecht, METC.NL.041). All included subjects gave written informed consent
prior to inclusion in this study.

Data availability statement
The data that support the findings in this study will be available on reasonable request from
the corresponding author.

Results

Study population

We included 52 patients with MMN and 24 control subjects (12 through the PAN study and 12
via the UMCU in-house voluntary healthy donor service). The Luminex assay showed normal
standard negative control levels in 47/52 (90%) of the MMN samples and in 24/24 (100%) of
the control samples. Baseline characteristics are shown in table 1. IVig dosage (median 52
grams per month) was positively skewed, ranging from 20 to 212 gram per month. Seven
patients with MMN (15%) were not treated with IVIg at the moment of inclusion in this study.

Detection limits

The Luminex platform used for our analyses has a large sensitivity range. However, as
detection limits differed per protein included in our analyses, the reliability of the
measurements of each protein might also differ. We have, therefore, provided an overview of
all out of range (OOR) data in table 2.

Baseline concentrations of IL-1RA, IL-1J3 and IL-6 were were more often out of range in control
subjects than in patients with MMN (x? test, p all <0.001). Baseline levels of IL.-10 and TNF-a
were below the detection limit in >50% of the subjects, in both the control and MMN group.
OOR data after LPS stimulation were evenly distributed between controls and MMN patients
for all proteins. IL-6 and TNF-a data were above detection limits in >50% of the subjects in
both groups. Two subjects (one patient and one control) had CD40L levels below the detection
limit, at baseline as well as after LPS stimulation.

As sufficient within-range data were available, we decided to compare baseline levels of IL-
21, IL-8 and CD40L, and LPS-induced changes of IL-1RA, IL-1f, IL-10, IL-21, IL-8 and CD40L,
between control subjects and patients with MMN.
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Table 1. Baseline characteristics of patients with MMN and controls

MMN (n=47) Controls (n=24)

PAN study UMCuU

(n=12) (n=12)

Male sex (n, %) 36 (77) 10 (83) NA
Age at inclusion (years)® 58 (17) 70 (10) NA
Autoimmune disease (n, %) 3/43 (7) 0/12 (0)

Vitiligo 1/43 (2) 0(0)

Astmatic bronchitis 2/43 (5) 0(0)
Immunosuppressant therapy (n, %) 0/47 (0) 0/12 (0)
Disease duration at inclusion (years)* 16 (13)
Age at onset (years)® 43 (11)
Age at diagnosis (years)® 48 (8)
Diagnostic delay (months)® 32 (46)
EFNS MMN diagnosis (n/N, %)

Definite MMN 32/45 (71)

Probable MMN 12/45 (27)

Possible MMN 1/45 (2)
Anti-GM1 IgM positive (n/N, %) 22/42 (54)
IVIg treatment at inclusion (n/N, %) 40/47 (85)
IVIg dosage at inclusion (gr/month)® 52 (49)
MRC sum score at inclusion® 168 (11)

% Values displayed as median (IQR)

MMN = multifocal motor neuropathy, MRC = medical research council, NA = not
applicable, PAN = prospective ALS study in the Netherlands, UMCU = University Medical
Center Utrecht
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Protein concentrations do not correlate with age and sex

We determined the correlation between baseline protein concentrations and the LPS-induced
changes to age at inclusion and sex in all subjects for whom these variables were known (n=64;
sex and age at inclusion of 12 control subjects included via the voluntary in-house UMCU
donor facility were not known). We found no correlations between protein levels at baseline
or after stimulation with age (Spearman correlations, corrected p >0.27 in all comparisons,
data not shown) or sex (Mann-Whitney U tests, corrected p 1.00 in all comparisons, data not
shown). It was, therefore, possible to included in our further analyses the data of 12 control
subjects for whom sex and age at inclusion were not known.

Comparison of protein concentrations between patients with MMN and controls

Baseline and LPS-stimulated protein concentrations of IL-1RA, IL-1f, IL-10, IL-21, IL-8 and
CD40L are shown in table 3. Baseline IL-21 and IL-8 concentrations were higher in patients
with MMN than in controls (Mann-Whitney U test, p <0.001 in both comparisons). Baseline
CD40L concentration did not differ between groups (Mann-Whitney U test, p 0.62).
LPS-induced protein concentration changes did not differ between patients with MMN and
controls (Mann-Whitney U test, p all >0.05). Interestingly, in both patients and controls, we
observed a decrease in IL-21 levels after LPS stimulation in some subjects, and no or only a
moderate increase in others (IL-21 fold change range 0.81 — 1.51). As only one subject had a
change exceeding 1.5-fold, we conclude that, at a group level, IL-21 increase did not occur
consistently within four hours of LPS stimulation.

Correlation of immunoregulating protein levels with patient characteristics

IVIg therapy

We correlated baseline protein concentrations and associated LPS-induced changes to the
monthly IVIg dosage and found a positive and statistically significant correlation with baseline
concentrations of IL-1RA, IL-1f3, IL-6, and IL-21 (Fig. 1).

We hypothesized that IVIg dosage might be a proxy for disease severity, where patients with
more severe MMN would receive a higher IVIg dosage. However, when we correlated IL-1RA,
IL-1B, IL-6 and IL-21 baseline concentrations to disease duration and the MRC sum score at
inclusion, we did not observe significant associations (Spearman correlation, p >0.05 in all
correlations, data not shown). Moreover, none of the proteins’ LPS-induced change was
correlated with monthly IVIg dosage (Fig. 1).
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A. Analyte concentration at baseline

a. b. c. d.
1000{ R=0.48 20] R=044 200{ R=048 30
p<0.001 p=0002 p<0.001 S
.
750 . 15 L 150 .
e - = . -
£ o o * 3 ) g
) e} £ =3
£ s00 S0 % *y 100 * k=
g 2 @ g
5 = = =10 G
250 5 50 . * .
o o . . %
S . . .o .
- J ¢ emm wee o 0o
ofe o e 0f ewoses o 0 0
25 50 75 100 125 0 25 50 75 100 125 [ 25 50 75 100 125 0 25 50 75 100 125
IVIg dosage (grams/month) IVIg dosage (grams/month) IVIg dosage (grams/month) IVIg dosage (grams/months)
e £ g. h
2000 R=046 6 150{ R=034 R=002
p=0.001 . p=0022 p=0920
. .
1500
.
1500 =@ =5
ﬁé ?E” 4 5100 3 2
E e . E D 1000
£ 1000 H s 2 5
S s . ® 2 " -
b T, Y
= w2 = 50 8 . « ° .
500 T g 5001 o s
. .
& o o B
LY BT . X I
[ 0 0 0 .
25 50 75 100 125 [ 25 75 100 125 [ 25 75 100 125 0 25 80 75 00 25
IVIg dosage (grams/month) IVIg dosage (grams/month) IVIg dosage (grams/month) IVIg dosage (grams/month)
B. Analyte concentration increase after LPS stimulation
a E c. d
12500
50000 R=-0.34 R=004 25000 400] R=-0.11
p=002 p=078 . o see o p=046
40000 3 10000 ® bl 20000] ————
= 300
3 = . = . .
) 5 =)
?E,, 30000 £ B9 E 15000 E
=4 > b > . .
< < 2 w5 e £ 200
& 20000 2 5000 = alle © 10000 - ®: e . o
2 : .. = . o e . . = . o
. . 100
100001 o c 0. ° 2500 ¢ o i 5000 256
R .
. ', l\ e i e . Ss
0 0 ) & 0 & 0
[ 25 50 75 100 125 0 25 5 75 100 125 0 25 50 75 100 125 [ 25 50 75 100 125
IVIg dosage (gram/month) IVIg dosage (grams/month) IVIg dosage (grams/month) IVIg dosage (grams/month)
e. T g: h
400{ R=-003 30000{ R=-0.29 1000 R=-0.09
RZo%e = o cemoemmws o oo . p=005 sy
20000 r
300
E cl e _ 750]e
= e )
B 5 e e E
5 & £ 2
g © 2 e
= & 10000 # = a
& 1001, ° » ® ® =)
3 e .s s e i = 10000 8
. . z
0 "_'_'r'_. 7 " 50001 g e .
o Wi it . s
% . . .
100 0 2 0
25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125
IVIg dosage (grams/months) IVIg dosage (grams/month) IVig dosage (grams/month) IVIg dosage (grams/month)

Figure 1. /VIg dosage correlated to baseline concentrations (panel A) and concentration
changes after LPS stimulation (panel B), of IL-1RA, IL-1f, IL-6, IL-10, IL-21, TNF-¢, IL-8 and
CD40L (plots a-h in both panels). In the upper left corner, Spearman’s rho correlation coefficient
and its uncorrected p-value are shown for proteins for which more than 50% of the data points
were measured within detection limits.
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Next, to further study the association between IVIg treatment and protein concentrations at
baseline and after LPS stimulation, we compared protein concentrations between controls
and patients with MMN who were treatment-naive at the time of inclusion in this study (n=7).
Baseline IL-8 concentration was higher in treatment-naive patients than in controls (Mann-
Whitney U test, p 0.0049), but none of the other proteins’ concentrations, either at baseline
or after LPS stimulation, differed between groups (Mann-Whitney U test, unadjusted p all
>0.05, data not shown).

Next, as baseline concentrations of IL-8 and IL-21 were higher in MMN patients, but were also
associated with IVIg dosage, we corrected these for monthly IVlg dosage using a linear
regression analysis, including all subjects. We found that the difference in IL-21 baseline
concentration was dependent on IVIg dosage only (monthly IVIg dosage: beta = 2.55,t=3.17,
p 0.002; subject group: beta = 81.7, t = 1.21, p 0.229), whereas baseline IL-8 concentrations
remained higher in MMN patients, also after correcting for IVIg dosage (monthly IVIg dosage:
beta =0.20, t = 2.46, p 0.016; subject group: beta = 16.1, t = 2.36, p 0.021).

In summary, these results indicate that patients with MMN have higher baseline IL-8
concentrations than controls, independent of IVIg therapy or dosage. However, the observed
increased baseline concentrations of IL-1RA, IL-1, IL-6 and IL-21 in patients may be a
consequence of IVIg therapy, rather than a reflection of the immunopathology underlying
MMN. Finally, the protein concentration changes after LPS stimulation prove to be
independent of IVIg therapy.

Anti-GM1 IgM antibody status

Since patients with anti-GM1 antibodies might have a different immunopathology underlying
their disease than patients without these antibodies, we studied possible differences in the
innate immune response by comparing baseline concentrations and LPS-induced changes
between patients with and without anti-GM1 IgM antibodies (Fig. 2). Baseline concentrations
of IL-1RA were increased in anti-GM1 IgM positive patients (Mann-Whitney U test, corrected
p 0.030). IL-1B and IL-21 showed a similar trend. When corrected for monthly IVIg dosage
using linear regression analysis, we found that the difference between groups depended on
monthly IVIg dosage only (monthly IVIg dosage: beta = 2.1, t = 2.627, p 0.012; anti-GM1 IgM
antibody status: beta = 95.3, t = 1.829, p 0.075). Therefore, baseline concentrations of all
analytes did not differ between patients with or without anti-GM1 IgM antibodies.

When comparing protein concentrations between anti-GM1 IgM antibody groups after LPS
stimulation, we did not identify differences in the increase of IL-1RA, IL-1f, IL-10, IL-8 and
CDA4OL (Fig. 2). Although we concluded that at a group level unequivocal IL-21 stimulation (i.e.
at least a 1.5-fold concentration increase after LPS stimulation) did not occur, we observed a
concentration increase in patients with anti-GM1 IgM antibodies more often than in patients
without anti-GM1 IgM antibodies. The absolute increase after LPS stimulation was higher in
patients with anti-GM1 IgM antibodies (Mann-Whitney U test, p 0.048). The percentage of
patients that showed an increase of at least 10% from baseline was also higher in patients
with anti-GM1 IgM antibodies than in patients without (8/22 (36%) vs. 1/19 (5%), x? test p
0.016).
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Figure 2. Baseline concentrations (panel A) and concentration changes after LPS stimulation
(panel B) of IL-1RA, IL-15, IL-6, IL-10, IL-21, TNF-¢, IL-8 and CD40L (plots a-h in both panels),
stratified by anti-GM1 IgM antibody status in patients with MMN. In the upper left corner, the
Mann-Whitney U test’s uncorrected p-value is shown for proteins for which at least 50% of the

data points were measured within detection limits in both groups.
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Integrated comparisons using PCA reveals no clustering of data

Since the analyses described above focused on each protein separately, we decided to use a
combined approach to study possible clustering of data by performing a principal component
analysis (PCA, Fig. 3). For baseline concentrations, controls showed less scattering of data than
patients, in line with data presented in table 1 and 2, but no unequivocal clustering occurred.
After LPS stimulation, we observed no clustering of data when comparing patients and
controls. Likewise, no differential clustering was found in either comparison for patients with
or without IVIg treatment, or for patients with or without anti-GM1 IgM antibodies.

In conclusion, in addition to comparing each protein separately, no immunological signatures
were found for patients with MMN, patients treated with IVIg or patients with anti-GM1 IgM
antibodies in this combined approach using PCA.

A. Analyte concentrations at baseline

PC2

Treatmentnaive & Anti-GM1 IgM -
1Vig treatment @i Anti-GM1 IgM +

PC2
PC2

Treatment-naive & : [o] Anti-om11gM -
Vg treatment a0 Lo Antiomi igm +

Control
Patient 0

Figure 3. Principal component analysis (PCA) for baseline concentrations (panel A) and
concentration changes after stimulation with LPS (panel B), stratified for patients and
controls (plots a. and d.), IVIg treatment status (plots b. and e.) and anti-GM1 IgM antibody
status (c. and f.). Data for IL-1RA, IL-14, IL-6, IL-10, IL-21, TNF-¢, IL-8 and CD40L were
included in all PCA’s.
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Discussion

Our understanding of the role of the innate immune system in the immunobiology underlying
multifocal motor neuropathy is limited. Therefore, we have explored innate immune
responses in whole blood samples from patients with MMN and controls following stimulation
with the endotoxin LPS. At baseline, patients with MMN had higher IL-8 concentrations than
controls. After endotoxin activation, the levels of a range of immunoregulating proteins
increased, but these increases did not differ between patients and controls. Hence, our results
do not support variation in the innate immune response as a susceptibility factor for MMN.

Previous studies have shown the value of ex vivo stimulation experiments using endotoxins in
uncovering altered innate immune responses and their association with susceptibility to
various infectious, autoinflammatory and autoimmune diseases.?>?7 Interestingly, altered
innate immune responses have been shown to be a critical host susceptibility factor
underlying the loss of immunotolerance to anti-ganglioside antibodies in Guillain-Barré
syndrome (GBS), an acute, monophasic autoimmune neuropathy, characterized by IgG
antibodies to gangliosides, including GM1.2%2° |In GBS, sialylation of Campylobacter jejuni
endotoxin augments the TLR4-mediated innate immune response by dendritic cells, leading
to increased T-cell independent B-cell stimulation.’> Moreover, this study showed that the
innate immune response triggered by C. jejuni LPS is a host susceptibility factor in patients
with GBS and associated with GBS severity.}* Although MMN is not associated with preceding
C. jejuni infection, the multiple phenotypic similarities between the acute motor axonal
neuropathy (AMAN) variant of GBS and MMN, i.e. a pure motor neuropathy associated with
the presence of conduction block, anti-GM1 antibodies and a response to IVIg but not
corticosteroids, suggested the possibility of specific innate immune responses as a
susceptibility factor for MMN.3%33 The lack thereof, combined with the absence of
inflammatory markers in blood and cerebrospinal fluid in patients with MMN may suggest
that local rather than systemic inflammation is a feature of MMN, in contrast with findings in
patients with GBS.1%13:34

Despite the overall lack of association between innate immune responses and MMN, we
observed some interesting patterns for specific proteins. Although the results of the
comparison between treatment-naive patients with MMN and controls should be interpreted
with care given the small group of treatment-naive patients (n=7), we found higher IL-8
baseline concentrations in patients with MMN, independent of IVIg treatment. IL-8 is a pro-
inflammatory, neutrophil chemotactic factor produced by a variety of cells after stimulation
with other cytokines, such as IL-1B and TNF-a..3> When comparing patients with MMN and
controls, drawing definite conclusions is complicated because of the complex interplay of
immunoregulating proteins, in which baseline IL-8 levels could serve as a proxy for other
factors, and the limited number of treatment-naive patients in our study (n=7). Moreover,
within four hours of stimulation with LPS, we found that patients with anti-GM1 IgM
antibodies showed an IL-21 increase more often than to patients without anti-GM1 IgM
antibodies. The fact that IL-21, a B-cell stimulating and regulating factor, is produced by T cells
could explain why not all samples showed a clear IL-21 increase after four hours of
stimulation.3¢37 Indeed, other B-cell stimulating or regulating proteins, such as APRIL and
BAFF, have previously been shown to emerge only after longer periods of stimulation.'®
Therefore, whether this finding reflects a difference in the timing of the onset of IL-21 increase
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or preludes a difference in maximum IL-21 production after longer periods of stimulation
remains to be uncovered.

To the best of our knowledge, we have performed the first study on innate immune responses
to endotoxin of peripheral blood cells in MMN. Considering the rarity of MMN, our patient
cohort should be considered large; this allowed us to correlate data on a variety of
immunoregulating proteins to detailed clinical parameters, measured at the time of sampling.
We believe that our results, obtained after four hours of stimulation with LPS, essentially rule
out major general differences in the innate immune response between patients with MMN
and controls. However, the results of our study suggest that further research, focusing on
products of the innate immune response emerging after longer periods of stimulation with
endotoxin, such as IL-21, APRIL of BAFF, may be necessary. The correlation between IVig
dosage at the time of sampling and baseline levels of specific immunomodulating proteins
indicates biomarker potential for efficacy of IVIg treatment, but this would need to be
addressed further in future studies.

In summary, we demonstrate that altered innate immune responses to LPS are not a
susceptibility factor for MMN. As innate immune responses were not associated with the
presence of anti-GM1 IgM antibodies, the results of our study indicate that differences in the
innate immune response to endotoxin are unlikely to form part of the immunopathology
underlying anti-ganglioside antibody production in MMN.
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Chapter 7

Abstract

Background Multifocal motor neuropathy (MMN) is a rare, chronic immune-mediated
polyneuropathy characterized by asymmetric distal extremity weakness. An important feature
of MMN is the presence of IgM antibodies against gangliosides, in particular GM1 and less
often GM2. Antibodies against GM1 bind to motor neurons (MNs) and cause damage through
the activation of complement. The involvement of Schwann cells (SCs), expressing GM1 and
GM2, in the pathogenesis of MMN is unknown.

Methods Combining the data of our 2007 and 2015 combined cross-sectional and follow-up
studies in Dutch patients with MMN, we evaluated the presence of IgM antibodies against
GM1 and GM2 in serum from 124 patients with MMN and investigated their binding to SCs
and complement-activating properties. We assessed IgM binding, complement deposition,
and their association with clinical characteristics.

Results Thirteen out of 124 patients (10%) had a positive ELISA titer for IgM anti-GM2. Age at
onset of symptoms was significantly lower in patients with MMN with anti-GM2 IgM. IgM
binding to SCs, but not to MNs, correlated with IgM anti-GM2 titers and nor with IgM anti-
GM1 titers. IgM binding to SCs decreased upon pre-incubation of serum with soluble GM2,
but not with soluble GM1. IgM anti-GM2 binding to SCs correlated with complement
activation, as reflected by increased C3 fixation on SCs and C5a formation in the supernatant.

Conclusion Circulating IgM anti-GM2 antibodies define a subgroup of patients with MMN that
has an earlier onset of disease. These antibodies probably specifically target SCs and activate
complement, similarly as IgM anti-GM1 on MNs. Our data support that complement activation
by IgM antibodies bound to SCs and MNs underlies MMN pathology.
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Background

Multifocal motor neuropathy (MMN) is a rare, chronic motor neuropathy characterized by
slowly progressive asymmetric weakness of distal limbs, that responds to treatment with
intravenous or subcutaneous immunoglobulins (IVIg; Sclg).*® (Multi)focal motor conduction
block with normal sensory function is considered the hallmark of MMN, but imaging studies
have shown a more generalized pattern of nerve pathology.”® Serum from patients with MMN
often contains IgM antibodies against ganglioside GM1 and occasionally GM2.31911 The
pathophysiological mechanisms underlying MMN are incompletely understood due to the few
pathological studies performed in MMN and the lack of a representative animal model, but
the available evidence suggests immune-mediated abnormalities of (perinodal and
perisynaptic) Schwann cells (SCs), myelin sheath and the (peri)nodes of Ranvier.10:12-14

GM1 is a glycosphingolipid that is highly expressed in perinodal regions of peripheral nerves
and a target for antibodies, found in patients with MMN and acute motor axonal neuropathy
(AMAN).*! Anti-GM1 IgM binds to axons and neurites of induced pluripotent stem cell (iPSC)
derived motor neurons (MNs) and induces cellular damage through the activation of the
classical complement pathway.'%* Hence, complement activation by IgM anti-GM1 antibodies
may underlie disease progression and permanent weakness due to accumulating axonal
damage.'® Higher titers of anti-GM1 are associated with both more complement deposition in
vitro and more pronounced weakness in patients.3617

Initial discrepancies of anti-GM1 IgM prevalence reports in MMN were caused by differences
in methodology, but recent studies showed that IgM anti-GM1 are present in serum of
approximately 50% of patients.>#1213.18 This is an underestimation due to limited sensitivity of
detection techniques, but it is likely that serum from a subgroup of patients with MMN does
not contain IgM anti-GM1, but IgM auto-antibodies with other specificities, such as NS6S
heparin disaccharide and other gangliosides, such as GM2, GD1b, and GD1a.310:19-22

We previously described the pathogenic effects of MMN-associated antibodies using an iPSC-
MN model.1%** The goal of this study was to study binding of IgM antibodies against
gangliosides using a SC-line as well as iPSC-derived MNs and their potency to activate
complement in a cohort of 124 well characterized patients with MMN.

Methods

Standard protocol approvals, registrations, and patient consents

The Ethics Committee of the University Medical Center Utrecht approved the collection of
patient sera as part of a national cross-sectional study (UMCU, METC protocol nr: 14-528).%
Written informed consent was obtained from all study participants prior to inclusion in this
study.

Study populations

All patients with MMN had been diagnosed at the outpatient clinic of the UMCU and met the
2010 EFNS diagnostic criteria for definite, probable or possible MMN.? We only included
patients of whom clinical data were available. We obtained serum samples of healthy controls
(HC) through the in-house donor facility of the UMCU. Serum samples of all subjects were
heat-inactivated for 30 minutes at 56°C and stored in aliquots at -80°C until used.
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Clinical data

We retrieved clinical data from the UMCU MMN database. This registry contains data collected
during the 2007 and 2015 Dutch national combined cross-sectional and follow-up studies on
MMN, complemented with data from patients’ UMCU patient files.3*?* Age at onset was
defined as the age at which a patient first noticed signs of muscle weakness, and disease
duration was defined as the time that lapsed since disease onset. Nerve conduction studies
(NCS) were done as described previously.*#?* We recorded the presence of abnormal brachial
plexus MR imaging (nerve thickening or nerve hyperintensity), postural hand tremor and
vibration sense abnormalities.>* We calculated an MRC sum score (MRCss) of shoulder
abduction, elbow, wrist and finger flexion and extension, finger spreading, hip and knee
flexion, knee extension and foot dorsal and plantar flexion bilaterally as a measure for total
muscle strength (maximum score 130) at patients’ first visit to our hospital.?®> The difference in
MRCss (AMRCss) as measured during the Dutch national cross-sectional studies on MMN in
2007 and 2015 was used as a measure of disease progression.>* We listed the presence of IgG
and/or 1IgM monoclonal gammopathy as determined in serum, cerebrospinal fluid (CSF)
analysis results and anti-GM1 and anti-GM2 IgM antibody status, which were determined by
ELISA as described previously.>?® For IVIg analyses, we determined patients’ IVIg treatment
status and IVIg dosage in grams/month.

Cell culture

The iPSC-derived model for MMN was modified from protocols described previously.?%4
Human SC-line sNF96.2 (derived from a malignant peripheral nerve sheath tumor) was
obtained from ATCC (CRL-2884) and cultured in T75 or T175 flasks (Greiner) in DMEM medium
(Life Technologies) supplemented with 100 U/mL penicillin (Life Technologies), 100ug/uL
streptomycin (Life Technologies), and 10% v/v (volume/volume) fetal calf serum (FCS, Bodinco)
at 37°Cand 5%, v/v, CO2. Cells were passaged at 80% confluency, first washed in PBS, following
detachment using Accutase cell detachment solution (Sigma-Aldrich). Cell numbers and
viability (typically >80%) were assessed via trypan blue (Sigma-Aldrich) exclusion assay using
an automated cell counter (Countess, Invitrogen).

Flow cytometry

sNF96.2 SCs were transferred to V-bottom plates (Greiner) at a density of 50,000 cells/well. To
assess IgM binding, cells were opsonized with heat-inactivated (HI) MMN serum or HC serum
(1:20 diluted in veronal buffer (VB, Lonza)) for 1 hour at room temperature (RT). Between every
incubation step, cells were washed with 100uL FACS buffer (FB, which is phosphate buffered
saline, pH 7.4 (PBS, Sigma)-0.1%, w/v, bovine serum albumin (BSA, BSA Fraction V, Roche)-
0.01%, w/v, sodium azide) and centrifuged for 5 minutes at 125g. Next, cells were stained
(20ul, diluted in FB, 45 min on ice in the dark) with a primary detection antibody (goat anti-
human IgM biotin, 1:50, Sigma) followed by incubation with a secondary detection antibody
(streptavidin-APC, 1:100, ThermoFisher). To correct for day-to-day variation, the mean
fluorescent intensity (MFI) of each sample was divided by the average MFI of a set of HC sera
(n=6) that we tested simultaneously and expressed as fold change (FC). To assess IgM anti-
GM1 and/or anti-GM2 antibody specificity, MMN patient sera were pre-incubated with soluble
GM1 (Enzo Life Sciences) or GM2 (Sigma) at 100ug/uL for 30 min at RT, prior to opsonization.
The % inhibition of IgM binding was defined in ELISA as the reduction in antibody activity
defined by OD in a serum sample preincubated with GM1/GM2 compared to a serum sample
without such preincubation. To evaluate complement activation by bound IgM antibodies,
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following opsonization with MMN patient or HC serum cells were incubated with 5%, v/v,
pooled complement active serum (InnovativeResearch), diluted in VB. Fixation of C3 to the
cells was then measured by a subsequent inhibition with mouse anti-human C3 biotin (1:00 in
FB, LSBio). Cells were analyzed using flow cytometry (FACS Canto Il, and accompanying
software, FACS DIVA, BD Biosciences).

Anti-GM2 specific ELISA

To assess GM2 specificity, we utilized a modified version of the previously published anti-GM2
ELISA.3?% Wells of a MaxiSorp plate (NUNC) were coated with 70pL 0.1ug/mL GM2 (Sigma),
diluted in methanol, and left to evaporate O/N in a laminar flow. Wells were blocked with 200
pL 1% BSA-PBS for 1 hour at RT. Patient sera were diluted 1:200 in 1% BSA-PBS, either or not
pre-incubated with GM1 or GM2 (50ug/uL for 30 min at RT), and incubated in GM2 coated
wells 1 hour at RT. Next, wells were washed 3 times with PBS, and IgM binding was detected
using goat anti-human IgM (Sigma, 70uL 1:10000 in 1% BSA-PBS, 1 hour at RT), followed by a
3-time wash in PBS, and incubation with streptavidin-POD (Sigma, 70uL 1:1000 in 1% BSA-PBS,
30 min at RT), and a final 3-time wash in PBS. For detection 100uL TMB (Invitrogen) was added
to each well. Finally, the reaction was stopped using 1M HCL (Fisher Chemical). All
measurements were conducted in triplicate and ODasonm (read-out at a wave length of 450 nm)
was analyzed using a SpectraMax M3 (Molecular devices). The d-ODassonm Was obtained by
subtracting the ODasonm from an uncoated well of the respective ODasonm of a GM2 coated well.
The % inhibition of IgM binding was calculated by setting the ODasonm of the serum sample
without GM1/GM2 preincubation at 0% inhibition.

Microscopy and live cell complement activation

sNF96.2 SCs were seeded (50.000 cells/well) on coverslips (VWR) in a 24-well plate (Greiner)
for 2 days prior to experimental analysis. Cells were opsonized with HI MMN patient serum
(150 pL, 1:50 in VB) for 1 hour at RT. Next, 150 pl 15% pooled complement active serum (pre-
incubated with complement inhibitors for 15 min at RT when indicated) was added to each
well and incubated for 1 hour at 37°C. Supernatant was collected after incubation with
complement-active serum for the measurement of complement activation products. For
microscopy, cells were fixed in 4% paraformaldehyde (Klinipath) 10 min at RT, the coverslips
were removed from the 24 wells plate, washed with PBS and quenched for autofluorescence
using NH-4Cl (5 min RT). Subsequent incubation steps were performed top-down in 100 pL
droplets on parafilm. Coverslips were blocked in 2% BSA-PBS for 1 hour RT, and subsequently
stained with a primary (biotinylated goat anti-human C3, 1:2000, MyBioSource) and secondary
detection antibody (Streptavidin APC, 1:100, eBioscience), both diluted in 2% BSA-PBS, for 1
hour at RT in the dark and washed with PBS. After the last antibody incubation step coverslips
were washed in PBS and distilled water (Milli-Q). After removal of excessive liquid, the
coverslip was mounted on an object glass in 7uL ProLong Diamond Antifade Mountant with
DAPI (Invitrogen) and dried overnight at RT. Samples were analyzed at 20x magnification using
a Zeiss Z1 microscope (Carl Zeiss Microscopy) with Colibri LEDs and the following settings: 25%
LED 400 ms for Alexa Fluor 488, 25% LED 100 ms for APC, 25% LED 50 ms for DAPI. To prevent
bias, 4 pictures were taken throughout the image field. Pictures were exported in single and
merged channel to non-compressed TIFF-format using ZEN 2 software (Carl Zeiss Microscopy)
and mean grey values were calculated for each single channel using ImagelJ (Fiji 1.53).
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Other analyses

C5a in the supernatant samples after complement activation was measured with the Human
Complement Component C5a DuoSet ELISA (R&D Systems) according to manufacturer’s
instructions. For all complement read-outs, values were normalized by calculating the FC
relative to the non-opsonized serum control, which was set at 1 from each experiment set at
1.

Statistical analysis

GraphPad Prism 9 was used for data analysis and visualization of experimental data.
Correlation analyses were conducted using the Spearman’s rank correlation coefficient with
the following rs grading: 0.00-0.10 negligible; 0.10-0.39 weak; 0.40-0.69 moderate; 0.70-1.00
strong. Clinical data were analyzed using R version 4.2.0. We compared categorical data using
a Chi-squared test. Continuous variables were compared between groups using a Student’s t-
test or Mann-Whitney U test, as appropriate. Multiple-group comparisons were performed
using a Kruskal-Wallis test with Dunn’s test as a post-hoc analysis. In analyses concerning IVIg
dosage (grams/month) and MRC sum score, i.e., the MRCss at patients’ first visit and the
change in muscle strength between 2007 and 2015 which we termed AMRCss, comparisons
between groups were corrected for disease duration using a linear regression model. Analyses
involving patients’ MRCss at their first visit to the UMCU were performed in IVIg treatment-
naive patients only. For nerve conduction comparisons, we included a subset of patients whose
samples were used in the complement activation assay (see above), of whom detailed nerve
conduction data were available. A p-value <0.05 was considered statistically significant. When
appropriate, we corrected p-values for multiple testing using the Bonferroni method.

Results

Study population

We included 124 patients with MMN in the study. We previously assessed anti-GM1 and anti-
GM2 titers with ELISA in serum samples from 87 patients collected during the 2007 cross-
sectional study, and we used the same methodology for 37 additional patients in the present
study, whose samples were collected during the 2015 cross-sectional study.>?42¢ Clinical
characteristics are summarized in Table 1. IgM anti-GM1 and anti-GM2 antibodies as detected
by ELISA were present in 58% and 10% of the patients, respectively, while 39% was negative
for either one of these antibodies. IgM anti-GM1 and IgM anti-GM2 titers did not correlate
(Figure 1A, rs=0.1099, p=0.2244), suggesting that these are two different types of antibodies
rather than one cross-reacting antibody.

We next investigated specific clinical characteristics of patients with IgM anti-GM2. To this end,
we stratified patients by the presence or absence of IgM anti-GM1 and GM2: IgM anti-GM2
positive, either or not with anti-GM1 (group A); IgM anti-GM1 positive and anti-GM2 negative
(group B); and double negative (group C). We did not analyze patients with IgM anti-GM2
without GM1 antibodies (n=4) separately due to small numbers. Comparisons between groups
are shown in Table 2.
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Patients with IgM anti-GM2 had a significantly lower age at onset of disease, with a median
difference of 12 years. Patients with IgM anti-GM2 antibodies had significantly lower MRCss
than patients without antibodies, but this difference must probably be attributed to the
concomitance of IgM anti-GM1, which was associated with more pronounced weakness in a
previous study.? Indeed, comparison of patients with only IgM anti-GM1 antibodies and those
without antibodies showed significantly lower MRCss at their first visit to the UMC Utrecht
(p=0.046).%?* Finally, reported sensory symptoms such as hypesthesia or paresthesia were
more frequent in the group with I1gM anti-GM2 (group A) (33% vs. 6%, p=0.023).

Finally, we compared available nerve conduction studies performed at diagnosis of 16 patients
with MMN, of whom 7 had IgM anti-GM2 antibodies. Results are shown in Table 3. There were
no differences in nerve conduction velocities of motor nerves between patients with or
without IgM anti-GM2 antibodies. Patients with IgM anti-GM2 antibodies did not have lower
sensory nerve action potential (SNAP) amplitudes of altered sensory conduction velocities as
compared to patients without IgM anti-GM2 antibodies. F-wave latencies in all investigated
nerves were comparable between groups.

1gM anti-GM2 antibodies from patients with MMN bind to SCs.

To investigate binding of IgM anti-GM1 or -GM2 to SCs and iPSC-MNs, we used 98 available
sera. Apart from a minor difference in IgM anti-GM1 positivity, clinical characteristics of these
patients were similar to those of the other 26 patients (Table 1). FC of IgM antibody against
SCs in MMN patient’s sera varied between 0.28 and 74.54. Moreover, IgM anti-SC FC differed
from IgM anti-iPSC-MNs measured and expressed in a similar way (Figure 1B).

Next, we investigated differences in IgM binding to SCs and iPSC-MNs among patients stratified
by their IgM anti-GM1/2 status as determined with ELISA. Regarding IgM binding to SCs, we
observed a significantly higher FC for patients positive for anti-GM2 compared to anti-GM2
negative patients. FC of IgM did not differ between patients with or without IgM anti-GM1
(Figure 1C, and Supplemental Figure 1). In contrast, binding of IgM to the iPSC-MNs was
significantly higher in the patients who had IgM anti-GM1 antibodies compared to patients
negative for these antibodies (Figure 1D). FC on SCs moderately correlated with IgM anti-GM2
titers measured with ELISA (rs= 0.4983, p < 0.0001), but not with IgM anti-GML1 titers (Figure
2A and B).
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Figure 2: IgM binding to SCs stratified by IgM anti-GM2 and anti-GM1 antibody titer

A IgM binding to SCs stratified for IgM anti-GM1 titer. No correlation was found between
FCigm and IgM anti-GM1 titers (Spearman’s rho rs=0.1369, p=0.1790).

B IgM binding to SCs stratified for IgM anti-GM2 antibody titer group shows a moderate
correlation between IgM binding (FCigm) and anti-GM?2 titer (Spearman’s rho rs=0.4983,
p<0.0001). FC: fold change.

IgM binding of MM patients to SCs is GM2 specific

To confirm anti-GM2 antibody specific binding to SCs, we pre-incubated MMN sera positive for
anti-GM2 1gM with soluble GM1 and GM2 and tested residual IgM binding to membrane
bound or solid-phase GM2 using flow cytometry and a GM2-specific ELISA. Pre-incubation of
anti-GM2-positive MMN patient serum with soluble GM1 resulted in a modest reduction in FC
of 1IgM binding to SCs (Figure 3A), whilst pre-incubation with soluble GM2 strongly reduced
residual FC IgM binding (Figure 3B). When plotted as % inhibition of IgM binding, setting the
non-treated serum sample at 0% inhibition, we observed a significant inhibition of IgM binding
to SCs upon pre-incubation of the IgM anti-GM2 positive sera with soluble GM2. Under the
same conditions, we did not observe significant inhibition upon pre-incubation of these sera
with soluble GM1 (Figure 3C). Upon preincubation of anti-GM2-positive MMN patient sera
with soluble GM1, ODassonm did not decrease, whereas pre-incubation with soluble GM2
resulted in a significant inhibition of IgM binding (Figures 3D and E) thereby confirming the
flow cytometry results and specificity of the IgM antibodies towards GM2 expressed on SCs.

IgM anti-GM2 binding on SCs results in complement activation

Complement activation by IgM anti-GM1 antibody bound to MNs is probably a major
mechanism in the pathogenesis of MMN (3, 10, 16). We therefore investigated whether IgM
anti-GM2 antibody binding induced complement activation on SCs. SCs were incubated with
HI sera from patients with MMN either or not positive for IgM anti-GM2, and with fresh pooled
human serum as a source of active complement. Since the majority of IgM anti-GM2 positive
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sera also contained IgM anti-GM1, we compared sera with IgM anti-GM2 to sera without anti-
GM2 IgM, with and without IgM anti-GM1. A detailed overview of antiganglioside antibody
titers for each patient can be found in Supplemental Table 1. Results were expressed similarly
as for IgM binding (Figure 4A). C3 fixation (Figure 4B) to SCs opsonized with IgM anti-GM?2
positive patient sera was significantly increased compared to that seen with IgM anti-GM2-
negative sera (Figure 4C). Moreover, FCigm and FCcs correlated strongly (Figure 4D).

We further assessed complement activation on SCs in culture using membrane-bound and
soluble complement activation markers as read-out. We confirmed C3 fixation upon
opsonization of SCs with IgM anti-GM2 positive patient sera and complement active serum
microscopically. The level of C3 fixation observed on opsonized SCs following incubation with
HI serum was similar to the non-opsonized serum control. Both pre-incubation of complement
active serum with an irrelevant control antibody or an anti-C5 antibody did not decrease C3
fixation (representative microscopic images depicted in Figure 5A, quantified as FC to the non-
opsonized serum control for multiple experiments in Figure 5B). To assess down-stream
complement activation, we measured C5a in the culture medium of opsonized and
complement-exposed SCs. C5a increased upon the addition of complement active serum to
opsonized SCs. This increase was significantly inhibited by pre-treating the complement active
serum with an anti-C5 antibody which reduced C5a levels to those observed in the non-
opsonized serum control (Figure 5C).
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Figure 4: 1IgM anti-GM2 binding on SCs results in complement activation

IgM binding (FCigm, A) and C3 fixation (FCcs, B) to SCs opsonized with IgM anti-GM?2 positive (red bars)
or negative (black bars) MMN patient serum and incubated with fresh serum as complement source.
Opsonization with anti-GM2 MMN patient serum results in increased IgM binding and increased
complement activation. Data are mean + SD of different assays C Pooled results of FCcs data depicted
in B, Mann-Whitney test. D Highly significant strong correlation between IgM anti-GM2 binding to
SCs and subsequent complement activation. Red dots IgM anti-GM2+ sera, black dots IgM anti-GM2-
sera. Mean + SD, Spearman’s rho rs=0.9532, p<0.0001. **** p<0.0001; FC: fold change.
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Discussion

In this study, we show that 10% of 124 patients with MMN have circulating IgM antibodies
against the ganglioside GM2, which is mainly expressed on SCs. Disease symptoms of this
subgroup of patients, some of whom did not have detectable IgM anti-GM1 antibodies, were
indiscernible from those of the other MMN patients, except for an earlier onset of muscle
weakness, and the presence of subjective sensory disturbances. Our findings suggest a
pathogenic role of IgM anti-GM2 antibodies and involvement of SCs in at least a subgroup of
patients.

Gangliosides are a group of sialic acid containing glycosphingolipids that are expressed in the
plasma membrane of cells of both the peripheral and central nervous system, and by ensuring
myelin integrity contribute to optimal saltatory conduction.***3 GM1, GD1a, GD1b and GT1b
are the predominant gangliosides in neural tissue. GM1 is localized around the nodal
axolemma and nodal Schwann cell membranes. GM2 is less abundant than other gangliosides.
On peripheral nerves, GM2 is localized at the abaxonal site of SCs, and to a lesser extent on
the abaxonal membranes and the axonal area.?®??° Here, we show that IgM anti-GM2
antibodies in sera from MMN patients specifically bind to GM2 on a SC line.

GM1 and GM2 are structurally related and differ in only one galactose residue with is added
to GM1 during its synthesis from GM2.3° Although this structural similarity between GM1 and
GM2 raises the possibility of cross-reactivity of IgM anti-GM1 antibodies with GM2, and vice
versa, our results show that binding is likely to be specific and not cross-reactive. Both in
ELISA as well as in the SC model, binding of IgM from most patients with anti-GM2 antibodies
was inhibited by pre-incubation with soluble GM2 and not, or only minimally, by soluble GM1.
In order to confirm target-specificity, antibody isolation and sequence analysis is key to
understand the complex interaction between IgM anti-ganglioside antibodies and their
respective targets.3!

The prevalence of IgM antibodies against GM2 of 10% in our large MMN cohort is in line with
the 6-10% found in previous studies.3?%3%33 |gM anti-GM2 antibodies have been described
throughout the spectrum of immune-mediated neuropathies, including Guillain-Barré
syndrome (GBS) and its acute motor axonal variants, chronic inflammatory demyelinating
polyneuropathy, and sensory demyelinating neuropathy with ataxia.?%2%:32:34-38 |gG anti-GM2
antibodies are a biomarker for immune-mediated polyneuropathies in cats.?® Interestingly,
the presence of IgM anti-GM2 antibodies is associated with preceding cytomegalovirus (CMV)
infection in patients with GBS.*° The relationship between MMN susceptibility and preceding
CMV infections is unknown, but, given the chronic course, not likely.

We found IgM anti-GM2 antibodies to be associated with earlier onset of muscle weakness.
Interestingly, 1gM anti-GM2 antibodies have been reported in case-reports of children
diagnosed with MMN, and in an Indian cohort of childhood-onset GBS.3>4142 |n a selected
subgroup of patients with MMN whose samples were included in the complement activation
assays (see Fig. 4), the presence of IgM anti-GM2 antibodies was also associated with the
presence of subjective sensory complaints but normal sensory nerve conduction studies.
Whether sensory complaints in the group with IgM anti-GM2 antibodies are a mere reflection
of longer disease duration, or reflect a specific pathological effect of IgM anti-GM2 antibodies
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on sensory neurons remains to be determined.*?32443 Importantly, patients with MMN with
IgM anti-GM2 antibodies had similar disease characteristics, response to IVIg treatment, and
disease trajectories as patients without these antibodies, including the 4 patients with only
IgM anti-GM2 antibodies, indicating that the presence of IgM anti-GM1 antibodies is not a
prerequisite in MMN. This suggests that IgM anti-GM1 and anti-GM2 antibodies trigger a
similar pathological mechanism.

Although IgM anti-GM2-induced complement-mediated cytotoxicity has been described
previously using a neuroblastoma cell line that expresses GM2, we did not observe lysis of SCs
upon complement activation by bound IgM anti-GM antibodies.?%** This is presumably due to
the protective effects of membrane complement regulatory proteins, including CD59, which
we also found to be highly expressed in our SC model.}*#*>%7 We hypothesize that the
contribution of complement activation by IgM anti-GM2 antibodies bound to SCs in MMN
pathology is the deposition of other complement components than the membrane attack
complex and the production of soluble activation products. We detected C5a generation by
IgM bound to SCs in supernatants (Figure 5). Similar mechanisms may be relevant for MNs,
which are also well protected by complement regulatory membrane proteins.'* Receptors for
C3a and C5a are expressed by motor neurons and glial cells and their engagement results in
increased inflammation.*** SCs upon stimulation produce inflammatory cytokines, including
IL-1B, IL-6, and TNF-a, which could amplify immune activation and inflammation.*>>! The
importance of crosstalk was suggested in an in vitro model where SCs were activated by
neurons upon complement-activation by an anti-GQlb antibody.>? Therefore, we postulate
that the pathologic mechanism shared by IgM anti-GM1 bound to MNs and anti-GM2
antibodies bound to SCs underlying MMN is the generation and deposition of upstream
complement activation products. Generation of these activation products could induce an
inflammatory interplay between MNs and SCs resulting in MN dysfunction and thickening of
affected nerves.

We acknowledge that the use of two separate cell lines is a limitation of this study, as is the
non-myelinating nature of the SC line, since this could affect the ganglioside distribution in
comparison to myelinated nerve tissue. Additionally, there could be a difference in overall
ganglioside distribution between the sNF96.2 Schwann cell line and Schwann cells in patients.
Therefore, it is important to ultimately reproduce some of the key findings using primary SCs
or nerve tissue. Nevertheless, the current model allowed us to investigate anti-ganglioside
antibody interactions and subsequent immunological effector mechanisms in more detail than
before.

In conclusion, we show that IgM anti-GM2 antibodies that target SCs are found in 10% of
patients with MMN, sometimes in the absence of detectable anti-GM1 antibodies. Anti-GM2
antibodies are associated with a clinical phenotype of MMN that except for an early onset is
indiscernible from the disease associated with anti-GM1 antibodies, suggesting a common
pathogenic mechanism shared by either type of antibody. We postulate that this mechanism
includes the generation of fluid-phase complement activation products that interact with
receptors on SCs and MNs.
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Supplemental Figure 1: Flow cytometry based analysis of IgM antibody binding to Schwann
cells

A Schwann cells were incubated with healthy control or MMN patient sera. Respective
overview of IgM binding intensities after opsonization with healthy control serum (red), MMN
serum positive for IgM anti-GM1 and negative for IgM anti-GM2 (orange), MMN serum
negative for IgM anti-GM1 and positive for IgM anti-GM2 (green), and positive for both IgM
anti-GM1 and anti-GM2 (blue). B Forward scatter (FSC)/sideward scatter (SSC) and 1gM/SSC
plots of data depicted in A.
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Supplemental Table 1. Anti-ganglioside antibody titer of MMN patients
used in complement activation assays

Patient IgM anti-GML1 titer IgM anti-GM2 titer
MMN-004 200 200
MMN-005 800 800
MMN-007 200 200
MMN-010 <100 200
MMN-015 <100 400
MMN-022 400 200
MMN-024 6400 200
MMN-026 <100 400
MMN-048 100 1600
MMN-076 800 400
MMN-002 12800 <100
MMN-021 6400 <100
MMN-028 <100 <100
MMN-042 1600 <100
MMN-045 1600 <100
MMN-053 400 <100
MMN-068 1600 <100
MMN-070 200 <100
MMN-094 400 <100
MMN-106 100 <100
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Chapter 8

Abstract

Objective To determine the association between the composition of gut microbiota and
susceptibility to multifocal motor neuropathy (MMN), its disease course and the presence of
anti-GM1 IgM antibodies and MMN disease course.

Methods We collected fecal samples of 74 patients with MMN and 64 controls. Using 16S rRNA
gene sequencing, we compared gut microbiota alpha and beta diversity, and differential
abundances of bacterial genera between patients and controls. In addition, putative
correlations with clinical parameters of patients with MMN including the presence of anti-GM1
IgM antibodies were examined.

Results Patients with MMN and controls had similar alpha and beta diversity. However,
patients with MMN had significantly lower mean relative abundances of an uncultured genus
of the Christensenellaceae family (MMN 0.022% vs. controls 0.058%; p=0.018) and
Eubacterium siraeum (MMN 0.199% vs. controls 0.318%; p=0.020). Gut microbiota diversity
and relative abundances were not associated with age at onset, nor with sex or IVIg treatment.
Patients with anti-GM1 IgM antibodies had a significantly lower mean relative abundance of
Butyricicoccus (anti-GM1 IgM* 0.29% vs anti-GM1 IgM™ 0.54%; p=0.049) and an increased
abundance of Mogibacterium (anti-GM1 IgM* 0.088% vs. controls 0.019%; p=0.034).

Conclusion Multifocal motor neuropathy is associated with an altered abundance of minor
genera of gut microbiota. Specifically, anti-GM1 IgM antibodies are associated with an
increased abundance of Mogibacterium. The results of this study provide novel and important
insights in the immunopathological processes underlying anti-GM1 IgM antibodies and MMN.
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Introduction

Multifocal motor neuropathy (MMN) is a rare and chronic immune-mediated polyneuropathy
that mostly affects young- to middle-aged men and causes progressive and ultimately severe
asymmetrical weakness and disability of the hands and lower legs. MMN is associated with
the presence of conduction block, i.e. the inability to propagate action potentials along axons
of peripheral nerves, and the presence of IgM antibodies against the ganglioside GM1, a
constituent of peripheral nerves.' Although reported prevalence figures of these antibodies
vary, the use of standardized ELISA and glycoarray techniques has consistently shown that
serum samples from approximately half of the patients with MMN contain anti-GM1
antibodies.®® However, the true prevalence figure is probably higher, as shown in studies that
used human motor neuron models rather than solid-phase assays.’ The pathogenic potential
of anti-GM1 IgM includes complement-activating properties that are associated with severity
of muscle weakness, through the contribution of accumulating permanent axonal damage,
and changes in the anatomy and function of the (peri)nodal region and possibly the
neuromuscular junction.”®%%12  Though short-lasting and partial, the efficacy of
subcutaneously or intravenously administered immunoglobulins (1VIg), the standard of care
for MMN treatment, is probably best explained by its interference with IgM-complement
interaction, 131415

Anti-GM1 IgM antibodies are not unique to MMN. They are part of the repertoire of natural
antibodies, which are produced without T-cell help and provide first-line protection against
bacteria through their specificity for common epitopes including glycans expressed by
bacterial glycoproteins and glycolipids. Anti-GM1 IgM antibodies appear in serum during the
first months of life in parallel with other anti-bacterial anti-glycan IgM antibodies in response
to the development of the respiratory and intestinal tract microbiome by bacteria colonizing
the respiratory tract and gut.'® The mechanisms that cause the unique increased titers and
pathogenic properties of anti-GM1 IgM antibodies in inflammatory neuropathies such as
MMN are unknown.31¢17 However, epidemiological and immunological studies of the Guillain-
Barré syndrome (GBS) have shown that gut microbiota are a driving force behind the
production of anti-GM1 antibodies, mostly as a result of preceding infections with strains of
Campylobacter jejuni harboring GM1-like epitopes.'®° Similar associations of C.jejuni
infections with MMN have not been found.?’ However, in a GBS mouse model, C. Jejuni-
associated anti-ganglioside antibody production depended on gut microbiota composition.?!

The aim of this study was therefore to study gut microbiota in relation to MMN susceptibility,
anti-GM1 IgM antibody production and MMN disease course. To this end, we collected fecal
samples of patients with MMN and controls, compared gut microbiota diversity and relative
abundance of bacterial genera between groups, and their association with clinical parameters.

Methods

Study population

All patients were followed at the neuromuscular outpatient clinic of the University Medical
Center Utrecht (UMCU), a national referral center for MMN. We previously performed
population-based studies to determine natural history of MMN and all collected data were
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stored in our national MMN database.*??> We contacted patients by telephone and asked
whether they were willing to participate in this study. All patients had been diagnosed with
MMN and fulfilled the 2010 diagnostic consensus criteria that distinguish the categories
definite, probable and possible MMN, based on a typical MMN phenotype, combined with the
finding of conduction block during nerve conduction studies and/or other findings on ancillary
testing, including abnormal imaging of the brachial plexus, the presence of anti-GM1 IgM
antibodies, moderately increased levels of protein in the cerebrospinal fluid (CSF) (< 1g/L), or
a response to IVIg treatment.?? Patients who agreed to participate were asked to include one
or more control subjects in their vicinity. All subjects were included between May 2013 and
February 2014.

Clinical data

We asked all participants to fill out a questionnaire that included questions regarding sex, age,
date of sample production, weight, length, tobacco use, alcohol consumption and use of
medication (including antacids and antibiotics). We used additional clinical data from our
database, complemented with data from the UMCU patient files when necessary. We recorded
age at onset, age at diagnosis, disease duration at the time of sample production, presence of
anti-GM1 IgM antibodies and information on IVIg treatment. Age at onset was defined as the
patient-reported onset of muscle weakness and date of diagnosis as the moment when a
patient fulfilled diagnostic criteria for MMN. We examined the presence of anti-GM1 IgM
antibodies by means of the standardized INCAT ELISA, as described previously.>” We also
documented whether patients were actively treated at the time of inclusion in this study, and
if so, recorded the IVIg dosage per month.

Fecal sample collection and DNA isolation

Subjects participating in this study collected a fecal sample at home using the EasySampler kit
(Alpha Laboratories) and sent it to the UMCU by mail. All samples were aliquoted in a laminar
flow cabinet in 2ml Microtubes (Sarstedt, 72694006), which were stored at -80°C until further
analysis. Dates of sample production and storage at the UMCU were recorded. Only samples
that were stored at the UMCU within two days after production were used in this study. DNA
extraction was performed on 0.2g of feces using the PureLink Microbiome DNA purification kit
(Invitrogen, Breda, The Netherlands). Extraction was performed according to manufacturer’s
instructions, with a modified bead beating step where two rounds of bead beating were
applied at 3.5 m/s for 2 minutes, followed by two minutes incubation on ice using the FastPrep-
24 (MP Biomedicals).

The 469 bp V3 and V4 hypervariable regions of the 16S rRNA gene were amplified and
sequenced using the lllumina MiSeq instrument and Reagent Kit v3 (600-cycle) according to
Fadrosh et al.>* Negative controls, and mock communities (ZymoBIOMICS microbial
community standard (D6300), ZymoBIOMICS microbial community DNA standard (D6305),
ZymoBIOMICS Microbial Community Standard Il (Log Distribution) (D6310), Zymo research,
USA) were used from the beginning of DNA isolation up to the data analysis stage and matched
with the distribution expected mock compositions.

Bioinformatics

The QIIME2 microbial community analysis pipeline (version 2021.4) was used with DADA2 for
sequence variant detection (with default settings, except for --p-trunc-len-f 255 --p-trunc-len-
r 240), and SILVA as 16S rRNA reference gene database (SILVA 138).25?7 Sequencing data have
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been made available on the European Nucleotide Archive. Samples with less than 5000
sequence reads were removed from further analyses.

Statistical analysis

We used R version 2022.02.2 to perform statistical analyses. We compared continuous
variables using a Student’s t-test or Mann Whitney U test and categorical variables using a Chi-
squared or Fisher’s test, as appropriate. Correlations between continuous variables were
determined by calculating the Pearson correlation coefficient, or Spearman’s rho, as
appropriate. We used Bonferroni’s method to correct for multiple testing.

All analyses of microbiome data were performed on the genus level. To assess alpha diversity,
a measure for ecological diversity and evenness within a sample, we used the vegan package
to calculate Chaol, Inverse Simpson’s and Shannon’s diversity scores, and compared scores
between groups using the Mann-Whitney U test. A Bonferroni method was used to correct p-
values for multiple testing. For beta diversity, a measure for overall community structure, we
used the phyloseq package to perform principal coordinate analysis (PCoA) using Bray-Curtis
ecological distances. Beta diversity was compared between groups by PERMANOVA using the
vegan package. We analyzed differential abundance of bacteria using the ANCOMBC method
using the ANCOMBC package, a function that compares relative abundance between groups,
whilst controlling for compositionality of data.?® P-values were corrected for multiple testing
using the Benjamini-Hochberg method, and corrected p-values <0.05 were considered
statistically significant.

Standard protocol approvals, registrations, and patient consents

The locally appointed medical ethical committee of the UMC Utrecht approved this study
under protocol number METC-13-019/C. All included subjects gave written informed consent
prior to inclusion in this study.

Data availability statement
The data that support the findings in this study will be available on reasonable request from
the corresponding author.

Results

Study population

Between May 2013 and February 2014, we identified a total of 126 patients with MMN eligible
for participation in this study. Of this group, 100 subjects could be contacted (79%), 88 of
whom (88%) agreed to participate in this study. We received 83 fecal samples at our lab (94%),
of which 75 (89%) could be stored within two days after sample production. DNA isolation and
16S rRNA sequencing were successfully performed in 74 samples (99%). We included an
additional 78 controls and received a fecal sample of 71 (91%), 67 of which could be stored
within two days. DNA isolation and 16S rRNA sequencing were successfully performed in 64
samples (96%).

Baseline characteristics of patients with MMN (n=74) and control subjects (n=64) included in
our analyses are shown in Table 1.
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Table 1. Baseline characteristics of controls and patients with MMN. All data represent data
at the time of inclusion in this study, unless specified otherwise.

Controls (N=64) MMN (N=74) p-value

Male sex (n (%)) 13 (20) 56 (76) <0.001"

Age at inclusion in years® 52(17) 55 (16) 0.120

Body Mass Index (kg/m?) 24.1 (5.8) 25.4 (4.5) 0.198

Tobacco use (n (%)) 12 (19) 17 (24) 0.630

Alcohol use (n (%)) 52 (81) 63 (88) 0.442

Antacid use (n (%)) 11 (17) 10 (14) 0.796

Comorbidities (n (%)) 4(7) 3(4) 0.704
Diabetes 3(5) 2 (3) 0.669
Ankylosing spondylitis 0(0) 1(1) -
Gout 0(0) 1(1) -
Inflammatory bowel disease 1 (1) 1(1) 1.000

Household controls (n (%)) 55 (86) - -
Family controls (n/N (%)) 11/53 (21) - -

Non-household controls (n (%)) 9 (14) - -
Family controls (n/N (%)) 5/9 (56) - -

Age at onset in years® - 41 (11) -

Age at diagnosis in years® - 46 (12) -

Disease duration at inclusion (months)$ - 173 (170) -

EFNS 2010 diagnosis (n/N (%))
Definite MMN - 53/72 (74) -
Probable MMN - 15/72 (21) -
Possible MMN - 4/72 (6) -

Anti-GM1 IgM antibodies (n/N (%)) - 35/61 (57) -

IVIg treatment-naive (n/N (%)) - 11/72 (15) -

IVIg loading dose only - 3/57 (5)

IVIg maintenance therapy (n/N (%)) - 54/57 (95) -

IVlg maintenance dose (grams/month)? - 58 (48) -

Cumulative IVIg dose (3 months) $ - 155 (159) -

Cumulative IVIg dose (6 months) $ - 310 (330) -

* Statistically significant

$ Value depicted as median (IQR)

EFNS = European Federation of Neurological Societies, IVIg = Intravenous immunoglobulins,
MMN = Multifocal motor neuropathy,
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Compared to controls, patients with MMN were significantly more often male (MMN vs.
controls; 76% vs. 20%; X? test p<0.001), probably because most controls were partners of
MMN patients. IVIg data were known in 72/74 (97%) of patients with MMN. 11/72 had never
been treated with 1VIg before participation in this study. Of 61 patients known to be treated
with IVIg at or before inclusion in this study, detailed information on maintenance therapy was
known in 57/61 (93%), of whom the majority was on maintenance 1VIg therapy (54/57 (95%)).
Patients and controls were well-matched for other variables, including age, BMI, tobacco and
alcohol use and comorbidities.

Alpha diversity and community structure

The top 10 most abundant bacterial genera found in both patients with MMN and controls
were Blautia, Faecalibacterium, Bifidobacterium,  Agathobacter, Bacteroides,
Subdoligranulum, Collinsella, Fusicatenibacter, Prevotella and Coprococcus (Fig. 1A). We
compared various alpha diversity scores, measures reflecting ecological diversity and evenness
within a sample, between patients with MMN and controls (Fig. 1B). None of the alpha
diversity scores differed between groups, indicating that samples of patients and controls had
a comparable richness and distribution of bacterial genera (all uncorrected alpha diversity
scores p>0.18). In addition, no differences were found regarding beta diversity, indicating
comparable community structures between patients with MMN and controls (p=0.65) (Fig.
10).

Differential abundance of bacterial genera

To further determine differences in the composition of gut microbiota between patients with
MMN and controls, we performed a supervised analysis (ANCOMBC) to explore bacterial
differential abundance between patients and controls. Thirteen genera were found to be
differentially abundant (uncorrected p-values <0.05), and after correction for multiple testing,
two genera remained. Compared to controls, patients with MMN had a significantly lower
relative abundance of an uncultured genus belonging to the Christensenellaceae family (mean
relative abundance MMN 0.022% vs. controls 0.058%; p=0.0001, corrected p=0.018). Also,
patients with MMN had a significantly lower relative abundance of Eubacterium siraeum, a
genus of the Ruminococcaceae family (mean relative abundance (%) in MMN 0.199% vs.
controls 0.318%; p=0.0002; corrected p=0.020). An overview of all bacterial genera that were
differentially abundant between patients and controls is provided in Table 2.
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The composition of gut microbiota is independent of sex

Since patients with MMN were significantly more often of the male sex (MMN 76% vs. controls
20%; p<0.0001), we investigated whether alpha and beta diversity differed between male and
female control subjects. All alpha diversity scores did not differ between groups (p-values all
>0.29, data not shown), nor did beta diversity (p 0.44, data not shown). We found no bacterial
genera to be significantly differentially abundant between male and female subjects (all
corrected p-values >0.27, data not shown).

Treatment with immunoglobulins does not affect gut microbiota composition

Treatment with 1VIg is common among patients with MMN and could potentially alter gut
microbiota composition and hence influence analyses. To determine the effect of IVig
treatment on gut microbiota composition, we compared patients that were treatment-naive
to patients that received IVIg treatment at the time of inclusion in this study (n=11 vs. n=61,
unknown n=2, Table 1). No differences were found regarding alpha diversity (all p-values >0.78,
data not shown), beta diversity (p=0.82, data not shown), and differential abundance of
bacterial genera (all corrected p-values >0.11, data not shown).

Next, we dichotomized patients that were on IVIg maintenance therapy at the time of inclusion
in this study (n=54) based on the median IVIg dosage per month (n=31 vs. n=23). We found no
differences regarding alpha diversity scores (all p-values >0.23, data not shown), beta diversity
(p=0.44, data not shown), nor differential abundance of bacterial genera (all corrected p-
values >0.89, data not shown), suggesting that IVIg treatment, nor IVIg dosage, significantly
affect the composition of gut microbiota.

Correlation to clinical parameters in patients with MMN

Next, we determined whether alterations in the composition of gut microbiota were
associated with clinical parameters of patients with MMN. To this end, we correlated sex, age
at onset of muscle weakness, and anti-GM1 IgM antibody status to alpha diversity scores, beta
diversity and differential abundance of bacterial genera.

First, we compared male and female patients with MMN and found no differences regarding
alpha diversity (all uncorrected p-values >0.09), beta diversity (p=0.15) and differential
abundance of bacterial genera (all corrected p-values >0.26). Next, we compared male
patients to male controls, and female patients to female controls. In all analyses, we found no
significant differences, except for an increased relative abundance of Izemoplasmatales (genus
in the family of Izemoplasmatales; mean relative abundance in male controls 0.00% vs. male
patients with MMN 0.0061%, corrected p=0.0027) and Coriobacteraceae UCG-003 (genus in
the family of Atopobiaceae; mean relative abundance in male controls 0.00% vs. male patients
with MMN 0.069%, corrected p=0.022) in male patients with MMN as compared to male
controls. Since the male control group consisted of a small number of subjects (n=13) and since
these genera were of either very low relative abundance or relatively high p-value, we
considered these differences to be of uncertain relevance.

We dichotomized patients by median age at onset and compared groups (Table 1; n=34 vs.
n=40). The median Chaol and Shannon alpha diversity index scores were higher in patients
with an above median age at onset (p=0.014 and p=0.069, respectively). When analyzing age
at onset as a continuous variable, we also found a positive correlation between age at onset
and increased alpha diversity scores (Chaol diversity index score: Spearman’s rho 0.30,
p=0.010; Shannon diversity index score: Spearman’s rho 0.24, p=0.038). We found no
differences regarding beta diversity (p=0.16) and differential abundance (all p-values >0.48).
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The composition of the gut microbiota is altered in patients with anti-GM1 IgM antibodies
We next stratified patients by anti-GM1 IgM antibody status and associated the presence of
these antibodies with the gut microbiota composition.

In all comparisons, the presence or absence of anti-GM1 IgM antibodies was not associated
with changes in alpha or beta diversity (p-values >0.22; data not shown). Compared to patients
without anti-GM1 IgM antibodies, patients with anti-GM1 IgM antibodies had a lower relative
abundance of Butyricicoccus (mean relative abundance (% (SD)) in anti-GM1 IgM* vs. anti-GM1
IgM" patients with MMN; 0.29% (0.23) vs. 0.54% (0.32); p=0.0003; corrected p=0.049).
Butyricicoccus was identified in 97% and 100% of the samples, respectively. When separately
comparing patients with or without antibodies to controls, we reconfirmed the association
between a lower relative abundance of a genus of the Christensenellaceae family and
Eubacterium siraeum with MMN. In addition, we found that patients with MMN that have anti-
GM1 IgM antibodies had an increased relative abundance of Mogibacterium (mean relative
abundance (% (SD)) in anti-GM1 IgM* patients with MMN vs. controls; 0.088% (0.17) vs.
0.019% (0.055): p=0.0006; corrected p=0.034).

Combinations of genera associate with increased susceptibility to MMN

To further investigate the associations of Eubacterium siraeum, the uncultured genus of the
Christensenellaceae family and Mogibacterium with MMN susceptibility, we combined the
presence or absence of these genera into eight MMN-associated genera combinations
(MAGCs), and compared these between patients and controls, and between patients with and
without anti-GM1 IgM antibodies. As Butyricicoccus was found in almost all samples, this
genus was not included in this specific analysis. The overall distribution of the MAGCs differed
between patients and controls (Fisher’s exact test, p=0.0085), driven by a major difference
regarding the MAGC-2, consisting of the presence of Eubacterium siraeum and the uncultured
genus of the Christensenellaceae family, in combination with the absence of Mogibacterium
(MMN vs. controls; 29.7% vs. 62.5%; p=0.00023; Bonferroni corrected p=0.0018; OR 0.26 (95%
Cl1 0.12-0.55)) (Table 3).

The presence of Mogibacterium was associated with anti-GM1 IgM antibodies (p=0.037; OR
3.88 (95% Cl 1.09-16.2)). The aforementioned MAGC-2 was found significantly less frequently
in patients with anti-GM1 IgM antibodies (p=0.030; OR 4.28 (95% ClI 1.12-18.8)) (Table 4).
These analyses show that particular combinations of present or absent bacterial taxa may
reveal synergistic associations between the microbial community composition and MMN
susceptibility.
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Discussion

Bacteria that form part of the human gut microbiome form an incredible source of epitopes
and metabolites and thus play an important role in the regulation of the human mucosal
immune system. The relevance of the complex interplay of bacteria and the immune system
at the gut mucosa level is illustrated by experimental studies that show the contribution of
dysbiosis to susceptibility to various diseases.?®3? The frequent presence of anti-GM1
antibodies in patients with MMN could be interpreted as an indication that alterations of
microbiota underlie MMN susceptibility in a significant proportion of patients. Therefore, we
set out to perform the first microbiome study in patients with MMN, using a sizeable cohort
of well-characterized patients and controls, given the rarity of the disease. Through the design
of this study, we created well-matched groups, minimizing potential effects of age, diet, and
lifestyle on composition of gut microbiota. Overall, we did not observe major changes in
microbiome composition, as we found no differences regarding alpha and beta diversity
between patients and controls, nor did we find differences when looking at sex or IVIg
treatment. However, patients with MMN had lower abundances of an uncultured genus of the
Christensenellaceae family and Eubacterium siraeum, while the presence of anti-GM1 IgM
antibodies as detected with ELISA appeared to be associated with a lower abundance of
Butyricicoccus and a higher abundance of Mogibacterium. These associations were most
pronounced when we examined the associations between MMN-associated generatype
combinations (MAGCs) and MMN susceptibility. We therefore conclude that MMN is
associated with changes in the composition of gut microbiota.

Dysbiosis of human gut microbiota alters immunological homeostasis at the gut mucosa level,
shifting it from an IL-10 and regulatory T cell-mediated immunotolerant environment towards
a more proinflammatory immunological site.3? A previous study in neonates showed the direct
relationship between production of anti-GM1 IgM antibodies and colonization of the gut that
precedes constitution of the microbiome.'® Moreover, acute motor axonal neuropathy
(AMAN), a variant of the Guillain-Barré syndrome (GBS), an acute inflammatory
polyneuropathy that not only shares the production of anti-ganglioside antibodies but also
that of conduction block with MMN is often caused by preceding infections with C. jejuni. The
presence of GM1-like epitopes on C. Jejuni lipo-oligosaccharides (LOS) provides the antigenic
stimulus for anti-GM1 autoantibody production, while the infection itself may also trigger gut
dysbiosis.'®*° The relevance of gut dysbiosis in GBS was previously shown in a GBS mouse
model, where antibiotic depletion of gut microbiota enhanced C. Jejuni colonization and
invasion, increased T cell-mediated colitis and led to higher anti-ganglioside 1gG antibody
production.?! There are, however, important differences in clinical characteristics between
AMAN and MMN, particularly in onset (subacute versus insidious), disease course
(monophasic versus chronic) and severity (loss of ambulation and respiratory muscle strength
versus slowly progressive distal weakness). This may also indicate underlying differences in the
nature and the impact of the gut microbiota composition and gut dysbiosis in AMAN and
MMN. Despite these differences, the results of our study suggest that the composition of gut
microbiota plays a role in the production of high titers of anti-GM1 IgM in patients with MMN.

How could we explain the association between MMN and changes in the relative abundance

of a small number of low abundance bacterial genera, i.e. a lower abundance of an uncultured
Christensenellaceae genus, Eubacterium siraeum and Butyiricicoccus, and a higher abundance
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of Mogibacterium? Though seemingly counterintuitive, the presence of bacteria with a low
abundance is associated with increased MHC class Il expression by enterocytes and an
upregulation of genes associated with T-cell cytokine production, indicating the effects that
low abundance bacteria have on host immunity.3* Indeed, a lower relative abundance of
bacteria of the Christensenellaceae family has been found in metabolic syndrome and Crohn’s
disease, whereas higher abundances have been linked to multiple sclerosis and Parkinson’s
disease.3>38 Variations in relative abundance of this bacterial family has been shown to depend
on host genetics, as well as on fecal transit time, factors that might differ between patients
with MMN and controls, but were not documented for the purpose of this study.3>3° Increased
abundance of Eubacterium siraeum has been associated with ankylosing spondylitis and lower
abundance with gestational diabetes.*®*! Finally, Butyricicoccus is found in lower abundances
in patients with IBD.*>**> A common denominator for the three aforementioned bacterial
genera is their ability to produce short chain fatty acids (SCFA), such as acetate and butyrate,
by fermentation of dietary fibers.3>414344 SCFAs promote an anti-inflammatory immunological
environment by inducing regulatory T cell-mediated IL-10 production in the gut mucosa, and
suppression of MHC class Il upregulation on antigen-presenting cells.*#*> The lower relative
abundance of Eubacterium siraeum and Butyiricicoccus in patients with MMN could thus lead
to proinflammatory settings at the gut mucosa.

The increased abundance of Mogibacterium, a strictly anaerobic Gram-positive genus, was
associated with the presence of anti-GM1 IgM antibodies. Mogibacterium is a
proinflammatory bacterium associated with periodontitis.*®*° It is unlikely that
Mogibacterium expresses GM1-like epitopes in a similar way to the Gram-negative bacterium
C. jejuni, since it lacks lipooligosaccharide (LOS). Yet, GM1-like structures that bind cholera
toxin have been shown to be expressed by bacteria other than C. jejuni, including Firmicutes,
a Gram-positive phylum to which Mogibacterium belongs.>® It is unknown whether
Mogibacterium indeed expresses GM1-like structures via as of yet unknown mechanisms, but
if so, this raises the possibility of molecular mimicry explaining the association with MMN.
Alternatively, Mogibacterium may contribute to more proinflammatory stimuli at the mucosal
interface, a scenario supported by the finding that the presence of a combination of the
aforementioned genera with maximal anti-inflammatory properties, i.e. an uncultured
Christensenellaceae genus, Eubacterium siraeum and Butyricicoccus, in the absence of
Mogibacterium, was found significantly less common in patients with MMN.

The results of our study add to our understanding of the immunopathogenesis of MMN but
acknowledge that longitudinal microbiome studies would corroborate and strengthen the
associations that we report in this cross-sectional study. Moreover, the design of this study
does not allow for answering the question of causality of the found associations, nor for
determining the theoretical possibility of MMN-associated inflammation or anti-GM1 IgM
antibodies on gut microbiota. Yet, it is important to point out that previous studies failed to
show signs of systemic inflammation in patients with MMN, such as increased cytokine
concentrations in serum.>%>2

We show that multifocal motor neuropathy is associated with changes in the composition of
the gut microbiome that predispose to a more proinflammatory mucosal status. Patients with
MMN have lower abundance of bacterial genera with anti-inflammatory effects on the
immune system. More specifically, patients with high levels of anti-GM1 IgM antibodies have
a higher abundance of proinflammatory Mogibacterium, a genus that could be hypothesized

150



MMN is associated with an altered composition of gut microbiota

to express GM1-like structures via as of yet unknown mechanisms.*® The results of our study
provide important and novel insights regarding the unique immunopathological mechanisms
that underlie MMN.
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Chapter 9

MMN from a neurological perspective

From the first descriptions by the group of Pestronk et al. in 1988, MMN has been recognized
as a treatable disorder with a distinct clinical phenotype, consisting of markedly asymmetrical
and mostly distal muscle weakness of mainly the hands, in the absence of sensory
abnormalities.! The severity of MMN shows considerable variation, as exemplified by two case
histories. The first is a man in his sixties, who experienced muscle weakness in his right hand
from the age of 25 and was diagnosed with MMN 20 years later. He has been treated with
immunoglobulins at 50 grams per month ever since. His muscle weakness of the right hand
and left foot have not deteriorated and is completely independent. The other patient is man
of comparable age, diagnosed with MMN at the age of 40. Despite treatment with increasing
dosages of IVIg, with now 45 grams at weekly infusions and loading dosages of 180 grams
every three months, his muscle strength steadily decreased. This has led to severe proximal
(i.e., upper) arm weakness and minimal remaining hand function. He had to stop working and
requires professional care to help him with his activities of daily living. Although he remains
ambulant, he needs an electrical wheelchair for longer distances.

How can MMN affect patients this differently? The answer to this question is probably key to
improving treatment of MMN. Previous cross-sectional studies showed that patients with anti-
GM1 IgM antibodies have more severe weakness, and that muscle strength deteriorates over
time.?> In Chapter 2 of this thesis, we report the results the MAIN study, a combined cross-
sectional and longitudinal study in a cohort of 100 patients with MMN, 60 of whom underwent
clinical measurements with an interval of 8 years. We show that deterioration of strength and
increasing disability is the rule rather than the exception in MMN, but that there is
considerable variation between patients. The presence of anti-GM1 IgM antibodies detectable
with ELISA is associated with more severe muscle weakness. Patients with the most
pronounced deterioration of muscle strength more often had more severe muscle weakness
and loss of deep tendon reflexes at baseline. This gives us some indication of which patients
may follow a more severe disease course, i.e., those who present with a more rapid
progression of weakness. The data also show that awareness of MMN has improved, as shown
by a decrease of diagnostic delay over time. The increase of the age at diagnosis probably
indicates that MMN is increasingly recognized in people of higher age as well. Yet, the most
important conclusion is that MMN remains a progressive disease despite maintenance
treatment, with severe disability as a possible outcome.*

Despite shortening of reported diagnostic delays, we should aim to further improve diagnostic
sensitivity for MMN, because an early start of treatment correlates with better outcome.? This
may be particularly important for other presentations than asymmetric weakness of the
hands, for example those with foot drop, upper arm muscle weakness, faster progression from
start, and the presence of brisk as opposed to decreased deep tendon reflexes. Although the
systematic diagnostic approach as described in the consensus diagnostic criteria is an
important aid to ensure timely diagnosis, the execution and interpretation of specific nerve
conduction study protocols remains an important challenge. The use of ultrasound of
peripheral nerves of the upper arms and brachial plexus facilitates diagnosis of both common
and uncommon phenotypes. Thickening of arm nerves and brachial plexus has very high
diagnostic sensitivity for MMN and is reproducible across centers, which makes it a useful first
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tier assessment tool. Importantly, ultrasound also can identify treatment-responsive patients
with MMN who would have been missed with the current diagnostic criteria.®

The progressive disease course of MMN demonstrates the need for new treatment strategies.
We aimed at improving insights in underlying disease mechanisms to facilitate the
development of new therapies.

The immunopathological disease model of MMIN

The currently available model of the pathology underlying MMN is based on three main
processes’-:

1. The production of anti-GM1 IgM autoantibodies by activated, possibly autoreactive B
cells;

2. The binding of these antibodies to GM1 on the axolemma of motor neurons (or other
nerve constituents) at and near the node of Ranvier, hindering saltatory conduction
and disrupting normal axonal-Schwann cell interaction; and

3. The subsequent activation of the classical pathway of the complement cascade by
these antibodies, leading to formation of the membrane attack complex (MAC) and
causing structural motor neuron damage.

The main goal of this thesis was to gain a more detailed insight in the immunopathology of
MMN by investigating genetic susceptibility, and by studying the presence, origin, and effects
of antibodies in MMN.

Genetic susceptibility to MMN

MMN may be associated with autoimmune diseases. The prevalence of type 1 diabetes,
Hashimoto’s thyroid disease, and celiac disease was increased in first-degree relatives of
patients with MMN as compared to controls in one study, suggesting possibly overlapping
genetic susceptibility.® Genetic association studies have yielded mixed results. MMN is not
associated with polymorphisms in genes involved in B cell signaling or activation (PTPN22,
BANK1, Blk) or non-peptide antigen presentation (CDIA and CDI1E), but the HLA-DRB1*15
allele group, a genetic variant within the DRB1 gene of the Major Histocompatibility Complex
(MHC) class Il locus, was found more frequently in patients with MMN.%! |n this thesis, we
further explored genetic associations.

In Chapter 4, we focused on copy number variation in the SMN locus in patients with motor
neuron disorders. Normal levels of the Survival Motor Neuron (SMN) protein are essential for
proper motor neuron function, and the homozygous deletion of one of the two human genes
encoding SMN protein (SMN1) causes the severe genetic motor neuron disorder hereditary
proximal spinal muscular atrophy (SMA). Severity of SMA correlates inversely with the copy
number of the second, backup human SMN gene, SMN2. Although the exact mechanisms by
which the ubiquitously expressed SMN protein is vital for motor neuron survival are unknown,
as a subunit of larger protein complexes it has been shown to be involved in processes such as
mRNA trafficking and splicing, axonal transport, and endocytosis.!> A possibly unifying
explanation may be found in the association between SMN protein and motor neuron-specific
ribosomal functioning.®
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Several studies have suggested that the SMN locus is more broadly associated with motor
neuron vulnerability. A previous pilot study in 102 patients with MMN suggested that SMIN1
duplications associated with MMN, and other studies showed that SMN1 duplications are
associated with ALS. Combined, these studies suggest that high intracellular SMN protein
levels may exert unknown neurotoxic effects.'*'” Indeed, Van Alstyne et al. in 2021 showed
that overexpression of SMN protein causes neurotoxicity and in mice leads to a lower motor
neuron-like disease.!®

However, we found no association between SMN1 or SMN2 copy numbers and MMN
susceptibility or disease course. In our study, SMN1 duplications were associated with
susceptibility to progressive muscular atrophy (PMA), a motor neuron disease that specifically
affects lower motor neurons. Since we found no association between altered SMN copy
number and primary lateral sclerosis (PLS), a motor neuron disease that affects upper motor
neurons, and especially since a 2021 study by Moisse et al. showed that altered copy numbers
in the SMN locus do not associate with ALS, our study suggests the relevance of SMN protein
levels in the processes underlying the loss of lower motor neurons in PMA.*°

Although motor neuron vulnerability and axonal loss observed in patients with MMN is not
explained by genetic variation within the SMN locus, this study does call for further research
on SMN-related neurotoxicity in lower motor neuron syndromes such as PMA. SMN
overexpression as observed in AAV-9-treated mice has been shown to exert neurotoxic effects
and this may be mimicked by SMN1 gene duplication. Since the total number of duplications
in our PMA cohort was relatively low (n=18 in 150 patients with PMA), the found association
needs validation in a larger cohort of patients. iPSC-derived motor neurons from patients with
PMA with different SMN1 but equal SMN2 copy numbers could then be used to investigate
how SMN overexpression exerts neurotoxicity.

In Chapter 3, we investigated a previously described association between MMN and the MHC
class Il locus in more detail.** In a cohort of patients larger than in the initial study, we showed
that MMN is associated with specific HLA class Il haplotypes. We corroborated the previously
described association with the DRB1*15 allele and extended it to the DRB1*15:01-
DQB1*06:02 haplotype. We found a second association within the HLA class Il region in the
form of the HLA-DRB1*12:01-DQB1*03:01 haplotype. We suggest three hypotheses that could
explain the association between the HLA class Il locus and MMN (Fig. 1).

The first explanation revolves around the HLA class lI-molecule itself and its function in the
presentation of peptides to CD4* T-cells. Since GM1 itself is a non-peptide, direct presentation
by HLA class Il molecules is unlikely, a hypothesis that seems to be supported by the lack of
association between the abovementioned haplotypes and anti-GM1 IgM antibodies or their
fine epitope specificity.2>?! A different explanation would assume that through the process of
linked antigen presentation, currently unidentified peptides associated with GM1 and
presented through HLA class Il molecules would ensure co-stimulation that would lead to
proliferation of GM1-autoreactive B-cells. However, this T cell-dependent process fails to
explain why IgM is the only antibody isotype found in practically all patients with MMN, since
T-cell engagement generally leads to class switching the production of IgG.
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Figure 1. Hypotheses on the explanation of MMN being associated with the HLA class Il locus.5¢
1) Certain HLA class Il molecules may lead to stronger co-stimulation by CD4* T-cells; II) Some
HLA class Il alleles lead to altered HLA class Il expression, which is associated with
autoimmunity; I1l) The association with the HLA class Il region may be a flag for other genetic
variants associated with MMN within the MHC Ill region, such as complement genes.

A second explanation concerns the consequences of altered expression and stability that are
intrinsic to certain HLA class Il molecules.?%?3 For example, the association between HLA-
DRB1*15:01 and multiple sclerosis (MS) is probably in part caused by hypomethylation of this
specific allele, leading to increased HLA-DR expression on lymphocytes and monocytes.?* Yet,
such mechanisms inherent to hypomethylation would still fail to explain the presumed T-cell
independent pathology in MMN. Alternatively, HLA class Il alleles may be associated with
lower expression or lower stability of HLA class Il molecules.???3 Lower expression may be
associated with autoimmunity by increasing the pool of autoreactive B-cells through defective
negative selection.?> Whether the MMN-associated haplotypes harbor epigenetic changes
that have functional consequences is unknown. Future studies assessing methylation profiles
and comparing HLA-DR and -DQ expression on lymphocytes and monocytes using flow
cytometry (FACS) would address this issue.

Third and last, strong linkage disequilibrium within the MHC locus implies that any HLA
association could serve as a tag for other disease-associated genes, for example those
encoding components of the complement cascade in the MHC class lll locus (Fig. 1 part IIl.).
The MHC 1l locus contains the C4A, C4B and C2 genes, encoding upstream classical
complement pathway proteins, and the CFB gene that encodes factor B, a protein involved in
formation of the alternative pathway’s C3 convertase.?%?” Complement activation is central in
MMN immunopathogenesis (see below), and high innate activity of the classical pathway of
complement is associated with MMN disease course.?82°
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The results of chapters 3 and 5, discussed in more detail below, demonstrate that genetic
variation underlies MMN susceptibility. To further our understanding of genetic susceptibility,
it would be worthwhile to perform a genome-wide association study (GWAS), or immuno-
targeted GWAS, in patients with MMN. Although the lack of statistical power intrinsic to
studying rare diseases may complicate interpretation, it is important to note that the first-ever
reported GWAS proved that sample sizes may give biologically meaningful insights.3°
Moreover, MMN is a relatively homogeneous disease both in clinical phenotype and antibody
specificity. Yet, GWAS would not elucidate whether the HLA association with MMN is caused
by linkage disequilibrium. Long-read sequencing that allows for genomic and epigenetic
genotyping of long DNA segments simultaneously could be an alternative approach.3%3?

Antibodies and their correlation with MMN phenotype

The presence of IgM antibodies against GM1 has been part of the first descriptions of MMN.
GM1 is part of a family of molecules known as glycosphingolipids, consisting of a ceramide
stalk with a variety of attached sugar groups. This variation causes antigenic variation that is
reflected by the variety of anti-ganglioside antibodies, such as GM1, GM2, GD1a, GD1b and
GQ1b (Fig. 2).2

The reported prevalence of anti-GM1 IgM antibodies in MMN initially varied strongly due to
methodological differences in detection methods.>333° For example, anti-GM1 IgM antibodies
are found in increased titers in about 50% of patients when using an ELISA-based method.?
Their detection is increased to 67% using a glycoarray, and even to about 80% when looking
for anti-GalC/GM1 IgM complex antibodies.3® Yet, when using an in vitro iPSC-derived motor
neuron model, basically all patients with MMN seem to harbor complement-activating anti-
GM1 IgM antibodies, including those patients considered anti-GM1 IgM negative based on
ELISA testing.3” This shows that anti-GM1 IgM antibodies are present in more patients with
MMN than previously reported, if not in all.

How anti-GM1 antibodies exert their effects on motor neurons has been studied in a rabbit
model of acute motor axonal neuropathy (AMAN), a variant of the Guillain-Barré syndrome
(GBS). This subacute pure-motor inflammatory neuropathy is associated with anti-GM1
antibodies of the IgG isotype. Susuki et al. showed that anti-GM1 IgG disrupts the normal
clustering of voltage-gated sodium channels at the nodes of Ranvier, and in the paranodal
region interferes in the interactions between the microvilli of Schwann cells and the motor
neuron, both in a complement-dependent manner.38 Indeed, both these nodal and paranodal
changes have been implicated as the cause of conduction block in MMN.3° Studies performed
in an iPSC-derived motor neuron model have shown that patient-derived anti-GM1 IgM
antibodies bind to the axolemma and upon binding activate the classical pathway of the
complement cascade, ultimately leading to formation of the membrane attack complex (MAC)
and causing structural motor neuron damage.?” These experiments show that anti-GM1
antibodies are pathogenic in MMN, and that the activation of complement is crucial in this
process.
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Fig. 2 Molecular composition of gangliosides.?*%¢
Gal = galactose; NeuNAc = N-acetylneuraminic acid; GalNAc = N-acetylgalactosamine; Glu =
glucose

The relevance of anti-GM1 antibodies in the pathogenesis of MMN is further suggested by the
correlation of more severe muscle weakness and axonal damage with increasing titers.328233
Whether other anti-ganglioside antibodies than those specific for GM1, such as anti-GD1b
IgM, found in about 9% of patients and associated with vibration sense abnormalities, and
anti-GM2 IgM antibodies, present in 6%-10% of patients with MMN, contribute to the
immunopathogenesis of MMN was unclear.24%4

In Chapter 7, we show that anti-GM2 IgM antibodies in sera of patients with MMN bind to
Schwann cells (SCs) and have the capacity to activate complement. High SC membrane
expression of the complement regulating protein CD59 probably prevented complement-
mediated SC lysis. Our data amend the disease model of MMN. First, by identifying a subgroup
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of patients with a different and relevant antibody that is associated with an earlier onset of
muscle weakness. Second, since patients with anti-GM2 IgM antibodies, apart from an earlier
onset, show a similar disease course as patients without, we believe that the results of this
study suggest that developing MMN may be a threshold-driven process. In this process, the
nerve damage that leads to MMN is the result of a net effect of complement activation and
inhibition that is skewed towards activation, which is likely most strongly driven by anti-GM1
IgM antibodies. Factors that further push this balance towards complement activation are
higher anti-GM1 IgM titers, increased innate activity of the complement system, impaired
complement inhibition (discussed below), and the presence of other complement-activating
antibodies such as anti-GM2 IgM.>?82° Third, the data support involvement of SCs in the
disease model of MMN. SCs are immune-competent cells that express MHC class Il molecules,
can present glycolipids via CD1b, produce pro-inflammatory cytokines and express
complement receptors.*>** Anti-GM2 IgM antibodies may therefore, through activation of SCs,
amplify local inflammatory processes.

What explains the presence of anti-GM1 antibodies in MMN?

Anti-GM1 IgM antibodies are absent in umbilical cord blood, but appear during the first
months of life, in concordance with other anti-bacterial anti-glycan I1gM antibodies. This
suggests that anti-GM1 IgM antibodies are probably formed as an innate immune response to
bacteria colonizing the respiratory tract or gut.*> The presence of anti-GM1 IgM antibodies by
itself is therefore not abnormal. They form part of the repertoire of natural antibodies, an
innate-like pool of antigen-independent IgM antibodies that bind to microbial epitopes and
self-antigens with low specificity and low affinity.3>46%8 The mechanisms that lead to the
ongoing production of anti-GM1 IgM antibodies in higher titers are probably central to the
pathogenesis of MMN.

The production of anti-GM1 IgM antibodies is probably the result of a single-cell event, as
about 10% of patients with MMN have an IgM paraproteinemia and the large majority of
MMN-associated anti-GM1 IgM antibodies are at least oligoclonal.*>°° Yet, in contrast to, for
example, anti-MAG polyneuropathy, the absence of clinical evidence of an increased risk of
hematological malignancies suggests a non-malignant proliferation of a small group of B-cells
autoreactive to GM1.#°2 Currently, the mechanisms that lead to the activation, proliferation,
and possibly ultrastructural B-cell receptor changes of GM1-reactive B-cells are unknown.

In the Guillain-Barré syndrome, anti-ganglioside antibodies are associated with preceding
infections with Campylobacter jejuni and Haemophilus influenzae, both bacteria that can
express GM1-like epitopes on the outer cell membrane.>*>° Therefore, a molecular mimicry-
like process underlying the production of anti-GM1 IgM antibodies in MMN is one of the
possible mechanisms, although evidence for an association with exposure to GM1-presenting
micro-organisms such as C. jejuni is lacking.””®%¢ Although about 5% of patients with MMN
have anti-GM1 IgA antibodies, molecular mimicry arising as a result from infection would fail
to explain the lack of isotype switching to IgG in MMN.%3>

In addition to the antigenic drive provided by molecular mimicry, host factors may determine

a person’s likelihood of developing AMAN. Increased innate, i.e. antigen-independent,
immune responses are an example. Huizinga et al. showed that dendritic cells, the major
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antigen-presenting cell, of patients with GBS have increased innate immune responses to C.
jejuni-derived LOS, as indicated by increased upregulation of CD38 and CD40, and increased
production of type | interferons. Innate immune responses, mediated through Toll-like
receptor 4 (TLR4), could fuel an exaggerated immune response.>’

To further explore whether patients with MMN have increased innate immune responses, we
stimulated blood of patients with MMN with lipopolysaccharide (LPS), and measured levels of
various cytokines before and after stimulation (Chapter 6). Patients with MMN did not seem
to have altered TLR4-mediated innate immune responses to endotoxin. We corroborated data
from another cytokine study in patients with MMN that showed a striking lack of systemic
inflammation in patients with MMN.® The reported elevated cytokines concentrations in
another study are likely the result of treatment with IVIg, rather than a consequence of the
immunopathology underlying MMN.5° Future studies could focus on the production of B cell
stimulating cytokines, which emerge after longer periods of stimulation. MMN susceptibility
and the production of anti-GM1 IgM antibodies do not seem associated with altered TLR4-
mediated innate immune responses.

Since the formation of the gut microbiome in newborns precedes production of anti-GM1 IgM,
and since B cell receptors of GM1-reactive B cells in patients with MMN use somatically
mutated variable genes (V genes), we hypothesized that we should focus our attention to the
mucosal interface between the immune system and the gut microbiome.*>®® We performed
the first gut microbiome study in patients with MMN and showed that patients with MMN,
specifically those with anti-GM1 IgM antibodies, have an altered composition of gut bacteria
(Chapter 8). Eubacterium siraeum and a genus of the Christensenellaceae family had a lower
abundance in patients with MMN, whilst lower abundance of Butyricicoccus and a higher
abundance of Mogibacterium were specifically associated with the presence of anti-GM1 IgM
antibodies. Interestingly, all bacteria with lower abundances in MMN produce short-chain fatty
acids (SCFAs), which have an anti-inflammatory effect on the host immune system.5-64
Mogibacterium is regarded pro-inflammatory and is associated with chronic periodontitis.5>-68
Combinations of these associated genera have a synergistic effect on MMN susceptibility, since
the theoretically most anti-inflammatory combination was less frequently found in patients
with MMN (Fig. 3).
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This study, for the first time, links MMN susceptibility and anti-GM1 IgM antibodies to the
composition of the gut microbiome, but we need to further elucidate underlying mechanisms.
The association with genera with a lower abundance in patients could be biologically relevant
if patients with MMN are indeed shown to have lower concentrations of short-chain fatty acids
in blood or fecal water.%* The finding of an association of anti-GM1 IgM antibodies with an
increased abundance of Mogibacterium is surprising, since as a Gram-positive bacterium, it
probably does not express GM1-like epitopes.®” Yet, in a study assessing the binding potential
of GM1-binding cholera toxin on gut bacteria of chicken, it was shown that GM1 can be found
on bacteria other than C. jejuni, including bacteria of the Firmicutes family, to which
Mogibacterium belongs.®® Mogibacterium may via currently unknown mechanisms and
despite being Gram-positive, express GM1-like epitopes. Experiments that demonstrate the
binding of cholera toxin, a molecule known to bind to GM1 specifically, or patient-derived IgM
or IgA to Mogibacterium would further support a more direct biological link between this
bacterium and MMN-associated antibodies.?’ Finall, we do not yet know whether
associations between MMN susceptibility and bacteria are limited to the gut, and the results
of our study warrant further research on other microbiomes, such as the respiratory tract.

MMN pathogenesis — The complement system

Their potential to bind to motor neurons and activate complement probably explains the
pathogenicity of antibodies in MMN. Anti-GM1 IgM antibodies activate the classical
complement pathway, and in vitro studies showed that a high complement-activating potential
of anti-GM1 IgM antibodies, and a higher innate complement activity are both associated with
more severe muscle weakness in patients with MMN.?82° Moreover, the efficacy of
immunoglobulin treatment seems to relate to inhibition of complement activation.?®37 Various
mechanisms have been proposed, including scavenging of complement components (C1, C3
and C4) and C3 convertases, and the effect of IVIg in MMN seems to correlate to the I1gG
increase after infusion.?®7%72 Since complement activation may cause undesired tissue
damage, cells innately express molecules that ensure complement inhibition via membrane-
bound complement regulators such as CD46, CD55 and CD59.737°

In Chapter 5, we investigated genetic variation of these complement regulating molecules and
found that a 21-bp deletion polymorphism in the promotor region of CD55 is associated with
MMN susceptibility. Moreover, patients carrying this polymorphism probably have a better
outcome after initiation of treatment with immunoglobulins. CD55, also known as decay-
accelerating factor (DAF), inhibits the complement cascade at the C3 level by preventing the
formation of C3 convertases, thereby inhibiting the formation of C3b and attenuating further
complement activation through the C3 amplification loop (Fig. 4).7° It thereby mimics the effect
of IVIg, which by binding to C3b also inhibits the complement cascade at the C3 level.”*”” By
specifically acting on an impaired mechanism associated with MMN susceptibility, IVlg may
have a stronger beneficial effect in patients carrying the 21bp deletion in the promotor region
of CD55.
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Fig. 4 The complement system, consisting of the classical, lectin and alternative pathway. Anti-
GM1 IgM antibodies activate the classical pathway, resulting in formation of C5b-9, also known
as the membrane attack complex (MAC). The membrane-bound complement regulatory
proteins CD46 and C55 inhibit the cascade proximally (i.e., at the pre-C5 level), and CD59
distally.
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We hypothesize that therapies targeting the proximal complement cascade may benefit all
patients with MMN. Eculizumab, a monoclonal antibody inhibiting the distal complement
cascade at the C5 level, has proven its benefit in other complement-mediated diseases such
as neuromyelitis optica spectrum disorder (NMOSD), paroxysmal nocturnal hemoglobinuria
(PNH), CHAPLE disease, and possibly in myasthenia gravis.”®®2 Yet, a clinical trial with
eculizumab in patients with MMN failed to show a clear additional effect to treatment with
IVlg, a finding consistent with the results of our study.®® Studies assessing the expression of
membrane-bound complement regulators CD46, CD55 and CD59 using peripheral nerve
biopsies, biopsy-derived Schwann cell cultures and iPSC-derived motor neurons all show a
moderate expression of CD55 and CD46 on neurons, and a high expression of CD59 on both
neurons and Schwann cells.”>#*8> This high innate CD59 expression probably explains why
eculizumab, basically having a CD59-like mechanism of action, and genetic variation in the
CD59 promotor region do not affect MMN disease course after initiation of IVIg treatment. The
same study assessed the therapeutic potential of an anti-C2 monoclonal antibody, which in
vitro led to complete abrogation of the classical complement pathway at the C2 level.”® At this
moment, we know that formation of the membrane-attack complex (MAC) causes structural
motor neuron damage in vitro and that inhibiting this process with immunoglobulin treatment
partly alleviates this damage.?” Yet, we currently do not know if and how products of the
proximal complement cascade affect motor neurons. Future studies using iPSC-derived motor
neuron models might give us more insight in these processes, especially since peripheral
motor neurons express receptors for the proximal complement components C3a (C3aR) and
C3b/C4b (CD35).7° Increased pro-inflammatory cytokine production, a downstream effect of
said receptors, may promote (local) inflammation. Interestingly, although complement is
crucial for the pathogenicity of anti-GM1 IgM antibodies in MMN, complement-independent
effects of these antibodies on motor neurons may be relevant as well.3’

Extending the MMN disease model

The MMN disease model as described prior to this thesis explained the pathogenesis of MMN
via three main processes. These encompass the production of anti-GM1 IgM antibodies by
autoreactive B-cells, their binding to motor neurons, and the subsequent activation of
complement. The research presented in this thesis has significantly increased our knowledge
of the pathogenesis of MMN.

First, we have reconfirmed and extended the concept of MMN being an antibody-mediated
disease. In Chapter 2, we reconfirmed the association of increased titers of anti-GM1 IgM
antibodies with MMN severity, and in Chapter 7, we presented the novel finding of the
biological and clinical relevance of anti-GM2 IgM antibodies in MMN. We found that whereas
anti-GM1 IgM antibodies bind to neurites, anti-GM2 IgM antibodies bind to Schwann cells, and
both subsequently activate complement. Patients with anti-GM2 IgM antibodies had a
younger age at disease onset, but otherwise followed a similar disease course as patients with
anti-GM2 IgM antibodies. This thesis adds anti-GM2 IgM to the repertoire of antibodies
associated with MMN and suggests a possible role for Schwann cells in the local inflammatory
processes that cause MMN.

Next, we focused on the elusive question regarding the origin of antibodies and, as described
in Chapter 8, found that MMN is associated with a dysbiosis of gut microbiota. Patients with
MMN lack a certain combination of bacteria that theoretically have a synergistic anti-
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inflammatory effect on the host immune system. Especially since Mogibacterium was found
to be associated with the presence of anti-GM1 IgM antibodies, this thesis extends the current
disease model of MMN with microbial dysbiosis, be it of the gut or of other microbiomes, as a
possible driving force behind the production of antibodies associated with MMN.

Lastly, we finetuned our knowledge of the complement system in MMN by incorporating
complement regulation. In Chapter 5, we found that MMN is associated with a CD55 promotor
polymorphism, which was associated with MMN disease course. Next to corroborating the
idea of genetic susceptibility underlying MMN (see also Chapter 3), this thesis indicates that
despite MAC formation being the final product of the complement activation which in vitro
leads to motor neuron damage, the proximal (i.e. pre-C5) complement cascade may serve as
a target for novel therapies.

Concluding remarks and future directions

This thesis yielded new insights in the relevance of antibody specificity, the origin of
antibodies, and genetic contributions to MMN susceptibility. The results of the studies
converge on the interaction of antibodies and complement and provide clues for improved
treatment. | hope follow-up studies will follow soon (Fig. 5). The first study assessing the long-
term safety and efficacy of an anti-C2 monoclonal antibody in patients with MMN has started
in 2022 (trial number NCT05225675); results will be available in 2024. If successful, the
approach to dissect the immunopathology of MMN may eventually benefit the broader group
of patients with inflammatory neuropathies mediated by anti-ganglioside antibodies.
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Samenvatting in het Nederlands

Samenvatting in het Nederlands
Voor mensen met MMN, hun naasten, en de leek

In het proefschrift dat voor u ligt, vindt u verschillende onderzoeken die ik tijdens mijn
promotietraject heb mogen uitvoeren. Alle onderzoeken richtten zich op de aandoening
multifocale motorische neuropathie (MMN), een heel zeldzame ziekte van zenuwen in armen
en benen. Ze zijn echter geschreven op een manier die doorgaans minder toegankelijk is voor
de leek; ze zijn geschreven in het Engels, gaan over ingewikkelde biologische processen, en
maken gebruik van vaktaal. Ik wil de gelegenheid van mijn proefschrift aangrijpen om mijn
onderzoek op een begrijpelijke manier uit te leggen. Enerzijds voor mensen om mij heen die
geen medische achtergrond hebben, maar in het bijzonder voor mensen met MMN en hun
naasten, die door hun grote bereidwilligheid om deel te nemen aan wetenschappelijk
onderzoek nieuwe kennis over MMN mogelijk hebben gemaakt.

Multifocale motorische neuropathie

MMN is een heel zeldzame neurologische aandoening, die voor het eerst werd beschreven in
de jaren ‘80. De diagnose wordt in Nederland zo’n 5-6 keer per jaar gesteld en in totaal zijn er
zo’n 225-250 Nederlanders met MMN. Zeker als u deze getallen afzet tegen die van andere
aandoeningen die als zeldzaam worden beschouwd, zoals MS of ALS met ieder zo’n 500 nieuwe
diagnoses per jaar, heeft u een idee van de zeldzaamheid van MMN.

De aandoening treft vooral mannen - zo’'n 70% is man - en leidt bij zowel mannen als vrouwen
tot symptomen vanaf de leeftijd van 35-45 jaar, met uitschieters richting de 20 en 70 jaar. De
exacte oorzaak van MMN is niet geheel bekend, maar we weten dat het een ontstekingsziekte
is van de zenuwen in armen en benen, en dat het nooit het ruggenmerg of de hersenen
aantast. Het geeft hoofdzakelijk een probleem van de zenuwen die de spieren moeten
aansturen, wat leidt tot spierzwakte. Die is in de regel opvallend asymmetrisch en treft vooral
spieren van de handen en de voeten, en soms van de bovenarmen of -benen. De gemiddelde
persoon met MMN heeft daardoor voornamelijk last van een verminderde handvaardigheid,
wat zich kan uiten in moeite met schrijven of een verminderde fijne motoriek, of van een
probleem met het lopen door een klapvoet. Vrijwel iedereen met MMN heeft beperkende
klachten, maar bij zo’'n 20% is sprake van een ernstige beperking. Hierbij moet u denken aan
mensen bij wie MMN beide handen dusdanig heeft aangetast dat ze geen wezenlijke functie
meer hebben, of bij wie de spierzwakte in de benen dermate ernstig is dat een rolstoel
noodzakelijk is. Doordat de ademhalings- en hartspier in de regel niet worden aangetast gaat
MMN niet gepaard met een beperkte levensverwachting.

Gelukkig is er voor mensen met MMN een behandeling met een middel dat immunoglobuline
wordt genoemd. Dit medicijn, dat bestaat uit samengevoegde antistoffen verkregen uit het
bloed van mensen die hun bloed doneren, wordt elke zoveel weken via een infuus direct in de
bloedbaan (intraveneus) toegediend en wordt daarom IVIig genoemd (IntraVeneus
Immunoglobuline). Hoe dit middel exact werkt is niet geheel bekend, maar het leidt in de regel
tot een duidelijke en langdurige toename van de spierkracht. Toch zijn er mensen met MMN
die vanwege bijwerkingen dit medicijn niet kunnen krijgen, of bij wie ondanks behandeling
met IVIg de spierkracht achteruitgaat. Voor hen is er op dit moment helaas nog geen
alternatief.
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Het afweersysteem, antistoffen, en MMN

Het wetenschappelijk onderzoek in het UMC Utrecht richt zich hoofdzakelijk op de vraag hoe
MMN zich ontwikkelt, omdat wij geloven dat een beter inzicht in deze processen kan leiden
tot nieuwe, betere behandelingen. Voordat de onderzoeken in dit proefschrift werden
uitgevoerd was er al een duidelijk idee over de ziektemechanismen die leiden tot MMN.
Centraal hierin staat een antistof, anti-GM1 IgM genaamd, die bij minstens 50% van de mensen
met MMN wordt gevonden.

Ons afweersysteem helpt ons om gezond te blijven, onder andere door ons te beschermen
tegen bacterién en virussen. Dat doet het bijvoorbeeld door antistoffen te maken, eiwitten die
de vorm van een i-grec (Y) hebben. Met de bovenste twee armen van de Y-vorm binden ze
aan een specifiek molecuul dat bijvoorbeeld op zo’n virus of bacterie zit, en met het onderste
deel kunnen ze vervolgens delen van het immuunsysteem activeren, waardoor een bacterie of
virus wordt opgeruimd. Welke delen van het immuunsysteem geactiveerd worden is
afhankelijk van het type antistof. Antistoffen helpen ons dus om gezond te blijven, maar soms
maakt ons afweersysteem een vergissing. Het produceert dan bijvoorbeeld antistoffen die niet
(alleen) aan bacterién of virussen binden, maar (ook) aan onze eigen cellen. Wat dan volgt is
een ziekte als gevolg van een immuunreactie van ons eigen immuunsysteem tegen onze eigen
cellen. Dat noemen we een auto-immuunziekte.

In het geval van de auto-immuunziekte MMN binden anti-GM1 antistoffen van het type IgM
aan het molecuul GM1 dat zich op zenuwcellen bevindt. Hoe meer van deze antistof iemand
heeft, hoe ernstiger de spierzwakte is. De antistoffen activeren het complementsysteem, een
onderdeel van het immuunsysteem dat bestaat uit een groep van negen eiwitten (C1 t/m C9
genaamd), die elkaar één voor één activeren. Gaandeweg dit proces, dat we de
complementcascade noemen, raken meer en meer moleculen geactiveerd - een soort
sneeuwbaleffect. Uiteindelijk vormen meerdere C9-eiwitten een cirkel op het celmembraan
van de zenuwcel, het membrane attack complex (MAC) genaamd. Dit MAC prikt een gaatje in
de zenuwcel, wat leidt tot schade. We weten dat IVIg de activatie van complementeiwitten, en
daarmee schade aan zenuwcellen, gedeeltelijk stopt.

Samenvatting van het proefschrift

Er was dus een goed begrip over de ontstaanswijze en de ziekteprocessen van MMN. Toch
bleven er nog veel vragen onbeantwoord. Hoe is bijvoorbeeld het beloop van MMN op de
lange termijn, en zijn er factoren die het verloop voorspellen? Er is een bepaalde genetische
gevoeligheid voor het ontwikkelen van MMN? Zijn er naast anti-GM1 IgM antistoffen nog
andere antistoffen die bijdragen aan het ontwikkelen van MMN? En hoe komt iemand eigenlijk
aan anti-GM1 IgM antistoffen?

Deze vragen vormden de basis voor mijn proefschrift. In onderstaande alinea’s neem ik de
hoofdstukken van mijn proefschrift met u door en leg ik uit wat voor onderzoek we gedaan
hebben en waarom de resultaten relevant zijn voor een beter begrip van MMN

In Hoofdstuk 2 beschrijven we de resultaten van een onderzoek naar het langdurige beloop
van MMN. Zowel in 2007 als in 2015 zijn in een groep mensen met MMN o0.a. metingen van
de spierkracht in armen en benen verricht. Tussen 2007 en 2015 zagen we dat achteruitgang
van de spierkracht eerder regel dan uitzondering was, ondanks behandeling met IVIg. Mensen
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met MMN die in 2007 meer spierzwakte hadden, hadden dat in 2015 nog steeds, en de
aanwezigheid van anti-GM1 IgM antistoffen correleerde met ernstigere spierzwakte. Deze
resultaten geven ons enig idee van welke mensen met MMN een ernstiger beloop kunnen
hebben, maar bovenal laat het zien dat MMN, ondanks behandeling met [Vig, een
progressieve ziekte is. Dat sterkt het idee dat er nieuwe, betere behandelingen nodig zijn.
Hiervoor is een betere kennis over de ontstaanswijze van MMN noodzakelijk.

In Hoofdstuk 3, 4 en 5 verkenden we de mogelijkheid van genetische risicofactoren voor MMN.
MMN is geen erfelijke ziekte; mensen met MMN krijgen geen kinderen die ook MMN krijgen,
en MMN komt niet vaker voor binnen families. Toch zou het mogelijk kunnen zijn dat mensen
met MMN een bepaalde genetische opmaak hebben die een groter risico geeft op het
ontwikkelen van MMN. Zulke risicofactoren kunnen ons dan soms ook iets leren over relevante
ziektemechanismen.

In Hoofdstuk 3 onderzochten we bepaalde genen in ons erfelijk materiaal (DNA), die betrokken
zijn bij het activeren van ons immuunsysteem na een infectie. Wanneer een bacterie ons
lichaam binnendringt worden kleine delen van zo’n bacterie door bepaalde immuuncellen aan
ons immuunsysteem getoond, zodat er een afweerreactie op gang kan komen. De ‘dienbladen’
die deze cellen hiervoor gebruiken, worden HLA-eiwitten genoemd en er bestaat een enorme
variatie in hoe de ‘dienbladen’ eruitzien. Wij hebben gekeken naar varianten in de genen voor
de eiwitten met de namen HLA-DRB1, HLA-DQA1 en HLA-DQB1. Verschillende HLA-eiwitten
kunnen op verschillende manieren hun deeltjes presenteren en dus een verschillende mate
van activatie van het immuunsysteem veroorzaken. Dit is dan ook de reden dat genetische
varianten in deze HLA-eiwitten gelinkt zijn aan allerlei soorten auto-immuunziekten.

Wij vonden twee varianten in het HLA-DRB1 gen vaker bij mensen met MMN dan bij mensen
zonder MMN. Deze varianten heten HLA-DRB1*15:01 en HLA-DRB1*12:01. Om na te gaan of
een grotere gevoeligheid om MMN te ontwikkelen een direct gevolg kon zijn van deze
genetische link, gingen we na of er een relatie was tussen deze genetische varianten en de
aanwezigheid van anti-GM1 antistoffen, de hoogte hiervan, of de ernst van het ziektebeloop.
Dit bleek niet het geval. Daarom concluderen we dat de gevoeligheid om MMN te ontwikkelen
weliswaar gelinkt is aan deze genetische varianten van het HLA-DRB1-eiwit, maar dat dat
minder waarschijnlijk komt door een effect van het HLA-eiwit zelf. Vrijwel direct naast het HLA-
DRB1 gen liggen genen voor bepaalde eiwitten van het complementsysteem. Mogelijk is het
signaal dat we opgepikt hebben een marker voor het werkelijke signaal dat in een van deze
naburige genen ligt.

Motorische zenuwcellen hebben een bepaald eiwit nodig om goed te functioneren, het SMN-
eiwit genaamd. De totale hoeveelheid van dit eiwit wordt met name bepaald door het aantal
kopieén van het SMN1-gen, en in mindere mate van het SMN2-gen. Normaliter hebben we
van ieder gen twee kopieén; één van moeder, en één van vader. De genen SMN1 en SMN2
hebben hierin echter een grote variatie, tot wel vijf kopieén van ieder. Als iemand geen SMN1
kopieén heeft en dus heel weinig SMN-eiwit, ontwikkelt hij of zij de spierziekte SMA. Er zijn
echter ook onderzoeken gedaan naar ALS, die suggereerden dat juist een tevéél aan SMN1-
kopieén, en dus waarschijnlijk een teveel aan SMN-eiwit, eveneens schadelijk kan zijn voor
motorische zenuwcellen.

Er zijn verschillende aandoeningen waarbij er specifiek een probleem is van motorische
zenuwecellen. MMN is hier een voorbeeld van, net als bepaalde varianten van ALS, PSMA en
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PLS genaamd. In Hoofdstuk 4 onderzochten we het aantal SMN1- en SMN2-kopieén in deze
drie aandoeningen. Het aantal kopieén van zowel SMN1 als SMN2 verschilde niet tussen
mensen met en zonder MMN. De specifieke gevoeligheid voor schade van motorische
zenuwen bij MMN wordt dus niet verklaard door verschillen in het aantal kopieén in deze
genen.

In hoofdstuk 5 keken we naar enkele andere interessante genen, maar voor de loop van het
verhaal neem ik u eerst mee naar Hoofdstuk 6 van mijn proefschrift. Ons afweersysteem
bestaat grofweg uit twee delen. Enerzijds het verworven afweersysteem, dat heel specifiek
reageert op één micro-organisme. Activatie hiervan leidt tot de vorming van antistoffen en tot
immunologisch geheugen. Aangezien mensen met MMN bepaalde antistoffen produceren, is
dit deel van het immuunsysteem betrokken bij MMN. Anderzijds is er het aangeboren
afweersysteem, dat juist niet specifiek is; het raakt actief bij haast alle infecties met virussen
of bacterién. Cellen van het aangeboren afweersysteem produceren na activatie
signaalmoleculen, cytokinen genaamd, die een effect hebben op cellen van het verworven
afweersysteem. Cytokinen vormen dus een brug tussen beide afweersystemen.

Wij wilden onderzoeken of mensen met MMN een overmatig actief aangeboren
afweersysteem hebben. Zo ja, dan zou dit een oorzaak kunnen zijn van een overactief
verworven immuunsysteem, dat op zijn beurt doorslaat naar auto-immuniteit. We hebben
vers bloed (met dus nog levende cellen daarin) van mensen met en zonder MMN blootgesteld
aan een bepaald bacterieel molecuul, LPS genaamd. Het aangeboren immuunsysteem
reageerde op de aanwezigheid van dit molecuul door cytokinen te produceren, en na vier uur
blootstelling hebben we de concentraties van een aantal van deze cytokinen gemeten. We
vonden geen grote verschillen tussen mensen met en zonder MMN. Wel zagen we na vier uur
blootstelling een hogere concentratie van het cytokine IL-21 bij mensen met MMN die anti-
GM1 IgM antistoffen hebben. Mogelijk is er een rol weggelegd voor IL-21 in de productie van
anti-GM1 IgM antistoffen, maar onze conclusie luidt dat er geen sprake lijkt van een algeheel
actiever aangeboren afweersysteem bij mensen met MMN.

Zoals hiervoor besproken staat de antistof anti-GM1 IgM centraal in het ziektemechanisme dat
leidt tot MMN. In Hoofdstuk 7 laten we echter zien dat zo’n 10% van de mensen met MMN
(ook) een andere antistof heeft, anti-GM2 IgM. We weten dat anti-GM1 IgM antistoffen aan
de zenuw zelf binden en daar leiden tot activatie van complement. Wij zagen onder de
microscoop dat anti-GM2 IgM antistoffen binden aan een ander deel van de zenuwcel, een
Schwanncel genaamd, en daarna eveneens het complementsysteem activeren. Schwanncellen
zijn cellen die om zenuwen heen gerold zijn en myeline maken, de isolatielaag van
zenuwecellen. Hoewel deze antistoffen niet gelinkt zijn aan een andere mate van achteruitgang
van spierkracht over de jaren, zijn mensen met MMN die anti-GM2 IgM antistoffen hebben
gemiddeld maar liefst 12 jaar jonger op het moment dat de spierzwakte van MMN startte.
Met dit onderzoek hebben we laten zien dat niet alleen anti-GM1 IgM antistoffen, maar ook
anti-GM2 IgM antistoffen relevant zijn in de ziektemechanismen van MMN. Waar we eerst
dachten dat alleen de zenuwcel aangedaan raakte in het ziekteproces, hebben we nu laten
zien dat in een deel van de mensen met MMN waarschijnlijk ook de Schwanncel betrokken is.
Dit breidt onze kennis over de ziektemechanismen van MMN significant uit.

Een belangrijke vraag bleef nog onbeantwoord: hoe komt iemand aan anti-GM1 IgM
antistoffen? Een hint werd ons gegeven door een studie uit Argentinié uit 2004, waarin in het
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bloed van pasgeborenen gekeken is naar de aanwezigheid van anti-GM1 IgM antistoffen. Ze
zagen dat kinderen geboren worden zonder anti-GM1 IgM antistoffen, maar dat zij deze in de
loop van de eerste weken na de geboorte ontwikkelden. Op basis van enkele andere data
concluderen de onderzoekers dat de productie van anti-GM1 IgM antistoffen te linken is aan
de vorming van het microbioom, de samenstelling van bacterién in de dikke darm. Deze link
wordt verklaard doordat sommige bacterién eiwitten produceren die heel erg kunnen lijken
op GM1. Als het immuunsysteem met deze bacterién in aanraking komt, kan het gebeuren dat
het antistoffen maakt tegen deze op GM1 gelijkende eiwitten. Die antistoffen vinden
vervolgens echter ook hun weg naar het GM1 dat op zenuwcellen zit. Op die manier kan een
afweerrespons tegen bacterién in de darm uiteindelijk leiden tot een ontsteking van zenuwen.
In Hoofdstuk 8 hebben we het microbioom van mensen met en zonder MMN onderzocht. In
het verleden zijn ontlastingsmonsters verzameld van mensen met MMN en hun naasten,
veelal hun partners. Hieruit is bacterieel DNA geisoleerd en op basis van de opbouw van dit
DNA kon worden herleid welke bacterién in het ontlastingsmonster aanwezig waren, en in
welke hoeveelheid.

We zagen dat de opbouw van het microbioom in grote lijnen gelijk was tussen mensen met en
zonder MMN. Toch zagen we ook belangrijke verschillen. Twee bacteriesoorten, Eubacterium
siraeum en een Christensenellaceae-soort, kwamen significant in mindere mate voor bij
mensen met MMN. Daarnaast zagen we dat mensen met MMN die anti-GM1 IgM antistoffen
hadden meer Mogibacterium in hun darm hadden. De samenstelling van het microbioom
bleek een risicofactor voor het ontwikkelen van MMN; microbiomen waarin Eubacterium
siraeum en de Christensenellaceae-soort onbraken, en Mogibacterium juist aanwezig was,
werden bijna vier keer vaker gevonden bij mensen met MMN dan bij mensen zonder MMN.
Daarmee is de samenstelling van het microbioom op dit moment de grootste risicofactor voor
het ontwikkelen van MMN, specifiek voor MMN met aanwezigheid van anti-GM1 IgM
antistoffen.

Mogelijk kan een dysbalans in het microbioom leiden tot overactivatie van ons afweersysteem.
Specifiek zou het interessant zijn om na te gaan of de bacteriesoort Mogibacterium aan de
buitenkant structuren heeft die lijken op GM1; dit zou een directe link tussen de overgroei aan
deze bacteriesoort en anti-GM1 IgM antistoffen bij mensen met MMN kunnen verklaren.

We weten dat anti-GM1 IgM antistoffen leiden tot schade aan zenuwcellen doordat ze het
complementsysteem activeren. Dit is een proces waarbij negen complementeiwitten, C1 t/m
C9 genaamd, elkaar één voor één activeren. Het lichaam beschermt zichzelf tegen
overactiviteit middels complementregulatoren, eiwitten die complementactivatie remmen.
Om beter te weten welke delen van het complementsysteem relevant zijn voor MMN hebben
we tot slot in Hoofdstuk 5 gekeken naar genen die coderen voor de complementregulatoren
die CD46, CD55 en CD59 heten.

We zagen dat mensen met MMN bijna 2.5 keer vaker een genetische variant in het gen voor
CD55 hebben, wat ertoe zou kunnen leiden dat zij minder van dit eiwit maken. CD55 remt
complement vrij vroeg in het proces, rondom het eiwit C3. Wanneer er minder
complementregulatie is, neemt de rem op het complementsysteem af en volgt er dus een
overactiviteit. Dit zou kunnen verklaren waarom deze genetische variant een risicofactor vormt
voor MMN; antistoffen die aan zenuwen binden leiden tot een hogere complementactivatie
en daarmee schade. We vonden ook dat de variant in CD55 te linken was aan een milder
beloop van MMN, mogelijk doordat mensen die deze variant bij zich dragen om nog
onbekende redenen gevoeliger zijn voor IVIg.
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De resultaten van dit onderzoek suggereren dat de eerste stappen van de complementcascade
interessante targets kunnen zijn voor nieuwe medicijnen die MMN moeten remmen.

Conclusie

Alle onderzoeken in dit proefschrift tezamen hebben onze kennis over MMN, en specifiek over
de ziektemechanismen van MMN, significant verbeterd. We toonden aan dat MMN ondanks
behandeling met IVIg een progressieve aandoening is, wat de noodzaak voor nieuwe en betere
behandelingen onderstreept. Hoewel MMN geen erfelijke ziekte is, hebben we laten zien dat
bepaalde genetische varianten in genen die betrokken zijn bij activatie van het afweersysteem
een risicofactor vormen voor MMN. Waar we eerst dachten dat alleen anti-GM1 IgM
antistoffen betrokken zijn bij MMN, hebben we in dit proefschrift laten zien dat ook anti-GM2
IgM antistoffen relevant zijn, wat ons idee over MMN als ziekte veroorzaakt door antistoffen
uitbreidt. We hebben voor het eerst onderzoek gedaan naar de herkomst van anti-GM1 IgM
antistoffen bij MMN, en toonden aan dat de aanwezigheid van deze antistoffen gelinkt kan
worden aan een afwijkende samenstelling van het microbioom van de dikke darm.

Het onderzoek binnen het UMCU naar de betrokkenheid van het complementsysteem bij
MMN heeft geleid tot de ontwikkeling van een nieuw medicijn voor MMN dat momenteel
enkel nog in onderzoeksverband wordt getest (de ARDA-trial). Hopelijk mogen de resultaten
van mijn proefschrift een opmaat zijn voor meer van dergelijke ontwikkelingen, die op hun
beurt van belang kunnen zijn voor de grotere groep van mensen met een ontstekingsziekte
van de zenuwen.
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Het proces waarin ik MMN tot in detail heb mogen leren kennen en wat heeft geresulteerd in
het proefschrift dat voor u ligt, heeft zich uitgestrekt over een periode van zo’n tien jaren. Dit
soort getallen stemt mij nostalgisch, en wanneer ik een moment neem om over mijn schouder
te kijken, zie ik een grote groep mensen staan zonder wie het simpelweg niet was gelukt. Bij
dezen maak ik graag van de gelegenheid gebruik om iedereen te bedanken die direct of
indirect heeft bijgedragen aan dit proefschrift, mijn opleiding tot neuroloog, of, niet
onbelangrijk, mijn levensgeluk.

Mijn eerste dank gaat uit naar de mensen met MMN. Tijdens mijn promotietraject heb ik velen
van u mogen ontmoeten en voor enkelen van u mag ik al jaren uw arts zijn. Uw verhalen
hebben mij altijd getroffen, net als de manier waarop ieder van u betekenis geeft aan een leven
met een chronische aandoening. Het is mij altijd opgevallen hoe groot uw bereidheid is om
deel te nemen aan wetenschappelijk onderzoek en het is door u dat we in het UMC Utrecht
onderzoek kunnen doen met de grootste groep mensen met MMN ter wereld. U draagt
daarmee direct bij aan de ontwikkelingen binnen het veld van uw eigen aandoening, en mijn
proefschrift had niet zonder u kunnen bestaan. Zeer veel dank daarvoor.

Beste prof. dr. W.L. van der Pol, beste Ludo. Van meet af aan wist ik dat ik de juiste keuze nam
door bij jou te promoveren op zoiets raars en bizar zeldzaams als MMN. Je hebt me geleerd
hoe onderzoek werkt en hebt me meegesleept in je interesse voor de biologie achter zeldzame
ziekten, specifiek de neuroimmunologie. Bovenal heb ik op persoonlijk vlak veel van je mogen
leren. Ik heb genoten van je talloze anekdotes, met daarin altijd een mooie levensles
verscholen. Vanuit de grond van mijn hart - het was een eer om deel uit te mogen maken van
je team.

Beste prof. dr. L.H. van den Berg, beste Leonard. Dank je wel dat je het aandurfde om mij in
2014 als wetenschappelijk totaal onervaren geneeskundestudent een wetenschapsstage te
laten doen binnen jouw ALS-team. Daar is veel moois uit voortgerold. Ik heb veel geleerd van
je heldere kijk op zaken en van de manier waarop je een imposante wetenschappelijke carriére
altijd hebt weten te combineren met menselijkheid in de spreekkamer. Veel dank voor dit
mooie voorbeeld.

Beste dr. E.J.N. Groen, beste Ewout. Je stapte wat later in mijn promotietraject in, maar wat
ben ik blij dat ik jij mijn co-promotor bent. Ik durf oprecht te zeggen dat het niet gelukt was
zonder jou. Je kennis van labtechnieken, je vindingrijkheid hierin, je open blik naar data, en je
enthousiasme voor biologische processen hebben veel van de studies in mijn proefschrift naar
een hoger plan getild. Dank je wel voor de af en toe noodzakelijke mentale ondersteuning en
voor de manier waarop je als de grootste positivo van ons twee het beste uit me wist te halen.
Het was een genot om met je te werken.
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Veel dank aan prof. dr. Suzan Rooijakkers, prof. dr. Bart Jacobs, prof. dr. Nicolette Notermans,
prof. dr. Jaap van Laar, en prof. dr. Dérte Hamann, mijn beoordelingscommissie, voor de door
u genomen tijd en moeite om mijn proefschrift te lezen en te beoordelen. Ik ben u zeer
erkentelijk.

Dank aan alle neurologen van het UMC Utrecht en het WKZ, in het bijzonder mijn opleiders
wijlen prof. dr. John Wokke, dr. Janneke van den Bergen, prof. dr. Geert-Jan Biessels, en prof.
dr. Tatjana Seute, voor jullie inspanningen om mij op te leiden tot een goede neuroloog. In
ieder opzicht beschouw ik het als een voorrecht dat ik deel mag uitmaken van de afdeling
Neurologie in het UMCU. Speciale dank aan dr. Rinie Frijns voor eindeloos veel leermomenten
over de meest zeldzame aandoeningen, en voor een aanstekelijke liefde voor de
neuroimmunologie.

Dank aan Kevin van Veenhuijzen en Janna Warendorf, mijn paranymfen. Lieve Kevin, als ik
weet dat jij er bent, dan weet ik dat het goedkomt. Of dat nou op het lab was, tijdens een
dienst, of op de Biemond. Dank je wel voor je geweldig vrolijke aura, je dansmoves, je humor,
en je feet-to-the-ground mentaliteit. Ik wist je maar al te vaak te verleiden met een lastig
probleem in R, en ik ben bang dat ik nu nog niet had kunnen beginnen met de analyses voor
het microbioomstuk als je me niet geholpen had met die ellendige libraries; dank je wel! Lieve
Janna, wat was het fijn om jaren naast je te mogen zitten op het lab en om samen te lachen.
Dank je voor je rust en wijsheid, voor mooie gesprekken, en voor je hulp toen het wat minder
ging. Ik denk nog altijd graag terug aan het fijne congres in Genua waar we als Jut en Jul
‘samenwoonden’ en zo genoten van pasta, kaas en wijn op het dek van een cruiseschip in de
haven, och och och.

Mijn dank gaat ook uit naar Bas Jongbloed en Anne Visser, mijn allereerste stagebegeleiders.
Lieve Bas en Anne, in 2014 begon mijn wetenschappelijk bij jullie met onderzoek naar MMN
en ALS, en nog altijd ben ik blij met het warme nest dat jullie op het lab creéerden. Ik heb veel
van jullie geleerd en gelukkig was er altijd ruimte om de humor in te zien van bijzondere
situaties — wat te denken van blonded radiologists of het vouwen van niet minder dan 2000
vragenlijsten tijdens de Tour de France? |k heb genoten van de etentjes die volgden en het
heerlijke congres in Milaan. Voor mij zijn jullie onlosmakelijk verbonden met dit proefschrift -
de fundering ervan staat op jullie naam. Heel veel dank voor alles.

Veel dank aan al het ondersteunend personeel van het ALS-centrum voor hun organisatie en
hun inzet om klinische data te verzamelen en een geweldig aantal bloed- en DNA-samples
zorgvuldig te verwerken en op te slaan. Zonder jullie inzet zou het onderzoek in dit proefschrift
Uberhaupt niet mogelijk zijn geweest. Speciale dank aan Chantall, Jared en Eveline, zonder
wiens unieke persoonlijkheden het lab niet hetzelfde was geweest, Femke, voor al je hulp met
het verkrijgen van de juiste data uit Progeny en voor al die keren dat Progeny weer eens mijn
wachtwoord was vergeten, Laurien, voor alle tijd en moeite die je hebt gestoken in het in leven
houden van de neuronen, en Annemarie, zonder wiens redding menig afspraak nooit had
plaatsgevonden, of formulier was ondertekend.

Voor de publicaties in dit proefschrift heb ik samengewerkt met een groot aantal mensen. Bij
dezen bedank ik alle coauteurs voor hun bijdrage. Twee groepen wil ik speciaal bedanken.
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In de eerste plaats veel dank aan de groep van MRC Holland, Raymon Vijzelaar, Paul van
Vught, Naomi Molleman en Marinka Zegers, voor de prettige samenwerking. Naomi en
Marinka, het was een genot om met jullie samen te werken. Bedankt voor al jullie tijd, inzet
en met name voor jullie geduld toen jullie mij leerden hoe ik alle stappen van de SMN MLPA
moest doen, zelfs toen één plaat op “miraculeuze” wijze geen resultaten gaf.

Daarnaast bijzonder veel dank aan Rob Willemse, Fernanda Paganelli en Janetta Top van de
microbioomgroep in het UMCU. Beste Rob en Fernanda, dank jullie wel voor de prettige
samenwerking waarin we samen een onontgonnen gebied als MMN en het microbioom
hebben verkend. Jullie kennis en enthousiasme over bacterién is aanstekelijk. Beste Janetta,
ontzettend bedankt voor de prettige samenwerking waarin je me zo hands-on geholpen hebt
om de analyses te begrijpen. Je nam altijd alle tijd, we dronken gezellig koffie, en je hebt mijn
interesse weten te wekken voor een totaal nieuwe tak van sport. Heel veel dank daarvoor.

Mijn opleiding tot neuroloog zou niet hetzelfde zijn zonder al mijn collega-AlOS. Wat zijn we
toch een gezellige groep met elkaar, jaar na jaar na jaar. leder van jullie is uniek en ik ben zo
blij dat jullie gezamenlijk een werksfeer creéren waarbinnen ik me altijd thuis heb gevoeld. Dat
betekent veel voor me — dank jullie wel.

Een groot woord van dank aan Kevin Budding. Kevin, mijn promotie was zonder jou niet
hetzelfde geweest. De samenwerking heb ik altijd als enorm fijn ervaren en je hebt me altijd
weer enthousiast kunnen maken over de experimenten en onze data. Ik vond het heel mooi
om jou als echte family man wetenschap te zien bedrijven alsof je aan het spelen bent — zo
creatief ben je in je experimenten. Bedankt voor de samenwerking, de fijne tijd op congressen
en je warmte in de groep.

Een bedankt in kapitalen voor iedereen met wie ik op het lab heb mogen samenwerken — Bas,
Anne, Marloes, Henk-Jan, Renée, Balint, Viyanti, Hannelore, Feline, Camiel, Diederick,
Stefan, Eva, Marc Jansen (niet te verwarren met Mark Janse), Mark Janse (van Mantgem),
Feline, Bram, Sean, Maria, Harold, Loes, Leandra, Koen, Annebelle, Max, Gerjan, Madde, Iris,
etal. ‘Collega’s’ dekt de lading niet — het voelde met en door jullie als thuis. Ik zal met nostalgie
terugdenken aan de tegeltjeswijsheden op de muur, de volstrekt origineel te noemen trofeeén,
en het dubieus kreunende koffiezetapparaat waarmee we elkaar van bakkies troost voorzagen.
Speciaal woord van dank aan ons ‘rijtje achter de ramen’ — Marieke, voorbeeld van efficiéntie,
voor je geweldige grappen en je onmetelijke en ietwat zorgwekkende kennis over Nederlandse
muziek; Ingrid, moeder van het lab, voor je warmte, je humor en je gezelligheid, en Louise,
ons enfant terrible, de Cher van de meetings (‘Do you BELIEVE that the results of your study...”),
vleesgeworden humor, voor alles waarmee je mijn dagen op het lab kleur gaf.

Dank aan Robin, Falco, Peter, Mart en Mark, mijn vrienden uit Veenendaal. Ik voel me ineens
heel oud als ik bedenk dat we elkaar ondertussen al 20 jaar kennen. Van baardloze broekies
en nerdjes op de middelbare school tot nu volwassen mannen, sommige zelfs met kinderen
en een koophuis. We hebben het allemaal druk en zijn verspreid geraakt over het land, maar
als we elkaar zien voelt het zo vertrouwd en pakken we de draad moeiteloos weer op. Speciale
dank aan Robin en Peter voor de hilarische filmavonden (zouden we ooit nog een slechtere
film vinden dan E/ Hoyo?) en voor het fijne weekend weg naar Parijs, wat meer voor me
betekende dan jullie misschien doorhadden.
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Lieve Ciska, dank je wel voor de vertrouwde vriendschap, voor je levenslust, en voor het
voorbeeld van hoe je als business woman pur sang met het warmste hart een prachtig gezin
runt. Na onze nachtelijke avonturen met een kapot bootje op de Loosdrechtse plassen is het
een wonder dat we er nog zijn - ik kijk uit naar nog meer avondjes uit en goed eten.

Dank aan mijn Utrechtse vrienden. Lieve Chris, dank je wel voor de fijne vriendschap, voor je
met harde humor overgoten mentale ondersteuning, en voor het feit dat je me kennis liet
maken met Homecoming en Renaissance (life-changing). Laten we onze avondjes bijkletsen
voortzetten (en dan daadwerkelijk zelf koken). Lieve Marlon, dank je wel voor de vriendschap
en voor het voorbeeld dat ik af en toe best wat meer zou mogen doen met mijn tijd. Ik kijk uit
naar meer spelletjesavonden. Dear Mark, thank you so much for being my friend, for holding
my moral compass and keeping my feet to the ground, and for showing me what perseverance
looks like.

Lieve Marthe, Elianne, Maartje, Laura en Elize, mijn vrienden van het conservatorium.
Gelukkig heb ik het met jullie nooit veel gehad over mijn proefschrift (misschien denken jullie
wel dat het over M&M’s gaat, en dat is prima) en was er juist altijd alle ruimte om het te
hebben over muziek en het leven, het liefst onder het genot van goed eten en wijn. Als je het
hebt over bijdragen aan levensgeluk...

Lieve Stephan. Het is gegaan hoe het is gegaan, en eigenlijk weet ik niet waar ik moet beginnen
met je te bedanken. Je creéerde een thuis waar muziek klonk, waar een koffieapparaat (veel
te luid) heerlijke koffie maakte, en waar katten rondhuppelden. Het spijt me dat je hebt
moeten dealen met een Jeroen die een PhD deed, maar ik ben je enorm dankbaar voor alles
wat je ook hierin voor mij hebt betekend.

Dank aan Ingrid, Lex en Matthijs, voor jullie grote harten en het zo liefdevol bieden van een
tweede thuis.

Dank aan mijn broer David en zijn vriendin Carmen. Wat zijn jullie een lekker stel met elkaar,
en dat al zo lang! Ik geniet van jullie, van jullie humor, en van jullie halve cattery.

Liefste Iskander. Een volledig dankwoord gericht aan jou zou een apart hoofdstuk in dit
proefschrif worden. Daarom een bloemlezing — dank voor je liefde, voor je humor, voor het
vertrouwen dat je me geeft, voor de stok achter de deur om dingen gedaan te krijgen, voor je
moed, voor je avontuurlijke aard, en voor je toekomstgerichte blik. Het leven met jou is leuker
en je haalt het beste in me naar boven. Ik houd van je en ik kijk uit naar onze toekomst samen!

Mijn laatste en grootste dank gaat uit naar mijn ouders, Piet en Annemiek, aka pa en ma. Door
jullie ben ik wie ik ben, niet in de laatste plaats omdat jullie mij alle mogelijkheden hebben
gegeven om mijn dromen achterna te gaan. In het bijzonder moet ik dan denken aan mijn
pianolessen in ‘the big city’ Utrecht, en dat rare nerdclubje aan het University College. Het is
juist op dit soort momenten dat de afwezigheid van pa zo levendig te voelen is, en ik wens dan
altijd maar dat hij er ergens toch iets van meekrijgt. Lieve ma, je hoopt als kind je ouders trots
te maken, maar andersom mag er ook wel eens iets worden gezegd — je bent in werkelijk ieder
opzicht een voorbeeld voor me. Ik houd van je en ik ben enorm trots op je.
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Jeroen Wessel Bos (November 12th 1991, Wageningen, The Netherlands) grew up in the city
of Veenendaal, where he graduated secondary school with honors at the Christelijk Lyceum
Veenendaal (CLV) in 2009. Torn between his love for both music and medicine, he decided to
be educated both. In 2013, he graduated with honors at the Conservatory of Utrecht as a
classical pianist. In 2016, he obtained his medical degree with honors at Utrecht University.

From the beginning of his medical training, the field of Neurology has fascinated him. This led
to his first steps in scientific research in 2014, where he explored imaging modalities in motor
neuron diseases under the supervision of Bas Jongbloed, Leonard van den Berg and Ludo van
der Pol. This internship resulted in a PhD project on multifocal motor neuropathy under the
supervision of dr. Ewout Groen, prof. Leonard van den Berg and prof. Ludo van der Pol, that
focused on clinical, genetic, and immunological aspects of this disorder. At the 2023 Peripheral
Nerve Society conference, he was awarded the Arthur K. Asbury prize for best presentation in
the category of inflammatory neuropathies for his talk on complement inhibition in multifocal
motor neuropathy. The work performed during his PhD project resulted in the thesis that is
before you.

In 2017, Jeroen also started the Neurology Residency program at the University Medical Center
Utrecht, trained by late prof. J.H.J. Wokke, dr. Janneke van den Bergen, prof. G.J. Biessels and
prof. T. Seute. Through the experiences obtained during his residency and his PhD project, his
interest in rare, and especially neuroinflammatory disorders, grew. He therefore followed an
internship focusing on rheumatological and systemic autoimmune diseases at the Clinical
Immunology department of the UMCU, under supervision of dr. Helen Leavis and dr. Maarten
Limper, and on neuroinflammatory disorders at the Erasmus MC Rotterdam, under supervision
of dr. Beatrijs Wokke and dr. Maarten Titulaer. He will complete his residency in 2027.
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