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Abstract 

Myasthenia gravis (MG) is an antibody-mediated autoimmune disease of the neuromuscular 

junction, characterized by skeletal muscle weakness and fatiguability. 85-90% of MG patients 

have antibodies targeting the nicotinic acetylcholine receptor (AChR), an ion channel on the 

postsynaptic muscle membrane involved in neuromuscular transmission. A smaller proportion of 

MG patients have autoantibodies targeting muscle specific tyrosine kinase (MuSK), involved in 

AChR clustering. AChR and MuSK antibodies are highly specific for MG and serve as excellent 

diagnostic biomarkers. However, there is still a need for biomarkers to help predict response to 

treatment and disease course. Reasonable targets are antibody titer, isotype and IgG subclass, and 

binding affinity as these parameters dictate autoantibody pathogenicity.  

Our first objective was to develop and optimize a sensitive assay using a biosensor platform 

(Biacore™) for the measurement of these parameters in MG patients with MuSK antibodies. 

MuSK antigen was immobilized onto Biacore™ sensor chips and diluted sera injected over the 

surface to measure binding levels. Antibody isotype and subclass were determined with 

sequential injections of anti-human Ig antibodies, and dissociation rate, as a measure of binding 

affinity, was determined by fitting the dissociation phase to a 1:1 model. This assay is specific, 

sensitive, and reproducible, and can be performed more rapidly and using low volumes of serum. 

We demonstrated the use of this assay in providing a comprehensive long-term profiling of 

MuSK antibodies that has the potential to be useful in a clinical setting for monitoring treatment 

response. 

Developing a biosensor assay for the measurement and characterization of AChR antibodies 

involves the more complex process of immobilizing AChR in its native membrane-bound 
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conformation. Our secondary objective was to determine a method for immobilizing AChR onto 

a sensor chip in its membrane-bound form. We demonstrate a method using immobilized cell 

membrane vesicles which, with further study, may be viable for this purpose.  

Collectively, these studies demonstrate the usefulness of biosensor methods in measuring and 

characterizing autoantibodies over the course of a patient’s disease. Measuring and 

characterizing antibodies for use as clinical biomarkers in MG to help with assessing disease 

progression and response to treatment merits further study.  
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Chapter 1: Introduction 

1.1 Myasthenia gravis the disease 

Myasthenia gravis (MG) is a prototypical antibody-mediated autoimmune disorder of the 

neuromuscular junction (NMJ). The disease is characterized by fluctuating skeletal muscle 

weakness and fatiguability, resulting from a deficiency in signal transmission between motor 

neurons and skeletal muscle. Its pathogenesis involves circulating pathogenic autoantibodies 

directed against proteins of the post-synaptic muscle membrane, the primary target being the 

nicotinic acetylcholine receptor (AChR), and less frequently muscle-specific tyrosine kinase 

(MuSK). MG is a heterogeneous disease with variable clinical presentation, disease course, and 

response to treatment.  

 

1.2 History 

One of the first cases of MG was likely described by English physician Thomas Willis, who in 

1672 reported a female patient with fatiguable weakness of bulbar and limb muscles
1
. Over 200 

years later, Wilhelm Erb and Samual Goldflam described the clinical features of MG in a series 

of patients, emphasizing the fatiguable weakness, ocular and bulbar features, and fluctuating 

symptoms
1
. For some time the disease was known as “Erb-Goldflam syndrome”, until Friedrich 

Jolly in 1895 coined the term “myasthenia gravis pseudoparalytica”, combing the Greek terms 

for muscle and weakness (myasthenia) and the Latin term for severe (gravis)
2
. 

In 1934, Mary Walker realized that the symptoms of MG were similar to those of curare 

poisoning, which was treated with the cholinesterase inhibitor physostigmine. She demonstrated 
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that treatment with physostigmine quickly improved myasthenic symptoms
3
, after which 

treatment with anticholinesterase drugs became a staple in the management of MG. In 1937 

Blalock began reporting that removal of the thymus improved MG symptoms, establishing 

thymectomy as a treatment
1
. 

In 1959-1960, Simpson and Nastuck both independently proposed that MG has an autoimmune 

etiology, caused by an antibody specific for a NMJ protein
4, 5

. In 1973, Patrick and Lindstrom 

developed the first experimental autoimmune model of MG (EAMG) when they demonstrated 

that rabbits immunized with AChR purified from electric organs of electric eels developed MG-

like symptoms
6
.  

 

1.3 Clinical features and subgroups  

MG is characterized by fluctuating skeletal muscle weakness that is worsened by activity and 

improves with rest. The weakness fluctuates from day to day or even from hour to hour
7
. MG is a 

very heterogeneous disease (“snowflake disease”) and can be classified into several clinical 

subtypes based on muscle groups affected (ocular, bulbar, and generalized MG), age at onset 

(early-onset and late-onset MG), autoantibody profile (AChR-MG and MuSK-MG), and 

presence or absence of thymic pathology.  

The particular muscle groups affected can vary between patients. Ocular weakness, involving 

weakness of the extraocular and eyelid muscles, is the most common initial presentation of MG, 

occurring in approximately 85% of patients
8
. Ocular weakness commonly presents as fluctuating 

ptosis (drooping of upper eyelids), diplopia (double vision), and ophthalmoplegia (paralysis of 

extraocular muscles)
9
. Bulbar weakness presents with dysphagia (difficulty with swallowing, 
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excessive clearing of throat), dysarthria (difficulty with articulation, nasal speech), dysphonia 

(eg. hoarseness), weakness of facial muscles such as masticatory weakness, and axial muscles 

weakness
7
. Bulbar weakness is the initial symptom in up to 15% of patients

7
. Weakness remains 

restricted to ocular and/or bulbar muscles in about 15% of patients
10

, while in the majority of 

patients the disease progresses to generalized weakness, involving weakness of the upper and/or 

lower extremities, usually within two years of disease onset
7
. Difficulty with respiration 

(dyspnea and orthopnea) due to respiratory muscle weakness can also occur in MG. Respiratory 

muscles weakness is rarely the presenting feature of the disease, but can be life-threatening if it 

results in a myasthenic crisis, severe respiratory muscle weakness that necessitates intubation for 

ventilator support or airway protection
7
. Infection (usually pneumonia or an upper respiratory 

infection) is the most common trigger of a crisis (in 38% of cases), followed by no obvious 

reason (30%), and aspiration (10%)
11

. 

Thymic abnormalities in MG patients are also frequent. About 80% of early-onset AChR-MG 

patients have thymic lymphoid follicular hyperplasia (LFH), characterized by B lymphocyte 

infiltrates and germinal centers
12

. Around 10-15% of MG patients have a thymic epithelial 

tumour, or thymoma
7
. Thymic atrophy is common in late-onset patients.  

MG patient with AChR antibodies (AChR-MG) and MuSK antibodies (MuSK-MG) are 

clinically distinct disease entities with different clinical presentation. MuSK-MG patients tend to 

have more bulbar, facial, and neck weakness, and are more likely to have respiratory difficulties 

and myasthenic crisis
13

. MuSK-MG also appears to affect almost exclusively (90%) females, and 

patients have a younger age of onset than AChR-MG patients
13-17

. In contrast with AChR-MG 

thymus histology is generally normal in MuSK-MG patients
18, 19

. 
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1.4 Epidemiology 

1.4.1 Worldwide epidemiology 

MG is a relatively uncommon disease, however both prevalence and incidence have increased 

over time. Incidence and prevalence rates vary widely between the geographical regions that 

have been studied. In a recent systematic review of epidemiological studies performed between 

1950 and 2007
20

, incidence rates per year were found to range from 1.7 to 21.3 per million, while 

prevalence rates ranged from 15 to 170 per million. In addition, since the discovery of MuSK 

antibodies, a proportion of more recent studies have examined the two serological MG 

subgroups, AChR-MG and MuSK-MG, separately. In AChR-MG specific studies, incidence of 

AChR-MG has been found to range from 4.3 to 18 per million, and prevalence from 70.6 to 

163.5 per million
20

. Epidemiology studies of MuSK-MG are limited to two regions of Europe, 

Holland and Greece, with incidence rates of 0.1 and 0.32 per million, and prevalence rates of 1.9 

and 2.9, respectively
20

. Rates of MG do not appear to be related to latitude, unlike other 

autoimmune diseases like multiple sclerosis
21

. 

MG occurs in both sexes and at all ages, but there are sex- and age-specific epidemiological 

differences. The incidence of MG has a bimodal distribution, with one peak in early adulthood 

around age 30-40 where women are more likely affected (F:M ratio 3:1), and another peak of 

elderly onset around age 70 where there is a slight male predominance
8, 22, 23

. In general, the 

incidence of MG increases with age. Of most significance, multiple studies have also found that 

both the incidence and prevalence of MG have increased over the last couple decades among the 

elderly, with a bias towards men
24-31

. These increases are likely due to improved diagnosis, 

especially among elderly
30

, and improved survival of MG patients due to better treatment. 
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Improved survival of MG patients and increasing longevity of the general population likely 

means that prevalence of MG will increase. 

1.4.2 Incidence of MG in British Columbia, Canada 

To determine whether a similar trend of increasing incidence is present in Canada, the author of 

this thesis and colleagues conducted a study of MG incidence in the province of British 

Columbia (BC)
32

, of which an extended version is presented here. 

We conducted a population-based study of the incidence of the AChR-MG serological subtype in 

BC for the 28-year period of January 1, 1984 to December 31, 2011. Incidence cases were 

ascertained by retrospectively identifying all first-time anti-AChR seropositive samples, 

measured by radioimmunoprecipitation testing, from the Neuroimmunology Laboratory database 

at the University of British Columbia, the sole laboratory to offer AChR antibody testing in BC. 

A positive test was necessary and sufficient for a patient to be included as a case as positivity for 

AChR antibodies is an excellent surrogate marker for AChR-MG diagnosis.  

Incidence was defined as the annual number of first-time anti-AChR seropositive cases. 

Incidence rates (IRs) were calculated per 1 million inhabitants based on annual July population 

estimates (www.bcstats.gov.bc.ca). Cases were stratified into four age groups based on age at the 

first positive test: ≤19, 20-44, 45-64 and ≥65 years. Age- and sex-stratified IRs were calculated 

based on population estimates of the corresponding age and sex group.  

Between January 1984 and December 2011, 1493 new anti-AChR seropositive individuals were 

identified (767 women, 718 men, 8 unknown). The age at the first positive serum sample in 

women had a bimodal distribution with peaks at 45–55 and 70–85 years, whereas in men the 
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distribution had a single peak at 70–80 years (Figure 1-1), resembling previously reported age at 

onset distributions
22, 30

.  

 

Figure 1-1 Age distribution of 1493 AChR-MG patients at first AChR seropositive test.  

 

The average annual incidence of new AChR seropositivity significantly increased from 11.0 per 

million (1984-1988 average; 95% CI, 9.4-12.8) to 16.7 per million (2007-2011 average; 95% CI, 

15.1-18.5). Mean annual IRs per million of the ≤19, 20-44 and 45-64 age groups remained 

relatively constant over the 28-year time period (Figure 1-2). In contrast, annual IRs of the ≥65 

age group more than doubled. Sex-adjusted IRs ≥65 significantly increased for both men and 

women ≥65 (Figure 1-3).  
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Figure 1-2 Age-specific incidence rates of AChR-MG in British Columbia from 1984-2011. 

The rates are age group adjusted and calculated per million population as 5-year simple moving 

averages. Modified from Pakzad et al.
32

 with permission from Lippincott Williams & Wilkins, 

Inc. 

 

  

The overall average anti-AChR incidence of first seropositivity of 16.7 per million (2007-2011 

average) in BC is amongst the highest reported
20

. Our results indicate a continually increasing 

incidence of elderly-onset anti-AChR seropositive MG in BC. This trend cannot simply be 

attributed to demographic changes, such as increasing longevity and an aging population, since 

the incidence of anti-AChR seropositivity in the ≥65 age group increased at a significantly higher 

rate than the rate of increase in the proportion of people ≥65 in BC (Figure 1-3). One argument 

for an increasing incidence could be greater awareness of MG or increased AChR antibody 

testing, however, the IRs of the three younger age groups remained stable. Rather the trend is 

likely due to improved diagnosis of MG in elderly patients over the decades, or a true increase in 

incidence due to as yet undefined reasons. This study confirms the trend of increasing incidence 

of elderly-onset anti-AChR seropositive MG observed in previous studies and its results are 

important for future health care planning.  
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Figure 1-3 Sex-specific incidence of AChR-MG among elderly (≥65) in British Columbia 

from 1984-2011. 

 

 

1.5 MG Pathophysiology  

1.5.1 Structure and physiology of the neuromuscular junction  

The muscle weakness and fatigue which are the clinical hallmarks of MG are a result of 

impairment in the physiology of the NMJ. The NMJ is the specialized synapse between a motor 

neuron and a skeletal muscle fiber where neuromuscular transmission takes place. It is comprised 

of the presynaptic motor nerve terminal (where the neurotransmitter acetylcholine is synthesized 

and stored in synaptic vesicles), the 20nm-thick synaptic cleft, and the post-synaptic muscle 

membrane
7
 (Figure 1-4). 
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Figure 1-4 Structure of the neuromuscular junction, illustrating the high density of AChR at 

the tops of the postsynaptic membrane folds and the proteins involved in AChR clustering. 

Reprinted from Koneczny et al.
33

 with permission from John Wiley and Sons. 

 

The NMJ postsynaptic muscle membrane, or sarcolemma, is structurally characterized by many 

invaginations which increase the membrane surface area under the motor nerve terminal. These 

membrane folds contain a very high density of nicotinic acetylcholine receptors (AChRs), over 

10,000 receptors/μm
2, 34

. AChR is a 290kDA pentameric transmembrane ligand-gated ion 

channel. It is comprised of 5 subunits, each with a large extracellular domain and 4 

transmembrane domains (M1-M4), arranged around a central ion channel
35

 (Figure 1-5A). There 

are two isotypes, fetal and adult, which differ in one subunit. The fetal AChR is composed of 2 α 

subunits and one each of β, γ, and δ, while in adult AChR the γ subunit is replaced by the ε 

subunit. Embryonic muscle expresses fetal AChR, while after innervation expression of the γ 

subunit is substituted by the ε subunit. Some adult muscle like the extraocular muscles continue 

to express fetal AChR
36

. AChR has two binding sites for acetylcholine, one located between the 

α and δ subunits, and the other between the second α subunit and the γ/ε subunit. 
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Figure 1-5 Structures of the acetylcholine receptor and muscle specific kinase. (A) The 

AChR is a 5-subunit transmembrane ion channel, with fetal and adult isotypes differing in one 

subunit. (B) MuSK has a single transmembrane domain with a large extracellular region of 4 Ig-

like domains and an intracellular tyrosine kinase domain. Reprinted from Buckley and Vincent
35

 

with permission from Nature Publishing Group. 

 

AChRs are densely clustered on the postsynaptic membrane folds through a pathway involving 

multiple proteins. During NMJ development, agrin released by the motor nerve terminal binds to 

low-density lipoprotein receptor-related protein-4 (LRP4), which then binds muscle specific 

kinase (MuSK) on the postsynaptic membrane
37, 38

 (Figure 1-4). MuSK is a 110kDa postsynaptic 

single-pass transmembrane protein, with a large extracellular region consisting of four 

immunoglobulin-like domains and an intracellular tyrosine kinase domain
35

 (Figure 1-5B). LRP4 

binds to the first Ig-like domain of MuSK
39

, leading to MuSK activation by dimerization and 

autophosphorylation
33

. This stimulates a signalling pathway involving Dok7
40

, culminating in 

AChR-clustering by rapsyn. Rapsyn is a peripheral membrane protein expressed on the 

cytoplasmic side of the postsynaptic membrane and is required for anchoring and stabilizing the 
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AChRs at the postsynaptic membrane
41, 42

. Mice with MuSK, LRP4, or rapsyn knocked out fail 

to form AChR clusters during development
43, 44

. 

Neuromuscular transmission is initiated when an action potential travelling along the motor 

nerve axon reaches the nerve terminal and triggers the opening of voltage-gated calcium 

channels (VGCCs) on the presynaptic membrane. The influx of calcium ions triggers the release 

of acetylcholine stored in synaptic vesicles via exocytosis into the synaptic cleft
45

. The 

acetylcholine diffuses across the synaptic cleft and binds to the AChRs on the post-synaptic 

muscle membrane, opening the cation channels and causing an influx of sodium ions into the 

muscle fiber. This triggers a depolarization of the membrane called the endplate potential (EPP). 

The EPP activates voltage-gated sodium channels (VGSCs) in the muscle membrane, generating 

a muscle action potential. In normal NMJ transmission, the EPP is much larger than the 

threshold required for a muscle fibre action potential; this is referred to as the safety factor of 

neuromuscular transmission
46

. As the action potential spreads along the muscle, calcium 

channels are activated causing a rise in intracellular calcium concentration that leads to muscle 

contraction
7, 45

. The action of acetylcholine is terminated by being hydrolyzed by 

acetylcholinesterase within the synaptic cleft
7
.  

1.5.2 Pathophysiology of AChR antibodies in AChR-MG 

The primary mechanism causing the clinical features of MG are pathogenic autoantibodies 

targeting the AChRs at the NMJ. About 85% of patients with generalized MG have detectable 

antibodies to AChR (AChR-MG)
47

. In MG patients who have purely ocular symptoms, the 

percentage who have detectable AChR-Abs is lower, at around 50%
48

. 
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AChR-Abs are measured by radioimmunoprecipitation assay (RIPA) using solubilized human 

AChR labelled with 
125

I-α-bungarotoxin (
125

I-αBT). The AChR used is commonly extracted from 

the rhabdomyosarcoma cell lines TE671 (which expresses fetal AChR only)
49-51

 and CN21 (a 

genetically modified cell line which expresses adult receptor)
52, 53

. This assay has proven to be 

highly specific and sensitive and of great diagnostic value. AChR-Ab positivity together with 

clinical symptoms can be considered a definite diagnosis of AChR-MG. In the absence of 

clinical signs, the presence of AChR-Abs indicates sub-clinical MG as in such cases the number 

of receptors at the NMJ is generally reduced and the NMJ safety margin can still be 

compromised. 

The pathogenicity of AChR-Abs has been clearly demonstrated. Immunization of animals with 

AChR induces chronic experimental autoimmune myasthenia gravis (EAMG). This was first 

demonstrated by Patrick and Lindstrom
6
, who induced MG in rabbits immunized with AChR 

from the electric organ of electric eels (Electrophorus electricus). EAMG has also been 

reproducibly induced in animals by injection of AChR antibodies, either of monoclonals 

(especially anti-MIR mAbs)
54

 or passive transfer of purified IgG from patients’ sera
48, 55

. 

Clinically, weakness in MG patients also improves following removal of circulating antibodies 

by plasmapheresis
56

.. 

A majority of AChR-Abs target a conformational-dependent extracellular epitope of the AChR 

alpha subunit, comprised of α67-76, called the main immunogenic region (MIR)
57, 58

. However 

they also bind to multiple other epitopes on all subunits, likely due to epitope spreading
59

. 

AChR-Abs induce a loss of functional AChR at the NMJ, leading to impaired neuromuscular 

transmission and muscle weakness and fatigue. There are three main mechanisms by which 
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AChR-Abs induce a loss of functional AChR: complement-mediated damage of the muscle 

endplate, antigenic modulation, and blocking of the acetylcholine binding site
60, 61

. 

Complement-mediated damage of the muscle endplate is probably the most important 

mechanism
62

. AChR-Abs are predominantly of the IgG1 and IgG3 isotype, and are therefore 

capable of activating complement
63, 64

. Triggering of the complement cascade results in lysis of 

the postsynaptic membrane by the membrane attack complex (MAC)
65

. This effect is intensified 

by AChR-Abs binding to AChR which is at high density on the postsynaptic muscle folds, which 

results in high density of Fc regions. Complement-mediated lysis by AChR-Abs results in 

morphological changes in the post-synaptic muscle membrane, most importantly a simplification 

of the folding pattern of the muscle membrane. This complement-mediated loss of endplate 

membrane not only results in a loss in the number of functional AChR, which decreases the EPP 

amplitude, but also in a loss of VGSCs which increases the threshold depolarization needed to 

produce a muscle fibre action potential, reducing the safety factor for neuromuscular 

transmission from both sides
66

. 

The second mechanism by which AChR-Abs induce a loss of AChR is antigenic modulation, 

whereby cross-linking of AChRs by the divalent antibodies (IgG1, IgG2, and IgG3) accelerates 

the internalization and degradation of AChRs
67, 68

. Membrane fragments containing AChR are 

internalized by endocytosis and degraded by lysosomal enzymes. Serum IgG from 90% of MG 

patients has been shown to increase the AChR degradation rate by 2-3 fold
69

. Antigenic 

modulation is also facilitated by the complement-mediated lysis that occurs as this alters the 

cytoskeletal structure of the postsynaptic membrane, facilitating AChR endocytosis
70

. This 

process results in a lowered density of AChR and lower sensitivity to ACh, thereby decreasing 

the amplitude of EPPs
71

.  
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The third mechanism by which AChR-Abs impair the activity of AChRs is by directly blocking 

the ACh binding sites or the ion channel
72

. These type of blocking antibodies are usually present 

at low levels, however they may contribute to an acute myasthenia crisis
73

, making them 

clinically important. 

Reduction in the number of active AChR decreases the EPP, which although adequate at rest, 

when the release of ACh is reduced by repetitive activity of the muscle the EPP can fall below 

the threshold required to activate VGSCs and trigger an action potential (safety factor is 

reduced), resulting in neuromuscular transmission failure. This manifests clinically as muscle 

weakness and fatigue. Extraocular muscles are especially susceptible to myasthenic weakness 

because their NMJs have a lower degree of postsynaptic folding and therefore lower levels of 

AChR and VGSCs resulting a reduced safety factor, they have a higher neural firing frequency 

making them more fatiguable, and they are more susceptible to complement-mediated damage as 

they express lower levels of complement regulators
2
. This may explain why the majority of MG 

patients have ocular symptoms as their primary symptoms. 

Titers of AChR-Abs are highly variable in MG patients and generally do not correlate well with 

disease severity
74-79

. However when examined within individual patients a decline in antibody 

titer is associated with clinical improvement in many cases, especially after immunosuppression 

and plasmapheresis
80-84

. Therefore, measuring AChR-Ab levels over the course of the disease 

may be useful as follow-up to treatment.  

1.5.3 Pathophysiology of MuSK antibodies in MuSK-MG 

Of the approximately 15% of generalized MG patients who do not have detectable AChR-Abs in 

their serum by RIPA, a variable proportion have antibodies to MuSK (MuSK-MG). Antibodies 
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against MuSK were first described in 2001 by Hoch et al.
85

, who found MuSK-Abs in 70% of 

patients previously negative for AChR-Abs. Since then, MuSK-Abs have been reported 

worldwide in a variable proportion of AChR antibody-negative patients, with frequencies 

ranging from 0-64% depending on the ethnic group or geographic location
17, 86

. Like for AChR-

Abs, the gold standard method for measuring MuSK-Abs is by RIPA, using 
125

I-labelled MuSK. 

Animals immunized with MuSK ectodomain have been shown to develop muscle weakness
87

. 

Passive transfer of IgG from MuSK-MG patients into mice also leads to muscle weakness in 

these animals
88

, demonstrating their pathogenicity. 

The mechanisms by which MuSK-Abs impair neuromuscular transmission, although not fully 

understood, appear to be quite different from AChR-Abs. Unlike AChR antibodies which are 

IgG1 and IgG3, MuSK antibodies are mainly of the IgG4 subclass which are functionally 

different as they are not complement activating
14, 89

, suggesting MuSK-Abs have a different 

pathogenic mechanism than AChR-Abs. IgG4 antibodies also undergo a posttranslational Fab 

arm exchange, which produces an IgG4 molecule with two different antigen-binding sites, 

preventing the IgG4 from cross-linking identical antigens
90

 and making them functionally 

monovalent. This suggests that the pathogenic mechanism of IgG4 MuSK-Abs is likely to be a 

direct effect on the function of MuSK, rather than the complement-mediated damage to the NMJ 

seen in AChR-MG. In fact, unlike in patients with AChR-Abs, studies of muscle biopsies in 

patients with MuSK-Abs have shown little loss of AChR density at the muscle endplate, and no 

substantial complement deposition or morphological damage
91

. This may however depend on the 

type of muscle biopsied, as MuSK-Abs appear to more commonly target facial and bulbar 

muscles, which cannot be biopsied. There was also no observed complement activation in both 

passive transfer and active immunization models of MuSK-MG in animals, and MuSK-MG still 
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developed in complement-deficient animals
92

. This evidence suggests that complement 

deposition is not a major pathogenic mechanism of MuSK-Abs, however in many patients 

MuSK-Abs of the IgG1 subclass are also found, which are capable of binding complement
93

. 

The pathogenic mechanisms of MuSK-MG may involve changes in the function and distribution 

of various elements of the NMJ. Cell culture experiments using the AChR-expressing 

rhabdomyosarcoma cell line TE671 found that some MuSK-Ab positive sera caused 

downregulation of AChR subunits and rapsyn, suggesting that MuSK-Abs may compromise 

AChR clustering, causing the NMJ to become structurally and functionally disorganized
94

. 

MuSK antibodies are specific for the extracellular domain, and in vitro studies have 

demonstrated that MuSK antibodies from MG patients inhibit agrin-induced AChR clustering in 

cultured myotubes
85

, indicating MuSK-Abs may interfere with MuSK function. 

Taken together, the many differences between MuSK-MG and AChR-MG suggest that MuSK-

MG have different etiology and pathogenic mechanisms. Although the pathological mechanisms 

of MuSK-Abs at the mature NMJ have not yet been fully elucidated, it is clear that they are 

clinically relevant. Studies have shown that there is a correlation between MuSK-Ab levels and 

disease severity, both in individual patients and in the population as a whole
95

. Studies on the 

longitudinal relation between disease severity and titers of MuSK-Abs have also shown that 

MuSK-Abs IgG4 titers, and not IgG1, significantly correlated with disease severity, emphasizing 

the important role of IgG4 antibodies in the pathogenesis of MuSK-MG
96

.   

1.5.4 Seronegative MG  

MG patients who do not appear to have anti-AChR or anti-MuSK antibodies by standard 

radioimmunoprecipitation assay are often referred to as having seronegative myasthenia gravis 
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(SNMG). Prior to the discovery of anti-MuSK antibodies SNMG was a term used for patients 

who had AChR antibody-negative MG, but will be used here to describe patients who are 

seronegative for both AChR and MuSK antibodies. 

Despite not having detectable antibodies, the fact that SNMG patients respond to 

immunosuppressive treatment and plasma exchange show they have an antibody-mediated 

disease
97

. Increasing evidence shows that SNMG patients have more similarities to AChR-MG 

patients than MuSK-MG patients in terms of clinical features, thymic pathology, and response to 

immunosuppressive treatments and plasma exchange
13-15, 17-19, 93, 98, 99

. Thymic histology in these 

patients show lymph node type infiltrates similar to lymphoid follicular hyperplasia in AChR-

MG
12, 19

. Muscle biopsies also show loss of AChR and complement deposition, similar to what is 

seen in AChR-MG and in contrast to MuSK-MG
91

. 

The similarities between SNMG patients and AChR-MG may be explained by these patients 

having very low affinity antibodies to AChR not picked up by conventional RIPAs which use 

solubilized AChR. Immunofluorescence and flow cytometry studies by Leite et al.
93

 found low 

affinity antibodies that bound to AChRs when the receptors were clustered by rapsyn on the 

surface of transfected cell lines in 66% of sera from patients with MG who were previously 

antibody-negative on conventional RIPA. These antibodies were of the IgG1 subclass and 

induced complement deposition, supporting their pathogenic role. Furthermore, there was a 

correlation between antibodies binding to clustered AChR and thymic pathology
93

. This suggests 

that autoantibodies in SNMG patients do target AChR but bind only to AChR when it is densely 

clustered, explaining why they are antibody-negative by RIPA. 
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While low affinity antibodies explain many cases of apparent SNMG, there still appears to be a 

proportion of patients who remain seronegative. These patients could have antibodies targeting 

other NMJ components besides AChR and MuSK.  

1.5.5 Other autoantibodies  

Antibodies against other proteins at the NMJ and in muscle, as well as antigens outside of 

muscle, have been found in MG patient. However, whether these antibodies contribute to the 

pathogenesis of MG or are non-specific (as many of them are also found in other autoimmune 

disease) needs to be determined
100

.  

Most recently, a group of studies reported lipoprotein-related protein-4 (LRP4) to be a potential 

new autoantigen specific to MG
101-106

. As described above, LRP4 is a receptor for agrin, and is 

required for AChR clustering through its activation of MuSK during NMJ development. Three 

studies using various techniques found that the presence of anti-LRP4 antibodies in SNMG 

patients (negative for both AChR-Abs and MuSK-Abs) ranged from 3.3% to as high as 50%
101, 

104, 106
. No AChR-MG patients were found to have LRP4 antibodies, however 2.8-10.7% of 

MuSK-MG patients had LRP4 antibodies of low titers
101, 106

. AChR antibodies and LRP4 

antibodies therefore appear to be mutually exclusive, while a small proportion of MuSK-MG 

patients can also have LRP antibodies. LRP4 antibodies were found to inhibit binding of LRP4 

to agrin and were predominantly of the IgG1 subclass, therefore able to activate complement
101

. 

Hence LRP4 antibodies could potentially exert a pathogenic effect at the NMJ. In the overall 

picture of MG, patients with LRP4 antibodies are rare, and their potential contribution to MG 

pathogenesis needs to be further studied, especially in patients with low titers.  
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In addition to LRP4 antibodies, there are also a range of antibodies found in MG patients against 

other muscle proteins, such as actin, myosin, α-actinin, titin, rapsyn, and ryanodine receptor
48

. 

Detection of some of these antibodies can be helpful in diagnosing paraneoplastic-associated 

MG, for example anti-titin and anti-ryanodine-receptor antibodies are detected in 95% and 70% 

of MG patients who have thymoma
107

. Combined testing of these antibodies gives the high 

sensitivity and specificity for detecting thymoma in MG patients. 

 

1.6 Disease etiology 

The precise etiology of the autoimmune response in MG is not known, but abnormalities of the 

thymus (hyperplasia and thymoma) likely play an important part, along with genetic 

predispositions.   

1.6.1 Role of the thymus and thymic pathology in MG 

About 80% of early-onset AChR-MG patients have thymic lymphoid follicular hyperplasia 

(LFH), characterized by B lymphocyte infiltrates and germinal centers, which are sites of intense 

B cell response typical of lymph nodes
12

. Thymoma is present in about 10% of MG patients, 

usually between the ages of 40-60, and 30-60% of thymomas are associated with MG
108

. There is 

increasing evidence for these pathological changes of thymus gland being are involved in the 

initiation of the autoimmune response in MG. 

Hyperplastic thymuses from MG patients contain all the components necessary for developing an 

immune response to the AChR. They contain AChR-specific T cells
109

, and AChR-Ab producing 

B cells and plasma cells in the lymphoid follicles and germinal centers
110

. In the thymic medulla 

there are also muscle-like myoid cells that express several muscle proteins, among them 
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AChR
111

. Besides muscle, myoid cells are the only cells known to express whole AChR in its 

native conformation, especially of the fetal isotype which is preferentially recognized by 

autoantibodies in many early-onset MG patients
111

. Myoid cells themselves are unable to present 

antigen to CD4
+
 T cells, but they are surrounded by clusters of professional antigen-presenting 

cells (eg. dendritic cells) which can present AChR from myoid cells to the surrounding T cells
112

. 

Cultures of thymic lymphocytes also produce AChR-Abs
113, 114

. Also, transplantation of MG 

thymic tissue into mice with severe combined immunodeficiency (SCID) induces AChR-Ab 

production and deposition at the muscle end plate
115

. Together this evidence supports the theory 

of intrathymic pathogenesis and involvement of the hyperplastic thymus in the primary 

sensitization to muscle antigens in early-onset MG. Late-onset MG patients typically do not have 

thymic abnormalities, so the role of the thymus in these patients is not as clear
7
. 

In thymoma MG patients, epithelial cells of the thymoma express AChR subunit, titin-like, and 

ryanodine receptor-like epitopes, but not the intact proteins
116

. All thymoma MG patients have 

AChR-Abs, and frequently antibodies against titin
117

 and the ryanodine receptor
118

, supporting 

the role of thymoma in the pathogenicity of MG. Thymomas also have a large number of 

autoreactive T cells
119

. Negative selection of T cells within a thymoma appears to be defective, 

resulting in autoreactive T cells to be falsely selected for and sent to the periphery, where they 

are activated by an unknown mechanism and help stimulate antibody-producing B cells, even 

after thymectomy
120

. Destruction of the postsynaptic membrane, particularly complement-

mediate damage, may provide a continuous source of antigen for the stimulation of the 

autoreactive T and B cells
48

. Deficiency in the expression of the autoimmune regulator gene 

(AIRE) and loss of regulatory T cells may contribute to the impairment of the negative selection 

process
121, 122

. 
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MuSK-MG patients have minimal thymic histological changes
18, 19

, arguing against intrathymic 

pathogenesis in these patients.  

1.6.2 Genetic factors 

MG is associated with several genes, the most important being the human leukocyte antigen 

(HLA) genes, which encode the major histocompatibility complex (MHC). Different HLA genes 

appear to correlate with the various MG subtypes, suggesting different genetic factors may be 

associated with the development of the different subtypes. Early-onset MG with thymic 

hyperplasia and AChR-Abs is strongly associated with the HLA-DR3 and HLA-B8 alleles
123, 124

, 

while late-onset MG appears to be weakly associated HLA-DR2 and B7
124

. In Chinese and 

Japanese MG patients, there is a higher frequency of HLA-DR9 and HLA-DRw13
125, 126

. Ocular 

MG in Chinese patients is also associated with HLA-Bw46 and DR9
125

, where up to 30% of 

patients in this population present during childhood
123

. In MuSK-MG patients, an associated is 

reported with HLA-DR14-DQ5
127

. There have also been several non-HLA genes found to be 

associated with MG, the most interesting being the CHRNA1 gene, which encodes the AChR 

alpha subunit
128

. Monozygotic twins are also at increased risk of concordance
108

, and there are 

cases where more than one family member has MG
129

. 

1.6.3 Other factors 

Vitamin D deficiency may be a risk factor in MG, as seen in other autoimmune diseases like 

lupus and multiple sclerosis. One small pilot study found vitamin D deficiency in MG patients 

compared to controls, and that when supplemented with vitamin D there was a 38% 

improvement in MG composite scores used to assess fatigue
130

. However larger studies are 

needed as there could be confounding factors. There is also the theory that a viral infection 
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contributes to the pathogenesis of MG, particularly an intra-thymic infection of the Epstein-Barr 

virus, however the evidence so far is debatable
131, 132

. 

 

1.7 Diagnosis of MG 

1.7.1 Edrophonium (Tensilon®) test 

The edrophonium (or Tensilon®) test is a test that can be administered at the bedside for 

diagnosis of MG. Edrophonium is an effective short-acting acetylcholinesterase inhibitor, 

improving muscle weakness by blocking the enzymatic action of acetylcholinesterase at the 

NMJ. This prolongs the presence of acetylcholine in the synaptic cleft, helping to increase the 

amplitude and duration of the EPP
7
. During this test edrophonium is injected intravenously and 

the patient is observed for increased muscle strength, most reliably seen by improvement of 

ptosis or extraocular weakness
133

. This test is reported to have a sensitivity of 71.5-95% for 

generalized myasthenia gravis
133

. 

1.7.2 Ice pack test 

The ice pack test is a non-pharmacological test that can also be administered at the bedside. This 

is a test that is used only when assessing ptosis, and is based on the principle that the optimal 

temperature at which acetylcholinesterase functions is 37
o
C. In this test, an ice pack is placed 

over the affected eye for 2-5 minutes and the eye is then examined for improvement in ptosis
134, 

135
. Improvement is due to the cold temperature increasing the amount of ACh at the NMJ by 

impairing the activity of acetylcholinesterase, providing evidence that the ptosis is due to a 

deficit of the NMJ. 
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1.7.3 Electrophysiological tests  

1.7.3.1 Repetitive nerve stimulation 

Repetitive nerve stimulation (RNS) is an electrophysiological test used to assess neuromuscular 

transmission. In disorders of the NMJ, repetitive electrical stimulation of the motor nerve (2-5 

Hz) produces a decrease or decrement in the amplitude of the muscle action potential
7
. The 

quantal content of ACh decreases during repetitive stimulation, which is not a problem in normal 

NMJ due to the large safety factor, but because of the reduced sensitivity to ACh in AChR-MG 

this leads to a greater rate of neuromuscular transmission failure
45

. A decrement by at least 10% 

is characteristic of neuromuscular transmission deficit. RNS is abnormal in about 75% of 

patients with generalized MG and in <50% of patients with ocular MG. The choice of muscle 

tested is therefore critical for usefulness in diagnosis
135

. 

1.7.3.2 Single-fiber electromyography 

Single-fiber electromyography (SFEMG) is an electrophysiological test that is used to measure 

neuromuscular jitter. A special needle electrode is used to identify action potentials from 

individual muscle fibers. The action potentials of two muscle fibers innervated by the same 

motor axon are simultaneously recorded. Jitter refers to the variability in time between the action 

potential of the first relative to the second. In MG, reduced sensitivity to ACh results in 

variations in the time between when a motor nerve is stimulation and the muscle action potential 

is generated, increasing jitter
45

. When the appropriate muscles are tested, SFEMG reveals 

abnormal jitter in 95-99% of MG patients
136, 137

. However, although SFEMG is highly sensitive, 

it is not specific for MG. It can also be abnormal in other disease of the NMJ, like Lambert-

Eaton myasthenic syndrome, or other muscle diseases, like amyotrophic lateral sclerosis or 

polymyositis
138

. 
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1.7.4 Immunological testing 

Antibody testing is critical for the diagnosis of MG not only because the presence of antibodies 

(AChR-Abs or MuSK-Abs) is a diagnostic biomarker, but identifying the serological MG 

subtype can help tremendously with disease management and therapy. As mentioned throughout 

this thesis, the most common autoantibody MG patients have are anti-AChR antibodies, which 

are detected by radioimmunoprecipitation. Immunological testing for AChR-Abs is highly 

specific, with AChR-Ab positivity proving the diagnosis. However, AChR-Ab negativity does 

not rule out an MG diagnosis. The sensitivity of the test is approximately 85% in patients with 

generalized MG, and about 50% for ocular MG
47, 139

. Patients may also be falsely negative if 

they have had immunosuppression or if the test is done very early in the disease
140

. Patients may 

also have low affinity antibodies not detectable by RIPA, but only by binding to clustered AChR 

in a cell-based assay
93

, however this is not a test that is currently available for diagnostic 

purposes. MG patients who are anti-AChR antibody negative should be tested for anti-MuSK 

antibodies. Also testing for other antibodies such as anti-titin or anti-ryanodine-receptor 

antibodies can help with the detection of a thymoma
141

. 

1.7.5 Imaging 

In MG, abnormalities of the thymus (lymphoid follicular hyperplasia or thymoma) are frequent. 

Chest CT or MRI scans are performed in MG patients to evaluate the size of the thymus and 

detect if the patient has thymoma
7
. 
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1.8 Management and treatment of MG 

Management of MG depends in part on the clinical subtype of the patient, and is individualized 

according to the severity and characteristics of a patient’s disease. There are two approaches to 

treating MG. The first is symptomatic therapy, which involves the use of acetylcholinesterase 

inhibitors. The second is treating the autoimmune process, using either short-term immune 

therapies (plasmapheresis or intravenous immunoglobulin therapy) or a variety of long-term 

immune therapies. Surgical intervention is also used in the form of thymectomy. Special 

attention is needed in the case of an acute attack (myasthenic crisis), as this is a life-threatening 

condition.  

1.8.1 Acetylcholinesterase inhibitors 

Acetylcholinesterase inhibitors are the first-line treatment for MG patients. Acetylcholinesterase 

inhibitors act by increasing the amount of acetylcholine available for binding at the NMJ by 

inhibiting the enzymatic action of acetylcholinesterase, thereby improving neuromuscular 

transmission
142

. They are used purely as symptomatic therapy and do not have an effect on 

disease progression. Acetylcholinesterase inhibitors rarely completely eliminate MG symptoms, 

however in milder cases, especially in patients presenting with only ocular symptoms, they may 

be used as long-term treatment
7
. Oral pyridostigmine bromide (Mestinon®) is the most widely 

used acetylcholinesterase inhibitor. Pyridostigmine has a rapid onset of action within 15-30 

minutes, reaching peak within 2 hours
138

. The oral dose can be up to 60mg five times a day
143

, 

but dosing can vary over time based on the patient’s response and disease progression, and in an 

effort to maximize clinical improvement while minimizing side effects. Response to 

acetylcholinesterase inhibitors is poorer in patients with MuSK-MG
15, 144

. 
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Acetylcholinesterase inhibitors can have a number of side effects due to the increased 

concentration of acetylcholine at both nicotinic and muscarinic synapses. Common muscarinic 

side effects are abdominal cramps, diarrhea, increased salivation and bronchial secretions, 

nausea, sweating, and bradycardia
143

. Nicotinic side effects include muscle fasciculation and 

cramping
138, 145

. Some caution is also needed when prescribing acetylcholinesterase inhibitors to 

MG patients with MuSK antibodies as some of these patients may have increased sensitivity to 

acetylcholine
146

.  

1.8.2 Short-term immune therapies 

Two short-term immune therapies, plasmapheresis and intravenous immunoglobulin, are used 

more often for the treatment of acute symptoms and myasthenic crisis, where rapid improvement 

is necessary. 

1.8.2.1 Plasmapheresis  

Plasmapheresis, or plasma exchange (PLEX), is one of the short-term immune therapies, used to 

treat MG exacerbations and life-threatening myasthenic crises, situations where rapid clinical 

response is required
81, 147, 148

. PLEX improves weakness by directly reducing the concentration of 

pathogenic antibodies from the circulation. The procedure involves drawing blood, separating 

the components via centrifugation, and after discarding the serum containing the antibodies re-

injecting the blood cells with human albumin. Typically an exchange is done every other day, up 

to 4-6 times
7
. Clinical response is rapid in most patients, usually occurring within 2-3 days. 

However improvement rarely persists for more than 4-10 weeks and de novo increase in 

antibody secretion is often seen; PLEX is therefore used together with immunosuppressive 

therapies
147

. In addition to treating an acute myasthenic crisis, the short-term benefits of 

plasmapheresis are also useful in strengthening patients pre-operatively before thymectomy or 
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other surgical procedures and during the post-operative period, and in cases of symptom 

worsening during tapering of immunosuppressive therapy
143, 147

. 

The effectiveness of plasmapheresis was not only shown with AChR antibody positive MG, but 

also in patients with no detectable AChR antibodies, indicating that a circulating serum 

component was also present in these cases (this was prior to discovery of anti-MuSK 

antibodies)
147

. It was therefore useful in diagnosis SNMG. Plasmapheresis is highly effective for 

MuSK-MG patients, with studies reporting improvement in up to 93% of these patients
16

.  

Side effects for plasmapheresis can include hypotension, paresthesias, infections or thrombotic 

complications from venous access, and bleeding tendencies due to removal of coagulation 

factors
7
. Continued development of this technique, particularly in the use of immunoadsorption 

columns with immobilized AChR for selective removal of anti-AChR antibodies
149, 150

, may 

provide safer and more efficient apheresis therapies.  

1.8.2.2 Intravenous immunoglobulin therapy (IVIg) 

Several randomized clinical trials have provided evidence on the effectiveness of intravenous 

immunoglobulin (IVIg) in treating worsening MG symptoms
151-153

. IVIg involves administrating 

immunoglobulins isolated from pooled human plasma at doses up to 1-2g/kg over a period of 

days
138, 151

. A randomized study comparing IVIg to PLEX found IVIg and PLEX have 

comparable efficacy and are equally tolerated in adult patients with moderate to severe MG
154

. 

However, most studies report that in MuSK-MG PLEX is more effective than IVIg
144

, with one 

study of two large cohorts showing 61% of MuSK-MG patients improving with IVIg compared 

to 93% improving with PLEX
16

. 
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The mechanisms by which IVIg improves weakness are complex, likely involving competition 

with autoantibodies and interference with Fc-receptor binding on macrophages
155

. IVIg may also 

reduce the concentration of specific autoantibodies at the NMJ by increasing the total 

concentration of circulating IgG. Serious side effects of IVIg are rare, although some milder side 

effects do occur relating to the large volumes and viscosity of the infusions, including vasomotor 

symptoms, headache, allergic reactions, rash, and leukopenia (decrease in leukocyte number)
156

. 

1.8.3 Long-term immune therapies 

Most patients whose symptoms are not being well controlled with acetylcholinesterase inhibitors 

alone or who are not in remission are usually treated using some form of long-term immune 

therapy
142

. The goal of long-term immune therapies is to induce remission or near remission and 

maintain it. Because of the limitations in designing clinical trials for an uncommon disease like 

MG, most of the therapeutic recommendations for MG are based on either small, randomized 

controlled trials, or anecdotal observations
7
.  

1.8.3.1 Corticosteroids 

Corticosteroids are the most commonly used immunosuppressant medications in MG. Although 

no formal clinical trial has been conducted, prednisone has been the corticosteroid of choice for 

treating MG over many decades of clinical practice
148

. In four large studies of prednisone 

therapy, 73.8% of the total 422 patients with generalized MG patients that were studied were 

reported to have marked improvement or remission (ranging from 63.4%-81.7% in the individual 

studies)
157-160

. The mechanism of action of corticosteroids is complex and may include a 

reduction in lymphocyte proliferation and differentiation, changes to cytokine expression, and 

inhibition of macrophages or other antigen-presenting cells
2
. 
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Prednisone is used when the symptoms of MG are not being adequately managed by 

acetylcholinesterase inhibitors alone. Prednisone is commonly administered starting at a high 

dose, followed by a gradual tapering down to the lowest dose that still maintains a positive 

response without use of acetylcholinesterase inhibitors
7
. However in many cases starting 

corticosteroid treatment rapidly at a high dose can induce a temporary exacerbation
160

. 

Plasmapheresis or IVIg are used to manage exacerbations, and in cases where the patients 

already have respiratory weakness plasmapheresis can be given before initiating steroid 

treatment
7
. Another option to lower the risk for exacerbations is starting at a low dose (eg. 10-

25mg), then increasing the dose (eg. to 60-100mg) until maximum improvement is reached, and 

then tapering
161

.  

Although highly effective, treatment with chronic corticosteroids is often associated with 

significant side effects, including fluid (sodium) retention, hypertension, weight gain, potassium 

loss, osteoporosis, and impaired glucose tolerance
162

.  

1.8.3.2 Azathioprine (Imuran®) 

Although corticosteroids such as prednisone form the foundation of MG treatment, their 

extensive list of side effects can limit their use. A variety of immunosuppressive therapies are 

therefore used as steroid-sparing medications, generally used alongside prednisone to limit the 

dose of prednisone a patient has to be on. These immunosuppressive therapies are generally 

started soon after corticosteroid therapy is initiated as their effect is delayed. 

One of the well-established immunosuppressive therapies used in MG is azathioprine 

(Imuran®)
97, 163, 164

. Azathioprine, a purine analogue, inhibits DNA synthesis, thereby inhibiting 

T-cell and B-cell proliferation and suppressing autoimmunity
138

.  Azathioprine is effective in 70-
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90% of MG patients
7, 138, 165

. However the clinical effect of azathioprine is delayed until after 3-6 

months, with maximum effect occurring after 1-2 years
148

.  

Azathioprine is often used in conjunction with prednisone, especially initially as it has a long 

onset of action
148

. Although no randomized placebo-controlled trial of azathioprine has been 

performed, a multicenter randomized double-blind study of 34 MG patients comparing 

prednisone (on alternate days) combined with azathioprine (2.5mg/kg) versus prednisone alone 

(on alternate days, combined with placebo), found treatment with prednisone plus azathioprine to 

be superior
166

. In the prednisone plus azathioprine group, the prednisone dose was lower after 

two and three years and incidence of side effects were lower, while higher AChR antibody 

levels, relapses and a failure of remission were more frequent in the prednisone plus placebo 

group
166

. Use of azathioprine alongside alternate day prednisone as a steroid-sparing agent 

allows for patients to be maintained on a lower dose of prednisone, which results in fewer side 

effects and longer remission periods. MG patients with MuSK antibodies are also generally well-

controlled using azathioprine plus prednisone, but many can still be left with permanent facial or 

bulbar weakness
167

.  

Side effects of azathioprine include hepatotoxicity and leukopenia (decrease in blood leukocyte 

levels)
168

, but these can be monitored for and are reversible
7
. Levels of lymphocytes and other 

leukocytes should be monitored regularly and dosage adjusted accordingly to reduce risk of 

infection, and liver enzymes can also be monitored for liver function
148

. Long-term use of 

azathioprine may also increase risk of certain cancers, such as lymphoma
169-171

.  
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1.8.3.3 Mycophenolate mofetil (CellCept®) 

Mycophenolate mofetil (CellCept®) is an immunosuppressive therapy which inhibits purine 

synthesis, thereby suppressing T-cell and B-cell proliferation.
172

. It is a prodrug of mycophenolic 

acid, an inhibitor of inosine monophosphate denydrogenase, an enzyme involved in purine 

synthesis
172

.  

Initial clinical efficacy of mycophenolate mofetil in MG was demonstrated in two case series of 

32 and 12 MG patients
173, 174

 and a retrospective analysis of 85 patients
175

. A double-blind 

placebo-controlled pilot study of suboptimally controlled stable MG also suggested greater 

improvement in patients treated with mycophenolate mofetil compared to placebo
176

.   

However, two clinical trials of mycophenolate mofetil failed to confirm a positive effect
177, 178

. 

One trial comparing treatment with mycophenolate mofetil plus 20mg/day of prednisone to 

20mg/day prednisone alone as initial therapy did not find any difference after 12 weeks
177

. 

Another trial assessing mycophenolate mofetil as a steroid-sparing agent failed to show benefits 

over placebo in maintaining control on MG during 36 weeks of prednisone tapering
178

. These 

studies may have failed to show effect either due to their short duration, better than anticipated 

response to the low dosage of prednisone, or the mild disease status of the patient populations 

studied 
179

, or the therapy may be less effectively than previously thought. Even with these 

negative results, mycophenolate mofetil continues to be used in MG treatment, particularly of a 

mild form. 

1.8.3.4 Cyclosporine A (Neoral®) 

Cyclosporine inhibits the synthesis of interleukin 2 (IL-2) and other cytokines essential to helper 

CD4
+
 T cell proliferation and activity

7
. A small, randomized, placebo-control trial showed 



   32 

cyclosporine to be effective in improving strength and reducing antibody titer
180

. In another 

retrospective study clinical improvement on cyclosporine was reported in 96% of patients, and it 

was also shown to be an effective steroid-sparing agent
181

. Side effects are common, including 

hypertension, nephrotoxicity, gum hyperplasia, hirsutism, and increased risk of malignancy
7
. In 

one study, 35% of patients discontinued therapy within 18 months, 10% due to nephrotoxicity
180

. 

Due to the high rate of side effects cyclosporine is a second-choice immunotherapy, usually used 

if patients are not responding to or are having side effects with azathioprine
148

. 

1.8.3.5 Tacrolimus (FK506) 

Tacrolimus has a similar mechanism of action as cyclosporine, inhibiting the proliferation of T 

cells, but it also appears to act on ryanodine receptors to modulate calcium release from the 

sarcoplasmic reticulum of muscle
148, 182

. Efficacy of tacrolimus is supported by several studies
183-

185
. Tacrolimus also appears to have less nephrotoxicity than cyclosporine

7
. However, more 

controlled trial data is needed. 

1.8.3.6 Rituximab  

Rituximab is a monoclonal antibody against the CD20 B cell surface marker
186

. It was first 

approved for treatment of B-cell lymphoma (non-Hodgkin’s lymphoma), but being an anti-B cell 

therapy it also began being used off-label in various autoimmune and immune-mediated diseases 

like systemic lupus erythematosus and rheumatoid arthritis
186

.  

Various studies have now also shown rituximab to be effective in treating refractory AChR-MG 

and MuSK-MG, particularly in patients that do not respond well to other immunosuppressive 

therapies. Rituximab appears to be most beneficial in treating MuSK-MG, bringing about 
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marked improvement of severe symptoms, and in many cases clinical remission, in treated 

patients
187-191

. 

Side effects of rituximab can include fever, rigours, nausea, and hypotension. The most severe 

risk is progressive multifocal leukoencephalopathy (PML), however the risk is low
191

. 

1.8.3.7 Cyclophosphamide (Cytoxan®, Procytox®) 

Cyclophosphamide, administered either orally or intravenously, can be effective in treating MG 

192
. However, it has a variety of potentially severe side effects, including bone marrow 

suppression, hair loss, nausea, vomiting, anorexia, and skin discoloration
2
. Cyclophosphamide is 

therefore usually only considered in patients with severe refractory MG or who develop strong 

side effects to treatment with corticosteroids or other immunosuppressants.  

1.8.4 Thymectomy 

Thymectomy has been used for the treatment of MG for over 75 years, its use starting based on 

empirical evidence of improvement in MG patients
193

. Its use as a therapy is supported by the 

frequent presence of thymic pathology in MG patients. However, there is a lack of randomized 

controlled trials on the efficacy of thymectomy. An analysis by the American Academy of 

Neurology of retrospective non-randomized studies concluded that while there generally were 

higher remission and improvement rates in thymectomy patients versus non-thymectomy 

patients, these studies were confounded by important baseline and other differences between the 

two groups of patients
194, 195

. Patients in the surgical groups were younger, more often women, 

and also more likely to have severe symptoms
195

. In addition the studies differed in patient 

selection, surgical approaches, how remission and improvement was defined, and what methods 

were used to analyze results
196

. 
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Currently, clinical indication of a thymectomy is only absolute for patients who have a thymoma. 

For non-thymomatous patients, the benefit of thymectomy is not conclusive. However, 

thymectomy is still often used as a therapeutic option in non-thymomatous patients to increase 

the probability of remission, more frequently in those with AChR-Ab positive generalized MG 

with early-onset disease onset (below 50-60 years of age)
143

. Thymectomy appears to be less 

beneficial in MuSK-Ab positive MG patients
15, 17

, likely due to these patients usually lacking the 

abnormal thymic histology that characterize AChR-Ab positive patients. 

To try and solve some of the issues, a prospective, randomized, controlled clinical trial is 

currently underway, called the MGTX trial, to try to resolve whether thymectomy reduces 

corticosteroid requirements in patients with generalized AChR-Ab positive MG
197

.  

1.8.5 Management of myasthenic crisis 

A myasthenic crisis is a life-threatening severe respiratory muscle weakness that necessitates 

intubation for ventilator support or airway protection
11

. Plasmapheresis is the therapy of choice 

for a crisis due to its rapid onset of action. High dose prednisone is also included to maintain a 

longer therapeutic effect as plasmapheresis is not long-acting
7
. The length of intubation time 

varies and there are some predictors of prolonged incubation; mortality is often due to medical 

comorbidities
11

.   

 

1.9 Study objectives and rationale  

In this chapter we’ve shown that MG patients are a very heterogenic population in terms of 

clinical presentation, antibody profile, severity, disease progression, treatment regimen and 

response to treatment. The most complex part of this illness seems to be the variety of 
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immunosuppressive therapies that are prescribed and the equal variety in the clinical response 

and side effect profile of these patients. There is a need for clinical biomarkers that could be used 

alongside clinical evaluations in predicting treatment response and clinical outcome, in order to 

help with a patient-specific approach to disease management
198

. 

What is common among MG patients is that they have a disease mediated by pathogenic 

autoantibodies. The measurement of AChR-Abs and MuSK-Abs already serves as an excellent 

diagnostic biomarker for MG. It is known that over the course of an immune response, antibody 

parameters like titer, isotype/subclass, and affinity change, and that these parameters influence 

the pathogenicity of autoantibodies. Autoantibodies in serum are a heterogeneous mix comprised 

of different isotypes and affinities, and from one patient to the next the antibody types that are 

dominant will differ and likely influence disease severity. Although studies have been done to 

characterize AChR-Ab and MuSK-Ab isotypes and determine if correlations exist between 

antibody titer to disease severity, they have not addressed the temporal changes in these 

characteristics, especially with regards to antibody affinity. The hypothesis of this thesis is that 

tracking changes in titer, affinity, and IgG subclass of autoantibodies in MG may help in 

predicting disease exacerbations, treatment response, and therefore prognosis.  

In order to measure these temporal changes in antibody characteristics we needed a robust assay 

system that we could use to easily and rapidly measure these characteristics. Previous studies 

have typically used RIPA and ELISA to measure antibody titer and evaluate isotype, however 

these types of immunoassays are limited to detecting antibodies of high affinity and using them 

to measure antibody affinity is cumbersome and impractical. We therefore elected to use the 

Biacore™ biosensor system, which can be used to monitor antibody-antigen interactions in real-

time, to develop assays to characterize autoantibodies in MG. 
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In this thesis, the focus is on characterizing MuSK antibodies, but preliminary studies with 

AChR antibodies are also presented. The primary objectives of my thesis were to (1) develop a 

Biacore™ assay to measure and characterize MuSK antibodies in serum, and (2) use this assay 

system to evaluate temporal changes of MuSK-Ab titer, isotype/subclass, and affinity in serial 

serum samples from a series of MuSK-MG patients. The secondary objective was to conduct 

preliminary studies in developing a Biacore™ assay for detecting AChR antibodies in serum, 

specifically how AChR may be immobilized onto a sensor chip in its membrane-bound native 

conformation.
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Chapter 2: A biosensor-based assay for measurement and characterization of 

MuSK antibodies in myasthenia gravis patients 

2.1 Introduction 

2.1.1 Chapter Introduction 

Antibodies against muscle specific kinase (MuSK) were first identified in 2001 in a proportion of 

MG patients who were previously identified as having “seronegative” MG, or no detectable 

AChR antibodies
85

. MuSK is a 110kDa single-pass transmembrane protein expressed at the post-

synaptic membrane of the neuromuscular junction, where it co-localizes with and is essential for 

AChR clustering
199

. MG patients with MuSK antibodies (MuSK-MG) have emerged as a distinct 

clinical entity from patients with AChR antibodies (AChR-MG), with differences in clinical 

presentation and response to treatment. 

Measurement of MuSK antibodies is a critical diagnostic test for separating MuSK-MG from 

AChR-MG. The current gold-standard method for measuring MuSK antibodies is by 

radioimmunoprecipitation (RIPA), using 
125

I-labelled MuSK. Serum is incubated with 
125

I-

MuSK, followed by precipitation of MuSK antibodies with anti-human IgG. Precipitates are 

centrifuged, washed and counted using a gamma counter. While measurement of MuSK 

antibodies is an excellent diagnostic biomarker for MuSK-MG, a more in depth profiling of 

MuSK antibodies in MG patients could aid in better understanding of the pathophysiology of 

these antibodies. For example, it is already known that MuSK antibodies are predominantly of 

the IgG4 subclass, in contrast to AChR antibodies which are predominantly IgG3 and IgG1, 

indicating a different pathogenic mechanism
96

.  
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The hypothesis of this thesis is that in the titer, isotype/IgG subclass, and affinity of 

autoantibodies in MG (both anti-AChR and anti-MuSK) change over the course of the disease, 

due to processes like affinity maturation, and that tracking these parameters may be useful as 

biomarkers for predicting disease exacerbations and treatment response. The goal of this chapter 

was to measure these variables in serial serum samples from MuSK-MG patients, and examine 

how they change over the course of the disease.  

To measure and characterize MuSK antibodies, a suitable method was needed. Although typical 

immunoassay methods like RIPA and ELISA have been used for characterization of MuSK 

antibody IgG isotype
14, 96

 and affinity
14

, these assays are time-consuming and have limitations. 

Due to the multiple incubation and washing steps only antibodies of high affinity are measured. 

Also with RIPA usually only antibodies of the IgG isotype can be detected due to the use of 

secondary anti-IgG for immunoprecipitation. 

In this chapter, we present the development and optimization of a novel biosensor (Biacore™) 

assay for measuring MuSK antibodies in serum and characterizing them in terms of isotype, IgG 

subclass, and dissociation rate (as an indicator of binding affinity). Biacore technology uses the 

principle of surface plasmon resonance (SPR) to monitor biomolecular interactions in real-time 

(for more detail see section 2.1.2). This type of assay platform was chosen because it enables 

monitoring of the entire antibody-antigen interaction, something not provided by typical end-

point immunoassays. Biacore assays can be used to more easily analyze a full scope of immune 

response parameters, including binding, concentration, specificity, kinetics, affinity, binding 

epitope, and immunoglobulin class and subclass. Furthermore, Biacore assays detect and 

characterize all types of immune responses, including transient ones producing low-affinity 

antibodies with fast off-rates which are usually missed by typical immunoassays, providing a 
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more thorough characterization of the entire immune response, not only of stable high affinity 

antibody responses.  

In this chapter we start out by presenting the development and optimization of this assay. Briefly, 

the assay involves immobilization of MuSK onto a sensor chip surface, over which diluted serum 

is injected and binding of MuSK antibodies detected. An analysis of MuSK antibody binding 

levels, isotype and subclass determination, and dissociation rate measurements of serial samples 

of 19 MuSK-MG patients is subsequently presented. Finally, we present a case study of one 

MuSK-MG patient treated with the anti-CD20 therapy rituximab, to demonstrate how monitoring 

antibody parameters over the disease course can help in a clinical setting with assessing clinical 

outcome of patients.  

 

2.1.2 Biacore™ technology 

Biacore instruments are biosensors that utilize the optical phenomenon of surface plasmon 

resonance (SPR) to monitor biomolecular interactions in real-time. In Biacore systems, 

molecular interactions are monitored on a removable sensor chip. The basic principle is that one 

of the binding partners is attached (immobilized) to the surface of the sensor chip, while the 

other partner is injected in a continuous flow of solution over the sensor chip surface. The 

binding partner immobilized on the chip is called the ligand, and the partner in solution is called 

the analyte. Unlike other immunoassays the Biacore SPR system is label-free, not requiring the 

use of enzymatic, fluorescent, or radioactive labelling of the binding partners or any secondary 

detector molecules. Biacore experiments can be designed to measure a range of interaction 
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characteristics, such as binding (yes/no), kinetics, affinity, specificity, and sample analyte 

concentration, thereby helping to understand the entire dynamics of an interaction. 

Biacore system 

There are three main components to a Biacore system: the sensor chip, the optical system, and 

the microfluidic and liquid handling system. The sensor chip surface is the site of the 

biomolecular interactions, while the optical system detects the changes in SPR signal brought 

about by binding events. A series of pumps and an integrated microfluidic cartridge (IFC) 

precisely deliver buffer and samples to the sensor surface, at volumes as low as a few microliters. 

The IFC consists of a series of micro-channels which form flow cells on the sensor surface when 

pressed against it (in the Biacore 3000
TM

 series, there are four flow cells per chip). The Biacore 

is a continuous flow system, when sample is not being injected a running buffer is continuously 

flowing over the sensor surface. 

SPR phenomenon and sensorgrams 

Biacore uses SPR to detect biomolecular interactions in real-time. SPR is an optical phenomenon 

that occurs on a thin conducting film at the interface between two mediums of different 

refractive indexes. In Biacore systems, the conducting film is a thin gold coating on the sensor 

chip surface, sandwiched between the glass layer of the chip and the solution flowing through the 

IFC.  

Light of a fixed wavelength is focused on the back of the sensor chip, as shown in Figure 2-1. At 

a certain angle of incidence, electrons in the gold film are excited, resulting in the formation of 

electron charge density waves (surface plasmons), and a drop in the intensity of reflected light. 

As analyte binds to the ligand, the increase in mass results in a change in the refractive index 
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close to the sensor chip surface, altering the reflected SPR angle. The change in SPR angle is 

reported in response (or resonance) units (RU) and is directly proportional to the mass of 

material bound on the surface, with 1 RU corresponding approximately to 1 pg/mm
2
 of bound 

analyte (for proteins), or to a 0.0001
o
 shift in SPR angle

200
.  

 

Figure 2-1 Principle of surface plasmon resonance. SPR detects changes in the refractive 

index close to the sensor chip surface. Binding of molecules to the surface causes a change in 

refractive index which results in a shift in the SPR angle, monitored in real-time. Reprinted from 

Cooper
201

 with permission from Nature Publishing Group. 

 

The change in binding response (RU) over time (seconds) is displayed as a sensorgram, which 

provides real-time monitoring of the binding kinetics. An example of a typical sensorgram is 

shown in Figure 2-2. Prior to analyte injection, running buffer flows through the IFC and over 

the sensor chip surface, producing a baseline response. Upon analyte injection, if binding to the 
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immobilized ligand occurs, an increase in binding response occurs (association phase). After a 

period of time (2-3 minutes), sample injection is stopped and the system returned to running 

buffer flow. The bound analyte then begins to dissociate from the ligand, causing a decrease in 

the binding response (dissociation phase). Most biomolecular complexes have long half-lives, so 

the surface is regenerated by injecting a regeneration solution (eg. low pH, high salt, or 

detergent) to remove any remaining bound analyte, making the ligand surface ready for a new 

binding cycle. The same surface can be re-used for as many cycles as the activity of the 

immobilized ligand is maintained.   

The sensorgram provides information on whether binding has occurred, and binding levels which 

can be used for semi-quantitative or quantitative determination of analyte concentration in a 

sample. Curve-fitting software also allows for calculation of kinetic rate constants, such as rates 

of association (ka or kon) and dissociation (kd or koff), and affinity (KD).   
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Figure 2-2 A typical binding sensorgram. A sensorgram is a plot of the resonance signal 

(binding response) in resonance units (RU) over time in seconds. Prior to sample injection, 

running buffer flow over the immobilized ligand gives a baseline response. Upon injection of 

analyte (t = 100s), if binding occurs, an increase in mass on the sensor chip results in an increase 

in binding response and association rate can be measured (kon). At the end of analyte injection    

(t = 320s), running buffer flow restarts and the complex is allowed to dissociate, where the 

dissociation rate can be measured (koff). A pulse of regeneration solution (t = 420s) removes 

remaining bound analyte for a new binding cycle. Reprinted from Cooper
201

 with permission 

from Nature Publishing Group. 

 

Sensor Chip & Immobilization Chemistries 

There are a variety of different sensor chip types available for the Biacore system, each designed 

with slightly different modifications for analyzing different types of interactions. The most 

versatile and commonly used sensor chip is the CM5, which is also used in the experiments in 
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this chapter. The CM5 chip can be used in the analysis of a wide range of molecules, including 

proteins, lipids, carbohydrates, and nucleic acids
202

. To the 50nm gold film of the CM5 chip is 

attached a layer of carboxymethylated dextran (CMD), which acts as a matrix to which the 

ligand is attached (immobilized). The dextran matrix provides a fluid hydrophilic environment 

favourable to solution-based molecular interactions, a three dimensional space which increases 

the surface capacity for ligand immobilization, and the negatively charged carboxyl groups allow 

for efficient immobilization of positively charged ligands in dilute solutions
202

. 

Ligands can be attached onto the dextran surface via a range of immobilization chemistries. The 

most common technique for covalent immobilization is via amine coupling, illustrated in Figure 

2-3. The carboxyl groups on the sensor chip surface are first activated with a mixture of N-

hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) to 

produce reactive succinimide esters. These esters then react with primary amines or other 

nucleophilic groups of the ligand to covalently couple the ligand to the dextran matrix. 

Remaining reactive groups are deactivated with ethanolamine. 

 

Figure 2-3 Amine coupling of ligand to sensor chip surface. The sensor chip surface is 

activated with a mixture of EDC/NHS to form reactive succinimide esters, which react with 

primary amine groups on the ligand to form covalent bonds. Reprinted from GE Healthcare 
202

 

with permission from GE Healthcare.  
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2.2 Methods 

2.2.1 Patient sera  

For the development and validation of the MuSK-Ab Biacore assay, a series of healthy control, 

MuSK-Ab negative, and MuSK-Ab positive serum samples were utilized. The MuSK-Ab 

negative and MuSK-Ab positive sera had been previously tested for MuSK antibodies using a 

RIPA technique at the Institute of Molecular Medicine, Oxford, UK (Prof. Angela Vincent). 

Normal healthy pooled serum (NHPS) was also used as an antibody negative and matrix control. 

For the MuSK-Ab characterization studies, serial serum samples from MuSK-MG patients were 

selected from the UBC Neuroimmunology Laboratory MG serum bank based on the following 

criteria: a) serum from at least two time points were available, and b) at least one sample had 

tested positive at Oxford for anti-MuSK antibodies. Sex, age and clinical features were also 

obtained from records of physician-filled clinical information sheets accompanying samples.  

Serum samples were stored at -70
o
C before assaying. The samples were prepared for analysis by 

centrifuging at 16,000xg for 12 minutes at 4
o
C, in order to pellet any aggregates present and, in 

lipemic samples, to float the fat to the top. The less lipemic serum below was aliquoted for 

analysis in order to prevent clogging of the Biacore IFC and microfluidic system.    

2.2.2 Instrumentation and data analysis software 

Interaction analyses experiments were carried out using a Biacore™ 3000 biosensor instrument 

(Biacore™, GE Healthcare) using Biacore control software v4.1.2. For assays with a large 

number of samples, a 96-well plate format was used. All analyses were carried out at 25.0
o
C 

with a data collection rate of 1.0 Hz. For longer experiments (>8 hours) the sample compartment 

temperature was decreased to 4
o
C using a water cooling system, but the analysis temperature 
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remained at 25
o
C. Sensorgrams were evaluated using Scrubber v2.0 (BioLogic Software, 

Campbell, Australia).  

2.2.3 Running and sample buffers  

The general purpose buffer HBS-EP (0.01M HEPES pH 7.4, 0.15M NaCl, 3mM EDTA, and 

0.005% v/v surfactant P20) (GE Healthcare) was used in all interaction analyses, with 

modifications as indicated. In preliminary assays using serum, HBS-EP was used as running 

buffer while HBS-EP with 1mg/mL soluble carboxymethyl dextran (NSB reducer, GE 

Healthcare) was used as the sample buffer to dilute the serum (HBS-EP-CMD). In subsequent 

assays a switch was made to using HBS-EP with 0.2mg/mL (0.02% w/v) bovine serum albumin 

as both running buffer and sample buffer (HBS-EP-BSA), as it was found to be better suited to 

limit non-specific binding to the BSA reference surface (see section 2.2.7).  

Buffers were prepared fresh each day using Milli-Q water and fully degassed before use. The 

Biacore system was primed with newly prepared running buffer a minimum of five times before 

starting an experiment.  

2.2.4 Preparation of MuSK antigen 

Recombinant human MuSK extracellular domain (aa 1-490), with a molecular weight of 62kDa, 

was used as ligand (RSR Limited, Cardiff, UK). The MuSK was provided in a buffer of 10mM 

Tris-HCl pH 8.0, 0.5mM EDTA, and 50mM NaCl, at a concentration of 1.1mg/mL (by Bradford 

assay), with a purity >95%. Since Tris contains primary amines, a buffer exchange into HBS 

buffer (10mM HEPES pH 7.4, 150mM NaCl) was performed to avoid having Tris in the 

immobilization buffer which would compete with the ligand during amine coupling. Buffer 
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exchange was performed using Vivaspin™ 2 10kDa MWCO sample concentrators (GE 

Healthcare), according to the manufacturer’s instructions.  

2.2.5 Immobilization pH scouting 

To determine the appropriate immobilization pH, a pH scouting procedure was performed. The 

MuSK ligand was diluted in buffers of different pH to a final concentration of 50μg/mL and 

injected over an unmodified research-grade CM5 biosensor chip (GE Healthcare) flowcell 

surface at a flow rate of 20μL/min for 2 minutes. The buffers tested were HBS-EP (pH 7.4), 

10mM maleate (pH 6.0), and 10mM sodium acetate (pH 5.5, 5.0, 4.5, and 4.0). The most neutral 

pH was injected first followed by the more acidic injections. After the last ligand injection, a 30s 

pulse of 50mM NaOH wash solution was injected to remove any remaining ligand molecules.  

2.2.6 Immobilization of MuSK ligand and verification of surface activity  

Under conditions of continuous flow of HBS-EP running buffer, MuSK was covalently 

immobilized on research-grade CM5 biosensor chips (GE Healthcare) using standard amine-

coupling chemistry. Using an amine coupling kit (GE Healthcare), the surface of the flow cells 

were activated with a 7-minute injection of a 1:1 mixture of 0.1M NHS (N-hydroxysuccinimide) 

and 0.1M EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide), according to the 

manufacturer’s instructions, to form activated succinimide esters. MuSK ligand diluted in 10mM 

sodium acetate pH 4.5 at concentrations of 10-100μg/mL, depending on the desired 

immobilization level, was subsequently injected. The target immobilization level was specified 

using the Biacore™ immobilization wizard, with the “Aim for Immobilized Level” procedure. 

To serve as a reference surface, BSA (in 10mM sodium acetate pH 4.5, at concentrations of 2.5-

10μg/mL) was immobilized at a similar level as the active MuSK surface. BSA was used as the 

reference surface ligand as it is a relatively inert protein and its molecular weight of 66kDa was 
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similar to the molecular weight of the MuSK ligand (62kDA). Following immobilization, 

unreacted esters were blocked with a 7-minute injection of 1M ethanolamine-HCl (pH 8.5).  

The surface activity of a newly immobilized MuSK surface was tested with a 3-minute injection 

(10μL/min) of a 1/10 dilution of a MuSK-Ab negative and a MuSK-Ab positive control serum 

sample.  

2.2.7 Regeneration scouting and surface performance  

To determine the optimal regeneration buffer that will remove all of the bound analyte while 

maintaining the MuSK ligand activity, a regeneration scouting was performed. Chemicals from 

the regeneration scouting kit (GE Healthcare) were used under conditions of continuous flow of 

HBS-EP running buffer. Six different regeneration solutions were tested using a freshly 

immobilized and previously unused MuSK surface (~4500RU): a) 100% ethylene glycol, b) 

10mM glycine-HCl pH 2.5, c) 10mM glycine-HCl pH 1.7, d) 60mM phosphoric acid (pH 1.75), 

e) 50mM NaOH (pH 12.7), and f) 4M MgCl2. A high titer MuSK-Ab positive serum sample was 

used as the analyte, diluted 1/10 in HBS-EP-CMD. Each regeneration solution was tested with 

two repeated cycles of a 2-minute analyte injection followed by a 30-second injection of 

regeneration solution, at a flow rate of 20μL/min. The conditions that gave the best regeneration 

during scouting were verified by performing five cycles of repeated analyte binding and 

regeneration, in order to evaluate the stability of the baseline and analyte binding capacity.  

2.2.8 Optimization and evaluation of assay specificity  

To optimize assay conditions and evaluate assay specificity, 20 healthy control, 10 MuSK-Ab 

negative, and 10 MuSK-Ab positive sera were assayed. Three MuSK immobilization densities 

were tested: ~300RU (low density), ~1600RU (medium density), and ~4500RU (high density). 
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The MuSK active surfaces had matched reference surfaces with similar immobilization levels of 

BSA. Serum samples were diluted 1/10 and 1/100, initially in HBS-EP-CMD (with HBS-EP 

running buffer), and in subsequent assays switched to HBS-EP-BSA as both sample and running 

buffer.  

A 96-well microtiter plate format was used to perform the assays, and all samples were run 

together in duplicate. Each sample was sequentially injected over the active MuSK and reference 

surface BSA surfaces for 3 minutes (association phase) at a flow rate of 10μL/min. After sample 

injection was stopped, dissociation was allowed for 2.5 minutes (running buffer flow only). At 

the end of each cycle, the sensor chip surface was regenerated with a 30-second pulse of 60mM 

phosphoric acid at 20μL/min. Each assay began with a duplicate run of diluted NHPS as a matrix 

control and to prime the system, and also included a blank control consisting of sample diluent 

and a positive control placed at intervals throughout the assay.   

Binding on the reference surface was subtracted from binding on active surface. Relative sample 

binding response was found by subtracting the baseline response, before injection, from the 

response after injection. The assay positivity cut-off was taken as the mean + 3SD of the 20 

healthy control samples, with borderline samples falling between mean + 2SD and mean + 3SD.  

2.2.9 Inter- and intra-assay variability 

Inter- and intra-assay variation were evaluated by assaying three MuSK-Ab positive serum 

samples of high, medium, and low titers, based on response rankings from the screening assays. 

Intra-assay variability was evaluated by assaying the three sera in 12 replicates in the same assay. 

Inter-assay variability was evaluated by assaying the three sera in 3 replicates in three assays on 

separate days. Samples were diluted 1/10 in HBS-EP-BSA and assayed on a high MuSK density 



   50 

surface (~4500RU), with assay parameters as described in section 2.2.8. Percent coefficient of 

variation (%CV) was calculated according to the formula %CV = (SD replicates / mean 

replicates) * 100%.  

2.2.10 Biacore analysis of antibody binding levels of serial sera 

All serum samples were assayed at the same time in duplicate under conditions of continuous 

HBS-EP-BSA running buffer flow. Sera were diluted 1/10 in HBS-EP-BSA. Each sample was 

sequentially injected over the active MuSK surface (~6000RU) and reference BSA surface at a 

flow rate of 10μL/min for a 3 minute association phase and 2.5 minute dissociation phase. 

Regeneration was performed with a 30-second pulse of 60mM phosphoric acid at 30μL/min. The 

assay included 20 healthy control sera and began with a duplicate run of diluted NHPS, and also 

included a positive and negative control, and a blank control consisting of sample diluent. The 

sensorgrams were normalized by subtracting binding on reference surface from binding on active 

surface. The assay positivity cut-off was taken as the mean + 3SD of the 20 healthy control 

samples. For positive samples, the antibody binding levels were measured as the increase in SPR 

response (RU) from the baseline response, before injection, to after injection.  

2.2.11 Biacore analysis of antibody isotype and IgG subclasses of serial sera 

To evaluate antibody isotypes and IgG subclass specificities, injection of diluted serum was 

followed by the sequential injection of mouse antiserum against human IgM, IgG, IgG1, IgG2, 

IgG3, and IgG4 (see Figure 2-11 in results for a representative sensorgram).  

Serum samples diluted 1/5 in HBS-EP-BSA were injected over the MuSK active surface 

(~6000RU) and BSA reference surface for 5 minutes at a flow rate of 10μL/min. This was 

followed by 2-minute sequential injections of purified monoclonal mouse anti-human IgM (clone 
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UHB), anti-human IgG (Fc-specific, clone JDC-10), anti-human IgG1 (hinge-specific, clone 

4E3), anti-human IgG2 (Fc-specific, clone 31-7-4), anti-human IgG3 (hinge-specific, clone 

HP6050), and anti-human IgG4 (pFC’-specific, clone HP6023) (all antisera from 

SouthernBiotech), at concentrations of 100μg/mL in HBS-EP-BSA. At the end of each cycle, the 

sensor chip surface was regenerated by a 30-second injection of 60mM phosphoric acid at 

30μL/min.  

Sensorgrams were analyzed by subtracting binding on the reference surface from the active 

surface, followed by subtracting of the NHPS curves to normalize for non-specific binding of 

antiserum. The binding levels of each of the antisera were measured as the increase in binding 

response from the level before each injection to after the end of injection.  

2.2.12 Biacore analysis of antibody dissociation rates of serial sera  

For antibody dissociation rate (relative binding affinity) determinations, sera were diluted 1/10 in 

HBS-EP-BSA and injected over a low MuSK density surface (~300RU) and matched BSA 

reference surface at a flow rate of 60μL/min for 2 minutes, followed by a dissociation phase of 

10 minutes during which only HBS-EP-BSA running buffer was injected. A longer dissociation 

phase was used compared to the binding level assays to get a better curve fit and increase the 

resolution between low and high dissociation rates. Following dissociation, the sensor surface 

was regenerated with a 30-second injection of 60mM phosphoric acid. These kinetic assays also 

included a series of 12 start-up cycles of buffer and 5 cycles of diluted NHPS to equilibrate the 

surface and for the purposes of referencing. 

For the analysis of the antibody dissociation rates (kd), sensorgrams were processed using 

Scrubber v2.0 software (BioLogic Software, Campbell, Australia). All of the curves were 
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overlaid and the sensorgrams y-transformed to zero the baseline, followed by x-transformations 

to align the sample injection start points. Data was double-referenced by subtracting out binding 

on the BSA reference surface and blank buffer injections. The dissociation phases of the 

sensorgrams were then fitted to a 1:1 (Langmuir) binding model, starting at 30 seconds post the 

end of sample injection to the end of the 10 minute dissociation phase. The fit of the curves was 

assessed by examination of the residuals for any systematic deviations of fit. The resulting 

dissociation rates (kd), with units of second
-1

, are an approximate indicator of the antibody 

binding affinity, with antibodies of a higher affinity having a slower dissociation rate, and 

antibodies of a lower affinity having a faster dissociation rate.    

2.2.13 Statistical analysis 

Statistical analysis was performed using SPSS Statistics version 22 (IBM Corporation). The 

relationship between antibody dissociation rates (kd) and antibody binding response was 

determined by Spearman’s correlation test.  

 

2.3 Results  

2.3.1 Immobilization pH scouting 

During immobilization, in order to effectively attract the MuSK ligand to the sensor chip surface, 

the protein has to be attracted by electrostatic forces during a pre-concentration step. This 

electrostatic attraction is affected by the pH of the buffer the ligand is dissolved in. To determine 

the optimal immobilization buffer pH, a pH scouting procedure was performed by diluting the 

MuSK ligand in buffers of a range of pHs, as described in section 2.2.5. The aim was to obtain a 
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sufficiently high increase in pre-concentration response, but with the most neutral pH possible to 

maintain the native state of the ligand. 

As shown in Figure 2-4, the attraction of the MuSK ligand to the dextran matrix of the sensor 

chip surface increased with decreasing pH of the buffers. This is explained by the fact that the 

protein is more positively charged at a lower pH (when buffer pH < protein pI), which effects the 

attraction to the negatively charged dextran matrix. Based on the response levels reached, 10mM 

sodium acetate buffers of pH 4.0, 4.5 and 5.0 gave suitable pre-concentration effects, with pH 

4.0 and 4.5 giving the highest response. At pH 4.0, a plateau was reached at the end of injection, 

which indicates that the maximum level of attraction was reached at that pH. Based on these 

results, 10mM sodium acetate pH 4.5 was chosen as the immobilization buffer, as a milder pH 

gives a more efficient amine coupling. The buffer of pH 5.0 could also have been used in the 

event that the lower buffer pH buffer was still too harsh (i.e. was found to inactivate the MuSK), 

as a more neutral pH would give a milder treatment to the ligand.    

 

 

Figure 2-4 pH scouting for MuSK immobilization. 
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2.3.2 MuSK immobilization and verification of activity 

MuSK antigen was immobilized onto CM5 sensor chips using amine coupling chemistry, as 

described in section 2.2.6. The sensor chip was activated with equimolar amounts of NHS and 

EDC, followed by coupling of the MuSK to the activated succinimide esters. Uncoupled esters 

were then blocked with ethanolamine. Between 300RU and 6000RU of MuSK was immobilized, 

depending on the application. BSA surfaces of approximately equal immobilization density were 

used as a reference surface. Representative immobilization sensorgrams of MuSK and BSA 

immobilization of equal surface density (~4500RU ligand bound) are shown in Figure 2-5.  
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Figure 2-5 Representative immobilization sensorgrams of MuSK active surface and BSA 

reference surface. (A) Preconcentration of ligand, a process by which the ligand is 

electrostatically attracted to the negatively charged dextran matrix, and the target level of 

immobilization is tested. (B) Activation of surface with 1:1 mixture of 0.1M NHS and 0.1M 

EDC to create reactive succinimide esters. (C) Injection of ligand diluted in immobilization 

buffer. Primary amine groups of ligand couple with reactive succinimide groups to form covalent 

bonds. (D) 1M ethanolamine is used to block the uncoupled succinimide groups. 

 

 

To confirm ligand activity of a newly immobilized MuSK surface, a test of analyte binding 

capacity was performed by assessing binding of control MuSK-Ab positive and MuSK-Ab 

negative sera. Figure 2-6A clearly shows binding of the MuSK-Ab positive serum to the active 
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MuSK surface and not to the BSA reference surface, while there is no binding of the MuSK-Ab 

negative serum to either surfaces, demonstrating the specificity of the MuSK surface and the 

minimal to no non-specific binding to the BSA reference surface. The square-shaped response of 

the sensorgrams is the bulk response due to differences in the refractive index between the 

sample buffer containing the analyte and the running buffer. Although the sample and running 

buffers are matched to help reduce the bulk effect, exact matching is not possible because of the 

complex matrix of the analyte
200

. This is where normalization of the sensorgrams comes in, 

shown in Figure 2-6B, where the reference surface is subtracted from the active surface in order 

to subtract the bulk refractive index response from the specific binding signal. A slight bulk 

effect can still remain post-normalization if there is a difference in the bulk response between the 

reference and active surfaces. These tests indicated that the immobilized MuSK ligand is active 

and there is sufficient analyte binding capacity for an assay to measure anti-MuSK antibodies in 

serum.  
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Figure 2-6 Representative binding sensorgrams of MuSK-Ab positive and negative sera.  

(A) Binding of MuSK-Ab positive and negative sera to MuSK active and BSA reference 

surfaces. (B) Normalized sensorgrams, obtained by subtracting reference sensorgram from active 

surface.  

 

2.3.3 Regeneration scouting and surface performance 

The goal of regeneration is to completely remove the bound analyte without disrupting ligand 

activity. Incomplete regeneration can result in loss of binding capacity and shorten the lifespan 

of the immobilized surface. Exploratory tests with a range of different regeneration solutions 

were first performed to establish which regeneration conditions were worth pursuing. In these 

tests, consecutive cycles of analyte and regeneration were performed on a freshly immobilized 

high density (~4500RU) MuSK surface, using a MuSK-Ab positive serum sample as analyte, as 
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BSA 

MuSK-Ab Negative 
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described in section 2.2.7. Six different regeneration solutions were tested, for two cycles each. 

Between 250-300RU of analyte was bound each cycle, as shown in Table 2-1. The analyte 

binding was relatively constant even though the regeneration was incomplete during many of the 

cycles, indicating that the immobilized MuSK surface had a high binding capacity. The 

regeneration solutions that had the best performance in terms of % analyte removed were 10mM 

glycine pH 1.7, and 60mM phosphoric acid, both removing >100% of the amount of analyte 

bound during the indicated cycle.  

 

Table 2-1 Regeneration scouting results 

  In Current Cycle Total 

Cycle Solution 

Change in 

Response 

(RU) 

Analyte 

Removed 

(%) 

Binding 

Remaining 

(RU) 

Remaining 

Analyte  

(%) 

1 
MuSK-Ab positive analyte + 299.7  299.7  

100% Ethylene glycol - 85.1 28 214.6 72 

2 
MuSK-Ab positive analyte + 253.9  468.5  

100% Ethylene glycol - 102.7 40 365.8 78 

3 
MuSK-Ab positive analyte + 246.0  611.8  

10mM Glycine-HCl, pH 2.5 - 195.4 79 416.4 68 

4 
MuSK-Ab positive analyte + 255.1  671.5  

10mM Glycine-HCl, pH 2.5 - 170.7 67 500.9 75 

5 
MuSK-Ab positive analyte + 250.2  751.0  

10mM Glycine-HCl, pH 1.7 - 526.4 210 224.7 30 

6 
MuSK-Ab positive analyte + 281.3  506.0  

10mM Glycine-HCl, pH 1.7 - 300.5 107 205.5 41 

7 
MuSK-Ab positive analyte + 281.5  487.0  

60mM Phosphoric acid - 338.8 120 148.2 30 

8 
MuSK-Ab positive analyte + 285.1  433.2  

60mM Phosphoric acid - 295.6 104 137.6 32 

9 
MuSK-Ab positive analyte + 283.5  421.1  

50mM NaOH - 239.1 84 182.0 43 

10 
MuSK-Ab positive analyte + 290.1  472.1  

50mM NaOH - 209.1 72 263.0 56 
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  In Current Cycle Total 

Cycle Solution 

Change in 

Response 

(RU) 

Analyte 

Removed 

(%) 

Binding 

Remaining 

(RU) 

Remaining 

Analyte  

(%) 

11 
MuSK-Ab positive analyte + 276.6  539.7  

4M MgCl2 - 175.5 63 364.2 67 

12 
MuSK-Ab positive analyte + 261.4  625.5  

4M MgCl2 - 159.7 61 465.9 74 

 

 

To further establish the reliability of the two best regeneration conditions, a longer series of five 

repeated cycles of analyte injection and regeneration were performed in order to reveal trends in 

regeneration efficiency and ligand activity by examining changes in baseline levels and analyte 

binding response following regeneration. An increase in baseline could indicate material 

accumulating on the surface (too mild a regeneration), while a decrease could indicate loss of 

ligand from the surface (too harsh a regeneration). Similarly, a decrease in sample binding 

response could indicate either loss of ligand activity or accumulation of matter on the surface. A 

small constant decrease in baseline may be acceptable as long as the analyte response is 

repeatable.  

Figure 2-7 shows the trends of the sample response and baseline over 5 cycles for the two 

regeneration solutions. When using the glycine-HCl pH 1.7, the baseline dropped after the first 

cycle, however this can happen when using a newly prepared surface. However, the baseline 

continued to drop slightly with every following cycle, and along with a falling trend in the 

sample binding response this indicated a possible loss of ligand activity as a result of too harsh a 

regeneration. When using the 60mM phosphoric acid, the baseline appeared to be more stable, 

with only a slight decrease over the 5 cycles, however this was acceptable as the sample response 

appeared to be more stable compared to using the glycine-HCl, indicating that surface activity 
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was maintained following regeneration. The 60mM phosphoric acid solution was therefore 

selected as the regeneration solution for all follow up assays.  

 

      
 

Figure 2-7 Regeneration performance of MuSK-Ab positive sample. Five regeneration cycles 

of a MuSK-Ab positive sample using 10mM glycine-HCl pH 1.7 and 60mM phosphoric acid 

were performed on a high density MuSK surface to assess surface performance. 

 

2.3.4 Optimization and evaluation of assay specificity  

To assess the specificity of the Biacore assay to detect antibodies against MuSK, samples from 

20 healthy controls, 10 MuSK-Ab negative, and 10 MuSK-Ab positive individuals were assayed. 

To determine what MuSK immobilization density best discriminates between MuSK-Ab positive 

and MuSK-Ab negative serum samples, three MuSK immobilization densities were tested: high 

density (~4500 RU), medium density (~1600 RU), and low density (~300 RU), as described in 

section 2.2.8. Serum dilutions of 1/10 and 1/100 were tested.  

Initially, HBS-EP-CMD was used as sample buffer, with HBS-EP as running buffer. The 

addition of soluble carboxymethyl-dextran to the sample buffer is commonly used in Biacore 
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assays to reduce non-specific binding of components in complex sample matrices, such as serum, 

to the dextran on the sensor chip surface by competition
202

. Figure 2-8 shows the results of a 

screening assay on the high density MuSK surface. For both 1/10 and 1/100 serum dilutions, 

while all of the healthy controls and MuSK-Ab negative samples had binding responses below 

the assay cut-off (mean + 3SD of healthy controls), only 4 out of the 10 MuSK-Ab positive 

samples tested had binding responses above the cut-off. Many of the healthy control samples had 

large negative binding response values, indicating that these samples were binding more to the 

BSA reference surface than to the MuSK active surface, resulting in the large negative values 

upon sensorgram normalization. This was also the case for one of the MuSK-Ab negative 

samples (sample #26). This effect caused the artificial inflation of the healthy control binding 

response standard deviations (SDs), especially with the 1/10 dilution, thereby also inflating the 

assay cut-off. As a result, although there did appear to be a distinct separation between the 

negative and positive samples, the high cut-off resulted in 6/10 positive samples having a 

borderline or negative result.    
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Figure 2-8 Screening assays using HBS-EP-CMD sample buffer. Twenty healthy control, 10 

MuSK-Ab negative, and 10 MuSK-Ab positive samples assayed on a high density MuSK surface 

at 1/100 and 1/10 dilutions in HBS-EP-CMD. 

 

The high degree of binding to the BSA reference surface observed with some of the samples was 

hypothesized to be due to anti-BSA antibodies or other components of the serum matrix binding 

non-specifically to BSA. To counteract this, BSA was added to the sample and running buffers 

(HBS-EP-0.02% BSA), replacing the CMD, to inhibit the non-specific binding. The running and 

sample buffers were matched to minimize bulk shifts seen in sensorgrams when running and 

sample buffers with different refractive indexes are used
203

. Figure 2-9 shows the results of 

binding assays of the three groups of sera, diluted 1/10 and 1/100 in HBS-EP-BSA, on the three 

immobilization densities.  
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The large negative binding response values post-normalization, seen previously with some of the 

sera when using HBS-EP-CMD sample buffer, were no longer present. The binding responses of 

the healthy controls were much tighter, with smaller SDs. This resulted in the assay cut-offs 

(mean + 3SD) being significantly smaller. With the high density surface, for example, the cut-

offs when using HBS-EP-CMD were 27.72 RU and 206.71 RU for the 1/100 and 1/10 dilutions, 

respectively (Figure 2-8), compared to 5.32 RU and 33.48 RU when using HBS-EP-BSA buffer 

(Figure 2-9A). This indicated that adding BSA to the sample and running buffers inhibited the 

non-specific binding to the reference surface seen previously. 

Using the high density surface (~4500 RU), all 10 MuSK-Ab positive samples were found 

positive, and all 10 MuSK-Ab negative and 20 healthy control samples were found negative, at 

both 1/100 and 1/10 dilutions. This was also the case when using the medium density surface 

(~1600 RU), with only one healthy control sample having a borderline result at the 1/10 dilution. 

However, once the surface density was decreased to a low density (~300 RU), the sensitivity 

decreased, with 4/10 MuSK-Ab positive samples at the 1/10 dilution having binding responses 

below cut-off. In all cases, the binding responses for the MuSK-Ab positive samples using a 

1/100 dilution were found to be about 10-fold lower than those obtained using a 1/10 dilution. 

This corresponds with the fact that Biacore is an SPR-based technique where the response 

generated by binding of molecule to the sensor surface is directly proportional to the bound 

mass. 

The optimal assay conditions for measuring MuSK antibodies therefore include using a high 

immobilization surface density (>4500RU MuSK) for the best sensitivity, a 1/10 serum dilution 

for higher binding responses and sensitivity (although a 1/100 dilution also discriminated well 

between positive and negative samples), and adding 0.02% BSA to the sample and running 
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buffers to inhibit non-specific binding of anti-BSA antibodies or other serum matrix components 

to the BSA reference surface. Using these conditions, the Biacore assay developed was found to 

have high specificity and sensitivity in detecting anti-MuSK antibodies in serum. 
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Figure 2-9 Screening assays using HBS-EP-BSA sample buffer. (A) High (~4500RU), (B) 

medium (~1600RU), and (C) low (~300RU) MuSK densities, at 1/100 and 1/10 dilutions in 

HBS-EP-BSA.  

A 

B 

C 
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2.3.5 Inter-assay and intra-assay variability 

Intra-assay and inter-assay variations were evaluated by assaying 3 sera, chosen to represent a 

range of binding response values, which were designated as having a low, medium, and high 

titer. These samples were chosen from the MuSK-Ab positive samples assayed in section 2.3.4. 

Intra-assay variability was evaluated by assaying the three sera 12 times in the same assay. The 

coefficients of variation for the intra-assay variability were 7.3%, 6.6%, and 8.1% for the low, 

medium, and high titer respectively (Table 2-2). Inter-assay variability was evaluated by 

assaying the three sera in triplicate on three separate days. The coefficients of variation for the 

inter-assay variability were 14.0%, 4.6%, and 5.0% for the low, medium, and high titer 

respectively (Table 2-3). The method was found to be robust, with variability not exceeding a 

coefficient of variation of 15%, well within acceptable limits for a biological immunoassay
204

. 

 

Table 2-2 Intra-assay variability 

Sample 
Mean Binding 
Response (RU) 

SD % CV 

Positive Low 61.76 4.48 7.3 

Positive Medium 127.49 8.47 6.6 

Positive High 228.12 18.55 8.1 

 

Table 2-3 Inter-assay variability 

Sample 
Mean Binding 
Response (RU) 

SD % CV 

Positive Low 61.25 8.60 14.0 

Positive Medium 110.17 5.09 4.6 

Positive High 226.63 11.30 5.0 
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2.3.6 Clinical features of MuSK-MG patients 

The Biacore assay developed for detecting anti-MuSK antibodies in serum was used to 

characterize the changes in binding levels (titers), antibody isotype and IgG subclass, and 

dissociation rate of anti-MuSK antibodies in serial serum samples of MuSK-MG patients. 

A retrospective analysis of serum samples referred to the UBC Neuroimmunology Laboratory 

for anti-MuSK antibody testing to the Institute of Molecular Medicine (Oxford, UK) was 

performed. A total of 19 patients were identified who had MuSK-Ab positive MG, for whom a 

total of 65 serial serum samples were available (between 2 and 7 samples per patient), taken over 

a period of 1 to 189 months (15.75 years) (Table 2-4). The first sample date for each patient was 

designated as month 0, with the draw dates of all follow-up samples adjusted to the number of 

months after the first sample. For all of the patients the sample designated month 0 was drawn 

around the time of disease onset, except for patient 2 which was drawn approximately 10 years 

after onset. 7 out of 19 patients had only two serial samples, and for all of these cases the 

samples were drawn over a period of less than one year, likely because MuSK antibody testing 

was being done at disease onset for diagnostic purposes only. Some of the patients had many 

more samples over a long duration as they had repeatedly tested negative for AChR antibodies 

before being tested for MuSK antibodies, in some cases this was before the characterization of 

MuSK antibodies in 2001. 

The clinical features of these patients are described in Table 2-4. Notably, all of the MuSK-MG 

patients in this cohort were female, in agreement with previous studies finding that patients with 

MuSK-MG are predominantly female
13-17, 205, 206

. The age of onset ranged from 12 to 59 years of 

age, with a mean of 39.6 ± 13 years, and 78.9% of patients presenting under 50 years of age. 
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This is also in agreement with epidemiological data that MuSK-MG is more frequent in younger 

individuals than AChR-MG
13-17, 205, 206

.  

Based on the physician-reported clinical information accompanying serum samples, 12/19 

patients (63.2%) had ocular symptoms, 9/19 (47.4%) had bulbar symptoms, and 14/19 (73.7%) 

had generalized MG. For the other clinical parameters, a complete set of information was not 

available for all patients. 13/14 patients (92.9%) had clinical fatiguability, and 11/16 patients 

(68.8%) had a positive tensilon test and 1 had an equivocal response. In terms of electrical tests, 

out of 12 patients who had repetitive nerve stimulation done (RNS), 8/12 (66.7%) had a 

decrementing response, while out of 7 patients who had single fibre electromyography 

performed (SFEMG), 5/7 (71.4%) had an increased response, and 1 had an equivocal result. The 

one patient (patient 6) who had a normal SFEMG also had a no decrement in RNS.  
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Table 2-4 Clinical features of 19 MuSK-Ab positive MG patients
a
 

Patient 

No. 

No. 

Samples 

Sampling 

Period 

(months) 

Sex 
Age at 

Onset 
Type of muscular deficit 

Clinical 

Fatiguability 

Effect of 

Tensilon 
RNS SFEMG 

1 3 66 F 12 Ocular & bulbar Yes Negative Mild decrement NA 

2 3 133 F 20 Generalized NA Modest Decrement Increased 

3 2 7 F 54 Generalized Yes Equivocal NA NA 

4 2 1 F 22 Ocular, bulbar, generalized Yes Positive Decrement NA 

5 2 2 F 30 Bulbar No Negative No decrement NA 

6 4 60 F 46 Bulbar & generalized Yes Positive No decrement Normal 

7 3 22 F 48 Ocular & generalized Yes Negative No decrement Increased 

8 3 161 F 42 Generalized Yes Positive Decrement Increased 

9 2 2 F 30 Ocular, bulbar, generalized Yes Positive Decrement NA 

10 6 189 F 53
b
 Ocular and bulbar NA NA NA NA 

11 7 44 F 31
b
 Generalized NA NA NA NA 

12 7 157 F 44 Ocular, bulbar, generalized  Yes Negative Decrement NA 

13 3 14 F 41 Generalized Yes Positive No decrement Increased 

14 3 128 F 37
b
 Ocular NA NA NA NA 

15 2 3 F 34 Ocular, bulbar, generalized Yes Positive Decrement NA 

16 4 15 F 56 Ocular & generalized Yes Positive Decrement Increased 

17 2 1 F 49 Ocular, bulbar, generalized  Yes Positive NA NA 

18 5 20 F 44 Ocular & bulbar NA Positive NA Equivocal 

19 2 1 F 59 Ocular, bulbar, generalized Yes Positive NA NA 
a
If characteristic not available, indicated as NA. 

b
Age of onset estimated from difference between date of birth and date of first serum sample. 
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2.3.7 Serial profiles of anti-MuSK antibody binding levels 

The 19 MuSK-MG patients identified had between 2 and 7 serial samples each, which were 

drawn over a period of between 1 and 189 months (15 years 9 months). Figure 2-10 shows the 

change in MuSK antibody binding levels (RU) of the serial samples over time. The serial serum 

samples were diluted 1/10 in HBS-EP-BSA and run in duplicate in the same assay, along with 20 

healthy control serum samples. The assay cut-off was calculated as the mean+3SD of the healthy 

controls. The antibody binding values for all of the patients, along with corresponding sample 

dates, are shown in Table A1 of the appendix. 

The results show that the magnitude of the antibody binding levels clearly changes over the 

course of the disease. The highest binding level of MuSK antibodies attained in this group of 

patients was 346.44 RU, observed with patient 6 at month 2. The serial antibody profiles are 

patient-specific, but a few general trends can be observed.  

For 7/19 patients (patients 1, 5, 7, 8, 9, 15, 17), antibody profiles consisted of an overall decrease 

in antibody levels over a period ranging from 1 month to 161 months (13.4 years). For one of 

these patients (patient 8) antibody levels declined to negative. The antibody level in patient 17 

decreased by 76% after only one month, from a high level of 312.60 RU at month 0 down to 

75.54 RU at month 1, suggesting an effect of treatment, possibly plasmapheresis.  

For 4/19 patients (patients 3, 4, 10, 19), antibody profiles consisted of an overall increase in 

antibody levels over a period of  1 month for patients 4 and 19 to 189 months (15.8 years) for 

patient 10. However, all of these patients except for patient 10 had two serum samples over a 

course of only 1 to 7 months, making it difficult to draw conclusions about what their antibody 

levels might be like over the duration of their disease. It was however interesting to see in patient 
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10 that at disease onset this patient had no detectable MuSK antibodies, and appeared to continue 

to not have any detectable antibody levels until at least 72 months (6 years), where her antibody 

levels were at borderline levels. A next serum sample for this patient was not available until 

month 189 (year 15.8), where her antibody levels continued to be at low levels (44.93 RU).    

For the remaining 8/19 patients (patients 2, 6, 11, 12, 13, 14, 16, 18), their antibody levels 

fluctuated over the course of their disease, ranging over a period of 14 months (1.2 years) for 

patient 13 to 157 months (13.1 years) for patient 12. In one of these patients (patient 18), 

antibody levels increased at month 11, but then declined to negative after 16 months (1.3 years), 

and continued to remain negative until month 20 (1.7 years). In another patient (patient 16), 

levels increased to 154.47 RU for the first 14 months (1.2 years), and then decreased at month 15 

to a borderline level of 38.06 RU, again likely due to effect of treatment.  

Overall, from the results of such a retrospective look at the changes in antibody levels in this 

group of MuSK-MG patients, we can see that there are clearly patient-specific changes to 

antibody levels of the course of disease that can be measured by the Biacore assay developed. If 

these changes correlate with clinical status, this assay could easily be used to measure antibody 

levels continuously in a clinical setting, instead of only at disease onset for diagnostic purposes.  
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Figure 2-10 Serial MuSK antibody binding levels of 19 MuSK-MG patients. Serum samples were assayed in duplicate and each 

plotted point represents the mean anti-MuSK antibody binding response. The assay cut-off of 36.96RU, depicted as a dotted line, is 

the mean+3SD of 20 healthy controls. 
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2.3.8 Serial analysis of anti-MuSK antibody isotype and IgG subclass 

The antibody isotype and IgG subclass specificity of the 55 samples that tested positive for 

MuSK antibodies in the serial binding analysis were determined. Sera diluted 1/5 were injected 

over a high surface density MuSK surface, followed by sequential injections of mouse antiserum 

against human IgM, IgG, IgG1, IgG2, IgG3, and IgG4. A 1/5 serum dilution was used to increase 

the MuSK-Ab binding levels, especially for low titer samples, thereby increasing the sensitivity 

of the binding of subsequent secondary antibodies.  

When analyzing the results, the curves obtained from injection of diluted NHPS were subtracted 

to normalize for non-specific binding of the antiserum, particularly anti-IgG, to the MuSK 

antigen. Such binding was not observed on the BSA reference surface, suggesting it was specific 

to the MuSK antigen, possibly due to MuSK having Ig-like domains
35

. This binding therefore 

needed to be subtracted in order to accurately measure binding of the antisera to bound anti-

MuSK antibodies in the tested serum samples.  

Figure 2-11 shows a representative sensorgram depicting the sequential injection of diluted 

serum and mouse antisera. The amount of antibody and antisera bound is taken as the difference 

between the level pre-sample injection (“baseline”) to the level post-sample injection, which is 

subsequently the baseline for the next sample injection. 
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Figure 2-11 Representative sensorgram depicting the sequential injection of diluted serum 

and mouse anti-human IgM, IgG, IgG1, IgG2, IgG3, and IgG4. This particular sample was 

positive for antibodies of both IgM and IgG isotypes, with the IgG being of the IgG3 and IgG4 

subclasses. 

 

The serial analyses of anti-MuSK antibody isotype and IgG subclass for the 19 MuSK-MG 

patients are depicted in Table 2-5. The patients are separated into groups according to the 

isotypes and subclasses expressed.   

11/19 patients had IgM antibodies, with 4 patients having continuous levels of IgM (patients 6, 

14, 15, 16). Notably, patient 6 was the only patient who had very high continuous binding levels 

of IgM until month 60, ranging from 91.18 to 415.30 RU. Other patients had sporadic expression 

of IgM antibodies, and in these cases anti-IgM binding levels were lower, ranging from 2.44 to 

21.03 RU.  Some of the patients had IgM antibodies at month 0 that then disappeared, such as 

patients 8 and 19 who no longer had IgM antibodies at months 5 and 1 respectively. Conversely, 

other patients did not have IgM antibodies at month 0 but did so later at low levels, such as 

patients 5 (borderline level at month 2), 7 (month 22), and 13. Patient 13 did not appear to have 

anti-MuSK    

Antibody Binding 

anti-IgM 

anti-IgG anti-IgG1 anti-IgG2 anti-IgG3 anti-IgG4 
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IgM antibodies for the first serum sample, but did so for a sample drawn only 9 days after and 

continued to have IgM at month 14. The presence of IgM antibodies in over half the patients, 

particularly the high levels in patient 6, points to a lack of antibody maturation or continuous 

antigen exposure generating IgM-producing plasma cells. 

All 19 patients expressed MuSK antibodies of the IgG isotype. The predominant IgG subclass 

expressed was IgG4, with all 19 patients expressing IgG4 antibodies continuously over the 

course of their disease, in agreement with results of previous studies
14, 96, 206, 207

. This was 

followed by IgG1, continuously expressed by 13/19 patients, except for patient 18 where there 

was a class switch from IgG1 at month 0 to IgG2 at month 11. IgG3 was also expressed 

continuously by 13/19 patients (except for patient 6 which started at month 3), but only at very 

low levels, so their expression is likely negligible compared to IgG4 and IgG1 expression. MuSK 

antibodies do not appear to frequently be of the IgG2 subtype, there were only negligible levels 

of IgG2 expressed by patients 11 and 12. Only patient 18 expressed IgG2 at month 11, which 

appeared to be a class switch from IgG1.    

 

Table 2-5 Summary of the MuSK antibody isotypes and IgG subclasses in 19 MuSK-MG 

patients. Isotype analysis was performed on 55 serum samples positive for anti-MuSK binding 

antibodies from 19 MuSK-MG patients. The sample binding response and confirmatory binding 

of each anti-human immunoglobulin reagent to each bound sample are summarized. Patients are 

shown grouped by antibody isotype/subclass profile.  

   Anti-human Immunoglobulin Responses (RU) 

Patient Sample Month Sample Response (RU) IgM IgG IgG1 IgG2 IgG3 IgG4 

Group 1a - Isotype: IgM, IgG and Subclass: IgG3, IgG4 

6 

0 489.56 415.30 316.13 - - - 49.10 

2 555.67 402.51 391.73 - - - 67.35 

3 147.14 91.18 218.91 - - 1.82 69.03 

60 134.88 234.51 147.81 - - 9.56 38.24 
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   Anti-human Immunoglobulin Responses (RU) 

Patient Sample Month Sample Response (RU) IgM IgG IgG1 IgG2 IgG3 IgG4 

7 

0 550.90 - 546.99 - - 3.63 89.80 

13 423.96 - 467.92 - - 2.45 87.40 

22 99.09 15.46 222.55 - - 3.03 74.07 

8 
0 171.31 9.32 237.63 - - 3.00 61.21 

5 144.67 - 250.09 - - 3.71 64.24 

10 189 34.76 18.32 93.45 - - 3.57 30.81 

Group 1b - Isotype: IgG and Subclass: IgG3, IgG4 

1 

0 250.15 - 215.63 - - 2.66 28.79 

6 236.95 - 245.45 - - 3.54 29.30 

66 57.93 - 134.04 - - 1.01 43.59 

12 

0 122.10 - 262.67 - 1.15 2.83 87.70 

1 279.89 - 366.34 - 1.17 2.28 79.08 

17 47.21 - 213.73 - 1.37 1.93 63.04 

145 200.84 - 310.09 - 0.50 3.28 74.77 

154 139.59 - 235.80 - 0.53 1.14 65.30 

157 111.60 - 206.92 - 0.72 2.89 86.93 

Group 2a - Isotype: IgM, IgG and Subclass: IgG1, IgG4 

14 

0 198.92 32.93 271.71 27.69 - - 81.87 

33 107.71 55.36 182.88 23.69 - - 74.88 

128 304.29 49.14 319.07 65.64 - - 99.56 

15 
0 139.75 43.44 273.93 28.89 - - 97.53 

3 77.32 56.02 183.07 18.99 - - 87.17 

16 

0 124.62 33.89 272.92 54.08 - - 81.53 

7 173.54 43.83 335.83 59.65 - - 91.28 

14 124.40 29.57 383.94 65.05 - - 118.75 

15 31.94 56.12 232.29 38.54 - - 108.31 

19 
0 129.11 21.03 191.68 82.83 - - 106.76 

1 247.10 - 418.31 31.05 - - 129.20 

Group 2b – Isotype: IgG and Subclass: IgG1, IgG4 

17 
0 458.16 - 685.09 45.67 - - 177.01 

1 83.45 - 332.03 31.25 - - 147.26 

Group 3a – Isotype: IgM, IgG and Subclass: IgG1, IgG3, IgG4 

11 

0 72.22 - 128.14 2.45 - 5.51 40.06 

3 54.78 11.12 100.14 0.71 - 4.02 34.80 

17 189.80 - 200.58 8.27 - 3.24 40.07 

34 38.61 - 109.11 6.11 0.80 5.42 31.61 

37 118.51 - 128.94 3.65 0.54 4.07 35.19 

40 100.19 - 175.97 9.93 - 4.79 48.35 

44 13.01 7.73 83.67 - - 4.04 48.44 

13 

0 332.92 - 365.79 4.83 - 2.47 77.34 

0.3 (9 days) 325.30 18.00 309.36 - - 1.97 80.31 

14 345.96 11.53 359.87 2.41 - 1.11 138.71 

Group 3b – Isotype: IgG and Subclass: IgG1, IgG3, IgG4 

2 

0 395.76 - 353.25 25.63 - 10.35 33.84 

34 528.21 - 500.30 21.46 - 18.91 81.36 

133 71.37 - 160.93 28.70 - 9.83 18.47 
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   Anti-human Immunoglobulin Responses (RU) 

Patient Sample Month Sample Response (RU) IgM IgG IgG1 IgG2 IgG3 IgG4 

3 
0 313.95 - 375.21 15.01 - 3.52 73.10 

7 142.15 - 258.15 5.12 - 4.47 51.17 

4 
0 154.47 - 271.50 40.33 - 8.68 42.00 

1 196.15 - 283.01 51.92 - 17.41 44.91 

5 
0 88.24 - 187.96 8.49 - 4.82 44.36 

2 36.29 2.44 145.21 6.78 - 4.33 37.23 

9 
0 141.67 - 249.77 6.66 - 7.33 55.57 

2 91.93 - 232.81 1.06 - 4.48 58.08 

Isotype: IgG and Subclass IgG4 with switch from IgG1  IgG2 

18 
0 103.42 - 362.30 36.73 - - 144.24 

11 153.64 - 414.11 - 19.49 - 149.87 

 

 

2.3.9 Serial analysis of relative antibody dissociation rates 

Antibody dissociation rates (kd) were determined for the 55 serum samples positive for MuSK 

antibodies. Diluted sera were injected over a low MuSK surface density (~300RU) at a high flow 

rate of 60μL/min. A low surface density was used to minimize mass transport limitations and to 

reduce avidity effects due to the bivalent nature of antibodies. Similarly, a high flow rate was 

also used to minimize mass transport limitations and minimize rebinding of antibodies during 

dissociation. The resulting dissociation phases of the sensorgrams were fitted to a 1:1 (Langmuir) 

binding model to obtain antibody dissociation rates (s
-1

). The antibody dissociation rates for all 

of the samples analyzed are shown in Table A1 of the appendix. Figure 2-12 shows a 

representative plot of sensorgrams from serial samples of one patient (patient 12), with the 

corresponding dissociation rates. 
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Figure 2-12 A representative plot of sensorgrams from serial samples of one patient.  

Diluted sera were injected over a low density (~300RU) MuSK active surface and BSA reference 

surface at a flow rate of 60μL/min, with a 10-minute dissociation phase. The sensorgram 

dissociation phases were fit to a 1:1 binding model, shown by the orange fit lines, to obtain 

dissociation rates (s
-1

). The sensorgrams, with corresponding dissociation rates, of serial samples 

from patient 12 are shown here. 

 

Dissociation rates are an approximate indicator of relative binding affinity, with antibodies of a 

higher affinity often having a slower dissociation rate, and antibodies of a lower affinity having a 

faster dissociation rate
208

. Antibody maturation is often reflected in slower dissociation rates. 

Since the antibody population in serum is of a polyclonal nature, the dissociation rates calculated 

represent a weighted average of the dissociation rates of the different populations of antibody 

clones
209

. The calculated dissociation rates can therefore be called “apparent dissociation rates”, 

which are indicators of apparent affinity.  

The dissociation rates for the 55 samples assayed from the 19 MuSK-MG patients ranged in 

magnitude from 2.67x10
-5

 to 6.69x10
-4

 s
-1

, a 25-fold difference. To examine trends in the serial 

Dissociation Phase 
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samples, dissociation rates were plotted against the antibody binding levels for each patient, as 

shown in Figure 2-13. Patient 10 was not included as 5 out of 6 samples had negative or 

borderline levels of antibodies, therefore a trend in dissociation rate could not be determined for 

this patient. As with the antibody binding levels (section 2.3.7), the serial profiles are patient-

specific but a few general trends were observed.  

In 11/18 patients, dissociation rate and binding response had a linear monotonic relationship (R
2
 

> 0.90). In 3 out of these 11 patients (patients 1, 8, and 18) the relationship was positive, as 

binding response increased so did the dissociation rate (i.e. relative affinity decreased). In the 

other 8 patients (patients 2, 3, 4, 5, 9, 16, 17, and 19), the relationship between binding response 

and dissociation rate was negative, as binding response increased dissociation rate decreased (i.e. 

relative affinity increased). However, all but 3/11 of these patients (patients 1, 2, 16) had only 

two serial samples, making it difficult to make any conclusions on whether these trends were 

sustained throughout the course of the disease. There was no consistent relationship between 

antibody dissociation rates and binding levels in the remaining 7/18 patients. 
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Figure 2-13 Serial MuSK antibody dissociaton rates. Antibody dissociation rates (kd) are plotted together with binding responses 

for 18 MuSK-MG patients. The dotted line represents the cut-of for MuSK-Ab positivity. Patient 10 is not depicted here as 5/6 

samples were negative or borderline for MuSK-Abs, therefore kd trends could not be determined. 
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To determine if overall there is a relationship between changes in antibody binding levels and 

dissociation rates, a Spearman’s correlation was performed. There was no significant correlation 

between binding response and dissociation rate (rs = -0.240, p = 0.084), as seen in Figure 2-13. 

Even when the 11 patients who had a monotonic relationship were divided into groups based on 

whether the relationship between the two variables was positive or negative, there was still no 

significant correlation.  

 

  

Figure 2-14 Correlation between antibody binding response and dissociation rate of MuSK 

antibodies. R
2
, Spearman’s correlation coefficient (rs), and p-value are shown (p-value < 0.05 is 

significant).  

 

2.3.10 A clinical case study: Rituximab treatment of a MuSK-MG patient 

Changes in antibody levels, dissociation rates, and isotype and subclass specificities over time 

may correlate with clinical progression of MG. Here, a clinical case study is presented of one of 

R
2
 = 0.045 

rs = -0.240 

p = 0.084 
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the MuSK-Ab positive MG patients studied (patient 18). A review of the patient’s clinical chart 

was performed, with information collected on progression of symptoms and treatment over 

approximately a 2-year period after onset. The patient gave written consent to participate. 

This case is of a 44-year-old woman who presented in November 2011 with diplopia. She was 

first seen at the UBC Hospital MG Clinic four months later in March 2012, at which time her 

diplopia was still ongoing and she was taking prednisone at 25mg daily. Her activities of daily 

living (MG-ADL) score 
210

 upon examination was 5. SFEMG was equivocal, but she had a 

positive edrophonium chloride (Tensilon) test. Chest computerized tomography (CT) was 

normal. Serological testing for AChR antibodies was negative (UBC Neuroimmunology Lab). 

She was treated with pulse steroids (IV methylprednisolone) over a period of two weeks in April 

2012. She continued to have diplopia as her only symptom until the end of 2012, just over one 

year post-onset. In February 2013, she was seen with increasing symptoms of severe diplopia, 

now accompanied by facial and bulbar weakness, with weakness of the tongue and perioral 

muscles manifesting as fatigued chewing, intermittent dysphagia, and slurring of speech with 

prolonged conversation. Her MG-ADL score was now 8. Testing for MuSK antibodies was 

found positive (A. Vincent, Oxford, UK). Retrospective measurement performed by us in assays 

presented in this chapter showed that her MuSK antibody levels were higher than her first visit in 

March 2012 (Figure 2-15). As seen previously, her antibodies were predominantly IgG4, 

however there appeared to be a class switch from IgG1 to IgG2, which was unusual in the 

patients studied here (shown previously in Table 2-5).  

In March 2013, she received three rounds of plasmapheresis with dramatic resolution of her 

facial and oral weakness, including resolution of her diplopia, with a concomitant decrease in 

MG-ADL score from 7 pre-plasmapheresis to 0 post-plasmapheresis. Her symptoms soon 
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returned however, including the dysphagia, so she was subsequently treated with two infusions 

of rituximab at 1000mg IV over a period of two weeks in late April to early May 2013. 

Rituximab, a monoclonal antibody specific for cell surface CD20 on B lymphocytes, is primarily 

used in the treatment of B-cell non-Hodgkin lymphoma
211

 but has also been found successful in 

treating a variety of autoimmune diseases, including MG. There is accumulating evidence that 

rituximab is particularly effective in the treatment of MuSK-MG
187-190, 212, 213

. 

Upon examination two days after the second infusion of rituximab, the patient’s MG-ADL score 

was 8. By July 2013, only two months after her second rituximab infusion, she was in complete 

remission with an MG-ADL score reduced to 0. All of her symptoms had resolved, she had no 

ptosis, diplopia, no problems with speech, swallowing or chewing, had strong neck flexors and 

no weakness in arms and legs. Remarkably, her MuSK antibody levels had also now become 

negative (Figure 2-15). At this point she was on prednisone 40mg every other day, on a tapering 

schedule of 5mg every month. She was seen again in August 2013, three months post-rituximab, 

in continued remission of her MG with an MG-ADL score of 0, an MG quality-of-life 15 (MG-

QOL15)
214

 score of 0, and a quantitative MG (QMG)
215

 score of 2 (one point each for right hand 

grip and head lift). In November 2013, over 6 months post-rituximab treatment, she continued to 

be in remission with MG-ADL of 0, MG-QOL15 of 0, and QMG of 2 (right hand grip and head 

lift). At this point her prednisone was down to 5mg, and her MuSK antibody levels continued to 

be negative.  

In this case study we see that parallel to clinical improvement following rituximab treatment this 

patient’s antibody titers became negative, and remained consistent for at least 6 months 

following end of treatment, with a minimal dose of prednisone. This case study resembles the 

many others reported in the literature on the successful treatment of refractory MuSK-MG with 
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rituximab
187-191, 212, 213, 216

. This case demonstrates that serial testing of MuSK-Ab titers after 

therapy therefore aids in the monitoring of therapeutic response.   

 

Figure 2-15 Clinical response to rituximab treatment. MuSK antibody levels (binding 

response) and ADL scores shown over course of 20 months for patient 18. Plex: square indicates 

a 3-day course of plasma exchange. Rituximab: each arrow indicates an intravenous 

administration of 1000mg. Dotted line represents cut-off for antibody positivity.  

Rituximab 

PLEX 
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Chapter 3: Preliminary studies in the immobilization of membrane-bound 

human acetylcholine receptor  

3.1 Introduction  

Functional immobilization of transmembrane proteins requires consideration of their structural 

and physiological need of remaining in a membrane-bound form
217

. This potentially makes the 

development of biosensor assays for membrane-bound proteins more complex. This is 

particularly true for proteins with a complex structure and conformationally-dependent epitopes, 

like the AChR.  

Previous attempts have been made to functionally immobilize AChR onto sensor surfaces 

through techniques like using AChR-rich tethered lipid membranes
218

 or using biotinylated 

bungarotoxin to capture AChR reconstituted into lipid vesicles
219

. However, these techniques are 

quite complex and time-consuming, and have used AChR extracted from Torpedo eel electric 

organs. We sought to develop a method for immobilizing human AChR onto a sensor chip in its 

membrane-bound native and functional conformation which would be simpler and potentially 

applicable to detecting anti-AChR antibodies. 

An interesting study by Pick et al.
220

 has demonstrated a simple technique for producing native 

vesicles straight from the membrane of mammalian cells in culture. Formation of these vesicles 

uses a simple process whereby cells are incubated with cytochalasin B, a toxin known for 

destabilizing cytoskeleton-membrane interactions. This causes cells to produce tubular 

extensions which bud off as native vesicles when agitated. In this study specifically, the authors 

produced vesicles from adherent human embryonic HEK293 cells expressing the ion channel 5-

HT3, a receptor part of a family of ligand-gated ion channels which also includes the AChR. The 
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5-HT3 receptor has a similar structure as AChR, with 5 subunits arranged around a central ion 

pore. This study showed that vesicles produced in this way maintained the cell-surface receptors 

in their native orientation and function. 

Based on the success reported in this study, we took as an aim of our study to determine if 

similar vesicles could be produced from AChR-expressing cells and immobilized onto a sensor 

chip. The cells used were the human AChR-expressing rhabdomyosarcoma cell lines TE671 and 

CN21. TE671 cells express the fetal isoform of AChR, while the CN21 cells are TE671 cells 

which have been transfected with cDNA encoding the ε subunit to express high levels of adult 

AChR
53

. These cell lines are used as a source of AChR for the RIPA diagnostic assay for MG. 

Vesicles produced from these cells would be immobilized onto a Biacore L1 sensor chip, a chip 

specifically made for the direct capture of lipid vesicles and membranes. The L1 sensor surface 

consists of a dextran matrix modified with lipophilic residues (alkyl chains) which directly insert 

into the membrane, retaining its bilayer structure
202

. 

The specific aims of the studies presented in this chapter were to confirm AChR expression on 

the TE671 and CN21 cells, produce native vesicles via the cytochalasin vesiculation method, and 

test the immobilization and activity of these vesicles on an L1 sensor surface. 

 

3.2 Methods 

3.2.1 Cell lines, media, and growth conditions 

The rhabdomyosarcoma cell lines TE671 and CN21 (kindly gifted by Drs. D. Beeson and A. 

Vincent, Weatherall Institute of Molecular Medicine, Oxford, UK) were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 
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(FBS), 2mM L-glutamine, 0.075% sodium bicarbonate, 100U/mL penicillin, 100ug/mL 

streptomycin, and 0.25ug/mL amphotericin B, at 37
o
C and an atmosphere of 5% CO2. Cells were 

passaged twice weekly at 1:12 - 1:18 dilution with a limit of 25 passages.  

In some instances, cells were cultured with 1 or 5mM nicotine during the proliferative growth 

phase to increase AChR expression. L-Nicotine (Sigma) solutions of 500mM were prepared in 

serum-free medium DMEM, neutralized with 6M HCl, and filtered using a 0.22μm filter. After 

passaging, cells were left to adhere and proliferate for 18h before the nicotine solution, freshly 

diluted in culture media, was added. Cells were cultured with nicotine-containing media for a 

further 2 days.   

3.2.2 Immunofluorescence 

TE671 and CN21 cells were cultured overnight (to reach 50-70% confluency) on 12mm 

coverslips placed in 24-well cell culture plates, at 37
o
C and 5% CO2. The following day, 

coverslips where gently rinsed with 4
o
C phosphate buffered saline (PBS) and immediately fixed 

with 4% paraformaldehyde for 15 min at room temperature (RT). After rinsing with PBS, cells 

were labelled with anti-AChR monoclonal antibodies [mAb; anti-α-subunit (D6) and anti-ε-

subunit (B-11), Santa Cruz Biotechnology], or with isotype control mAbs (normal mouse IgG2b 

and mouse IgG1, Santa Cruz Biotechnology), at 4μg/mL in PBS + 2% normal goat serum (NGS) 

buffer, for 1hr at RT in a humidified chamber. Cells were washed three times with PBS and 

incubated with anti-mouse-Alexa Fluor 488-conjugated secondary antibody (Invitrogen-

Molecular Probes) at 1:1000 in PBS + 2% NGS buffer, for 1hr at RT in the dark. Cells were 

washed three times in PBS, and nuclei counterstained with Hoescht 33342 stain. Coverslips were 

mounted on slides in fluorescence mounting medium (SouthernBiotech), at stored at 4
o
C 

protected from light before imaging.  
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3.2.3 Radioligand binding assays 

Radioligand binding assays were performed to measure AChR expression on the cell surface. 

Confluent cells, cultured without and with nicotine added to growth media for (1mM and 5mM), 

were harvested using 0.5mM EDTA, washed with media to neutralize EDTA, and spun at 

1500rpm for 5min to pellet cells. Cells were washed, resuspended in assay buffer (PBS, 1% FBS, 

0.1% NaN3) and 10
6
 cells added to round bottom tubes. Cells were incubated with 0-50nM of 

alpha-bungarotoxin-I
125

 (αBT-I
125

) for 1hr on ice, in a total reaction volume of 200μL. To 

determine non-specific binding, cells were pre-incubated for 1hr on ice with 10μM of non-

labelled αBT prior to adding αBT-I
125

. Cells with bound αBT-I
125

 were separated from free toxin 

with three washes of centrifugation at 500g for 5min, followed by aspiration of supernatant and 

resuspended in assay buffer as above. Following the last wash, supernatant was aspirated and cell 

pellets counted using a gamma counter. To analyze results, non-specific binding values (in 

counts per minute, CPM) were subtracted from total binding values to determine specific 

binding. CPM values were converted to disintegrations per minute (DPM) by dividing by the 

detector efficiency.  

3.2.4 Flow cytometry 

Flow cytometry was used to detect antibody binding of patient serum IgG to the surface of 

TE671 cells. Both AChR-Ab positive and MuSK-Ab positive samples (previously tested by 

standard radioimmunoprecipitation assay) were tested. In brief, the cells were detached using 

0.5mM EDTA, washed with media to neutralize the EDTA, and spun at 1500rpm for 5min. Cells 

were washed twice and resuspended in ice cold FACS buffer (PBS, 1% FBS, 0.1% NaN3), and 

10
6
 cells added to round bottom tubes for staining. Cells were incubated with for 1hr on ice with 

human sera diluted to a final dilution of 1:10 once added to the cells. The cells were then washed 
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twice with FACS buffer and incubated with fluorescein isothiocyanate (FITC)-conjugated rabbit 

anti-human-IgG secondary antibody (Pierce-Thermo Scientific), diluted 1:50 in FACS buffer, for 

45min at 4
o
C in the dark. The cells were washed again as above, suspended FACS buffer, and 

immediately analyzed using an LSR II flow cytometer (Becton Dickinson). A population of 10
4
 

cells were gated based on side scatter and forward scatter, excluding cell fragments or dead cells.  

3.2.5 Cell membrane vesicle preparation 

Vesicles were prepared by cell membrane blebbing according to methods in Pick, H et al.
220

, 

with some modifications. Briefly, vesiculation was induced by incubating an 80% confluent cell 

layer at 37
o
C for 40-60min with 10μg/mL cytochalasin B (Sigma) in pre-warmed serum-free 

DMEM medium. Following incubation, the culture flasks were agitated on an orbital shaker to 

help dissociate vesicles from cell bodies. The media was removed and centrifuged at 500g for 

5min to pellet any cellular debris. To pellet the vesicles, the supernatant was removed and 

centrifuged at 15 000g for 30min. The supernatant was discarded and vesicles resuspended in 

PBS for storage at 4
o
C up to one week.    

3.2.6 Membrane vesicle immobilization and testing of AChR activity 

The prepared cell membrane vesicles were immobilized onto a L1 sensor chip (GE Healthcare) 

using a Biacore™ 3000 system. The sensor surface was conditioned with two 60-second 

injections of 20mM CHAPS detergent (3-[(3-cholamidopropyl)-dimethylammonia]-1-propan-

sulfonate) at 20μL/min. Detergent-free HBS-N buffer (0.01M HEPES pH 7.4, 0.15M NaCl, GE 

Healthcare), filtered and degassed, was used as running buffer. 

Vesicles suspended in HBS-N were immobilized by injection over the sensor chip surface at a 

low flow rate of 1-2uL/min until the binding response on the sensorgram reached a plateau, 
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indicating complete surface coverage. Complete surface coverage at this flow rate typically took 

about 60-90min. The surface was washed with 50mM NaOH to remove unbound vesicles. Non-

specific binding was tested with a pulse of BSA (0.1mg/mL in running buffer). A fully covered 

surface had only a minor binding of BSA (<50RU). This step also served as a blocking step to 

prevent non-specific binding of analyte.  

The presence and activity of AChR on the immobilized vesicles was probed using anti-AChR 

mAbs [anti-α-subunit (D6) and anti-ε-subunit (B-11), Santa Cruz Biotechnology] and high 

affinity αBT. Analytes were diluted in running buffer and injected over the immobilized surface 

at 10μL/min for 2.5min. Regeneration of the vesicle surface was performed by selective 

dissociation of the bound analyte using 10mM glycine-HCl at 30μL/min. 

 

3.3 Results  

3.3.1 AChR expression on TE671 & CN21 cells using immunofluorescence 

Immunofluorescence was used to confirm expression of AChR on the TE671 and CN21 cell 

lines. A mAb against the AChR alpha subunit was used to detect expression on both cell lines, 

while a mAb against the AChR epsilon subunit, specific for the adult AChR isotype only, was 

used to detect the expression of adult AChR on the CN21 cell line. Results are shown in Figure 

3-1.  

Binding of anti-AChRα mAb confirmed AChR expression on both TE671 and CN21 cells, with 

some cells appearing more densely stained than others. The staining pattern differed between the 

two cell lines, with staining on TE671 cells extending along the entire plasma membrane while 

staining on CN21 cells was more localized close to the nucleus. A much stronger signal was seen 
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with the adult-specific anti-AChRε mAb on the CN21 cell lines, which is expected as expression 

of the adult AChR subtype is high in the CN21 cell line
53

. There was limited binding with the 

anti-mouse IgG isotype controls, showing the specificity of the secondary antibody. 

 

 anti-AChR mAb Isotype control 

A    TE671 

 
anti-AChRα 

 
anti-mouse IgG2b 

B    CN21 
 

 
anti-AChRα 

 

 
anti-mouse IgG2b 

 

 
anti-AChRε 

 
anti-mouse IgG1 

 

Figure 3-1 Expression of cell-surface AChR expression on TE671 and CN21.  (A) Binding of 

anti-AChRα mAb and isotype control to TE671 cells. (B) Binding of anti-AChRα and adult-

AChR-specific anti-AChRε mAbs to CN21 cells, with respective isotype controls.   

 



   92 

3.3.2 Dose-dependent effect of nicotine on αBT-I
125

 binding  

To confirm AChR expression on the cell lines, radioligand binding assays were performed using 

high affinity αBT-I
125

. Specific binding levels of αBT-I
125

 were examined not only in cells 

cultured as usual, but also in cells cultured with 1mM and 5mM nicotine for 2 days, as nicotine 

has been shown to induce up-regulation of nicotinic AChR on TE671 and other AChR-

expressing cells
221-223

. Increased binding levels of toxin would therefore be specific for AChR 

expression. Binding of increasing concentrations of αBT-I
125 

to TE671 cells cultured with 1mM 

and 5mM nicotine compared to no nicotine (control) are shown in Figure 3-2.  

There was a dose-related increase in specific binding of toxin with increased nicotine 

concentration. Compared to control cells, 1mM nicotine increased specific binding of αBT-I
125

 

by an average of 148.3 ± 9.0%, while 5mM nicotine increased specific binding by an average of 

236.1 ± 15.1%. The increase in toxin binding suggests an apparent increase binding site density, 

and therefore an increase in AChR number on the cell surface. The increases in binding were 

statistically significant as the 95% confidence intervals (95% CI) do not overlap. 
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Figure 3-2 The effect of nicotine on αBT-I

125-
 binding to TE671 cells. Specific binding curves 

of 0-50nM of αBT-I
125

 to cells cultured without and with 1mM and 5mM nicotine. Each point 

represents the mean binding to 10
6
 cells.

 
Toxin binding is significantly elevated over control 

levels by 1 and 5mM nicotine (mean values ± 95% CI from duplicate determinations). 

 

3.3.3 Binding of MG serum IgG to muscle-like cell line 

Flow cytometry was used to detect binding of antibodies in serum from MG patients to the 

muscle-like TE671 cell line. Not only was serum from AChR-MG patients tested, but as the 

TE671 cell line is also known to express MuSK
224

, serum from MuSK-MG patients was also 

tested to see if there was a difference in sensitivity. In all, 5 AChR-Ab positive (AChR1-5, in 

order of decreasing antibody titer as determined by radioimmunoprecipitation) and 3 MuSK-Ab 

positive samples (MuSK1-3, in order of decreasing antibody titer as determined by Biacore 

assay) were tested and results compared with 5 healthy control sera (Figure 3-3).  

The healthy controls bound quite variably to the TE671 cells, with a median fluorescence 

intensity (MFI) value of 1198.8 ± 251.3. There appeared to be a high degree of non-specific 

binding with the healthy control sera, which can be seen when comparing MFI values of the 
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individual samples to cells incubated without antibody (MFI = 405.0) or with secondary 

antibody alone (MFI = 472.0). This is likely why only 2 of the 5 AChR-Ab positive samples 

(AChR1 and AChR2), which were the samples with the highest titers as determined previously 

by radioimmunoprecipitation, showed binding of IgG greater than that of the mean MFI ± 3SD 

(1922.8) of control values. While the MFI values did appear to correlate with antibody titers, the 

binding sensitivity appeared to be low. Interestingly, the MuSK-Ab positive samples showed 

stronger binding than the AChR-Ab positive samples, and MFI levels also correlated with 

antibody titers. Two of the 3 MuSK-Ab positive samples showed binding greater than the mean 

± 3SD of control values, and the third which was of a very low titer by Biacore assay (sample 33, 

Figure 2-9, Chapter 2) was close to borderline. 

 
Figure 3-3 Binding of IgG from MG patients to TE671 cells. Cutoff value is mean ± 3SD of 5 

healthy control samples (mean ± 2SD also shown). Unlb. = unlabelled cells, sec. ctrl = cells 

labelled with secondary antibody only (data are mean ± SEM of duplicate values).  
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3.3.4 Membrane vesicle immobilization onto L1 chip and testing of surface activity 

To determine whether membrane vesicles produced from AChR-expressing TE671 or CN21 

cells could be immobilized onto Biacore L1 chips and the surface subsequently used to detect 

binding of ant-AChR analytes, vesicles were prepared and immobilized onto L1 chips. 

Membrane vesicles were produced through a membrane-blebbing procedure involving the 

cytoskeleton-destabilizing toxin cytochalasin B, as described above. Figure 3-4 shows a typical 

immobilization sensorgram of membrane vesicles.  

 

Figure 3-4 Typical immobilization sensorgram of cell membrane vesicles on L1 chip. In this 

example, a binding response of ~3400RU was reached following immobilization of TE671 

membrane vesicles in a 2-step injection (shown by arrows) over a course of about 1.5hrs, until a 

plateau was reached demonstrating surface coverage.  

 

To confirm the presence and activity of AChR on the immobilized vesicles, binding of anti-

AChR mAbs and the high affinity analyte alpha-bungarotoxin was assessed. These tests were 

found to be inconclusive of AChR activity as there was no binding detected to the immobilized 
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surface, indicating either the vesicles did not contain AChR, either at all or at a high enough 

density to be detected, or the AChRs were not in their native conformational state.  



   97 

Chapter 4: Discussion and Conclusion 

4.1 Summaries and Discussion  

Characterizing antibodies helps with understanding the underlying immunological process and, 

in the case of autoimmune diseases like MG, the pathogenic mechanisms whereby 

autoantibodies cause disease. The Biacore™ biosensor is an ideal system for the detection and 

characterization of antibody-antigen interactions as it provides a real-time picture of the entire 

interaction, from association to dissociation, unlike more commonly used immunoassays which 

are end-point assays. Biacore systems generate unique data on molecular interactions, including 

yes/no binding, measurement of concentration, binding stability, immunoglobulin isotype and 

subclass, and binding affinity and kinetics, to provide a comprehensive characterization of the 

immune response. 

In this thesis, the main focus was the development and optimization of a Biacore assay for 

measuring and characterizing MuSK autoantibodies in serum of MuSK-MG patients. We 

demonstrate the use of this assay in analyzing the temporal changes in antibody levels, 

dissociation rate, and isotype and subclass distributions in serial serum samples from MuSK-MG 

patients (presented in chapter 2). Preliminary studies were also conducted in the immobilization 

of membrane-bound human AChR onto a sensor surface (presented in chapter 3).  

4.1.1 Summary and Discussion of Chapter 2  

Currently, MuSK antibodies are measured using a radioimmunoprecipitation assay (RIPA), and 

the test is generally requested by clinicians for diagnostic purposes only. Although RIPA is 

proven to be a very robust method for antibody detection, the test is limited to a qualitative to 

semi-quantitative measurement. Furthermore, this type of immunoassay is also limited to 
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detecting antibodies of moderate to high affinity, since only end-point measurements are 

captured following multiple incubation and wash steps.  

In chapter 2, we presented the development and optimization of a novel assay using the 

Biacore™ platform for detecting MuSK antibodies in serum from MG patients. This type of 

assay platform was chosen because it enables the monitoring of the entire antibody-antigen 

interaction, something not provided by typical end-point immunoassays. We showed that this 

assay can be used not only to detect MuSK antibodies in serum, but also quantify their levels and 

characterize them in terms of antibody isotype, IgG subclass, and dissociation rate, an indicator 

of apparent binding affinity. An analysis of these parameters in serial samples of 19 MuSK-MG 

patients has been presented. Most importantly, we presented a case study of one of these patients 

who had been undergoing treatment with the anti-CD20 monoclonal antibody therapy rituximab, 

to demonstrate how monitoring antibody parameters over the disease course can help in a clinical 

setting with assessing therapeutic effect.  

4.1.1.1 Assay optimization, measurement of antibody levels and dissociation rates 

First, we optimized a Biacore assay for the detection of anti-MuSK antibodies in human serum. 

In this assay, MuSK antigen is immobilized onto CM5 sensor chips using amine-coupling 

chemistry, over which diluted serum is injected and binding of MuSK-Abs measured. We found 

that the parameters that optimize assay sensitivity and reproducibility include using a high 

immobilization surface density (>4500RU MuSK) to allows for high sensitivity, using BSA at an 

equal surface density for a reference surface, diluting pre-spun serum samples 1/10 prior to 

injection, and using a sample and running buffer comprised of HBS-EP with 0.02% BSA added 

to inhibit non-specific binding of anti-BSA antibodies or other serum matrix components to the 
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BSA reference surface. Using these conditions, the assay was found to have high specificity and 

sensitivity in detecting anti-MuSK antibodies in serum, and it was also robust, with inter- and 

intra-assay variability coefficients of variation not exceeding 15%.  

Using this assay system, we were able to measure changes in antibody levels and dissociation 

rate (as a measure of binding affinity), over the disease course in a series of MuSK-MG patients. 

Serial analyses of 65 serum samples from 19 MuSK-MG patients, taken over a period of 1 month 

to 15.8 years, were presented. A dynamic temporal variability in MuSK antibody levels and 

dissociation rates were seen, suggesting changes in the underlying pathophysiology throughout 

the course of the disease. There was no correlation found between these two parameters, 

suggesting antibody titer and dissociation rate are regulated by different mechanisms. 

4.1.1.2 MuSK-Abs are predominantly IgG4, but also IgG1 and IgM 

We also showed the use of the Biacore assay in the determination of antibody isotype and IgG 

subclass. Following antibody binding to the immobilized MuSK, a secondary step involving 

binding of anti-human-Ig antibodies, targeting a specific isotype and subclass, was used to 

characterize isotype and subclass. The IgG subclass of an autoantibody contributes to its 

biological activity, and therefore the pathogenic mechanisms at play in an autoimmune disease.  

The rearrangement of DNA in B cells generates an enormous diversity of different antibody 

molecules. Following exposure to antigen and B cell activation, class switching and somatic 

mutations of the Ig variable region resulting in affinity maturation occur. The first antibodies to 

appear in response to initial exposure to antigen early in the course of an immune response are of 

the IgM isotype. Class switching to IgG occurs after B cells receive further signalling in the form 
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of CD40 binding and exposure to cytokines, mediated by CD4
+
 T helper cells, causing B cell 

activation and proliferation.  

All IgGs are 150kDa Y-shaped structures comprised of two heavy chain/light chain pairs, 

connected by disulfide bonds in the hinge region and non-covalent bonds between the third 

constant domain
45

. The heavy and light chain variable regions form two antigen binding sites 

(Fab) and the constant regions of the heavy chain form the Fc region, which binds to Fc cell 

surface receptors on immune cells and to proteins of the complement system. There are four 

different IgG subclasses in humans, IgG1, IgG2, IgG3, and IgG4, which are named in order of 

their abundance in serum. In healthy individuals, the proportion of each subclass in serum is 

maintained within narrow ranges; IgG1 within 60-65%, IgG2 within 20-25%, IgG3 within 5-

10%, and IgG4 within 3-6%
225

. The four IgG subclasses differ in their biological activity. Their 

main effector function difference lies in their ability to activate complement, due to differences 

in the amino acid sequence of their Fc region. The most effective complement activators are 

IgG1 and IgG3 antibodies, IgG2 antibodies are poor activators of complement, while IgG4 

antibodies are deficient in the ability to activate complement
226

. Following an antigenic response, 

the distribution of IgG subclasses can change. The IgG subclasses that are made depend in part 

on the type of the antigen, with IgG1 and IgG3 antibodies predominating in response to a protein 

antigen, while IgG2 predominates in response to carbohydrates
227, 228

. The IgG subclasses profile 

is also dependent on the cytokine milieu, secreted by CD4
+
 T helper cells with interact with and 

stimulate antibody-producing B cells. Th1 cells, which secrete pro-inflammatory cytokines like 

interleukin-2 (IL-2), interferon-gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α), induce 

expression of complement-activating IgG1 and IgG3 subclasses in humans
229

. Th2 cells on the 

other hand, which secrete anti-inflammatory cytokines like interleukin-4 (IL-4), interleukin-6 
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(IL-6) and interleukin-10 (IL-10), induce expression of non-complement activating IgG4 

antibodies in humans
229

.  

Due to their differences in biological activity, the antibody subclass generated in an autoimmune 

disease like MG plays a key role in the pathogenic mechanisms of the disease. Through analysis 

of the MuSK antibody isotypes and subclasses we were able to confirm that MuSK antibodies 

are predominantly of the IgG4 subclass, as has been described in literature
14, 89, 96, 206, 207

. In the 

group of 19 patients analyzed we found that all expressed IgG4 antibodies continuously over the 

course of their disease. Unlike in AChR-MG where IgG1 and IgG3 antibodies predominate, 

MuSK-MG is therefore an IgG4-mediated autoimmune disease, indicating different pathogenic 

mechanisms are at play in MuSK-MG compared to AChR-MG.  

While normally IgG4 antibodies make up the lowest percentage of total IgG in serum (3-6%), 

prolonged antigenic stimulation causes significant increase in IgG4 titers
230

. IgG4 antibodies also 

have some unique properties. While the other IgG subclasses are pro-inflammatory, IgG4 

antibodies appear to have anti-inflammatory activity
45

. Part of their anti-inflammatory activity is 

due to their poor ability to activate complement and immune cells due to low affinity in binding 

complement and Fc receptors. In addition, IgG4 antibodies undergo a posttranslational 

modification called Fab arm exchange, where one heavy chain/light chain half-molecule is 

exchanged with one from another antibody, producing IgG4 antibodies with two different 

antigen-binding sites. This makes them unable to cross-link two identical antigens, and therefore 

functionally monovalent
90

. Due to their anti-inflammatory properties, IgG4 antibodies appear to 

protect tissue against damage produced by the complement-fixing IgG subclasses
90

. However, 

there is much evidence that IgG4 antibodies are pathogenic in MuSK-MG. MuSK-MG also often 
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has a more severe course than AChR-MG, with patients having more bulbar symptoms and a risk 

for respiratory difficulties and myasthenic crisis. 

While our study confirms with literature that MuSK-Abs are predominantly IgG4, we also found 

that a significant proportion of MuSK-MG patients also expressed IgG1 and/or IgG3 antibodies. 

IgG1 and IgG3 antibodies were both expressed by 13/19 patients, with 7 patients expressing 

both. In the patients with IgG1 antibodies, the levels of anti-human IgG1 binding were 

significant in most patients. This suggests that the expression of IgG1 antibodies, which are 

complement activators, may play a role in the pathogenicity of autoantibodies in some MuSK-

MG patients. How important a role they play in relation to disease severity however needs 

further study, as in one study clinical fluctuations in MuSK-MG patients were found to correlate 

with IgG4 titers only and not IgG1
96

. In the case of IgG3 expression, we found that the levels of 

anti-human IgG3 binding seen was low in all patients, so their expression is likely negligible 

compared to IgG4 and IgG1 expression. Interestingly, we also found that 11/19 patients 

expressed IgM continuously, most at low levels, but in one patient the binding levels of anti-

human IgM were as high as the anti-human IgG levels. The presence of continuous levels of IgM 

could indicate lack of affinity maturation or continuous re-induction of the disease process. 

4.1.1.3 Monitoring antibody status as indicator of therapeutic response: a case of 

rituximab therapy for IgG4-mediated MuSK-MG  

Previous studies have already shown evidence that disease severity in MuSK-MG patients 

correlates with antibody levels
95

 and is also dependent on IgG isotype, with IgG4 titers also 

correlating with disease severity
96

. In this chapter, we showed a similar association between 
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antibody status and clinical status in the case study of patient 18, where antibody levels became 

negative following treatment with rituximab and the patient entering remission.  

This patient initially presented with diplopia, which over a period of a year led to more severe 

bulbar symptoms. Early on she was treated with prednisone and a few rounds of plasmapheresis, 

but nothing brought about dramatic improvement of her symptoms until she was treated with two 

infusions of the anti-CD20 monoclonal antibody therapy rituximab. Her MuSK-Abs were IgG4, 

and we found that, following rituximab therapy, her antibody levels became negative, with a 

concordant decrease in clinical severity of MG-ADL levels. This case study showed that 

following antibody levels throughout the course of disease may allow for better monitoring of 

disease progression and response to treatment in MuSK-MG patients.  

This case study also confirmed the increasing trend seen in literature with MuSK-MG patients 

having dramatic responses to rituximab therapy
187-191, 212, 213, 216

. Rituximab, a chimeric 

monoclonal antibody therapy targeting the B-cell specific surface antigen CD20, is being 

increasingly used in the treatment of various autoimmune diseases. By binding CD20, rituximab 

induces a sustained depletion in the number of circulating B cells
231

. In one case study, a MuSK-

MG patient continued to have prolonged B cell depletion 3 years post-rituximab treatment
212

. 

The dramatic improvements seen in MuSK-MG patients appear to be related to MuSK-MG 

being an IgG4-mediated disease. Rituximab has been found to be effective in treating other 

IgG4-mediated diseases like pemphigus vulgaris and IgG4-related systemic disease
232

. A rapid 

decrease in IgG4 antibody concentrations, relative to the other IgG subclasses or total IgG, has 

been demonstrated in IgG4-related systemic disease
232

. CD20 is first expressed during B cell 

development at the pre-B cell stage, and continues to be expressed at all stages except for after 
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maturation of B cells into plasma cells. The rapid decrease in IgG4 antibodies following 

rituximab treatment relative to other subclasses suggests that IgG4-producing plasma cells are 

shorter-lived, and that rituximab acts by disrupting the generation of these short-lived IgG4-

producing plasma cells
232

. 

Another aspect of the mechanism behind the response to rituximab appears to be expansion of 

CD4
+
 regulatory T cells (Tregs)

233, 234
, which are involved in maintaining tolerance to self-

antigens. Depletion of B cells has been shown to influence the induction, maintenance, and 

reactivation of CD4
+
 T cells

235
. MG is a T cell-dependent antibody mediated disease in which 

decreased frequency and functional impairment of Tregs has been reported
236-238

. An increase in 

the frequency of circulating Tregs following rituximab therapy has been reported in some 

MuSK-MG patients, with levels sustained even after B cell counts returned to pre-treatment 

levels
239

. 

Rituximab is currently more often used in cases of refractory MG, both of MuSK-MG and 

AChR-MG, but the increasing evidence of dramatic improvements seen in MuSK-MG patients 

suggests that rituximab could be used as an early therapeutic option in these patients, and not 

only in cases of non-responders to other immunomodulatory medications.  

4.1.2 Summary and Discussion of Chapter 3  

In chapter 3, we described preliminary studies conducted in the immobilization of membrane-

bound human AChR onto a sensor surface. Our strategy involved producing membrane vesicles 

from the AChR-expressing rhabdomyosarcoma cell lines TE671 and CN21, using a method 

involving the cytoskeleton-destabilizing toxin cytochalasin B described by Pick et al.
220

. These 
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vesicles were immobilized onto the Biacore L1 sensor chip, made specifically for capturing lipid 

vesicles and membranes. 

Our first aim was to confirm AChR expression on the rhabdomyosarcoma cell lines. We were 

able to demonstrate AChR expression through immunofluorescence and radioligand binding 

assays. Radioligand binding assays were also used to demonstrate that culturing these cells with 

nicotine increased αBT-I
125

 binding levels, suggesting increased AChR density. Binding of 

serum IgG from both AChR-MG and MuSK-MG patients to TE671 cells was also demonstrated 

using flow cytometry, however the sensitivity for positivity was low. There was a high degree of 

non-specific binding seen with healthy control samples, which likely inflated the cut-off for 

positivity, making sera positive by standard radioimmunoprecipitation assays appear negative by 

flow cytometry. This is effect was likely compounded in TE671 cells by the fact that these cells 

only express fetal AChR, and at lower levels than CN21 cells which express both isotypes
224

.  

Membrane vesicles from these cells were prepared using the cytochalasin B vesiculation method, 

and we were able to demonstrate immobilization of these vesicles onto an L1 sensor surface. 

However, when testing for the presence of AChR by assessing binding of anti-AChR mAbs and 

alpha-bungarotoxin, there was no conclusive binding of these analytes. This could either be due 

to the vesiculation procedure having produced vesicles with no AChR or at too low a density to 

detect binding, or the AChR may not be in their native conformation.  

These preliminary studies in immobilizing AChR in its membrane-bound conformation 

demonstrate that immobilization of transmembrane proteins in their native membrane-bound 

conformation is more complex compared to immobilization of proteins using the amine-coupling 

method. This is due to difficulties in maintaining transmembrane proteins in a native 
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conformation within the membrane. In the case of AChR, this is made all the more difficult with 

the complex structure of this ion channel, consisting of 5 subunits, each with four transmembrane 

domains, and a main immunogenic region with a specific conformational epitope.  

 

4.2 Future Directions  

4.2.1 Measuring and characterizing MuSK antibodies 

The assay developed here to measure MuSK antibodies is semi-quantitative; antibody levels are 

reported in response units (RU) which, although directly proportional to the amount of mass 

bound, is not a quantitative measure. Future directions include making this assay quantitative. 

This requires a standard curve, which could either be established from an anti-MuSK monoclonal 

antibody, or to make it more representative of polyclonal serum being tested, a dilution series of 

an antibody-positive reference pool with designated arbitrary lab units. 

Limitations of our study include that the number of patients studied were modest. We also did 

not have access to clinical data on changes in disease severity to demonstrate that the changes in 

antibody parameters measured correlated with clinical status, except for in the case study for 

patient 18. Future work should focus on determining correlations antibody status to clinical 

status in a larger group of patients, although this is made difficult by MuSK-MG being a rare 

clinical subtype of an already uncommon disease. It would also be interesting to see if there are 

clinical differences between patients expressing different IgG subclasses.  

The mechanisms behind the effect of rituximab treatment in MuSK-MG also warrant further 

study. A long-term follow up of the effect of rituximab in patient 18 could be performed to 
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ascertain how long this patient’s MuSK-Ab status remains negative, and, if her antibody titers do 

increase, whether there are any changes in IgG subclass distribution.  

4.2.2 Immobilization of membrane-bound AChR 

The studies presented in chapter 3 were preliminary studies aimed at developing a method to 

immobilize the AChR in its native membrane-bound conformation onto a sensor chip, which 

could be applied to studying the interaction between anti-AChR antibodies and the AChR 

autoantigen in MG. Further work is needed to determine if the vesiculation and immobilization 

process proposed is a good method for immobilizing AChR in its membrane-bound form. 

Specifically, the lack of analyte binding to the immobilized vesicles suggested there might be a 

lack of AChR on the vesicles or that they are not in their native conformational state. In depth 

characterization of the vesicles produced by the vesiculation process is needed to determine if 

AChR is present on their surface in their native orientation and function, as described in the 

original study. Variables in the vesiculation process, such as cytochalasin concentration, 

incubation time, and centrifugation speeds may also need to be optimized for the particular cell 

line being used. In addition, if the issue is that there is not a high enough density of AChR on the 

vesicle surface, a cell line expressing only AChR at high density could be tested, for example the 

HEK293 cell line described by Leite et al.
93

 which expresses AChR clustered with rapsyn. 

 

4.3 General Conclusion  

Myasthenia gravis is an autoimmune disease of the neuromuscular junction where patients are a 

very heterogenic population in terms of clinical presentation, antibody profile, severity, disease 

progression, treatment regimen and response to treatment. There is a need for clinical biomarkers 
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that could be used alongside clinical evaluations in predicting treatment response and clinical 

outcome, in order to help with a patient-specific approach to disease management. 

While the measurement of anti-AChR and anti-MuSK autoantibodies serves as an excellent 

diagnostic biomarker for MG, there is limited use in measuring these antibodies after diagnosis. 

Additionally, it is known that over the course of an immune response, antibody parameters like 

titer, isotype/subclass, and affinity change, and that these parameters influence the pathogenicity 

of autoantibodies. In this thesis we hypothesized that tracking changes in titer, dissociation rate, 

and IgG subclass of autoantibodies in MG may help in predicting disease exacerbations, 

treatment response, and therefore prognosis. The objectives of this thesis were the development 

of biosensor assays that could be used to easily measure and characterize autoantibodies in MG.  

The Biacore assay presented for measuring MuSK-Abs is highly specific, sensitive, and 

reproducible, and can be performed more rapidly and using very low volumes of serum 

compared to more conventional immunoassays. We demonstrated the use of this assay not only 

to measure MuSK antibodies for diagnostic purposes, but also be used to provide a more 

comprehensive long-term profiling and characterization of MuSK antibodies that has the 

potential to be useful in a clinical setting for monitoring disease progression and response to 

treatment. Towards the same goal for AChR antibodies, we also demonstrated preliminary 

experiments to immobilize AChR in its native membrane-bound form, and discussed the 

difficulties associated with developing assays for transmembrane proteins.  

This thesis was focused on autoantibodies in myasthenia gravis patients, however the principles 

described here can be applied to other autoimmune and immune-mediated diseases.  
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Appendix 

The Biacore-derived parameters of binding response and antibody dissociation rates for the 65 

serial serum samples analyzed are shown in table A-1.  

Table A-1 Biacore-derived parameters of 65 serial serum samples.  

Patient 

No. 

Sample Month 

(Year) 

Binding 

Response (RU) 

Antibody 

Dissociation Rate (s
-1

) 

1 0 156.80 2.05x10
-4 

1 6  136.35 2.16x10
-4

 

1 66 (5.5) 74.99 7.70x10
-5

 

2 0  228.48 4.49x10
-4

 

2 34 (2.8) 339.29 3.25x10
-4

 

2 133 (11.1) 78.89 6.69x10
-4

 

3 0 116.56 2.02x10
-4

 

3 7 (0.6) 132.44 1.81x10
-4

 

4 0 129.66 2.18x10
-4

 

4 1 142.37 1.99x10
-4

 

5 0 69.77 3.99x10
-4

 

5 2 48.95 4.39x10
-4

 

6 0 294.95 1.71x10
-4

 

6 2 346.44 1.58x10
-4

 

6 3 99.94 1.23x10
-4

 

6 60 (5.0) 122.43 1.61x10
-4

 

7 0 323.35 2.82x10
-4

 

7 13 (1.1) 240.93 2.94x10
-4

 

7 22 (1.8) 94.04 1.80x10
-4

 

8 0 121.56 1.43x10
-4

 

8 5 123.46 1.51x10
-4

 

8 161 (13.4) 21.28 (negative) - 

9 0 112.68 2.67x10
-5

 

9 2 96.62 3.85x10
-4

 

10 0 10.57 (negative) - 

10 1 13.36 (negative) - 

10 5 17.44 (negative) - 

10 25 (2.1) 18.24 (negative) - 

10 72 (6.0) 33.09 (negative) - 

10 189 (15.8) 44.93 ND 

11 0 73.65 4.74x10
-4

 

11 3 42.08 2.64x10
-4

 

11 17 (1.4) 119.69 3.92x10
-4

 

11 34 (2.8) 54.23 2.72x10
-4

 

11 37 (3.1) 69.62 2.29x10
-4
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Patient 

No. 

Sample Month 

(Year) 

Binding 

Response (RU) 

Antibody 

Dissociation Rate (s
-1

) 

11 40 (3.3) 106.51 2.55x10
-4

 

11 44 (3.7) 72.81 ND 

12 0 169.56 1.21x10
-4

 

12 1 223.54 1.20x10
-4

 

12 9 33.55 (negative) - 

12 17 (1.4) 79.97 5.94x10
-5

 

12 145 (12.1) 188.36 1.35x10
-4

 

12 154 (12.8) 113.90 1.02x10
-4

 

12 157 (13.1) 139.40 1.01x10
-4

 

13 0 238.46 2.32x10
-4

 

13 0.3 165.10 2.11x10
-4

 

13 14 (1.2) 293.84 1.31x10
-4

 

14 0 122.63 5.27x10
-4

 

14 33 (2.8) 73.83 3.16x10
-4

 

14 128 (10.7) 207.56 1.99x10
-4

 

15 0 103.64 2.32x10
-4

 

15 3 47.95 2.31x10
-4

 

16 0 80.42 4.90x10
-4

 

16 7 129.10 3.91x10
-4

 

16 14 (1.2) 154.47 3.29x10
-4

 

16 15 (1.3) 38.06 5.24x10
-4

 

17 0 312.60 1.70x10
-4

 

17 1 75.54 2.28x10
-4

 

18 0 113.30 2.66x10
-4

 

18 11 145.04 3.23x10
-4

 

18 16 (1.3) -8.52 (negative) - 

18 17 (1.4) -8.90 (negative) - 

18 20 (1.7) -11.06 (negative) - 

19 0 99.99 5.74x10
-4

 

19 1 196.74 5.05x10
-4

 

 


