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Background
Motor neuron disease is a fatal, neurodegenerative condition in which patients suffer progressive weakness due to loss of motor neurons. Biomarker research deepens disease understanding through exploration of pathophysiological mechanisms which, in turn, highlights targets for novel therapies. 
Aims and objectives
a) To recruit patients with motor neuron disease and control subjects, collate clinical information and collect biosamples. This will form a comprehensive database of well-phenotyped patient information and biosamples for analysis. b) To explore the concentrations of 3-nitrotyrosine in cerebrospinal fluid (CSF) and serum across the subject cohorts. A sensitive biomarker of oxidative stress will be of use in experimental medicine studies aimed at reducing this mechanism of nerve injury. c) To explore the inflammatory milieu present in serum and CSF using multiplex enzyme-linked immunosorbent assays (ELISAs). d) To develop Raman spectroscopy as a tool to analyse biofluid samples.

Results
The AMBRoSIA study proved to be a successful recruitment method, with a high proportion of subjects donating the full complement of clinical information and biosamples. 3-nitrotyrosine was not reliably detected in these samples. Neurofilament light chain emerged as a consistently useful biomarker in terms of differentiating patients from controls and clinical correlations. Provisional analyses yielded several inflammatory biomarkers that were differentially expressed; many of these did not survive conservative statistical corrections or repeated experimentation, however. Plasma monocyte chemoattractant protein-1 (MCP-1), interferon-gamma (IFN-γ) and CSF tyrosine-protein kinase receptor (TIE-2) were differentially expressed, and serum amyloid-A (SAA) inversely correlated with disease severity. Raman spectroscopy was moderately successful in demonstrating the ability to differentiate between subject groups.

Conclusions
This body of work supports systematic patient recruitment and collection of clinical data and biosamples to identify biomarkers. electrochemiluminescent-ELISA is a sensitive and capable multiplex platform for analysis of biofluids. Raman spectroscopy is a promising technique and further development is required. Additional multi-centre recruitment and sample testing is still required for the development and validation of biomarkers in motor neuron disease.
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[bookmark: _Toc89083609]1.1. Introduction to motor neuron disease
Motor neuron disease (MND), or amyotrophic lateral sclerosis (ALS), is a neurodegenerative and ultimately fatal disease that causes progressive muscle weakness through loss of upper and lower motor neurons (UMN and LMN). Most commonly, weakness begins unilaterally, in one or more limbs. Bulbar muscle-onset and respiratory muscle-onset are less common and carry a poorer prognosis. With the exception of the extra-ocular and pelvic floor muscles, over time all muscles become affected, and the cause of death is usually due to respiratory failure. Non-motor pathways are also affected, with up to 50% of patients having cognitive and behavioural changes detectable on neuropsychological testing [1]. At their most severe, the cognitive changes are characteristic of frontotemporal dementia (FTD), and, as such, it can be considered a spectrum disorder (MND-FTD).  FTD symptoms can include behavioural and personality change, difficulty with language and memory, and poor executive function.
[image: ]Another clinical spectrum that can be observed is from a purely lower motor neuron phenotype, named progressive muscular atrophy (PMA), through to ALS, which is a mixed upper and lower motor neuron syndrome, through to a purely upper motor neuron phenotype, termed primary lateral sclerosis (PLS) (Figure 1). PLS carries a more favourable prognosis. Between these labels are patients with either upper or lower motor neuron predominant disease. As the condition progresses, patients with presumed PMA may develop signs of upper-motor neuron dysfunction and patients with an initial PLS phenotype may develop lower motor neuron features.Figure 1. MND clinical spectrum

ALS can be further classified as sporadic (sALS) or familial (fALS), with roughly 10% of 
patients having a family history of the condition. C9orf72 mutations are the most common in familial MND (and FTD), followed by mutations in SOD1, TARDBP and FUS genes [2]. It has been suggested that approximately 68% of familial cases have genetic variants identified, and 11% of sporadic cases. This may be conservative however, and numbers are likely to rise as new gene associations are being discovered, and at an increasing rate. This is, in part, due to systematic screening and genome sequencing [3]. For example, in a recent prospective study, of the 100 patients with MND that were systematically recruited, 21% were found to have a pathogenic or likely pathogenic mutation, and a further 21% had a variant of uncertain significance within a gene known to be associated with ALS. This is even more significant given that 93% of the cohort had apparently sporadic disease [2].
The pathophysiology of MND is complex and multifactorial. Apart from disease associated with SOD1 and FUS mutations, the pathological hallmark is intracellular, ubiquitinated TDP-43 (tar-DNA-binding protein) inclusions [4]. Evidence suggests that this causes neuronal death through protein aggregation and cellular toxicity, dysregulation of RNA metabolism, disordered nuclear transport, impaired autophagy, mitochondrial dysfunction, post-translational modifications inducing further toxicity, and a loss-of-function via nuclear depletion of TDP-43. Misfolded proteins may also spread via prion-like propagation, causing progressive neuronal toxicity contributing to the pattern of muscle loss seen in the disease [5].
Diagnosis is made via clinical assessment, combining the history with the examination findings of upper and lower motor neuron signs present at multiple levels of the nervous system i.e. bulbar, cervical, thoracic and lumbo-sacral. This is supported by findings on electromyography (EMG) and through the exclusion of other pathology via neuroimaging, lumbar puncture, and blood tests. 
Management aims to be holistic in order to improve quality of life and survival and is best co-ordinated via a multi-disciplinary team (MDT) approach. The team includes neurologists, speech and language therapists, dietitians, respiratory and gastroenterology physicians and physiotherapists, palliative care practitioners, specialist nurses, occupational therapists, neuropsychologists, and wheelchair services. Riluzole is the only medication that has been shown to ameliorate the course of the disease, but, unfortunately, only by several months [6]. This is likely due to the multifactorial pathogenesis outlined above. As a sodium channel blocker, riluzole reduces glutamate release which, in turn, reduces neuronal excitotoxicity. Edaravone, a free radical scavenger, was approved by the American Food and Drug Agency (FDA) for use in the disease, following clinical trials in Japan (NCT01492686). The European Medical Agency (EMA) and the National Institute for Clinical Excellence (NICE), however, were not satisfied with the strength of the evidence, and approval was declined, pending further trials. The other intervention that has been shown to extend life expectancy is non-invasive ventilation (NIV) [7]. NIV also improves quality of life by increasing energy and reducing fatigue, reducing the prevalence of headaches, reducing breathlessness and orthopnoea, and improving sleep quality and appetite. Other pharmacotherapy that can be prescribed for symptom management includes anti-spasticity and anti-cramp medication, antimuscarinic medication to reduce saliva burden, and anti-depressants for depression and emotional lability. As dysphagia progresses, gastrostomy may be performed by an interventional radiologist or endoscopist. An anaesthetist may be involved for the procedure, depending on a patient’s respiratory function. 
Importantly, patient choice plays a significant role in management. In a minority of patients, riluzole can cause persistent malaise and reduced appetite, usually as a result of reversible, mild liver dysfunction. Non-invasive ventilation can cause claustrophobia, painful pressure areas and an uncomfortably dry mouth. Gastrostomy is a minimally invasive procedure but complications such as pneumoperitoneum and insertion site infections can occur. It has to be well maintained to ensure that the tube remains patent and the insertion site is healthy. Given these considerations, and that these management options are supportive rather than curative, informed decision making is at the core of patient discussions. 

[bookmark: _Toc89083610]1.2. Introduction to biomarkers
Sections 1.2. through 1.5. are from a paper published during my PhD [8]. They are reproduced here with the permission of the journal and the other authors. Sections 1.2. through 1.4. were independently written by me, with editorial input from all authors. Section 1.5. was written by co-authors with oversight and editing on my part; it is included here as it has relevance for some of the experimental work contained in this thesis.
Biomarkers in ALS have been the subject of intense research and discussion over the past 20 years. Sensitive and specific biomarkers have the potential to help clinicians and researchers better understand the disease, improve the design of clinical trials, develop novel therapeutics, and improve patient outcomes. A large body of research exists, although this has led to the provision of only a few validated biomarkers. In part, this reflects a wide variation in methodology, non-standardised analytical techniques, small sample sizes and the paucity of longitudinal studies. To validate a biomarker there needs to be recognition of the limitations of the analytical technique by which it is being measured, the analysis must use a standardised operating procedure (SOP), and there must be test-retest reliability, ideally across different research centres, to ensure replicability. Furthermore, biomarker validation should include assessment of truthfulness, of sensitivity and specificity, and of feasibility [9].
The domains that provide sources of biomarkers are systemic measures, including respiratory function and weight, biochemical analysis of biofluids, electrophysiology, imaging and genetic testing. The table in Appendix 1 summarises some of these biomarkers.

[bookmark: _Toc10040138][bookmark: _Toc89083611]1.2.1. Diagnostic biomarkers
ALS patients may initially present with subtle signs and symptoms and it has been shown that, on average, there is a 12-month period between symptom onset and neurological diagnosis [10]. Current thinking is that there is pathological propagation of the disease through mechanisms such as axonal transmission of misfolded protein e.g. pTDP-43 (associated with diffusion tensor imaging (DTI)), abnormal RNA processing, ‘prion-like’ spread, and cell-cell spread of dipeptide repeat proteins [11-16]. It is hoped that by hastening the diagnosis, future treatments will limit or halt progression, before patients are established on this progressive pathological course and before they suffer notable weakness and attrition of motor neuron numbers. A valid diagnostic biomarker will help guide the clinical diagnostic process at an early stage when signs are localised and subtle. This would allow for timely treatment and trial enrolment (Figure 2). Diagnosis for enrolment in trials is often based on the El-Escorial criteria, which allows for a label of ‘ALS-probable, lab-supported’. Currently, this is based on evidence of active and chronic denervation on the electromyogram (EMG), together with the absence of other investigation findings that may suggest another pathological process. Further biomarkers may add to this laboratory support for more accurate enrolment and stratification. Ultimately this stratification may form the basis for a new classification system.

[image: ]
Figure 2. Biomarker categorisation

[bookmark: _Toc10040139][bookmark: _Toc89083612]1.2.2. Prognostic and predictive biomarkers 
As mentioned above, ALS is a heterogeneous condition with variability in site of onset, extra-motor involvement and rate of progression. Typical survival is 2-5 years, but life expectancy can range from several months to over 10 years. This heterogeneity is also seen when patients are investigated at a genetic level, and at post-mortem. It makes sense therefore to design clinical trials with this in mind: a subgroup of patients may be shown to benefit from a novel treatment when statistical analysis is not confounded by population heterogeneity. Additionally, if variability is decreased then sample-size can also be reduced, lowering the time and cost of clinical trials. A good prognostic biomarker will be useful in stratifying patients for better trial design by broadly distinguishing between disease sub-groups. Predictive biomarkers are similar one-off measurements. However, they represent the chance of predicting a response to a particular treatment rather than the prognosis relating to the disease course.

[bookmark: _Toc10040140][bookmark: _Toc89083613]1.2.3. Pharmacodynamic and disease progression biomarkers 
In a progressive disease, improvement in motor function and survival are the ultimate outcomes being sought. Clinical trial endpoints reflect this, and typically involve measures such as survival, time to non-invasive ventilation, and changes in the ALS-functional rating scale (ALSFRS-R, see Appendix 2). Such outcomes need to be monitored for several years before a conclusion can be drawn, which is an expensive process. Furthermore, the ALSFRS-R total score has been criticised for being an insensitive and inconsistent tool [17-19]. Firstly, patient scores can sometimes increase with good symptom control. For example, uncontrolled sialorrhoea can lead to a decrease in bulbar function, as the challenge of speaking and eating is compounded by excess fluid. This, therefore, demonstrates that the score may not accurately reflect the underlying disease state. Secondly, the total score suffers from multidimensionality, whereby a score from one patient is not directly comparable with the score of another patient. A proposed solution is to utilise sub-scores (motor, bulbar and respiratory), which better represent decline in various domains. This can be used for more accurate comparisons and to increase statistical power in clinical trials. That said, the ALSFRS-R is attractive as a single score for the ease by which it can be used as a surrogate for functional status and be incorporated into statistical analyses. Finally, Rasch analysis is a psychometric technique that has been employed to improve and build new outcome measures [20]
Pharmacodynamic biomarkers reliably change in response to treatment, and such markers would ensure that an experimental drug is having the desired effect on the pre-clinically identified therapeutic pathway. This could curtail ineffective therapeutic interventions at an earlier stage, rather than relying on multi-year follow up with traditional outcome measures. Similarly, disease progression markers represent serial measures that change as the disease worsens, in the absence of treatment. This can provide another objective measure and time-saving approach to randomised-control trial (RCT) design.

[bookmark: _Toc10040141][bookmark: _Toc89083614]1.3. Systemic biomarkers
[bookmark: _Toc89083615]1.3.1. Body weight 
An important facet of ALS management entails keeping weight records, prompt insertion of gastrostomy and prescription of nutritional supplements. Malnutrition (defined by a reduction in body-mass index (BMI) or a >5% loss in premorbid weight) has a multifactorial adverse effect on life expectancy in ALS, in part due to neurotoxicity [21], and has been shown to give a 7.7-fold increased risk of death across a group of ALS patients at various time-points in the disease course [22]. At time of diagnosis, 5% weight loss or more, has been shown to be an independent adverse prognostic biomarker for survival [23]. Therefore, patient stratification for trial entry, at any point in the disease course, should take into consideration the percentage of weight loss at baseline.

[bookmark: _Toc10040143][bookmark: _Toc89083616]1.3.2. Respiratory function 
Clinicians rely on patient-reported symptoms of respiratory insufficiency, such as orthopnoea, early morning headache, interrupted sleep, daytime somnolence, reduced appetite, and results of respiratory function tests to assess the need for non-invasive ventilation (NIV). Several tests exist and they can be classified according to the time they take, how invasive they are, and whether they require patient volition. Tests such as vital capacity (VC), sniff nasal inspiratory pressure (SNIP), peak cough flow (PCF), maximal static inspiratory and expiratory mouth pressures (MIP and MEP) take a snapshot of respiratory function but can be confounded by poor technique secondary to non-respiratory muscle weakness and cognitive dysfunction. Overnight sleep studies and transcutaneous carbon dioxide monitoring are passive tests. Tests involving phrenic nerve stimulation – phrenic nerve conduction studies (PNCS) and twitch trans-diaphragmatic pressure (Tw Pdi) – are more invasive and complex as they require electrophysiology practitioners but are objective and non-volitional. 
Measures of VC, forced and slow, are widely used due to clinical availability and published validation [24, 25]. In a study comparing tests as predictive for mortality or NIV usage, Polkey et al. concluded that, despite good sensitivity, decline in vital capacity only occurs 12 months before these endpoints. Furthermore, for prognostic time intervals beyond 3 months, the cut-off value for poor prognosis was >80% predicted, which is the clinically defined normal range, therefore making it an invalid biomarker for trial stratification. A better measure, they argue, would be Tw Pdi or SNIP [26]. As Tw Pdi is considered more invasive and complex, SNIP therefore has better potential as a biomarker in clinical practice. This is supported by another study that investigated the ability of respiratory tests to predict the need for NIV over the following 3 month period and found significant reduction in SNIP values in patients going on to require NIV [27]. Although 3 months is not long enough for a stratification tool, it strengthens SNIP as a predictive tool. Lending further support to SNIP as a prognostic biomarker, an Italian research team concluded that SNIP measurements at baseline represent an excellent predictor for mortality or tracheostomy within 1 year of follow-up [28]. 
Sniff nasal testing confers an additional benefit in that it does not rely on the patient being able to form a tight mouth seal around a device, therefore making it better in patients with bulbar weakness [29]. It does not completely alleviate the problem however, as upper airway collapse and inability to completely close the mouth also affects SNIP readings to a degree [30]. Jenkins et al. also raise concern about using volitional measures for this reason. They concluded from a large prospective study that PNCS to measure diaphragmatic compound muscle action potential (CMAP) has merit as a biomarker as it correlates well with ALSFRS-R, SNIP and FVC, and, after a period of practitioner familiarity, it is as reliable as normal nerve conduction studies and no more difficult to execute [31].
In addition to LMN weakness affecting the respiratory muscles, hypotonic and weak upper airway muscles contribute to an obstructive picture, and there are central factors contributing to respiratory insufficiency with bulbar, motor and extra-motor pathways involved. Dysfunctional breathing due to abnormalities in these pathways leads to overnight hypoxia and hypercapnia [32]. Clinically, sleep studies are typically reserved for patients who are symptomatic or have fallen below a threshold on screening tests such as VC. They are more cumbersome for patients, and time and resource intensive, which reduces their utility as a biomarker. However, one longitudinal study demonstrated the prognostic value of assessing for obstructive sleep apnoea, with mean survival being shorter in patients with a higher apnoea/hypopnoea index. Interestingly SNIP correlated with this measure [33].
Screening tests for respiratory insufficiency are sensitive tools and each modality has its advantages and disadvantages. As a balance in relation to ease of technique, serial measurements, time and expertise needed, and predictive power, SNIP stands out as a biomarker that could help in defining prognosis as well as the potential for sensitivity to change from therapeutic interventions. The exception is patients with severe bulbar or cognitive dysfunction and in those patients an electrophysiological modality could be of benefit.

1.3.3. ALS-Functional Rating Scale
The ALSFRS-R is a validated scoring system used as a proxy for disease progression [34]. It consists of 12 questions divided into 3 domains – bulbar function, limb function and respiratory function – to reflect the possible areas of disability. As a discrete scale it is commonly used in clinical trials as a primary or secondary outcome measure and for correlation with biomarker analysis. It can be useful as a snapshot at diagnosis or clinical trial entry, but its true utility lies with longitudinal analysis; on average there is a drop of approximately 1-point per month [35]. As mentioned above, a biomarker that accurately reflects disease progression would have value in reducing trial duration and providing an element of objectivity over the subjective questionnaire. Another argument for using biomarkers over the ALSFRS-R is that by the time there is clinically evident decline there has probably been a substantial period of motor neuron loss.

[bookmark: _Toc10040144][bookmark: _Toc89083617]1.4. Cerebrospinal fluid (CSF) biomarkers
CSF is a useful biofluid for analysis due to the direct proximity with the brain and spinal cord. It is an ultrafiltrate of plasma, although there are CSF homeostatic mechanisms which, for example, maintain ion concentrations that are different to plasma concentrations [36].  Thus, protein levels in the CSF are considerably less compared to plasma, making analysis likely to be representative of central nervous system (CNS) activity.

[bookmark: _Toc10040145][bookmark: _Toc89083618]1.4.1. Neurofilament proteins 
The most promising CSF biomarkers identified to date are neurofilament proteins, a cytoskeletal component of neurons that have been shown to accumulate following axonal damage and degeneration and can be measured in CSF [37, 38]. Consisting of three subunits, the two of interest are phosphorylated neurofilament heavy chain (pNfH) and neurofilament light chain (NfL). A substantial body of evidence supports neurofilament levels as a diagnostic element [31, 39-42]. Both subunits have been validated in one multi-centre study as diagnostic biomarkers [41] and pNfH alone in another [43]. These studies address the standardisation needed by using carefully designed standard operating procedures (SOPs) for sample collection and processing, and checking consistency of neurofilament levels within patient samples and between centres. 
Additional marker utility is still to be validated, although many studies provide supporting evidence. The recent SOD1 antisense nucleotide trial measured both CSF and plasma NfL and pNfH and found a reduction in the levels of both biomarkers following treatment [44]. A longitudinal study comparing ALS patients with disease and healthy controls found higher NfL levels in ALS patients and higher levels were associated with worse prognosis [45]. Similar results were found in a large cohort study but, when analysing their longitudinal data, they found that only 67% of ALS patients had higher levels at subsequent time points, with some patients having decreasing values over time. This latter group had a higher baseline value suggesting that a plateau of CSF neurofilament levels is reached once the rate of neuronal death has peaked [46]. Another study found that NfL (particularly blood-derived) was fairly stable over time, providing a potential pharmacodynamic monitoring tool, and provided further support for CSF NfL as a prognostic marker for patient stratification [47]. The authors also found high correlation between serum and CSF NfL, useful as serial blood tests are easier to obtain than serial CSF samples. Furthermore, there is evidence that CSF NfL correlates with disease subtypes, with those with increased UMN burden [45] or more rapid rates of disease progression, independent of age, showing higher baseline levels [48]. 
Finally, a meta-analysis correlating pNfH with the revised ALS functional rating scale (ALSFRS-R) and disease duration demonstrated a significant negative association [49]. Further validation efforts would therefore be useful for prognostic, disease progression and pharmacodynamic purposes. As the leading biomarker, any new candidate will need to be closely aligned to neurofilament proteins in performance. 

[bookmark: _Toc10040146][bookmark: _Toc89083619]1.4.2. Tau 
The tau protein stabilises neuronal microtubules. Phosphorylated tangles, with tau as the major constituent, are seen in Alzheimer’s disease, and ALS when associated with TDP-FTD. Raised total-tau has been reported in the CSF of ALS patients [50, 51], but no difference was found in another study [52] and there was failure to replicate this quantification in a multi-centre, standardised collection analysis [43]. Additionally, with no studies of tau showing correlation with disease severity or progression, neurofilament is currently the better marker of neuroaxonal degeneration.

[bookmark: _Toc10040147][bookmark: _Toc89083620][bookmark: _Toc10040148]1.4.3. TAR DNA-binding protein (TDP-43) 
Neuronal and glial inclusions of TDP-43 have been implicated in the pathogenesis of sALS and the linked FTD [4] but not SOD1-ALS (superoxide dismutase-1 mutation) [53]. Subsequent studies have found elevated TDP-43 levels in the CSF of ALS patients compared to healthy and neurological controls with neurodegenerative or neuroinflammatory disease [54-56], and higher in levels in ALS than in FTD [57]. However, diagnostic accuracy was not demonstrated and a study by Feneberg et al. suggested that as serum concentrations are 200 times higher than CSF levels, as a biomarker, serum TDP-43 may be more appropriate and with pharmacodynamic utility [58]. There is little available evidence for use as a marker of disease progression or prognosis and longitudinal studies are needed.

[bookmark: _Toc89083621]1.4.4. Proteomics 
Another approach to identifying biomarkers is using liquid or gas chromatography (LC/GC) and mass spectrometry (MS) for proteomic analysis. An advantage is that it is an unbiased approach, yielding peaks for biochemical elements that may not have been previously recognised, and which may indicate a targetable, pathogenic pathway. Any protein identified must then be validated and the pathological pathway identified [59]. A review outlined the problem with such approaches if they are not standardised: individual studies may find hundreds of proteins that differ between patients and controls, but there is only partial overlap between studies and attempts at replication have tended to fail [60]. However, many proteins have been identified using these techniques and are currently undergoing further study. 
Using LC-MS, Collins et al. demonstrated that the CSF proteome can be used to identify biomarkers and is relatively stable over time [61]. In ALS, raised neurofilament, complement C3 and secretogranin I, and reduced cystatin C were amongst the top differentially expressed proteins identified. Additionally, using a machine learning approach, they identified and used four classifier proteins – WD repeat-containing protein 63, amyloid-like protein 1, SPARC-like protein 1, and cell adhesion molecule 3 – to differentiate between ALS, healthy controls and other neurological disease (with 83% sensitivity and 100% specificity).
A low level of cystatin C in the CSF of ALS patients is well recognised [62-64], although one study failed to find this difference [65]. In a multi-centre validation study, no difference between ALS patients and controls was seen [43] and there are conflicting data regarding the correlation with rate of disease progression [62, 63]. The level of cystatin C has however been shown to correlate with survival time in limb-onset ALS [63] which lends further weight to the argument for careful clinical phenotyping and the need for longitudinal studies.
Other biomarkers analysed in this six-centre analysis [43] were monocyte chemoattractant protein-1 (MCP-1), progranulin, amyloid precursor protein and S100B. Of these, none demonstrated consistent change and some yielded conflicting results across the centres.
Chitotriosidase (CHIT1) was identified using a proteomic approach and levels were found to be significantly higher in ALS patients compared to controls [66, 67].  A subsequent study using ELISA confirmed this and also found high expression in comparison to other neurodegenerative conditions, and that levels were correlated with progression rate and inversely correlated with disease duration [68]. Immunohistochemistry (IHC) was then performed on post-mortem CNS tissue from ALS patients demonstrating CHIT-positive activated microglia and macrophages in the corticospinal tracts. The authors therefore tentatively concluded that CHIT may have a role as a diagnostic and prognostic marker. This is supported by a LC-MS longitudinal study which demonstrated CHIT1 and other chitinases, CHI3L1 and CHI3L2, correlate with disease progression and with pNfH levels [69]. 
Levels of glutamate receptor 4 (GRIA4) expression in the CSF were found to be increased in ALS patients and to negatively correlate with disease severity, suggesting an early over-expression. This fits with glutamate excitotoxicity as a factor in neuronal damage and suggests that anti-glutamate therapy, like riluzole, may be more effective earlier in the disease course [67]. 

[bookmark: _Toc10040149][bookmark: _Toc89083622]1.4.5. Metabolomics 
Like proteomics, an unbiased search can be undertaken by performing LC/MS or proton-nuclear magnetic resonance (1H-NMR) on biofluids to identify metabolites that differ in quantity in ALS. One such 1H-NMR study demonstrated lower CSF levels of acetate and increased levels of pyruvate and ascorbate (an antioxidant and linked with glutamate-mediated excitotoxicity) when comparing the ALS group with non-neurodegenerative disease controls. Subsequent modelling using the 17 identified metabolites achieved a discrimination rate between ALS and controls of 81.6% [70]. A subsequent study from the same group increased the validity of CSF metabolomic 1H-NMR spectroscopy as a means to discriminate, by testing their metabolite model on a validation cohort, achieving a sensitivity of 78.9% and specificity of 76.5% [71]. 
Another mass spectrometry approach investigated the CSF lipid profile of ALS patients [72]. High lipid levels seem to confer survival benefit and, as the authors of this study explain, the brain composition is rich in lipids with many neuronal and systemic biological processes dependent on lipid homeostasis. They found that there was a distinct ALS lipidomic profile and, based on the baseline CSF analysis, they could provide a predictive model with 71% accuracy for disease progression, thus providing a potential diagnostic and prognostic biomarker.
The review by Blasco et al. describes in more detail the large number of metabolites discovered and also the inconsistencies across the body of reported research [73]. Longitudinal metabolomic studies with concomitant analysis of clinical data are scarcer, although one plasma analysis found that some metabolites did correlate with disease progression [74], and another demonstrated a distinctive plasma profile for patients with LMN disease, albeit only with a small sample size [75]. There is promise and further work with pre-analytical and analytical standard operating procedures (SOPs) is indicated.

[bookmark: _Toc10040150][bookmark: _Toc89083623]1.4.6. Oxidative stress biomarkers 
Oxidative stress is associated with ALS pathogenesis [76-78], and has potential for novel therapies, as supported by the Japanese and American FDA approval of the free radical scavenger edaravone in recent years. In health, superoxide dismutase 1 has an antioxidant role in converting superoxide free radicals into oxygen and hydrogen peroxide. SOD1-mutations are implicated in a proportion of sporadic and fALS cases through toxic gain of function [79]. Misfolded SOD1 can be measured in the CSF; it has been demonstrated that there is no significant difference between SOD1 ALS patients and non-SOD1 patients and between all ALS patients and neurological controls [80, 81] Its utility is as a pharmacodynamic biomarker, as levels are stable in individual patients over time [81] and antisense oligonucleotide (ASO) SOD1-lowering therapy is effective in rats [81]. A phase I/II clinical trial demonstrated that ASO-therapy had a similar effect of reducing SOD1 levels in humans [44], and a phase III trial is underway (NCT02623699). Furthermore, SOD1 ALS can be sub-classified based upon the specific mutation. This provides useful prognostic information for trial design: for example, SOD1 A4V missense, the most common SOD1 disease-causing mutation in the United States, has a significantly worse prognosis compared to other mutations [82].
Other oxidative biomarkers that have been identified as raised in ALS patients are 8-oxodeoxyguanosine and 15-F(2t)-isoprostane in urine [83], 8-hydroxy-2′-deoxyguanosine (8OH2′dG) and 3-nitrotyrosine in CSF [84, 85], and 4-hydroxy-2,3-nonenal in serum and CSF [86]. However, none are as yet validated for use in clinical trials. 
3-nitrotyrosine is a measure of nitrosative stress. Peroxynitrite, a potent nitrating agent, is formed following the reaction of superoxide and nitric oxide and causes post-translational modification of protein-bound tyrosine-residues. It has previously been measured as significantly higher in the CSF from MND patients [87]. However, a broad range of concentrations has been found across the literature, explained by a wide variety of methodologies employed [88]. Furthermore, mass spectrometry (GC or LC-MS/MS) is the gold-standard analytical technique, which, whilst a powerful tool, is not as useful for a high-throughput clinical test in an NHS laboratory. As such, development of an ELISA and confirmation of concentration differences between patients and controls is an attractive translational goal.
The nuclear erythroid 2-related factor 2-antioxidant response element (Nrf2-ARE) is an important signalling pathway, shown to reduce oxidative stress and inflammation [89]. By measuring markers of oxidative stress, it can be shown that novel therapeutics are having the desired preclinical and clinical effect on this pathway. For example, compound screening identified S[+]-apomorphine as an in-vivo inducer of Nrf2 in an ALS mouse model by measuring Nrf2 target genes, and as an attenuator of oxidative stress in patient fibroblasts [90]. This therefore supports further exploration of Nrf2 activators, like S[+]-apomorphine, with measurable pharmacodynamic biomarkers.
Upregulated by Nrf2 activation, glutathione is another useful marker of oxidative stress, as it acts as a buffer for reactive oxygen species. Reduced serum levels have been shown when comparing ALS patients and controls [91]. Measurable by in-vivo 1H-MRS, this and other metabolites contribute to a burgeoning imaging biomarker field.
As a more general measure of the oxidative system, one study showed that ALS patients had reduced antioxidant capacity with increased advanced oxidation protein products, although interestingly bulbar-onset patients had a protein composition similar to controls [92].  Another study demonstrated a higher CSF oxidation-reduction potential (ORP) in ALS patients, and a negative correlation with ALSFRS-R in spinal-onset patients, leading the authors to conclude that it may be a marker of disease progression [93]. However, their case-control groups were ALS and non-neurodegenerative neurological controls and a more varied control group encompassing all neurological disease may lend further weight to their preliminary findings. 

[bookmark: _Toc10040151][bookmark: _Toc89083624]1.4.7. Biomarkers of neuroinflammation 
As well as measurable changes in antioxidants, immune and inflammatory mediators have a complex role in the pathophysiology of ALS. Whilst initial activation of microglia and astrocytes may be neuroprotective, a state of chronic activation tips the balance towards neurotoxicity, with up- and down-regulation of a wide variety of humoral and cellular factors [94]. Mitchell et al. performed a multiplex ELISA to identify potential biomarker candidates in the CSF of ALS patients. They reported that the 5 cytokines with the greatest difference between ALS and controls were IL-10, IL-6, GM-CSF, IL-2, and IL-15 and, when combined, gave a differentiation accuracy of 89% [95]. Other differentiating factors that have been identified are CHIT-1 and C3, as discussed earlier, IL-17, bFGF, VEGF, MIP-1b, MIP-1α, MCP-1β and IFN-γ [96], and follistatin, IL-1α, and kallikrein-5 [97].
Prediction of disease duration has also been proposed through multiplex analysis and immunoassays, with IL-9, IL-5 and IL-12 proving negative predictors and MIP-1β and G-CSF positive predictors [98]. IFN-y has been shown to correlate with disease progression [96, 99], and bFGF, VEGF, and MIP-1α have been shown to correlate with longer disease duration [96] further demonstrating the homeostatic attempt of the immune system. 
In an attempt to reconcile the inconsistencies in the literature Chen et al. performed a meta-analysis on CSF cytokine profiling [100]. They found G-CSF, IL-2, IL-15, IL-17, MCP-1, MIP-1α, TNF-α, and VEGF to be consistently increased in ALS patients. This immune profiling provides promise for sub-typing ALS patients and combining identification of pathophysiological factors with discovery of potential therapeutic targets.

[bookmark: _Toc10040152][bookmark: _Toc89083625]1.4.8. C9ORF72 
The hexanucleotide repeat expansion associated with C9ORF72 disease causes accumulation of RNA foci and undergoes non-ATG (RAN) translation, forming C9RAN dipeptide repeat proteins (DPR). Toxicity is thought to be in part due to sequestration of RNA binding proteins [101]. Like misfolded SOD1 protein, these DPRs are measurable in CSF [102]. A cross-sectional study showed that one of these, poly(GP), is detectable in the CSF of C9ORF72 ALS and FTD patients but not controls, and that levels are increased in patients pre-clinically [103]. This concept was further explored longitudinally to show that DPR levels are stable over time, supporting their use as a pharmacodynamic biomarker [104]. This latter study also demonstrated that poly(GP) levels are reduced with the use of ASOs in c9ORF72 cell and mouse models. This provides promising proof-of-concept that a targeted approach to these RNA repeats can mitigate an important pathological process in this disease subtype; especially important for asymptomatic carriers. Indeed, a clinical trial is in progress using anti-sense oligonucleotides to lower DPRs in human ALS patients with C9ORF72 mutations (NCT04288856).

[bookmark: _Toc10040153][bookmark: _Toc89083626]1.4.9. MicroRNAs (miRNAs) 
Short, non-coding RNAs regulate gene expression by binding to mRNA, thereby reducing translation and promoting mRNA degradation. Specific miRNAs have been associated with neuronal cell identity, synaptic function and glial regulation, and neuroinflammation in ALS [105]. Interestingly, miRNA biogenesis is linked to TDP-43 which, as described above, is a pathological hallmark of ALS. TDP-43 binding miRNAs are dysregulated in the CSF and serum of sALS patients [106]. Several studies have demonstrated other specific miRNA changes in ALS CSF. For example, upregulation of miR-338-3p [107], and miR181a-5p and downregulation of miR21-5p and miR15b-5p [108]. This latter study demonstrated a sensitivity of 90% and specificity of 87% when miRNA ratios were used to differentiate between ALS and healthy controls. Early potential for prognostic or pharmacodynamic biomarker properties can be seen in a murine model which identified CSF miR-218 as correlating with motor-neuron loss and responsiveness to therapy.
Due to discrepancy between methods and the specific miRNAs identified, further validation efforts are required; a recent study attempted to do this through optimising RNA extraction and small RNA sequencing [105]. Similarly, studying larger, longitudinal cohorts, will hopefully allow correlation of potential miRNA biomarkers with clinical phenotype.
As mentioned above, identification of SOD1 and C9orf72 mutations is used for ASO trial enrolment, and the respective protein levels as pharmacodynamic biomarkers. In terms of prognosis, certain mutations have been found to infer a different disease course. As examples, C9orf72 carriers have a higher incidence of fronto-temporal dementia, the specific A4V SOD1 mutation carries a poor prognosis [109], and certain UNC13A single nucleotide variants have been associated with shorter survival and others with longer survival [110]. However, data are conflicting, and the clinical significance of most mutations is unclear, lending support to larger phenotype-genotype studies. These should be systematic, including patients with seemingly sporadic disease, to accurately reflect the burden of genetic mutation in the population. The Project Mine Project (www.projectmine.com) and recent review of Al Chalabi et al give a  comprehensive account of the topic [111].    

[bookmark: _Toc89083627]1.5. Blood biomarkers
Blood based biomarkers are a useful medium between central and peripheral damage in ALS. While some markers show a correlation with CSF markers, as transfer occurs between CSF and blood, other candidate markers arise from peripheral effects of ALS such as muscle denervation. 

[bookmark: _Toc89083628]1.5.1. C9ORF72, SOD1 and TDP-43 
As introduced above, downstream protein readouts linked to genetic mutations have been explored recently in response to current and planned clinical trials specific to SOD1 and C9ORF72 mutations. Although most studies have primary outcomes in CSF [103, 112, 113], SOD1 was reduced in leukocytes [114] but not erythrocytes [113, 114] in response to pyrimethamine treatment in SOD1 positive disease, and poly(GP) repeats were detected in peripheral blood mononuclear cell lysates in C9ORF72 positive disease, although levels were not compared to those in CSF [112]. 
In addition to mutation-specific disease, proteins linked to genetic mutations have been studied more broadly in sALS. For example, overall SOD1 levels are reported to be increased in leukocytes [115]. The story for TDP-43 remains unclear; it is mislocalised to cytoplasmic fractions of circulating PBMCs in ALS cases [116], and although total TDP-43 level did not discriminate from controls in these cells [116, 117], increasing levels correlated with disease burden longitudinally [117]. In plasma, total TDP-43 is increased in ALS, but longitudinal changes were variable between subjects [118], and in serum, TDP-43 levels were unchanged between disease states, with authors suggesting CSF TDP-43 is blood derived and not useful for ALS diagnosis [58]. 

[bookmark: _Toc89083629]1.5.2. DNA methylation 
DNA methylation, as a readout of epigenetic influence, has gained interest in the last decade. Issues surround DNA methylation levels being influenced by variability between cell types and by immune factors, thus confounding methylation as a specific marker for disease phenotype [119]. However, increased methylation of different components has been reported widely in ALS. Increased global DNA methylation has been detected in ALS blood in some studies [120, 121], but not in a smaller study of two SOD1 and two TARDBP carriers [122]. In C9ORF72 linked disease, C9ORF72 itself [123, 124] or its promoter [125, 126] are hypermethylated, with C9ORF72 hypermethylation showing correlation with G4C2 repeat size [124, 126] and promoter hypermethylation linked to reduced RNA foci and dipeptide repeat protein aggregates in the brain [127]. Additionally, an increase in DNA methylation age was associated with disease duration in C9ORF72 linked disease, with every 5-year increase in DNA methylation age correlating to age of onset 3.2 years earlier, and shorter disease length of 1.5 years. This finding fits with sporadic disease, where increased DNA methylation age was detected in four of five ALS-diagnosed monozygotic twins. In this study, although methylation patterns were most similar between twins, the changes in common across all with ALS implicated glutamate metabolism and the Golgi apparatus [128]. Similarly in SOD1-linked disease, those with not-fully penetrant SOD1 mutations showed increased DNA methylation in comparison to asymptomatic/pauci-symptomatic individuals, and levels showed a positive correlation with disease duration [121]. 

[bookmark: _Toc89083630]1.5.3. Neurofilament proteins 
NfL levels in serum and CSF have been shown to be highly correlated [47]. Blood NfL levels were shown to be significantly higher in ALS patients compared to healthy controls, and a high initial NfL level was a strong independent predictor of survival. However, levels remain steady over time [47] with high levels in early and later stage disease showing no correlation to El Escorial diagnostic categories [129]. Hence, NfL appears to have utility as a diagnostic and prognostic marker, rather than a marker of disease progression. 
pNfH has also been studied in blood and correlates with CSF levels [130, 131]. In a meta-analysis of two papers, the blood concentration of pNfH was non-significantly higher in ALS [49]. One study showed an association between higher plasma pNfH concentrations and a faster disease progression, but this was only significant at four months of follow-up [132]. Similarly, higher plasma and serum pNfH was associated with increased mortality over the 12-month follow-up period. The reliability of these results is limited by the small sample size and short follow-up period. A longitudinal study did not show a predictable trajectory of plasma pNfH over time: levels increased, decreased, or remained steady as disease progressed [47]. While a subgroup with fast progressing disease tended to start with higher pNfH levels which decreased over time, the rate of change could not be used to predict disease progression. Another study showed a tendency for pNfH levels to rise and then fall, but there was substantial variability between subjects [133]. 

[bookmark: _Toc89083631]1.5.4. Inflammatory markers 
Various blood markers of immune activity have been studied. One study measured levels of multiple different immune cells and surface markers in order to generate immune phenotypes for familial and sporadic ALS patients[134]. They found that ALS patients had increased immune activity and could be grouped into two distinct immune profiles. Profile 1 patients were reasonably similar to healthy volunteers, but Profile 2 patients had elevated levels of total leukocytes and mononuclear cells, as well as CD3+, CD4+, CD8+, CD4+CD28+, CD3+CD56+ T-cells, and CD8+CD45RA+ Naïve T cells. Profile 2 was associated with younger age, familial ALS, and significantly increased survival (a median of 344 weeks, vs 184 weeks for Profile 1). Within profiles, different leukocyte phenotypes were found to influence survival; for example, Profile 1 patients with higher levels of PD-1+ CD4 T cells survived longer, whereas Profile 2 patients with more CD3+CD56+ T cells survived longer, but neither association held true in the other group. It is unclear whether the altered immune profile in ALS is related to the pathophysiology of the disease or a response to disease activity. There was no longitudinal sampling in this study, so it is unclear how the profiles may change over time, but this study shows they are likely useful for prognosis. Another study found that levels of leukocytes, monocytes and NK (natural killer) cells were increased in ALS patients, and that they increased over time. An increase in total leukocytes and neutrophils, and a decrease in CD4 T cells, were correlated with a decrease in ALSFRS-R [135]. 
T-regulatory cells (Treg) represent a promising biomarker candidate and a possible therapeutic target. These cells suppress various components of the immune response, including cytokine production and T lymphocyte proliferation. One study found that levels of CD4+CD25High Tregs were reduced in patients with MND, and that the number of Tregs was inversely correlated with rate of disease progression [136]. Another study found that the Tregs from ALS patients had reduced ability to suppress activity of T responder lymphocytes, and that Treg dysfunction was correlated with the rate of disease progression [137]. These results support the use of Tregs as a prognostic biomarker. In the latter study, disease burden as measured by the Appel ALS score (AALS) at the time of venepuncture was correlated with Treg dysfunction, which implies a decrease in function over time. However, a longitudinal study is needed to confirm this. 
Blood levels of cytokines have been studied widely, including tumour necrosis factor-α (TNF-α) [138-140] interleukin-1β (IL-1β), IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, and IL-13 which were reported to be increased, while interferon–γ (IFN-γ) was decreased in ALS patients in cross-sectional studies. However, cytokine levels did not change over the course of disease [138]. In serum, IL-1β [91], IL-6 [91, 96, 141] IL-8 [91, 141], and IFN-γ [96, 99, 142] are also reported to be increased, whereas serum IL-5 levels are decreased. Serum IL-2 and IL-10 results have been less conclusive [91, 96]. A recent meta-analysis [143] combining serum and plasma measurements from 25 studies found TNF-α, TNF-receptor 1, IL-6, IL-1β, IL-8 and VEGF were significantly elevated in ALS, but of note is that results for IL-1β, IL-6 and VEGF may have been skewed by one study. Products of complement activation are also increased in ALS patient blood samples; specifically C3b-alpha-chain in serum [144], and C5a [145, 146] and C5b-9 [146] in plasma, along with a wide range of complement factors in another plasma study [145]. 
Other inflammatory markers have shown varying results, such as C reactive protein (CRP), which showed no differences in plasma [147] or whole blood [72] at baseline. In serum, CRP was increased in ALS and did not associate with ALS risk or survival in one study [148], but correlated with ALSFRS-R and survival in another [149]. Similarly, chitotriosidase, expressed by active tissue macrophages, was increased in dried blood spots of ALS patients compared to healthy individuals, and was higher in those with rapidly progressing disease [150]. However, Steinacker and colleagues [68] found no change in chitotriosidase serum levels in ALS compared to controls in the same study in which CSF levels correlated with disease progression and severity. 

[bookmark: _Toc89083632]1.5.5. Muscle denervation biomarkers 
Lower serum creatinine in ALS has been reported, and although some studies have found levels differing by onset site [151] or gender [152] the majority link levels to prognosis [151-155]. A recent analysis of trial data from over 1200 people with ALS found strong longitudinal correlations between serum creatinine and ALSFRS-R score, muscle strength, and overall mortality, indicating that using serum creatinine in trials over 18 months in length would allow a reduction in sample size by 21.5% [156]. Lending further support to this pathway as a useful biomarker of muscle denervation, serum creatine kinase (CK) is increased in plasma [147], and serum [155, 157] and correlates with survival in some studies [155, 157]. This discrepancy may be attributed to differing rates of disease progression. Modelling of the PRO-ACT database showed those with slow disease progression had stable or slowly declining creatine kinase, whereas people with rapidly declining disease had quickly declining levels. Indeed, along with decreases in weight, alkaline phosphatase, and albumin, creatine kinase decline was able to predict slow versus fast disease progression [158]. 

[bookmark: _Toc89083633]1.5.6. microRNA (miRNA) 
Whole blood [107, 159], serum [160-164], and plasma [165, 166] sourced microRNAs have been studied as possible biomarkers, due to their role in regulating gene expression. In whole blood, six downregulated miRNAs and one upregulated miRNA were identified [159] and a later study confirmed upregulation of miR-338-3p in leukocytes and serum (as well as in CSF and spinal cord) [107]. A plasma-based study [166] found increased levels of hsa-miR-4649-5p and decreased levels of hsa-miR-4299 in ALS patients versus controls, but found no significant trend over time. Similarly, a second plasma study identified steady upregulation of two different miRNAs longitudinally [165], one of which, miR-206, is also increased in serum [163]. 
Serum miR-206 was also increased in a study which reported an increase in miR-143-3p and decrease in miR-374b-5p compared to controls [164]. Additionally, this longitudinal study reported that miR-206 levels remained steady, while miR-143-3p levels increased and miR-374b-5p levels decreased over time, and that riluzole had no effect on miRNA levels. Further studies identified different panels of miRNAs differentially expressed in ALS serum compared to controls [160, 162] and also to neurological disease controls [162], noting longitudinal changes in separate sets of miRNAs [162] and higher variability across sporadic disease [160] compared to familial cases. Interestingly, one study identified 30 downregulated miRNAs in ALS, 22 of which were also downregulated in pre-symptomatic ALS mutation carriers, with some showing a greater degree of downregulation after disease onset [161]. MicroRNAs seem to have promise as biomarkers, but there is a lack of overlap in microRNAs identified across different study groups, and to date, little longitudinal evidence reported. 

[bookmark: _Toc89083634]1.5.7. Metabolic biomarkers 
Markers of carbohydrate and lipid metabolism have been studied extensively, with contradictory results (reviewed in [167]) although dysregulation of these processes is clear. A large 20-year study in Sweden showed lower levels of serum glucose and higher levels of low-density lipoprotein cholesterol (LDL-C), apolipoprotein B (apoB), and apoB/apoA-I ratio during the 20 years before diagnosis, and increasing levels of LDL-C, high-density lipoprotein cholesterol (HDL-C), apoB and apoA-I in the 10 years before diagnosis, in 623 ALS patients. As such, an increased risk of ALS was observed with increasing serum LDL-C, apoB, and apoB/apoA-I ratio, and high LDL-C/HDL-C and high apoB/apoA-I ratios, whereas high serum glucose was associated with lower ALS incidence [167]. 
A decrease in glutamine [168], and an increase in its metabolite glutamate [169], the principal excitatory neurotransmitter in the CNS, have been identified in ALS plasma, with increased glutamate levels seen in males, those with spinal onset, and correlation with longer disease duration [170]. Interestingly, Riluzole treatment had no effect on plasma glutamate [171] but decreased serum glutamate in another study [172] suggesting usefulness of this measure in response to therapies in serum. 
A large study of 638 ALS patients showed the utility of serum albumin at diagnosis as a biomarker of survival, with levels decreased in ALS, better survival seen with increasing levels, and that albumin levels correlated with markers of inflammatory state [152]. A more recent study of 42 ALS patients and 18 healthy controls also showed a decrease in plasma derived serum albumin in ALS regardless of cognitive impairment, but could not detect disease severity or survival time using albumin at one time-point alone [145]. Most convincingly, longitudinal modelling of ALS from the PRO-ACT database [158] showed that albumin decline, was one of four factors able to predict disease progression rate. 

[bookmark: _Toc89083635]1.5.8. Proteomics 
While many groups have performed mass spectrometry analyses in blood [117, 169, 173-176], there is not often an overlap in the specific proteins identified and those identified require validation. However, pathways known to be dysregulated in ALS are implicated. For example, the largest study of 172 ALS patients and 50 healthy controls [169] identified a panel of 32 differentially expressed proteins, showing dysregulation of carbohydrate and lipid metabolism, mitochondrial function, and creatinine. A recent study in 42 ALS patients and 18 healthy controls showed downregulation of lipid/cholesterol, and coagulation pathways, inhibition of NO and ROS production in macrophages, and increases in acute phase response and the complement system [145]. 

[bookmark: _Toc89083636]1.5.9. Oxidative stress biomarkers 
An increase in ferritin, suggesting iron dysregulation which promotes oxidative stress, is present in plasma [147] and serum of ALS patients [98, 151, 177], with higher levels associated with poorer survival in some studies [138, 151, 177], but not all [98]. 
While excess uric acid is harmful, it is also a powerful antioxidant and so could be useful to combat the oxidative stress seen in ALS. In cross sectional studies, serum levels are decreased in comparison to healthy controls [178-181]. Higher serum uric acid levels correlated with a moderately decreased risk of the future development of ALS [182], but its link to increased survival is less clear, showing positive results in one study [179], only for men [183], or not at all [180]. However, a recent study of the PRO-ACT database including 1,736 ALS cases showed an 11% reduction in risk of death for every 1mg/dl increase in serum uric acid [184]. Uric acid levels have also shown promise in plasma, identifying ALS from neurological disease mimics with high sensitivity as part of a 32 metabolic panel biomarker set although levels were no different between groups alone [169].

[bookmark: _Toc89083637]1.6. A review of new developments
As a result of an active research field, following the completion of the above work a number of additional important and interesting studies had been published. This section includes work from a review that I wrote in the final year of my PhD to reflect these papers [185]. I received guidance and editorial oversight from my co-author and primary supervisor, Professor Shaw. It is reprinted here, with the permission of the journal. 

[bookmark: _Toc89083638]1.6.1. RNA
A substantial amount of recent work has explored circulating micro-RNAs (miRNAs), circular RNAs (circRNAs) and messenger RNAs (mRNAs) [186]. Extracellular vesicles (ECVs) are released as a means of intercellular communication. They cross the blood–brain barrier and so have garnered interest as a non-invasive source of central nervous system (CNS) biomarkers. Saucier et al. isolated plasma ECVs and used next-generation sequencing (NGS) to derive 27 miRNAs differentially expressed in amyotrophic lateral sclerosis (ALS). MiR193a-5p was found to discriminate between high and low ALSFRS-R scores. Likely target pathways were identified and this included the nuclear factor (erythroid- derived 2)-like 2 (Nrf2) antioxidant pathway [187]. A second study enriched plasma ECVs for those that were neuronally derived and identified 30 miRNAs using microarray. A comparable alteration was found in primary motor cortex (PMC) tissue. Gene ontology analysis revealed the likely target genes are involved in synaptic vesicle and neurotransmitter secretion [188]. Otake et al. analysed cerebrospinal fluid (CSF) exosomal mRNA using NGS, a first for this type of methodology. Gene ontology analysis demonstrated mechanisms that were enriched in ALS, namely the ubiquitin proteasome pathway, oxidative stress response, and unfolded protein response [189]. Leukocyte microarray analysis revealed a circRNA profile and the best discriminators, with biological plausibility, were then validated with qPCR. Seven of these were discriminatory and two correlated with clinical measures [190].

[bookmark: _Toc89083639]1.6.2. Biomarkers in genetic subtypes of ALS 
The C9orf72 mutation causes an intronic hexanucleotide repeat expansion, which is transcribed and undergoes non-ATG translation. The resulting dipeptide repeat proteins aggregate and are toxic to cells. The antisense oligonucleotide (ASO) trials in C9orf72-ALS (C9ALS) and SOD1-ALS are novel therapeutic approaches. To inform trial design, the study team prospectively recruited and analysed clinical and biological data from 116 C9ALS and 12 asymptomatic carriers. In agreement with previous findings, they found that CSF poly(GP) did not correlate with progression rate. It also negatively correlated with DNA expansion size [191]. The value of poly(GP) remains as a pharmacodynamic marker, as levels seem to be stable over time and a reduction can be seen with ASO treatment in cell and mouse models [112].
Gertsman et al. demonstrated that a SOD1 peptide can reliably be detected in human CSF. Levels correlated with the mutation-specific stability of the full protein. They administered SOD1 ASO in rat models and observed a decrease in CSF levels [192]. Given the challenges of measuring misfolded SOD1, this may prove a promising surrogate. SOD1 is present in plasma-derived ECVs, both in the exosome subset and the microvesicle subset [193]. This is important as a potential mechanism of disease propagation and for consideration in ASO treatment design.
TDP-43 aggregates are found in nearly all ALS patients. Mislocalisation also occurs outside of the CNS, and platelet TDP-43 levels have been found to be higher in patients with ALS [194]. Measuring CSF TDP-43 together with neurofilaments may improve the diagnostic utility of neurofilament levels [195].

[bookmark: _Toc89083640]1.6.3. Neurofilament proteins
Neurofilament levels have great potential to become a validated biomarker in ALS, as summarised in the review by Gagliardi et al. [196]. There is utility in diagnosis [197-201], prognosis [198-200, 202-204] and pharmacodynamic monitoring [198, 202]. Neurofilament light (NfL) levels tend to be strongly correlated in CSF and serum [197] allowing for a less-invasive blood sampling method. Using a molecular biomarker of disease progression in trials improves objectivity and it has been suggested that baseline serum NfL may facilitate a reduction in sample size [202]. Finally, neurofilament exploration in asymptomatic gene carriers has consistently shown that there is unlikely to be a prolonged pre-symptomatic phase of neuronal injury in ALS [205].

[bookmark: _Toc89083641]1.6.4. Oxidative stress and neuroinflammation
Reactive oxygen and nitrogen species play important roles in the immune response and cell signalling. An excess of reactive species or a reduction in antioxidant capacity can cause DNA and RNA modification, lipid peroxidation, and oxidisation and nitration of amino acids. ALS-COSMOS, a multicentre, longitudinal study, found fasting plasma uric acid (PUA) inversely correlated with disease duration [206]. PUA has a direct role as an antioxidant and an indirect role in glutathione activity. They also found urinary 8-oxo-deoxyguanosine (8-oxodG) and 15-F2t-isoprostane (IsoP) to modestly increase over time. Baseline 8-oxodG negatively correlated with ALSFRS-R. Baseline IsoP negatively correlated with ALSFRS-R at the last visit. Another large-scale study recently published the findings from their 20-year cohort study, in which they also measured PUA. They found no association with the development of ALS [207].
There has been recent interest in interleukin (IL)-6, which functions as a pro-inflammatory cytokine and anti-inflammatory myokine. Levels were found to be raised in paired ALS CSF and plasma [208], and raised and correlated with disease progression in astrocyte-derived exosomes [209]. They have also been found not to be higher and inversely correlated with phrenic nerve compound muscle action potential (CMAP) [210]. Researchers also demonstrated that CSF levels were only increased in patients with the IL-6 receptor C allele, suggesting a means of patient stratification in IL-6 receptor antagonist trials [208].
Combining quantification with other characterisation data, such as genotype, can reveal associations that are lost in the whole cohort, emphasising the need to stratify patients. Olesen et al. found that plasma TNF-a, IL-10 and TRAIL were negatively correlated with survival in patients without a C9orf72 or SOD1 mutation. Plasma IL-1b was associated with survival in C9ALS and CSF TRAIL was negatively associated in SOD1ALS [211].
Another method of investigating the inflammatory milieu is by assessing T-cell subtypes. One such study found pro-inflammatory T-helper (Th)17 cells and Th1 cells upregulated in blood, and the anti-inflammatory Th2 and regulatory T cells (Treg) were downregulated. Concordantly, levels of pro-inflammatory IL-1b, IL-6 and IFN-γ were elevated, and anti-inflammatory IL-10 was reduced. Th1 and Th17 levels also correlated with disease severity [212]. This lends further biological plausibility to the ongoing clinical trials investigating low-dose IL-2 (NCT03039673) and Tecfidera (dimethyl fumarate) (ACTRN12618000534280) as treatments to ameliorate the pro-inflammatory cascade and increase Treg levels.

[bookmark: _Toc89083642]1.6.5. Metabolism
Substantial weight loss can occur before the onset of weakness and is a predictor of poor survival in ALS. It has, therefore, been hypothesised that metabolic regulation plays an important role in the disease. Ingre et al. measured the lipid profile of patients at diagnosis. Survival analysis demonstrated a beneficial prognostic effect in the range of 6–12 months for total cholesterol, LDL-cholesterol, apolipoprotein B, increased LDL-cholesterol/HDL-cholesterol and increased apolipoprotein-B/apolipoprotein-AI. This was the first time that apolipoprotein-B and apolipoprotein-AI levels have been explored [213].  Loss of fat-free mass has been shown to correlate with a reduction in LDL-cholesterol (and an increase in ferritin). These markers could be used as surrogates for nutritional status [214].
A meta-analysis suggested plasma creatinine (PCr) as a promising biomarker [215]. ALS-COSMOS measured this in fasting samples and found baseline levels predicted survival and correlated with ALSFRS-R at both baseline and last visit. The authors suggest that plasma and urinary creatinine reflect both a state of muscle health as well as a wider set of metabolic processes [206].
Iron metabolism may have a pivotal role in ALS, both in conjunction with, and independently of oxidative stress [216]. A longitudinal study measured plasma ferritin, transferrin and hepcidin, from the large dataset generated from the MITOTARGET trial (NCT00868166). Ferritin was a significant predictor of progression. Other significant biomarkers were NfL, 4-hydroxynonenal and 8-oxodG [204]. Serum ferritin was also raised in a Chinese ALS population and higher levels were associated with poorer survival [217].

[bookmark: _Toc89083643]1.6.6. Chitinase
Non-neuronal cells have been implicated in ALS pathophysiology, and activated microglia and astrocytes cause chitinase expression. Thompson et al. demonstrated that chitotriosidase-1 (CHIT1) and chitinase-3-like protein 2 (CHI3L2/YKL39) could discriminate from mimics but their diagnostic performance was weaker than neurofilament. CHIT1 and CHI3L2 correlated with rate of progression, and CHIT1 correlated with survival when incorporated into a multivariate model [218]. Gille et al. [219] found CHIT1 and chitinase-3-like protein 1 (CHI3L1/YKL40) to poorly discriminate and weakly correlate with disease progression; CHI3L1 was independently associated with survival. A longitudinal study showed CHIT1 and CHI3L1 to be associated with progression rate and, consistent with previous findings, levels were constant over time [220]. These proteins are promising prognostic and pharmacodynamic biomarkers.

[bookmark: _Toc89083644]1.6.7. Tau and amyloid β
There have been previous explorations of total tau (tTau), phosphorylated tau (pTau) and amyloid β (Aβ) levels in ALS, albeit with contradictory results. Lanznaster et al. [221] measured CSF tTau, pTau and Ab1–42 in a larger cohort than previous studies and demonstrated a role for these analytes as diagnostic and prognostic biomarkers. Whilst this does provide pathophysiological information, there is overlap between tau and neurofilament, with an increase in both seen with neuronal degeneration. Another study to look at tTau included discovery and validation cohorts, but with smaller participant numbers. CSF tTau was higher in patients but only when both sets of cohort data were combined. By measuring NfL in the same samples, the authors found it to be the superior biomarker [195]. Finally, a proteomic study found no difference in CSF levels between patients and controls [205].

[bookmark: _Toc89083645]1.6.8. Proteomics
Proteomic approaches allow for an unbiased exploration of biosamples. This has the potential to implicate novel proteins and pathways for further validation, as was the case for CHIT1 discovery. For a discussion on the advances and limitations, readers are directed to the review by Hedl et al. [222].
Hayashi et al. analysed CSF-derived exosomes and found 14 proteins differentially expressed in ALS, with novel INHAT repressor (NIR) being the most upregulated. Immunohistochemical analysis of anterior horn cells showed a corresponding reduction in NIR, a protein involved in nucleolar stress [223].  Oeckl et al. report four novel proteins that were upregulated in CSF of patients: ubiquitin C-terminal hydrolase-L1 (UCHL1); microtubule-associated protein 2; capping actin protein, gelsolin- like (CAPG); and glycoprotein nonmetastatic melanoma protein B (GPNMB). CAPG and GPNMB were also increased in spinal cord tissue. Transcriptional pathways were most affected [205]. An additional study also found CSF UCHL1 and GPNMB to be associated with a poorer outcome [224]. Leoni et al. used two complementary workflows: peripheral blood mononuclear cells and brain-tissue enhanced plasma. As well as confirming known biomarkers, they proposed myosin-9, fructose bisphosphate aldolase and plectin as new candidates, as well as highlighting several perturbed pathways. Their approach is to be commended for attempting to overcome the low concentration of biomarkers that is commonly a limiting factor in CNS exploration [225].

[bookmark: _Toc89083646]1.6.9. Imaging
MRI is integral to neurological biomarker exploration and its utility is extended by combining sequences, new protocol development, machine learning and by pairing with PET and proton spectroscopy.
Klickovic et al. demonstrated lower limb hyperintensities on MRI assessment of skeletal muscle. This is caused by oedema, which itself is secondary to denervation. Intuitively, imaging-derived functional muscle scores correlated with the ALSFRS-R leg domain, suggesting value as a progression marker [226]. van der Burgh et al. [227] combined sequences of the cervical cord to compute cross-sectional areas and concluded that atrophy is a sensitive diagnostic and prognostic tool. Combining volumetrics with relatively new protocols – diffusion kurtosis and quantitative susceptibility mapping (QSM) – provides a marker with early diagnostic potential and insight into brain microstructure [228]. Bede et al. combined structural data with a segmentation algorithm to better categorise brainstem atrophy. They found marked loss of volume of the medulla and moderate pontine loss in both primary lateral sclerosis (PLS) and ALS [229].
Recognising upper and lower motor neuron (UMN/LMN) involvement is important for diagnosis and prognostication. Diffusion tensor imaging (DTI) has been used to demonstrate corticospinal tract (CST) involvement and correlation with clinical measures [230].  Sako et al. [231] used deterministic tractography, an extension of DTI, to show CST track number decreases and correlation with severity.  Contarino et al. used QSM to specifically assess the PMCs in relation to UMN function. Increased susceptibility skewness showed promise and their protocol was automated to reduce potential bias [232].  Ultrasound-determined measures of the median nerve and abductor pollicis brevis have been suggested as evidence of LMN involvement [233]. Ultrasound has been shown to have inter-rater and intra-rater reliability when measuring longitudinal muscle loss and represents a potential marker of progression [234]. When combined with MRI, tongue ultrasound predicted bulbar progression, and interestingly, overall motor function [235].
PET advances include radioligand development and creative use of well-established protocols. De Vocht et al. used [18F]FDG-PET/MRI to demonstrate changes in glucose metabolism in pre-symptomatic C9-carriers across various brain regions. Furthermore, only a small proportion of participants had elevated neurofilament levels, suggesting this may be a sensitive measure of disease onset [235]. Longitudinal studies would be useful to establish the prognostic and pharmacodynamic value. Histone deacetylase (HDAC) is linked with epigenetic processes, both of which have been shown to be dysregulated in ALS. Using a novel HDAC-radioligand, Dios et al. [236] were unable to validate these findings in vivo. To determine in-vivo oxidative stress, Ikawa et al. [237] measured 62Cu–ATSM mitochondrial uptake, and found it localised to both PMCs and correlated with disease severity. Neuroinflammation can be measured through expression levels of translocator protein (TSPO) on activated glia. Van Weehaeghe and colleagues analysed uptake data from two TSPO radioligands and preferential uptake was seen in both PMCs. They concluded that data from both tracers could be pooled; an important step for increasing the power of multicentre trials [238].
Proton magnetic resonance spectroscopy (1HMRS) combines metabolic measurements with MRI. For a summary of recent articles [239-241] and implicated brain regions and metabolites see Table 1. 
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[bookmark: _Toc89083647]1.6.10. Electrophysiology
Advances in electroencephalography (EEG) have improved the spatial resolution and signal-to-noise ratio. Using 128-channel EEG and multiple localisation methods, McMackin et al. [242] demonstrated mismatch negativity at various neuroanatomical regions; this correlated with impaired attention switching. The same team also used spectral EEG and MRI to show neural connectivity changes associated with motor and non-motor function [243].
Jenkins et al. [244] combined motor unit number index (MUNIX), a measure of denervation, with MRI and clinical scores to demonstrate effective multimodal, longitudinal muscle profiling. Bashford et al. developed an automated, surface-electromyogram to detect fasciculations. This has potential for longitudinal use but will need validation in larger cohorts and with clinical correlates [245]. They also used this non-invasive tool to characterise daytime fasciculation activity, something that would be unpleasant for patients with needle-electromyogram [246]. Another non-invasive technique is the motor unit size index (MUSIX), a surrogate for reinnervation derived from CMAP and MUNIX. Researchers tested MUSIX in a single-subject round-robin and a multicentre assessment of healthy volunteers to confirm its reliability. This gives confidence to develop this within ALS cohorts [247]. Finally, Alix et al. provide further evidence of electrical impedance myography as an objective, non-invasive and passive measure of bulbar function. By applying electrodes to both planes of the tongue, they argue it better captures atrophy in ALS patients [248]. 

[bookmark: _Toc89083648]1.7. Raman spectroscopy
[bookmark: OLE_LINK4]Raman spectroscopy is a technique that was initially used in physical science applications such as analytical chemistry, and more recently it has been utilised in biological specimens [249]. When a monochromatic light source, such as a laser, is shone at a sample, most of the photons are Rayleigh (or elastically) scattered, meaning their direction changes but their energy is conserved. A very small number are Raman (or inelastically) scattered, which means that the photons lose or gain energy. The extent and nature of the Raman scattering is dependent upon the composition of the sample, as the laser interacts with the vibrational modes of the molecules. As each molecule vibrates with a specific frequency, the chemical composition can be deduced from the observed scatter. The different molecules present within a biological sample therefore give rise to a Raman spectrum that is based on the molecular composition of the tissue and thus produces a biochemical fingerprint for the sample.
A typical Raman setup is described in Figure 3.  Briefly, a laser source is directed through a microscope to excite a sample. The resulting scattered photons are then directed through a filtering system to a detector, from which the spectra can be obtained. 

[image: ]
Figure 3. Schematic for typical Raman spectroscopy setup, from Butler et al. (2016)

The above system has traditionally been immobile as it warrants a sizeable housing and for the sample to be placed on the microscope stage. Portable systems have been developed for industry and biological in-vivo work [250]. By utilising fibre-optics, a probe can be created that allows flexible applications outside of the fixed microscope setup. A portable probe will consist of a laser-carrying excitation fibre and single or multiple collection fibres, together with filters and collimating lenses. 
Paraskevaidi et al. [251] utilised Raman in the dementia field to show that investigation of a small volume of blood plasma (50 µl) can differentiate between early-stage Alzheimer’s disease (AD), late stage AD, dementia with Lewy bodies (DLB) and healthy controls with a good level of accuracy. Whilst Raman has been used to investigate specific pathophysiological features within ALS [252-254], it has largely been employed in post-mortem samples and mouse-models. 
A smaller number of research groups have applied Raman techniques to human biofluids, in MND. Keisham et al. [255] sourced post-mortem CSF and interfaced it with a graphene sheet, a material that is ultrasensitive, to the level of the molecule. This interface induces a change in vibrational energies in the graphene, which is then measurable by Raman. They were able to obtain differing signatures from the interfaced graphene from controls, patients with MND, multiple sclerosis and other motor neuron disorders. As they conclude, this differs to using Raman to analyse the chemical composition of the CSF, but rather it provides a composite signal from the components of a patient’s CSF.
Surface-enhanced Raman spectroscopy (SERS) utilises physically rough surfaces, or nanoparticle-embedded surfaces, upon which to place the sample being analysed, to improve the Raman signal. Zhang et al. [256] used this variant to analyse plasma from fasted sALS patients. Their principal component analysis (PCA) showed significant differences between slow- and fast-progressing patients. A decision-tree model was then created, and the Raman peaks in the spectra that contributed most to the differentiation were noted. The wavelengths for each peak were correlated with previously identified compounds and grouped based on biological function. They conclude that “metabolisms of glutathione, pyrimidine, phenylalanine, galactose, and phenylalanine-tyrosine-tryptophan biosynthesis” are implicated in disease progression.
Carlomagno et al. analysed saliva samples from patients with MND, patients with Parkinson’s disease, and patients with Alzheimer’s disease, using SERS [257]. Their analyses demonstrated the ability to differentiate between disease groups with >98% accuracy. Furthermore, spectra from patients with MND correlated with clinical features including disease severity scores, cognitive scores and time from diagnosis.
Raman spectroscopy, and its variants, are under-utilised in the ALS field. The advantages of the technique are high sample throughput and only a small volume of sample is needed, with minimal preparation. A disadvantage is that that the Raman phenomenon is a low-probability event, which means the signal can often be weak. It can sometimes be lost in the fluorescence signal from the sample itself. There is potential for this analysis tool to be complementary and additive to the more well-established techniques of immunoassays, mass spectrometry and genetic analysis. 

[bookmark: _Toc89083649]1.8. A multi-centre biomarker resource strategy in ALS (AMBRoSIA)
As outlined above, many pathophysiological mechanisms have been identified and give rise to markers that can differentiate between patients with MND and those without. There is also some evidence correlating some of these biomarkers with disease progression, suggesting the ability to prognosticate. However, there are also many negative studies and, of these biomarkers, only neurofilament levels have been reliably validated in multi-centre studies.
Some of this inconsistency is due to differences in pre-analytical and analytical methodology. Pre-analytical factors include appropriate selection of patient, disease and healthy control subjects; longitudinal sampling design for assessment of pharmacodynamic and prognostic biomarkers; carefully phenotyping patients including both details of the MND (e.g. date of first muscle weakness and site of onset) and other clinical information that may act as a confounder (e.g. age, gender and co-morbidities). Analytical factors include using SOPs for collecting biosamples e.g. minimising the time from lumbar puncture to freezing the CSF at -80c; using the same analysis technique e.g. immunoassay with the same antibodies, reagents and instrumentation. Multi-centre, round-robin analyses aim to standardise this process with each site collecting samples in the same way, analysing them on-site and sending them to the other sites for cross-analysis using the same methods [258]. By eliminating the variability in methodology, the results that arise are more likely to be robust and useful for further research and clinical practice.
AMBRoSIA is a Motor Neuron Disease Association (MNDA) supported project, set up between Queen Mary University London, the University of Oxford, and the University of Sheffield. The goal was to recruit 900 MND patients and 450 controls. These numbers were based on throughput of patients in the respective MND clinics, the expected drop-out, and survival. As biomarker validation is an exploratory process, the numbers are an estimated maximum. MND patients will then be sampled at 3–6-month intervals to obtain longitudinal data. At each visit, clinical parameters will be measured and collected together with blood, CSF and urine. At the point of recruitment, a skin biopsy will be done to obtain a fibroblast cell line for future analysis. The biofluids will form a substantial biobank to be analysed for a variety of biomarkers and correlated with the phenotype data. Round-robin analyses will be used to validate specific techniques and markers. Furthermore, a sister project, Next Generation Genetic Screening of the ALS Biosample Repository (NECTAR), will employ next-generation sequencing and PCR testing to look for the mutation burden in each MND patient. As this is a systematic and prospective study, this will provide genetic characterisation of all patients with MND, regardless of family history or age, which are two of the factors traditionally used to determine whether a patient should undergo genetic testing or not. 

[bookmark: _Toc89083650]1.9.1. Hypothesis
An exploration of potential biomarkers in a carefully phenotyped and genotyped cohort of patients with MND patients and controls, will yield useful measures for clinical and trial use.

[bookmark: _Toc89083651]1.9.2. Aims
1) To recruit patients with motor neuron disease, patients with other neurological conditions, and healthy control subjects. Collate clinical information, which will include current symptoms, past medical history and medications, family history, neurological examination findings and functional rating measures. Perform venepuncture to collect blood samples; a lumbar puncture to obtain cerebrospinal fluid; collect a sample of urine; perform a skin biopsy to allow for fibroblast culture. This will form a comprehensive database of well-phenotyped patient information and biosamples for subsequent analysis. 

2) To explore the concentrations of 3-nitrotyrosine in CSF and serum across the subject cohorts. Through development of a sensitive electro-chemiluminescent-ELISA, this post-translational modification may provide a proxy for oxidative stress. It may allow (1) differentiation between patients and healthy controls; (2) differentiation between patient subgroups by correlating with certain clinical features. A sensitive biomarker of oxidative stress will be of use in experimental medicine studies aimed at reducing this mechanism of motor neuron injury.

3) To explore the neuro-inflammatory milieu present in motor neuron disease using high-sensitivity, multiplex ELISAs. By analysing CSF for circulating chemokines, cytokines and growth factors it may be possible to identify a panel of pro-inflammatory and anti-inflammatory biomarkers. This would inform the pathophysiology of the disease, and may be useful in the diagnostic process, for following disease progression (either naturally or in response to experimental treatment), or for providing prognostic value in the clinical setting. If biomarkers are identified, subsequent analysis will then be performed on blood samples to see if the same biomarkers could be obtained from a less-invasive source.

4) To develop Raman spectroscopy as a tool to analyse fluid samples from patients with motor neuron disease. Spectral acquisition can be modified through experimentation with a variety of laser wavelengths, laser power and acquisition times. The spectra can then be analysed using dimension reduction techniques such as principal component analysis and partial least squares. This may provide a motor neuron disease ‘fingerprint’ that could act as a classifier or a correlate with a clinical measure. Furthermore, it may be possible to identify the biological compounds representing the peaks that are the primary contributors to the classifier.  

[bookmark: _Toc89083652]CHAPTER 2. MATERIALS AND METHODS
[bookmark: _Toc89083653]2.1. A Multi-Centre Biomarker Resource Strategy in ALS (AMBRoSIA) subject recruitment
The information sheet and consent form were written by the Chief Investigator at the Oxford site and the Principal Investigators at the Sheffield and London sites. They were subsequently reviewed and approved by the South East Research Ethics Committee (16/LO/2136), Health Research Authority (HRA) and patient Research Advisory Group (RAG). Participation in the AMBRoSIA study was purely voluntary and there was no financial incentive. There was no direct clinical benefit from taking part, apart from additional monitoring of certain clinical parameters should a patient have a research follow-up visit outside of their routine clinical care. Patients that enrolled were free to withdraw their consent at any point and were not obligated to donate any further time, information or biosamples.  If they chose not to take part, or wished to withdraw from the study once enrolled, they returned to the standard clinical care pathway. During recruitment or follow-up, patients and controls could choose to donate all, or only some of the samples, out of blood, urine, skin biopsy and cerebrospinal fluid (CSF).

[bookmark: _Toc89083654]2.1.1. MND patient recruitment
In the Sheffield neuromuscular clinic, patients that are considered clinically to have motor neuron disease undergo a brief, elective hospital admission for further investigation. These patients were identified and approached for research whilst on the neurology ward. An initial enquiry was made as to their interest in research participation and, if positive, an AMBRoSIA information sheet was given. The information sheet outlines the rationale for the study; what is asked of participants in terms of a health questionnaire, clinical examination, and the tests to be undertaken; the risks of the tests; the optional nature of the study; and the ethical considerations including the confidentiality and subsequent anonymity of participation. These documents were carefully worded to take account of the fact that at this stage of diagnostic investigation individuals might not be aware of the final diagnosis of their condition.  If patients indicated they would like to proceed then a written consent, specific to the study, was obtained. If a patient was unable to sign their own name, then a signature from a witness was obtained on their behalf.  
A clinical dataset was then obtained by taking the patient’s history and, if needed, supplementing from the medical notes. This included age, ethnicity, gender, past medical history, medication history including riluzole, family history, date of first muscle weakness or cognitive impairment and site of disease onset. It also included whether the patient had a gastrostomy or use of non-invasive ventilation. The clinical measurements obtained were height, weight, slow vital capacity (SVC), the revised ALS functional rating scale (ALSFRS-R) and the Edinburgh Cognitive and Behavioural ALS Screen (ECAS). A neurological examination was performed.
A blood sample was undertaken with aseptic technique. Firstly, a tourniquet was applied and the skin overlying the vein was cleaned with an alcohol-based skin wipe. A 21-gauge or 23-gauge butterfly needle was used with a vacutainer system to obtain the blood samples. A lumbar puncture was then undertaken, assuming no contraindications to this procedure, with aseptic technique. Briefly, 1the patient was placed in the lateral position with their hips flexed. The L4 vertebra was identified and the L3/L4 or L4/L5 space chosen, depending on clinical assessment. The overlying skin was cleaned with chlorhexidine solution. 2% lidocaine was then infiltrated subcutaneously until satisfactory anaesthesia was achieved.  An atraumatic spinal needle was then inserted until the subarachnoid space was reached, and CSF was collected. Atraumatic needles were used as this is one of the few modifiable risk factors for preventing post-LP headache [259]. The needle was removed and a sterile dressing was placed over the site. Samples were then sent for clinical analysis and for research processing. A urine sample was collected. A skin biopsy was performed with aseptic technique, to obtain material for a fibroblast cell line. Firstly, a sterile drape was placed under the patient’s arm. The forearm was then cleaned with chlorhexidine solution. 2% lidocaine was then infiltrated subcutaneously until satisfactory anaesthesia was achieved. A 3mm punch biopsy tool was then used to obtain a dermal tissue sample. A sterile dressing was then placed over the site. For sample processing, see section 2.2. 
Following a formal diagnosis of MND, patients were then approached prior to their routine, three-monthly clinic appointments to establish whether they would like to donate additional blood, CSF or urine. If so, then they were seen on the neurology day-care unit for biosampling and repeat clinical measurements. These were as stated above, excluding repeat height and ECAS. Skin biopsies were taken at one time point only.

[bookmark: _Toc89083655]2.1.2. Disease control recruitment
a) Patients undergoing the above protocol that were subsequently diagnosed with a disease mimic were classified as a disease control, with their final diagnosis noted. 
b) Disease controls were also recruited through a different elective admission pathway. Patients that require a lumbar puncture to aid diagnosis of another neurological condition are admitted onto the neurology day-care unit. They were identified and their interest in research participation was established. If positive, this was followed by the information sheet and written consent. If they were unable to sign due to disability, then a witness signature was obtained. As per the patients with MND, the clinical dataset was obtained, excluding SVC, ALSFRS-R and ECAS. A urine sample was collected, and a blood test, lumbar puncture and skin biopsy were performed, as above.
c) Finally, a cohort of neuromuscular patients previously diagnosed with monomelic amyotrophy was identified, and their interest in research participation established. If they wished to enrol then they were seen on the neurology day-care unit and underwent the same pathway as disease control patients.
Disease controls only had one set of clinical measurements and sample collection.

[bookmark: _Toc89083656]2.1.3. Healthy control recruitment
If patients were accompanied by relatives or friends during the MND investigations, then they too were asked about their interest in research participation. If they wished to enrol then arrangements were made to recruit them on the neurology day-care unit. They were given a separate, volunteer-specific information sheet and consent form. A limited clinical dataset was then obtained, including age, gender, past medical history, medication history, family history, height and weight. They then underwent blood collection, lumbar puncture, skin biopsy and urine collection, as above. Healthy controls only had one set of clinical measurements and sample collection.

[bookmark: _Toc89083657]2.2. Sample processing
For each subject, within 15 minutes of venepuncture, an EDTA blood bottle was passed through an RNA extraction kit (LeukoLOCK™ Total RNA Isolation System, from Invitrogen, Thermo Fisher Scientific, Waltham, Massachusetts, USA). 3 ml of phosphate buffered saline was then passed through the filter, followed by 3 ml of RNAlater™ solution (from Invitrogen). The resulting isolated RNA was then stored at -80 °c. Blood was sent to the NHS laboratory at the Royal Hallamshire Hospital, Sheffield, and was tested for creatine kinase (CK), ferritin, complement (C3 and C4) and C-reactive protein (CRP) via routine analysis. An EDTA bottle of blood was sent to the Genetics Department at the Sheffield Children’s Hospital for next-generation sequencing (NGS) analysis. Further whole blood was then aliquoted and stored at -80c for later DNA extraction. From the remaining whole blood, plasma, serum and peripheral blood mononuclear cells (PBMCs) samples were obtained, as per the AMBRoSIA standard operating procedure (SOP). Following lumbar puncture, 5-15 ml of CSF was immediately transferred to ice. It was then centrifuged at 4 °c, with the pellet stored separately, and the remaining solution was aliquoted. Samples were stored at -80 °c. Similarly, after urine collection, the sample was centrifuged, aliquoted and stored at -80 c. Following skin biopsy, the sample was processed as per the SOP, and once the fibroblast cell lines were established, they were frozen at -80 c. All samples were then transferred to liquid nitrogen dewars for long-term storage.

[bookmark: _Toc89083658]2.3. 3-nitrotyrosine analysis
The following work was undertaken in collaboration with Professor Paul Winyard and his laboratory team at the University of Exeter. As outlined above, 3-nitrotyrosine is a post-translational modification brought about under conditions of nitrosative stress. Winyard et al. demonstrated successful quantification of 3-nitrotyrosine in human serum samples using the Mesoscale Discovery (MSD) system [260]. This same system has a wide range of applications and is utilised in other aspects of this body of work. As such, it was used to assess whether a sub-cohort of the AMBRoSIA study exhibited differential expression compared to healthy controls.

[bookmark: _Toc89083659]2.3.1. Western blotting
CSF and serum samples from six patients with MND and six healthy controls (HC) were identified from the AMBRoSIA cohort. Demographic and clinical details are shown in Table 2. Samples were transferred to the University of Exeter on dry ice and allowed to thaw on ice. Western blotting was chosen as an initial technique to assess whether there was 3-nitrotyrosine present in the samples and to determine whether certain proteins were preferentially nitrated.
Due to the average protein concentration of CSF being 0.5 mg/ml, the CSF was initially concentrated to allow sufficient protein loading. This was done using 3kDa cut-off, ultra-filtration tubes (Thermo Fisher Scientific, Waltham, MA, USA), spun at 14,000g for 15 minutes. A bicinchoninic assay (BCA, Thermo Fisher Scientific) was run post-concentration for protein quantification. 0.1 ml of sample was added to 2.0 ml of BCA working reagent and mixed. After incubation at 37 °c for 30 minutes, each sample absorbance was measured with the spectrophotometer set to 562 nm. The results were compared to known concentration standards to give sample protein concentrations.
20 µg of protein from each sample was loaded into the well of an SDS-PAGE gel and blotted onto nitrocellulose membranes. LI-COR REVERT total protein stain (LI-COR Biosciences, Lincoln, Nebraska, USA) was applied and probed with 3-nitrotyrosine monoclonal antibody (clone no. 22.8C7.3; Cayman Chemical, Ann Arbor, Michigan, USA). After incubation and wash with phosphate-buffered solution, a secondary antibody conjugated to a fluorophore (LI-COR Biosciences) was added. The blots were then imaged on the LI-COR Odyssey imaging system (LI-COR Biosciences). 3-nitrotyrosine signal was normalised for total protein, as measured in the BCA.

Table 2: Subject demographics and clinical details for the subjects used in the 3-nitrotyrosine Western blot analysis
	
	
	MND (n = 6)
	HC (n = 6)

	Gender 
	Male, n (%)
	4 (67%)
	4 (67%)

	Age (years)
	Mean (range)
	53.8 (29-80)
	38.7 (23-58)

	Site of onset
	Limb
	5
	-

	
	Bulbar
	1
	-

	
	Other
	0
	-

	Genotype
	None
	6
	-

	ALSFRS-R
	Mean (range)
	40 (27-47)
	-

	Disease progression rate1
	Mean (range)
	0.55 (0.06-0.86)
	-

	Disease duration2 (months)
	Mean (range)
	15.7 (7-26)
	-


1Disease progression rate = (48-ALSFRS-R)/disease duration (months)
2Disease duration = time from symptom onset until CSF sampling

[bookmark: _Toc89083660]2.3.2. Albumin depletion and CSF concentration
To assess whether there would be differences in 3-nitrotyrosine concentrations between patients and controls after the removal of the most abundant protein in CSF and serum, albumin, Pierce Albumin Depletion kits were purchased (Thermo Fisher Scientific, Waltham, MA, USA) and used as per manufacturer’s instructions. 500 µl samples of CSF and serum from the same twelve subjects were identified and thawed on ice. They were split into two 250 µl aliquots and one aliquot of each was albumin depleted. The CSF aliquots were then split further, and half were concentrated using 3kDa cut-off, ultra-filtration tubes (Thermo Fisher Scientific), spun at 14,000g for 15 minutes. The samples were then snap frozen on dry ice and stored at -80 °c. This gave four CSF experimental conditions (1-4) and two serum experimental conditions for assay optimisation (5 + 6, see Figure 4).
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Figure 4. 3-nitrotyrosine ELISA: CSF and serum assay conditions

[bookmark: _Toc89083661]2.3.3. Electrochemiluminescent (ECL) ELISA 
The protein concentrations of the newly concentrated CSF were measured using a 1 µl-spectrophotometer (DeNovix, Wilmington, Delaware, USA), for each subject, as per manufacturer’s instructions.
The sandwich-ELISA protocol was as previously described [260]. The 96-well plates, blocking solution, labelled streptavidin, read solution and plate reader were from Meso Scale Discovery (MSD, Rockville, Maryland, USA). The plates have carbon electrodes at the bottom of each well, as part of the electro-chemiluminescent immunoassay. Briefly, three 96-well plates were set up as follows. 3-nitrotyrosine monoclonal antibody (clone no. 22.8C7.3; Cayman Chemical, Ann Arbor, Michigan, USA) diluted in phosphate-buffered solution (PBS, 1 µg/ml) was added to each well and incubated overnight at 4 °c. Following removal of the primary antibody solution, the wells were then blocked (3% Blocker A) and incubated for one hour, at room temperature, with gentle agitation. The plates were washed three times with 150 µl PBS-Tween. Nitrated-bovine serum albumin (Enzo Life Sciences, Exeter, UK) was serially diluted with 1% Blocker A for an 8-point standard, with a range of 0.04-10 nM. 25 µl of each standard concentration was diluted 1:1 with Blocker A and added to the plates in duplicate.



Assay 1a 
For each subject, a) 25 µl of concentrated, albumin-depleted CSF; b) 25 µl of concentrated, unaltered CSF; and c) 25 µl of each serum condition were diluted 1:1 with Blocker A and added, in duplicate, across two plates (conditions 1, 3, 5 and 6 in Figure 4). The plates were then incubated for one hour, at room temperature and washed as above. Secondary, biotinylated, 3-nitrotyrosine monoclonal antibody (clone no. 22.8C7.3; Cayman Chemical) was diluted in PBS (2 µg/ml), and 25 µl of solution was placed in each well. Incubation and wash followed, as per the previous step. SULFO-TAG-labelled streptavidin was then added to the plates (at a 1 in 500 dilution), with a further one-hour incubation and wash. 150 µl of read buffer (diluted in deionised water) was added to each well and the plates were read on the SECTOR Imager 2400.

Assay 1b
For each subject, a) 62.5 µl of non-concentrated, albumin-depleted CSF and b) 62.5 µl of non-concentrated, unaltered CSF were diluted 1:1 with Blocker A (conditions 2 and 4 from Figure 4). They were then added to the third plate which was incubated overnight in the cold room. The longer incubation, compared to Assay 1a, was to account for the larger sample volume by way of ensuring sufficient time for antibody binding. The rest of the assay was as per Assay 1a. 

Assay 2a and 2b
These assays were completed with the help of an MSD applications scientist in Sheffield. CSF from thirty patients with MND and ten healthy controls was tested, to see if a group difference could be seen in a larger sample size (Table 3). The protocol was as per Assay 1a, with minor changes. 
For assay 2a, the same monoclonal anti-nitrotyrosine primary antibody (clone no. 22.8C7.3; Cayman Chemical) was used, but due to changes in manufacturing, it was supplied in a glycerol solution. For assay 2b, the same clone was used and it was supplied lyophilised, as per Assay 1. In addition to the standards and the 25 µl CSF samples, which were run in duplicate, a positive control was added to assays 2a and 2b. Pooled CSF was spiked with known concentrations of nitrated bovine serum albumin (BSA) and added to the plates. This was to assess analyte recovery in the CSF matrix.

Table 3: Subject demographics and clinical details for the subjects used in the 3-nitrotyrosine ECL-ELISA analysis
	
	
	MND (n=30)
	HC (n=10)

	Gender 
	Male, n (%)
	18 (60%)
	5 (50%)

	Age (years)
	Mean (range)
	59.8 (28-80)
	38.6 (23-58)

	Site of onset
	Limb
	25
	-

	
	Bulbar
	3
	-

	
	Trunk
	1
	-

	
	Cognitive
	1
	-

	Genotype
	C9orf72
	3
	-

	
	SOD1
	2
	-

	
	None
	25
	-

	ALSFRS-R
	Mean (range)
	37.7 (17-47)3
	-

	Disease progression rate1
	Mean (range)
	0.59 (0.06-1.83)
	-

	Disease duration (months) 2
	Mean (range)
	26.4 (5-65)
	-


1Disease progression rate = (48-ALSFRS-R)/disease duration (months)
2Disease duration = time from symptom onset until CSF sampling 
3ALSFRS-R not available for n = 1

[bookmark: _Toc89083662]2.4. Cytokine, chemokine and growth factor exploration in CSF
[bookmark: _Toc89083663]2.4.1. Flow cytometry
A literature search was undertaken on PubMed combining the following search terms: (cytokine OR chemokine) AND (amyotrophic lateral sclerosis OR motor neuron disease) AND cerebrospinal fluid. Of the 88 English-language articles returned, immunological factors that had been analysed were noted and cross-referenced with the library of analytes offered by BD Biosciences for a multiplex, flow cytometry analysis. Multiplexing has the advantage of measuring multiple analytes in a small volume of CSF. The following cytometric bead array (CBA) kits were purchased from BD Biosciences (San Jose, California, USA): IL-1α, IL-1β, IL-2, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-17, IP-10, MIP-1α, angiogenin, bFGF, RANTES, IFN-γ, G-CSF, GM-CSF, MCP-1 and VEGF. 
Abbreviations: IL = interleukin; IP = interferon gamma-induced protein; MIP = macrophage inflammatory protein; bFGF = basic fibroblast growth factor; RANTES = regulated upon activation, normal T-cell expressed, and secreted; IFN = interferon; G-CSF = granulocyte-colony stimulating factor; GM = granulocyte-macrophage; MCP = monocyte chemoattractant protein; VEGF = vascular endothelial growth factor.
Twenty-six patients with MND and ten healthy controls were identified from the AMBRoSIA cohort. This cohort overlapped with the previous experiments. CSF aliquots were retrieved from the liquid nitrogen dewars and placed into a -80 °c freezer prior to experimentation. The following work was done with the Flow Cytometry Department at the University of Sheffield.
Briefly, one lyophilised standard was added from each CBA kit to a 15 ml universal tube. 4 ml of assay diluent was then added, gently mixed, and incubated for 30 minutes at 4 °c. This solution was then serially diluted with assay diluent, to give an 8-point standard, ranging from 10 – 1250 pg/ml. As per manufacturer’s instructions, each sample and standard tube required 25 µl of capture bead master mix, which contained 0.5 µl of capture beads per analyte. 25 µl of capture bead mix was added to numbered Eppendorfs, one per standard and subject. CSF samples were thawed on ice during this preparation time. 25 µl of standard and 25 µl of CSF per subject were then added to their correlating tubes. The tubes were covered and incubated at room temperature for one hour. 25 µl of detection master mix was then added to each tube, and the solutions were mixed thoroughly by pipette, before being incubated at room temperature for two hours. 500 µl of wash buffer (from the purchased BD kits) was added to each tube, the solutions spun at 200g for 5 minutes, and the supernatant aspirated. The pellet was then resuspended in 200 µl of wash buffer and the solutions were transferred to a 96-well plate. The plate was then run on the Attune NxT Flow Cytometer (Thermo Fisher Scientific, Waltham, MA, USA).

[bookmark: _Toc89083664]2.4.2. ECL-ELISA multiplex and single-plex, pilot experiment
The Mesoscale Discovery (MSD) ECL-ELISA provides a highly sensitive platform with multiplex capabilities. Furthermore, MSD offer a wide range of analyte assays validated in CSF, as a neuroinflammation panel. Given the work with the MSD system for the 3-nitrotyrosine ECL-ELISA (section 2.3.3.), the validated ‘off-the-shelf’ CSF panel, and their validated neurofilament assays, it was decided to measure multiple analytes on this system. The plate reader (SECTOR Imager 2400) was loaned from MSD and the following work was done with the support of an MSD applications scientist. All the assays were run as per the manufacturer’s instructions. CSF was identified from the same 40 subjects as the 3-nitrotyrosine analysis, as described in Table 3.

2.4.2.1. Neuroinflammation multiplex
The V-PLEX Neuroinflammation Panel from MSD comes as five separate panels. 1) The Proinflammatory Panel 1: IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-13, TNF-α; 2) the Cytokine Panel 1: IL-1α, IL-5, IL-7, IL-12/IL-23p40, IL-15, IL-16, IL-17A, TNF-β, VEGF-A; 3) the Chemokine Panel 1: Eotaxin-1, Eotaxin-3, MIP-1β, TARC, IP-10, MIP-1α, MCP-1, MCP-4, MDC; 4) Angiogenesis Panel 1: FGF (basic), PlGF, Tie-2, VEGF-C, VEGF-D, VEGFR-1/Flt-1; 5) the Vascular Injury Panel  2: CRP, SAA, VCAM-1, ICAM-1. 
Abbreviations: TNF = tumour necrosis factor; TARC = thymus and activation-regulated chemokine; MDC = macrophage derived chemokine; PlGF = placental growth factor; Tie = Tyrosine-protein kinase receptor; VEGFR = vascular endothelial growth factor receptor; CRP = C-reactive protein; SAA = serum amyloid A; VCAM = vascular cell adhesion molecule; ICAM = intercellular cell adhesion molecule.
For all the panels, the 96-well plates came pre-coated with capture antibodies for each analyte. All the protocols outlined below were undertaken as per the manufacturer’s instructions.

Vascular injury panel
To prepare the standards, 10 µl of stock calibrator (standard solution) was added to 190 µl of assay diluent (Diluent 101). From this solution, 40 µl was added to 160 µl of diluent to obtain a 1:5 dilution. This process was repeated to generate seven calibrators, with neat diluent acting as the zero calibrator. 60 µl of 50X SULFO-TAG Anti-hu SAA antibody, 60 µl of anti-CRP antibody, 60 µl of anti-VCAM-1 antibody and 60 µl of anti ICAM-1 antibody were added to 2,760 µl of Diluent 101. 
The plate was washed three times with 150 µl of wash buffer (PBS-Tween) per well. 25 µl of each standard was added to the plate, in duplicate. The CSF samples were then diluted 5-fold in Diluent 101 and 25 µl of diluted sample was added, in duplicate, to the remaining wells. The plate was sealed, incubated at room temperature for two hours on a plate shaker set at 700 rpm. The plate was washed as above. 25 µl of detection antibody solution was added to each well and the plate was sealed, and subsequently incubated on the plate shaker (700 rpm), at room temperature for one hour. The plate was washed for a third time before 150 µl of read buffer was added to each well. The plate was then read on the plate reader.

Angiogenesis panel
To prepare the standards, 20 µl of stock calibrator (standard solution) was added to 380 µl of assay diluent (Diluent 7). From this solution, 100 µl was added to 300 µl of diluent to obtain a 1:4 dilution. This process was repeated to generate seven calibrators with neat diluent acting as the zero calibrator. As per the vascular injury panel, 60 µl of each analyte’s SULFO-TAG antibody was combined and then added to 2,580 µl of Diluent 11. 
150 µl of Blocker A was added to each well and the plate was sealed, incubated, with shaking, at room temperature for one hour. The plate was washed three times with 150 µl of wash buffer per well. 50 µl of each standard was added to the plate, in duplicate. The CSF samples were then diluted 2-fold in Diluent 7 and 50 µl of diluted sample was added, in duplicate, to the remaining wells. The remainder of the protocol was the same as for the Vascular Injury Panel.

Cytokine panel
To prepare the standards, 1000 µl of Diluent 43 was added to the multi-analyte, lyophilised calibrator vial and inverted three times. The solution was left to equilibrate at room temperature for 15 minutes before briefly being pulse-vortexed. From this solution, 100 µl was added to 300 µl of diluent and vortexed. This process was repeated to obtain serial, 4-fold dilutions, giving 7 standard concentrations. Neat diluent was used as the zero calibrator. As per the vascular injury panel, 60 µl of each analyte’s SULFO-TAG antibody was combined and then added to 2,460 µl of Diluent 3. 
The plate was washed three times with 150 µl of wash buffer per well. 50µl of each standard was added to the plate, in duplicate. The CSF samples were then diluted 2-fold in Diluent 43 and 50 µl of diluted sample was added, in duplicate, to the remaining wells. The remainder of the protocol was the same as the Vascular Injury Panel.

Proinflammatory panel
The protocol to prepare the standards was the same as for the cytokine panel (except Diluent 2 was used instead of Diluent 43). Similarly, 60 µl of each analyte’s SULFO-TAG antibody was combined and then added to 2,460 µl of Diluent 3. The remainder of the protocol was the same as the Cytokine Panel, except that the samples were diluted 2-fold in Diluent 2, rather than Diluent 43.

Chemokine panel
The protocol to prepare the standards and the capture antibodies was the same as for the Cytokine Panel. The CSF samples were diluted 4-fold in Diluent 43. The remainder of the protocol was the same as for the Cytokine Panel.

2.4.2.2. IL-17 and IL-23
IL-17 and IL-23 were measured in a separate assay (V-PLEX, TH17 Panel 1, MSD). The protocol was as per the Cytokine Panel, with the exception that the two detection antibodies were combined, and total volume was made up to 3,000 µl with Diluent 3.

2.4.2.3. RANTES R-PLEX
200 µl biotinylated capture antibody was added to 3.3 ml of MSD diluent 100. 25 µl was added to each well of an MSD GOLD Small Spot Streptavidin plate, and it was then incubated for one hour at room temperature. The plate was washed three times with 150 µl/well of PBS-Tween.
The standards were prepared by adding 15 µl of the stock calibrator to 285 µl of assay diluent. 4-fold dilutions were carried out by adding 100 µl of this solution to 300 µl to diluent, and so on, to generate 7 standards in total. 60 µl of the detection antibody solution was then added to 5,940 µl antibody diluent. The CSF samples were diluted 1 in 50. The remainder of the protocol was as per the vascular injury panel (except the incubations were for one hour instead of two hours).

2.4.2.4. TGF-β
The MSD TGF-β U-PLEX measures the three transforming growth factor isoforms: TGF-β1, TGF-β2 and TGF-β3. The kit comes with a specific linker and biotinylated capture antibody for each of the three subtypes. 200 µl of each antibody was added to its corresponding 300 µl linker vial and vortexed. They were incubated at room temperature for 30 minutes. 200 µl of Stop Solution (a biotin-containing buffer) was added, vortexed and incubated at room temperature for 30 minutes. 600 µl from each vial was then combined and vortexed, and the total made up to 6 ml with Stop solution. 50 µl was then added to each well, the plate was sealed and incubated with shaking, for one hour at room temperature. This was followed by three washes, with 150 µl PBS-Tween/well. 
To prepare the standards, 250 µl of Diluent 43 was added to the calibrator vial. Then 50 µl of this solution was added to 200 µl of diluent to make the top standard. 4-fold serial dilutions were then performed to give a further 6 standard concentrations. Neat diluent was used as the zero calibrator. To activate the CSF samples for TGF-β analysis, 1M HCl was added to each sample. After incubating for 10 minutes at room temperature, 1.2M NaOH in was added and vortexed. 60 µl of each of the three detection antibodies were combined and made up to 6 ml with Diluent 3.
25 µl of Diluent 43 was added to each well followed by 25 µl of each standard and sample, in duplicate. The plate was then incubated at room temperature with shaking for one hour. After a wash, as above, 50 µl of detection antibody solution was added to each well followed by a further incubation with the same conditions. After a final wash, read buffer was added and the plate was read on the imager.

[bookmark: OLE_LINK5]2.4.2.5. IL-9 and G-CSF
IL-9 and G-CSF are measured in a separate U-PLEX (Biomarker Group 1, MSD). The protocol was as per the TGF-β assay, except for the absence of the acidification step, and that the two detection antibodies were combined, and total volume was made up to 3,000 µl with Diluent 3.

2.4.3. Neuroinflammation pilot data validation
The experiments described above (section 2.4.2.) quantified 43 analytes in CSF from 30 patients with MND and 10 healthy controls (Table 3). Statistical analyses, as described in section 2.6., were undertaken to establish those analytes that demonstrated a group difference between patients with MND and healthy controls, or those that showed a significant correlation with a clinical measure. The results of these analyses can be seen in section 3.3.2. These candidates were then measured in a larger cohort of 63 patients and 17 healthy controls (Table 4). A new plate reader (SECTOR Imager 2400) was purchased from MSD for these experiments. The analytes taken forwards were bFGF, CRP, eotaxin-1, G-CSF, ICAM-1, IL-5, IL-7, IL-8, IL-15, MCP-1, MCP-4, MDC, MIP-1β, PlGF, SAA, TARC, TGF-β2, TIE-2, TNF-α, VCAM-1 and VEGF-D. 
Quantification was performed as per the plate setups described above.

Table 4: Subject demographics and clinical details for the neuroinflammation ECL-ELISA analysis
	
	
	MND visit 1 (n = 63)
	HC (n = 17)

	Gender  
	Male, n (%)
	37 (60%)
	9 (53%)

	Age (years)
	Mean (range)
	59.6 (24 – 80)
	55.7 (32 – 80)

	Site of onset
	Limb, n (%)
	48 (77%)
	-

	
	Bulbar, n (%)
	12 (19%)
	-

	
	Trunk, n (%)
	1 (2%)
	-

	
	Cognitive, n (%)
	1 (2%)
	

	ALSFRS-R
	Mean (range)
	36.9 (15 – 47)3
	-

	Disease progression rate1
	Mean (range)
	1.0 (0.1 – 8.3)
	-

	Disease duration (months)2
	Mean (range)
	16.3 (3 – 79)
	-

	Time from symptom onset until death (months)4
	Mean (range)
	32.2 (6 – 85)
	-


1Disease progression rate = (48-ALSFRS-R)/disease duration (months)
2Disease duration = time from symptom onset until CSF sampling 
3Not available for n = 9
4n = 39

2.4.4. Assay technical validity
To assess the assay technical reproducibility, a third set of experiments was done. The best performing analytes from experiments one and two were re-measured in CSF from the same 40 subjects tested in experiment one. These were MCP-1, SAA, CRP, VCAM-1, ICAM-1, and PlGF. The experimental procedure was as per the manufacturer’s instructions.

[bookmark: _Toc89083665]2.5. Cytokine, chemokine and growth factor exploration in plasma
To explore the peripheral inflammatory milieu in addition to the CNS profile, analytes were also measured in plasma. The following analytes were selected based on the results from the literature search described above, the provisional CSF data, and, for the analytes denoted with an asterix, the availability of a new MSD S-PLEX assay with improved sensitivity and dynamic range. They were ICAM-1, IFN-γ, IL-2*, IL-4*, IL-6*, IL-10*, MCP-1, PlGF, SAA, TNF-α* and VCAM-1. CRP plasma levels were obtained from the hospital laboratory analysis (section 2.2.)
MSD ECL-ELISAs were again performed as per the manufacturer’s instructions. Briefly, for the S-PLEX assays, a coating solution was prepared by combing 5,820 µl of Diluent 100 with 150 µl of biotinylated antibody and 30 µl of coating reagent. These were briefly mixed by pulse-vortex. The plates were washed with PBS-Tween, before 50 µl of the coating solution was added to each well. The plates were sealed and incubated with shaking (700 rpm) at room temperature for one hour. Blocking solution was then prepared by combining 3,465 µl of Diluent 43 with 35 µl of 100X Blocker S1. The calibrator solutions were prepared by adding 1,000 µl of Diluent 43 to the lyophilised calibrators. The solution was then serially diluted to create the set of standards. Plasma samples were thawed on ice during this preparation phase. They were diluted 8-fold with Diluent 43. Following another plate wash with PBS-Tween, 25 µl of blocking solution and 25 µl of sample was added to each well, in duplicate. 25 µl of each calibration point was also added in duplicate. The plates were sealed and incubated on the plate shaker (700 rpm) at room temperature for one and a half hours. During this incubation, the detection antibody solution was prepared by combining 5,970 µl of Diluent 3 with 30 µl of the TURBO-BOOST antibody stock solution. The plates were washed with PBS-Tween and 50 µl of antibody solution was added to each well, before sealing and incubating as above, for one hour. The enhance solution was then prepared by combining 2,970 µl of de-ionised water, 1,500 µl of 4X S-PLEX Enhance E1, 1,500 µl of 4X S-PLEX Enhance E2 and 30 µl of 200X S-PLEX Enhance E3. The plates were washed with PBS-Tween and 50 µl of the enhance solution was added to each well. The plates were sealed and placed on the plate shaker for a further 30 minutes. The TURBO-TAG detection solution was prepared by combining 4,470 µl of de-ionised water, 1,500 µl of 4X S-PLEX Detect D1 and 30 µl of 200X S-PLEX Detect D2. The plate was washed with PBS-Tween and 50 µl of detection solution added to each well. The plates were sealed and incubated for one hour at 27 °c on the plate shaker (700 rpm). Finally, the plates were washed with PBS-Tween, 150 µl of Read Buffer A was added to each well, and the plates were read on the MSD reader.

[bookmark: _Toc89083666]2.6. Neurofilament
To assess whether CSF neurofilament levels would be consistent with the previous literature, and to see if they correlated with the inflammatory biomarkers being measured, levels of both the neurofilament light chain and phosphorylated neurofilament heavy chain (NfL and pNfH) were measured using two MSD R-PLEX assays. The demographics and clinical details of the cohort are shown in Table 3. The protocol was as described for the RANTES analysis above, except the CSF was diluted 2-fold, and each kit came with its respective NfL and pNfH antibody. Plasma NfL was measured in a larger cohort. This cohort is shown in Table 5. 

Table 5: Neurofilament analysis, subject demographics and clinical details
	
	
	MND 
visit 1 
(n = 100)
	MND 
visit 2 
(n = 31)
	MND 
visit 3 
(n = 11)
	Disease control
(n = 52)
	Healthy control 
(n = 27)

	Gender 
	Male, n (%)
	57 (57%)
	18 (58%)
	7 (64%)
	32 (62%)
	13 (41%)

	Age (years)
	Mean (range)
	62 (24 – 88)
	63 (38-86)
	62 (48-72)
	53 (18 – 89)
	62 (24 – 85)

	Site of onset
	Limb, n (%)
	78 (78%)
	26 (84%)
	9 (82%)
	-
	-

	
	Bulbar, 
n (%)
	18 (18%)
	5 (16%)
	2 (18%)
	-
	-

	
	Trunk, 
n (%)
	1 (1%)
	0%
	0%
	-
	-

	
	Cognitive,
n (%)
	2 (2%)
	0%
	0%
	-
	-

	
	Respiratory, n (%)
	1 (1%)
	0%
	0%
	-
	-

	ALSFRS-R
	Mean (SD)
	37.33 (7.3)
	36.4 (8.6)
	32.7 (9.3)
	-
	-

	Disease progression rate1
	Mean (SD)
	0.9 (1.3)
	0.6 (0.6)
	0.7 (0.5)
	-
	-

	Disease duration (months) 2
	Mean (SD)
	23.6 (22)
	25.8 (14.4)
	26.9 (7.8)
	-
	-


1Disease progression rate = (48-ALSFRS-R)/disease duration (months)
2Disease duration = time from symptom onset until biosampling 
3ALSFRS-R not available for n = 16

[bookmark: _Toc89083667]2.7. Statistical analysis
For the ELISA analyses, the analyte concentrations were imported into GraphPad Prism (Version 8, GraphPad Software, Inc.). The following statistical tests were then run using the in-programme tools. First, the D'Agostino & Pearson and Shapiro-Wilk normality tests were run. If sample distributions were normal, then the t-test was done to compare group means. If either or both groups were non-parametric then the Mann-Whitney U test was used instead. To correlate analytes with clinical measures, the two-tailed Spearman’s Rank Correlation test was used. Significance levels for all tests was set at p < 0.05. For the statistical modelling, the computer software R-studio (version 1.4.1717, RStudio, Public Benefit Corporation) was used. The code was generated by Dr. Kevin Walters, using the R functions for linear modelling and univariate regression. 
[bookmark: _Toc89083668]2.8. Raman spectroscopy
The following work was undertaken in collaboration with Dr. John Day (Physics Department, University of Bristol). 

[bookmark: _Toc89083669]2.8.1. Pilot data acquisition
Ten patients with MND and ten healthy controls were selected from the sub-cohort of subjects used in the cytokine and chemokine analyses. Additionally, ten disease controls were selected from the AMBRoSIA cohort. The three groups were age and gender-matched as far as possible. These data are shown in Table 6. CSF and serum samples were couriered to Bristol University on dry ice and stored at -80 °c. The samples were subsequently thawed on ice prior to analysis.  To assess whether a portable Raman probe would perform as well as, or better than a fixed, confocal Raman microscope, the same volume of sample was analysed on each system, as described below.

Table 6: Pilot Raman subject demographics and clinical details
	
	
	MND (n = 10)
	Disease control
(n = 10)
	Healthy control 
(n = 10)

	Gender
	Male, n (%)
	6 (60%)
	7 (70%)
	6 (60%)

	Age (years)
	Mean (SD)
	54.4 (13.3)
	56.7 (18.2)
	41.5 (11.1)

	Site of onset
	Limb, n (%)
	10 (100%)
	-
	-

	Disease subtype
	ALS, n (%)
	10 (100%)
	*
	-

	ALSFRS-R
	Mean (SD)
	39.5 (5.9)
	-
	-

	Disease progression rate
	Mean (SD)
	0.5 (0.2)
	-
	-

	Disease duration (months)
	Mean (SD)
	20.2 (16.2)
	-
	-


*Monomelic amyotrophy, n = 3; myopathy, n = 1; multifocal motor neuropathy with conduction block, n = 1; spastic paraparesis, n = 1; central cord syndrome, n = 1; multiple sclerosis, n = 3 


2.8.1.2. Confocal Raman microscope
50 µl of serum was pipetted onto an aluminium-covered microscope slide. The slide was then placed upon the stage of the Raman microscope (inVia Raman Microscope, Renishaw, Gloucestershire, UK), which was set up with a 5X objective. The laser was set at 514 nm and at a power of 7.7 mW. The system was calibrated on a polytetrafluoroethylene (PTFE) sample. The spectra were then acquired at a 10 second exposure for two accumulations. The results were windowed in the 300-2000 cm-1 range. If the sample fluorescence was too high then a neutral density filter was applied to improve the signal, effectively reducing the laser power to either 2.5 mW or 0.9 mW. The process was then repeated using 50 µl of CSF.

2.8.1.3. Portable probe
50 µl CSF and serum samples were prepared in the same way. The portable Raman probe was as described by Day and Stone [261] (Figure 5). Briefly, an 830 nm semiconductor laser (Innovative Photonics Solutions, Monmouth Junction, New Jersey, USA) was set at a power of 60 mW and coupled to an inline filter unit to collimate light through a bandpass filter (Semrock, Inc.). This removed Raman and fluorescence generated within the pathway, then focusing the light into a low-OH fibre of 105 micron core and 0.22NA (Thor Labs, Inc). A collecting fibre (identical to the excitation fibre) collected scattered light and this light transmitted to the spectrometer via a filtering unit that rejected elastically scattered light. The spectrometer was a Raman Explorer spectrograph (Headwall Photonics, Inc., Bolton, Massachusetts, USA) and iDUS 420BR-DD CCD camera (Andor Technology, LTD), cooled to -70 °C.  40 second exposure was used and the probe advanced through the fluid to obtain a total of 5 spectra per sample (Figure 6).

[image: ]
Figure 5. Schematic design of the portable Raman probe, from Day and Stone (2013)


Calibration was performed to ensure the reproducibility of the CCD data. Power output was consistently measured to ensure that it remained constant at 60 mW. PTFE spectra were acquired for wavelength calibration. Following the correction of PTFE offset an air background signal was also acquired in order to check visual consistency with previous measurements. The probe was then advanced into the fluid drop.

[image: ]Laser input fibre
Needle housing for fibres
Sample fluid droplet
Spectrometer return fibre

Figure 6. Probe and serum sample as used in the portable Raman probe analysis

[bookmark: _Toc89083670]2.8.2. Raman exploration of larger cohort
Analysis of the pilot data demonstrated that the portable Raman probe performed as well as the fixed microscope setup (section 3.5.1.). The portability and cost-effectiveness afforded by the lightweight probe setup were determining factors in taking it forwards to analyse a larger subject cohort. The fibre optic setup was redesigned by Dr. Day to be more specific to the task of assessing biofluids. The new design consisted of routing the optical fibres into an enclosure that could be secured with a sliding door (Figure 7). This provides improved laser safety and reduces the influx of unwanted, ambient light. Additionally, the enclosure has an indentation for a fluid cell which reduces the need for manual manipulation, standardising the sample analysis.

Serum samples from 100 patients with MND, 51 disease controls and 32 healthy controls were identified from the AMBRoSIA cohort. Furthermore, serum samples from 28 of the patients with MND collected at a follow-up visit were identified (mean (SD) follow-up: 5.1 (3.1) months). Demographics and clinical details are shown in Table 7. 25 μl of serum was pipetted into an aluminium pan (PerkinElmer, Waltham, Massachusetts, USA) and placed in the fluid cell. This, in turn, was placed in the enclosure indentation, located in the light path. As above, an 830 nm semiconductor laser was set at a power of 60 mW. The equipment was calibrated using a PTFE sample using a single, eight-second exposure. The background signal of the probe and aluminium pan was measured first. For each serum sample, a 16 second exposure was used, and 20 spectra were recorded. These were averaged prior to analysis. If a sharp spike, suggestive of a cosmic ray, was seen on any of the spectra then the recording was restarted.
[image: A machine on the counter
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Figure 7. Portable probe, routed through enclosure with fluid cell indentation



Table 7: Raman spectroscopy analysis, full cohort subject demographics and clinical details
	
	
	MND visit 1 (n = 100)
	MND visit 2 (n = 30)
	Disease control
(n = 51)
	Healthy control 
(n = 32)

	Gender 
	Male, n (%)
	59 (59%)
	17 (57%)
	31 (63%)
	13 (41%)

	Age (years)
	Mean (range)
	62 (24 – 88)
	62 (37 – 85)
	51 (18 – 89)
	57 (23 – 86)

	Site of onset
	Limb, n (%)
	78 (78%)
	24 (80%)
	-
	-

	
	Bulbar, n (%)
	17 (17%)
	6 (20%)
	-
	-

	
	Cognitive, n (%)
	2 (2%)
	0%
	-
	-

	
	Respiratory, n (%)
	2 (2%)
	0%
	-
	-

	
	Trunk, n (%)
	1 (1%)
	0%
	-
	-

	Disease subtype
	ALS, n (%)
	85 (85%)
	25 (83%)
	*
	-

	
	PMA, n (%)
	10 (10%)
	3 (10%)
	-
	-

	
	PLS, n (%)
	5 (5%)
	2 (7%)
	-
	-

	ALSFRS-R
	Mean (SD)
	36.71 (7.6)
	40.0 (5.0)
	-
	-

	Disease progression rate
	Mean (SD)
	1.0 (1.3)
	0.5 (0.3)
	-
	-

	Disease duration (months)
	Mean (SD)
	22 (21)
	19.9 (11.6)
	-
	-


1Not available for n = 15
*See Table 9

[bookmark: _Toc89083671]2.8.3. Spectral analysis
The Raman spectra were collected using Andor Solis (Version 4.30, Andor Technology Ltd., Belfast, Northern Ireland). Spectral analyses were undertaken using MATLAB (Version R2020b, The MathWorks, Inc., Natick, MA, USA) software using custom code developed by Dr. Alix and collaborators. 
Spectra were first interpolated between 900 and 1800 cm-1. At <900 cm-1 the spectra were dominated by silica-related artefact from the fibre optics. At >1800 cm-1 the spectra consisted of noise, without relevant biological signal (thus, the window falls within the so-called ‘biological fingerprint region’. Unintentional light source and environmental fluctuations can impact the intensity and background signal of the spectra. These are unrelated to the chemical composition of the samples, and by performing background subtraction, or other pre-processing techniques, the spectra can be normalised [249, 262]. Three pre-processing techniques were then compared prior to modelling and the best-performing technique taken forwards: (a) normalisation with standard normal variate normalisation (SNV) and mean-centring; (b) SNV with adaptive iteratively reweighted Penalized Least Squares (airPLS); (c) SNV with a Savitzky-Golay smoothing filter (polynomial order of 1 and window length of 7).
Group level mean spectra were produced to allow generation of group difference plots. For multivariate analysis, principal component analysis-linear discriminant analysis (PCA-LDA) was performed. Individual principal components (PCs) for use in the classifier were selected via t-tests with Benjamini–Hochberg false discovery rate (BH-FDR) (Q = 0.05); up to a maximum of 10 [263]. If no significant PCs were identified, then PCs 1-10 were used collectively. PCs were then used to plot linear discriminant functions (LDFs) to illustrate important peaks used in the PCA-LDA spectral classification.
The supervised partial least-squares discriminant analysis (PLS-DA) model was then performed. The optimal number of latent variables was selected by increasing the number of components included in the classification model until the prediction accuracy no longer improved. 
Classification performance was assessed by leave-one-sample-out cross validation. During this process, the dataset is split into training and test sets. The test set is left out of the classification model and then projected onto the model and the predictions are evaluated. This was repeated until all samples had been used as the test sample once. No information about the test sample was left in the model; the components selected for use were recalculated each time. 
Finally, in an attempt to assign biological meaning to the individual peaks, key peaks were compared with known spectral frequencies and their likely biological origin [264].



[bookmark: _Toc89083672]CHAPTER 3. AMBROSIA SUBJECT RECRUITMENT
[bookmark: _Toc89083673]3.1. Demographics and clinical information
Routes to recruitment were through three primary means, and I had a role in each one. Firstly, I approached patients as they were electively admitted for their motor protocol investigations. I initially gauged their interest in research and then provided the approved information sheet. If a relative or friend was in attendance, then I enquired about their interest in research as a control subject. Once the subject read the information sheet, I explained the study further, if required, answered any questions, and obtained a written consent. Secondly, following a referral for research participation from a neurologist (either internal or external to Sheffield Teaching Hospitals), I arranged a brief admission. Thirdly, requests for research participation were received via e-mail to either myself or Professor Shaw, as principal investigator, and I arranged a brief admission. Following consent, I collected the relevant clinical information. I then performed venepuncture, lumbar puncture, urine collection and skin biopsy. 
Recruitment details for the patients with MND, disease controls (DC) and healthy controls (HC) from the Sheffield AMBRoSIA site are summarised in Table 8. The diagnoses for the disease controls are listed in Table 9. From the genetic sister project, NECTAR, mutations were assessed in 44 ALS-associated genes (as listed in Appendix 3) for the first 100 patients that were recruited.  I was a co-author on a publication based on these data [2]. 21% of the cohort had a pathogenic variant in one of these genes, with a further 21% discovered to have a variant of uncertain significance. 10% had mutations in C9orf72 and 5% in SOD1, and, of these 15 patients, 7 of them had a family history. Furthermore, mutation burden was found to be associated with a younger age of onset, as defined by two or more pathogenic mutations, likely pathogenic mutations, or variants of uncertain significance.

Table 8: AMBRoSIA recruitment, subject demographics and clinical details
	
	
	MND (n=134)
	DC (n=59)
	HC (n=38)

	Gender 
	Male, n (%)
	 75 (56%)
	 25 (59%)
	14 (37%)

	Age (years)
	Mean (SD)
	62.6 (12.8)
	51.6 (19.4)
	57.0 (14.0)

	Site of onset
	Limb, n (%)
	108 (81%)
	-
	-

	
	Bulbar, n (%)
	21 (16%)
	-
	-

	
	Respiratory, n (%)
	2 (1%)
	-
	-

	
	Cognitive, n (%)
	2 (1%)
	-
	-

	
	Trunk, n (%)
	1 (1%)
	-
	-

	Disease subtype
	ALS, n (%)
	113 (84%)
	*
	-

	
	PMA, n (%)
	16 (12%)
	-
	-

	
	PLS, n (%)
	5 (4%)
	-
	-

	Family history
	n (%)
	11 (8.2%)
	-
	-

	Riluzole usage
	n (%)
	32 (24%)
	-
	-

	NIV usage
	n (%)
	3 (2.2%)
	-
	-

	PEG usage
	n (%)
	3 (2.2%)
	-
	-

	ALSFRS-R
	Mean (SD)
	36.6 (7.4)
	-
	-

	Disease progression rate1
	Mean (SD)
	 1.2 (0.9)
	-
	-

	Disease duration2 (months)
	Mean (SD)
	 20.3 (22.3)
	-
	-


1Disease progression rate = (48-ALSFRS-R)/disease duration
2Disease duration = time from first muscle weakness or cognitive decline
*See Table 9 

Table 9: Disease control diagnoses
	Diagnosis
	n =
	Diagnosis
	n =

	Central cord syndrome
	1
	Multifocal motor neuropathy with conduction block
	1

	Cervical dystonia
	1
	Multiple sclerosis
	8

	Fibromyalgia
	5
	Myopathy
	1

	Frontotemporal dementia
	1
	Narcolepsy
	1

	Ganglionopathy
	1
	Oral cancer
	1

	Headache
	1
	Osteoarthritis of the spine
	2

	Hereditary spastic paraparesis
	9
	Peripheral neuropathy
	6

	Idiopathic hypersomnia
	1
	Progressive supranuclear palsy
	1

	Lost to follow-up
	2
	Segmental myoclonus
	1

	Lumbar radiculopathy
	1
	Small-vessel disease
	2

	Monomelic amyotrophy
	10
	Stroke
	1



[bookmark: _Toc89083674]CHAPTER 4. 3-NITROTYROSINE ANALYSIS
[bookmark: _Toc89083675]4.1. Western blotting
The total protein stain is shown in Figure 8 and the 3-nitrotyrosine staining in Figure 9. The positive control in lane 2 is nitrated albumin and the lanes then alternate between healthy controls and MND patients. The darkest bands in Figure 8 have been labelled B, C and F. Comparing their molecular weights with known abundant CSF proteins [265], they likely pertain to albumin at 69 kDa, transthyretin at 54 kDa and a mix of α-microglobulin and β-trace protein at 28 kDa.
On visual inspection of the blots, there was not a clear difference between patients and controls. A semi-quantification was done by comparing the 3-nitrotyrosine signal reported by the LI‑COR Odyssey imager (normalised with the total protein signal) across the subject groups. The results are shown in Figure 10. Mann-Whitney tests all had a p-value > 0.05. Similarly, the serum blots were analysed, and bands were identified at molecular weights consistent with albumin, transthyretin and haemoglobin. There was no statistically significant difference between subject groups (the Western blot and group comparison graphs are shown in Appendix 4).

[bookmark: _Toc89083676]4.2. ECL-ELISA
The sample concentrations were normalised for total protein. For assays 1a and 1b, of the different assay conditions (Figure 4), no condition yielded 3-nitrotyrosine signal in all the samples. The best performing was condition 2 in assay 1b (albumin-depleted CSF, with an overnight incubation), with signal in 7 out of 12 subjects (Figure 11). The serum assays yielded higher concentrations, as expected, but most of the samples returned no signal. These data are shown in Appendix 5. Mann-Whitney tests for all comparisons showed no difference between subject groups. When the assays were repeated with 40 subjects (assays 2a and 2b), no signal was returned in either experiment, and this included the standards, subject samples and spiked CSF samples.




[image: ]

[bookmark: OLE_LINK2]Figure 8. CSF Western blots, total proteins stain


[image: ]
Figure 9. CSF Western blots: 3-nitrotyrosine staining, top panel showing coloured fluorescence; bottom panel showing the same blots in black and white



[image: ]Figure 10. Per-protein nitration from CSF Western blotting, healthy controls and patients; line shown is the median





Figure 11. ECL-ELISA with an overnight incubation: 3-nitrotyrosine concentrations in albumin-depleted CSF from healthy controls and patients; line shown is the median



[bookmark: _Toc89083677]4.3. Discussion
The results presented here suggest that the 3-nitrotyrosine modification is present and detectable in the CSF of both MND patients and healthy controls. The Western blots showed several high abundance proteins with a significant nitration burden, although no difference was seen between patients and healthy controls. This likely reflects nitration as a naturally occurring physiological process, as, in health, there is a perpetual equilibrium between antioxidant and oxidising processes. Pro-oxidant activity is not always deleterious, as it plays an important role in cell signalling. Regarding sum-nitration, despite a promising start to the initial 3-nitrotyrosine immunoassays, attempts at replication were not successful. This makes per-protein nitration an unlikely means of differentiating between patient subtypes, as a means of stratification. 
Although the ECL-ELISA has improved sensitivity over a standard colorimetric assay, the significant inter-assay variability shown between these experiments and those done by Knight et al. [260] suggests that this assay is sensitive to systematic or unintentional environmental changes. This may reflect antibody performance or sample handling, despite a rigorous methodical approach to standardisation. This is one of several challenges that have been recognised when quantifying 3-nitrotyrosine. In a review article, Tsikas lists the wide range of concentrations of 3-nitrotyrosine that have been found in various biofluids. Furthermore, these studies all used various mass spectrometry protocols, which is proposed as the analytical method that is the most reliable [88]. Tsikas goes on to urge caution when using commercially available ELISA kits. Whilst the assay used in the present study was custom developed by the University of Exeter team, and was subsequently validated by mass spectrometry, it still relies on commercially available components, such as the antibody pairings. One such difficulty that presented itself during these 3-nitrotyrosine experiments was the company that provided the primary antibody changed their preparation from glycerol solution suspended, to lyophilised. Without running parallel experiments testing these antibodies, it is not possible to know what impact, if any, this will have had on quantification. Bandookwala et al. provide another good critique of current analytical methods [266]. They argue that immunochemical methods, as an alternate to mass spectrometry, are viable, and provide the necessary improved sensitivity. They also review recent advances in biosensor and biopolymer techniques which, whilst beyond the scope of this discussion, demonstrate the scope of techniques available for this promising area of research.
As a post-translational modification, it remains a potential measure of reactive nitrogen species formation and nitrosative stress. It was used as a secondary endpoint in the edaravone Phase II open-trial, and CSF levels were markedly reduced by the end of the study. However, in the follow-up Phase III study, it was not used as a biomarker endpoint, and the reason for this was not stated [267]. The pilot data presented here showed promise, albeit in a small number of samples, which encouraged further testing in a larger cohort. I believe this analyte could be revisited when further development and validation of analytical techniques has taken place. 
At the present time, this assay does not represent a useful technique to identify nitrosative changes that differentiate MND from control subjects. The antioxidant Nrf2-pathway (see section 1.5.6.) continues to be of interest as a pathophysiological stress mechanism within MND and therefore as a treatment target. The Nrf2-pathway upregulates many antioxidant genes and biomarkers from this complex pathway, for example glutathione, may be ideal candidates for future analysis within this patient cohort.

[bookmark: _Toc89083678]CHAPTER 5. CYTOKINE, CHEMOKINE AND GROWTH FACTOR QUANTIFICATION
[bookmark: _Toc89083679]5.1. CSF flow cytometry, neuroinflammatory panel 
The MND patient group was compared to the healthy control group for each of the analytes. Normality tests were first run to determine sample distribution, followed by the non-parametric Mann-Whitney test or the parametric t-test. Angiogenin, IL-8, IP-10 and MCP-1 were the only analytes to be detected across the samples. These data are shown in Table 10. All four had higher mean levels in patients, with angiogenin and IL-8 being statistically significant. The graphs of angiogenin and IL-8 concentrations are shown in Figure 12. bFGF, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-17A, MIP-1α, RANTES and VEGF were not detected using this method.

Table 10: CSF analytes detected by flow cytometry analysis
	Analyte (pg/ml)
	MND (n=26)
	HC (n=10)
	Significance

	Angiogenin 
	533 (134) 
	321 (201)
	p < 0.01

	IL-8
	28 (10)
	20 (7)
	p < 0.05

	IP-10
	165 (98)
	112 (63)
	NS

	MCP-1
	299 (117)
	254 (85)
	NS


Concentrations are shown as mean (SD), in pg/ml
NS = not significant


 
[bookmark: _Hlk97751307]Figure 12. Angiogenin and IL-8 concentrations, as measured by flow cytometry. Box and whisker plots demonstrating range, median and interquartile range

[bookmark: _Toc89083680]5.2. CSF ECL-ELISA neuroinflammatory panel, pilot data
The cytokine and chemokine results were again compared between the MND group and the healthy control group. The means (SD), together with statistical significances between groups are shown in Table 11. Apart from bFGF and SAA, all the statistically significant analytes were noted to be higher in the patient group. Graphs of the analytes that had significant differences between the groups are shown in Figure 13. IFN-γ, IL-1α, IL-1β, IL-4, IL-13, IL-17A, IL-23, MIP-1α, RANTES, TNF-β, TGF-β1 and TGF-β3 were either not detected, or in too few samples for a meaningful analysis. As this initial work was intended as a discovery experiment, a Benjamini-Hochberg test for multiple comparisons was performed with a false discovery rate of 5%. This rate was chosen to avoid eliminating analytes based on type II error at an early stage.

Table 11: CSF neuroinflammatory pilot results, as determined by ECL-ELISA
	Analyte (pg/ml)
	MND (n=30)
	HC (n=10)
	Significance
	Benjamini-Hochberg significance

	bFGF
	0.3 (0.5)
	0.8 (0.9)
	p < 0.05
	NS

	CRP
	22157 (31003)
	18221 (21449)
	NS
	NS

	Eotaxin-1
	7.5 (3.1)
	3.7 (2.7)
	p < 0.01
	p < 0.05

	Eotaxin-3
	4.6 (4.3)
	2.3 (1.3)
	NS
	NS

	FLT-1
	61.8 (16.5)
	50.1 (16.8)
	NS
	NS

	G-CSF
	3.7 (1.6)
	2.5 (1.1)
	p ~ 0.01
	p < 0.05

	ICAM-1
	6007 (1391)
	4685 (865)
	p < 0.01
	p < 0.05

	IL-2
	ND
	ND
	NS
	NS

	IL-5
	0.7 (0.2)
	0.4 (0.1)
	p < 0.0001
	p < 0.01

	IL-6
	1.0 (0.4)
	0.7 (0.3)
	NS
	NS

	IL-7
	0.8 (0.4)
	0.7 (0.2)
	NS
	NS

	IL-8
	45.1 (13.7)
	32.7 (6.7)
	p < 0.001
	p < 0.05

	IL-9
	3.9 (1.0)
	3.4 (1.3)
	NS
	NS

	IL-10
	0.03 (0.03)1
	0.01 (0.03)2
	NS
	NS

	IL-12p70
	4.9 (4.4)
	3.4 (0.9)
	NS
	NS

	IL-15
	2.8 (0.6)
	2.2 (0.5)
	p < 0.01
	p < 0.05

	IL-16
	8.2 (2.3)
	7.4 (1.4)
	NS
	NS

	IP-10
	393 (247)
	324 (124)
	NS
	NS

	MCP-1
	462 (150)
	387 (104)
	NS
	NS

	MCP-4
	0.2 (0.5)
	ND
	p < 0.05
	NS

	MDC
	12.3 (5.4)
	8.4 (2.1)
	p < 0.01
	p < 0.05

	MIP-1β
	11.8 (3.6)
	8.8 (2.1)
	p < 0.05
	NS

	PlGF
	19.8 (8.0)
	12.9 (5.3)
	p < 0.01
	p < 0.05

	SAA
	4715 (3525)
	8102 (11292)
	NS
	NS

	TARC
	2.8 (1.7)
	2.1 (0.6)
	NS
	NS

	TGF-β2
	810 (263)
	523 (185)
	p < 0.01
	p < 0.05

	TIE-2
	73.2 (32.0)
	60.0 (42.1)
	NS
	NS

	TNF-α
	[bookmark: OLE_LINK3]0.2 (0.05)
	0.1 (0.02)
	p < 0.001
	p < 0.05

	VCAM-1
	12670 (2686)
	10008 (2050)
	p < 0.01
	p < 0.05

	VEGF-A
	3.2 (0.4)
	3.1 (0.5)
	NS
	NS

	VEGF-D
	41.0 (12.3)
	29.4 (9.3)
	p < 0.01
	p < 0.05


Concentrations are shown as mean (SD), in pg/ml; ND = not detected; NS = not significant
1IL-10, patients with signal, n = 15
2IL-10, controls with signal, n = 2


Figure 13. Box and whisker plots for the analytes that were differentially expressed in CSF, between patients with MND and healthy control; as measured by MSD ECL-ELISA. Concentrations are in pg/ml. Box and whisker plots demonstrating range, median and interquartile range


The analytes were then correlated with ALSFRS-R, disease duration and disease progression. Statistically significant correlations are shown in Tables 12-14 respectively. The strongest correlates with these three clinical measures are shown in Figure 14 and the remainder are in Appendix 5. 

Table 12: CSF analyte correlations with ALSFRS-R
	Analyte
	Spearman’s Rank
	Significance
	Benjamini-Hochberg significance

	PlGF
	-0.65
	p < 0.001
	p < 0.05

	TNF-α
	-0.62
	p < 0.001
	p < 0.05

	MCP-4
	-0.61
	p < 0.001
	p < 0.05

	CRP
	-0.57
	p < 0.01
	p < 0.05

	ICAM-1
	-0.52
	p < 0.01
	p < 0.05

	IL-15
	-0.51
	p < 0.01
	p < 0.05

	SAA
	-0.49
	p < 0.01
	p < 0.05

	Eotaxin-1
	-0.48
	p ~ 0.01
	p < 0.05

	TARC
	-0.47
	p ~ 0.01
	p < 0.05

	MDC
	-0.42
	p < 0.05
	NS

	IL-7
	-0.40
	p < 0.05
	NS

	G-CSF
	-0.39
	p < 0.05
	NS

	MCP-1
	-0.39
	p < 0.05
	NS


NS = not significant

Table 13: CSF analyte correlations with disease duration
	Analyte
	Spearman’s Rank
	Significance
	Benjamini-Hochberg significance

	ICAM-1
	-0.40
	p < 0.05
	NS

	TIE-2
	-0.40
	p < 0.05
	NS

	MIP-1β
	0.36
	p < 0.05
	NS


NS = not significant

Table 14: CSF analyte correlations with disease progression rate
	Analyte
	Spearman’s Rank
	Significance
	Benjamini-Hochberg significance

	ICAM-1
	0.77
	<0.0001
	p < 0.01

	IL-15
	0.57
	p ~ 0.001
	p < 0.05

	CRP
	0.5
	p < 0.01
	p < 0.05

	PlGF
	0.484
	p < 0.01
	p < 0.05

	VCAM-1
	0.45
	p < 0.05
	NS

	TNF-α
	0.44
	p < 0.05
	NS

	SAA
	0.434
	p < 0.05
	NS

	G-CSF
	0.39
	p < 0.05
	NS

	TARC
	0.39
	p < 0.05
	NS


NS = not significant




Figure 14. Cytokines and chemokines with the highest Spearman rank correlation coefficients: top row – with ALSFRS-R, middle row – with disease duration, bottom row – with disease progression rate

[bookmark: _Toc89083681]5.3. CSF and plasma neuroinflammatory ECL-ELISAs, larger cohort
For some assays, the obtained concentration range of the cohort was at the lower end of the assay’s dynamic range. For these analytes, for the few subjects in which the returned assay signal was below the dynamic range, an imputed value was used based on the limit of detection published in the manufacturer’s product literature. For those assays that had results well within the dynamic range, for those few subjects that did not return any signal, a mean imputed value was used. Levels of NfL in CSF were not measured in the larger cohort, whilst plasma NfL levels were measured. Due to the high level of correlation between plasma and CSF NfL (as can be seen in Section 5.5.), absent CSF values were imputed from the plasma levels. This was to increase statistical power of subsequent analyses.
The mean and standard deviation was calculated on a per-group basis and these data are shown in Table 15 and Table 16, for CSF and plasma, respectively. Included in both tables are the results from the neurofilament light chain (NfL) measurements. Whilst the full neurofilament dataset is shown in Section 5.5., as the leading biomarker in motor neuron disease, NfL levels been included in this dataset for modelling purposes. The following statistical analyses were done with the help of Dr. Kevin Walters, statistician.  

Table 15: CSF neuroinflammatory analytes from full cohort, as determined by ECL-ELISA
	Analyte (pg/ml)
	MND (n = 63)
	HC (n = 17)
	Significance
	Benjamini-Hochberg significance

	CRP
	10497 (21245)
	7317 (6470)
	NS
	NS

	ICAM-1
	2066 (885)
	2140 (1052)
	NS
	NS

	IL-2
	52.1 (39.2)
	53.7 (26.0)
	NS
	NS

	IL-6
	983.7 (1908.1)
	650.2 (753.7)
	NS
	NS

	IL-7
	0.4 (0.3)
	0.3 (0.2)
	NS
	NS

	IL-8
	39.7 (14.6)
	37.2 (7.6)
	NS
	NS

	IL-10
	37.6 (20.1)
	40.4 (19.4)
	NS
	NS

	IL-15
	2.1 (1.1)
	1.9 (1.1)
	NS
	NS

	MCP-1
	355.6 (108.6)
	301.8 (70.3)
	p < 0.05
	NS

	MIP-1β
	9.4 (3.1)
	9.1 (3.5)
	NS
	NS

	NfL
	28075 (24174)
	3579 (2656)
	p = 1.7 x 10-19
	p = 1.7 x 10-18

	MDC
	24.8 (7.4)
	25.5 (8.0)
	NS
	NS

	PlGF
	10.6 (4.7)
	9.8 (3.2)
	NS
	NS

	SAA
	881.0 (919.0)
	1040.5 (1096.4)
	NS
	NS

	TARC
	1.3 (0.7)
	1.1 (0.5)
	NS
	NS

	TGF
	159.7 (46.5)
	166.4 (26.1)
	NS
	NS

	TIE2
	70.0 (22.9)
	85.3 (34.7)
	p < 0.05
	NS

	VCAM-1
	6527.1 (2729.0)
	6867.8 (4255.3)
	NS
	NS

	VEGF-D
	36.5 (14.7)
	41.3 (18.7)
	NS
	NS


Concentrations are shown as mean (SD), in pg/ml; significance based on likelihood ratio tests; NS = not significant

Table 16: Plasma neuroinflammatory analytes from full cohort, as determined by ECL-ELISA
	Analyte (pg/ml)
	MND (n = 63)
	HC (n = 17)
	Significance
	Benjamini-Hochberg significance

	ICAM-1 (μg/ml)
	4.2 (3.2)
	5.0 (2.8)
	NS
	NS

	IFN-γ
	6.2 (6.7)
	3.1 (2.0)
	p < 0.001
	p < 0.05

	IL-2
	13.6 (6.3)
	14.0 (4.2)
	NS
	NS

	IL-6
	1464.2 (2599.7)
	779.6 (578.5)
	p < 0.05
	NS

	IL-10
	358.3 (565.8)
	297.6 (164.0)
	NS
	NS

	MCP-1
	115.0 (51.4)
	109.8 (39.0)
	NS
	NS

	NfL
	311.7 (238.4)
	47.9 (33.5)
	p = 2.1 x 10-20
	p = 2.1 x 10-19

	PlGF
	9.0 (2.3)
	8.7 (2.6)
	NS
	NS

	SAA (μg/ml)
	68.7 (78.3)
	103.2 (107.3)
	NS
	NS

	TNF-α
	226.2 (82.5)
	254.5 (83.2)
	NS
	NS

	VCAM-1 (μg/ml)
	5.8 (4.9)
	5.9 (4.0)
	NS
	NS


Concentrations are shown as mean (SD), in pg/ml unless otherwise stated; significance based on likelihood ratio tests; NS = not significant

[bookmark: OLE_LINK11]Univariate analysis was then performed to establish whether there were any group differences between patients and healthy controls on a per-analyte basis.  P-values were determined via likelihood ratio test based on model deviance. Based on univariate analysis only, CSF MCP-1 (p < 0.05), CSF NfL (p = 1.7 x 10-19) and plasma NfL (p = 2.1 x 10-20) were significantly higher in patients with MND than healthy controls. CSF TIE-2 was higher in healthy controls than patients (p < 0.05). These data are shown in Figure 15. Linear modelling was subsequently undertaken to see whether a panel of biomarkers could provide a useful classifier model. As the most significant analyte in the univariate analysis, plasma NfL was used as the basis for the classification model. Neither MCP-1 nor TIE-2 improve the fit of the model (p > 0.05). As such, plasma NfL was then used as the sole biomarker in a leave-one-out cross validation. Patients were correctly identified in 56 out of 61 cases. Healthy controls were correctly identified in 14 out of 16 cases. The true positive rate (TPR) was 0.92 and false positive rate (FPR) was 0.13, with an overall error rate of 0.09. Creating a model without neurofilament and using the next best analytes (MCP-1 and TIE-2) resulted in a high false positive rate of 0.88. 
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Figure 15. Box and whisker plots for the analytes that were differentially expressed in CSF and plasma, between patients with MND and healthy controls; as measured by MSD ECL-ELISA. Concentrations are in pg/ml. Box and whisker plots demonstrating range, median and interquartile range

[bookmark: OLE_LINK6]In plasma alone, NfL (p = 4.1 x 10-21), IL-6 (p < 0.05) and IFN-γ (p < 0.001) were significantly higher in patients than controls. These data can be seen in Figure 16, with the exception of plasma NfL which is in Figure 15. On inspection of the plots, there are some outliers in both groups. These were removed using the ROUT method (Q = 0.1%). The statistical significance was lost for IL-6 and remained for IFN-γ. NfL was again used as the basis for a classification model, and IL-6 and IFN-γ were added independently. Whilst they improved the fit at a 5% significance level, using both NfL and either IL-6 or IFN-γ in a leave-one-out cross validation resulted in an increase in incorrectly identified controls (5 versus 2), with only a marginal improvement in patient classification (58 versus 57).
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Figure 16. Box and whisker plots for the analytes that were differentially expressed in plasma, between patients with MND and healthy control; as measured by MSD ECL-ELISA. Concentrations are in pg/ml. Box and whisker plots demonstrating range, median and interquartile range


Assessment of clinical features
The following clinical variables were assessed for association with each of the analytes: site of disease onset (limb or bulbar), ALSFRS-R and disease duration at time of biofluid sampling, disease progression rate, and time from symptom onset until death. Linear modelling was then attempted to see if a panel of biomarkers could provide better clinical parameter associations than a sole analyte; age and sex of the subjects were controlled for. 

Site of disease onset
Higher levels of plasma NfL (p < 0.00001), and lower levels of CSF G-CSF (p < 0.01) and CSF IL-10 (p < 0.01) were individually associated with bulbar disease. As the most highly associated, NfL was used as the basis for a model. Neither the addition of G-CSF nor IL-10 improved the fit. The linear model coefficient results can be seen in Table 17. Whilst NfL reaches a reasonable significance level (p < 0.01) in the model, there is overlap in the NfL values when looking at the bulbar- and limb-onset groups, as can be seen in Figure 17. Furthermore, the adjusted R-squared = 0.20, suggesting that the variance in the data is not fully explained by this metric. Assessment of the residuals was satisfactory. 
Whilst the site of onset model incorporates plasma NfL, due to the relatively few numbers of bulbar cases (n = 11) this is a tentative conclusion that needs further validation. A previous study found that patients with progressive bulbar palsy had higher levels of CSF NfL [45]. A second study found that bulbar-onset patients had higher serum NfL than did spinal-onset patients [199]. A third study found that patients with bulbar-onset ALS were quicker to progress to generalised ALS than spinal-onset, and those with a shorter generalisation time had higher levels of NfL [268]. A final study found no difference in NfL or pNfH levels between patient groups split by site of onset [269].

Table 17: Linear model of analytes associated with site of onset
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex
	0.016
	0.10
	0.15 
	0.88

	Age
	0.002
	0.004
	0.74
	0.45   

	CSF IL-10
	0.002
	0.003
	0.82
	0.41 

	CSF G-CSF
	0.00003
	0.00006
	0.56
	0.57

	Plasma NfL
	0.0006
	0.0002
	3.08
	0.003 **

	Adjusted R2
	0.20
	
	
	





[bookmark: OLE_LINK8]Figure 17. Box and whisker plots demonstrating plasma NfL concentrations (pg/ml) in patients, grouped by site of disease onset. Box and whisker plots demonstrating range, median and interquartile range


ALSFRS-R severity score
Individually, higher levels of plasma NfL (p < 0.001), plasma TNF-α (p < 0.01), CSF MCP1 (p < 0.01), CSF SAA (p < 0.0001), and CSF IL-15 (p < 0.01) were inversely associated with the ALSFRS-R. These data are shown in Figure 18. As SAA had the strongest association, a model was then created using it as a baseline. Neither the addition of IL-15 nor MCP-1 improved the fit of the model, but plasma NfL did. The model coefficients are shown in Table 18. A second model was created based on plasma-only biomarkers and including both NfL and TNF-α provided the best fit. These data are shown in Table 19. Assessment of the residuals was satisfactory.



Figure 18. CSF and plasma analytes with significant correlations with ALSFRS-R, as measured by ECL-ELISA

Table 18: Linear model of analytes associated with ALSFRS-R
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex
	0.68
	1.638
	0.377 
	0.71

	Age
	-0.18
	0.067
	1.909
	0.06   

	CSF SAA
	-0.003
	0.001
	-3.170
	0.003 ** 

	Plasma NfL
	-0.008
	0.003
	-2.107
	0.04 *

	Adjusted R2
	0.20
	
	
	




Table 19: Linear model of plasma-only analytes associated with ALSFRS-R
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex          
	0.939  
	 1.801 
	0.522 
	0.60    

	Age         
	-0.148 
	 0.078
	-1.896 
	0.06  

	NfL    
	-0.010  
	 0.004
	-2.833
	0.007 ** 

	[bookmark: OLE_LINK7]TNF-α   
	-0.025  
	0.011 
	-2.404 
	0.02 *  

	Adjusted R2
	0.28
	
	
	


			
Disease duration
Disease duration was inversely associated with plasma NfL (p < 0.01). These data are shown in Figure 19 and Table 20. As can be seen on the graph, the greatest variance is seen in the first 24 months of the disease course. Linear modelling confirmed the plasma NfL association, after correcting for gender and age.




[bookmark: _Hlk76725232]Figure 19. Analytes with significant correlations with disease duration, as by measured by ECL-ELISA

Table 20: Linear model of analytes associated with disease duration
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex          
	-11.101  
	 5.195 
	-2.137 
	0.04

	Age         
	-0.148 
	 0.078
	-1.896 
	0.06  

	Plasma NfL    
	-0.010  
	 0.004
	-2.833
	0.007 ** 

	Adjusted R2
	0.13
	
	
	



Disease progression rate
Plasma NfL (p < 0.01) and CSF SAA (p ~ 0.001) were individually associated with disease progression rate, as shown in Figure 20. This was calculated as (48 - ALSFRS-R at time of sampling)/disease duration in months. As CSF SAA had the stronger association, it was then used as the baseline for a linear model. When plasma NfL was added to this model SAA remained significantly associated (p < 0.05) and Plasma NfL fell just above the 5% significance level. These data are shown in Table 21. Upon assessment of the residuals plot, there were several large residuals and a reduced vertical distribution (Figure 21).


Figure 20. Analytes with significant correlations with disease progression rate, as by measured by ECL-ELISA

Table 21: Linear model of analytes associated with disease progression rate
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex          
	-0.025  
	 0.344 
	-0.074 
	0.94

	Age         
	-0.021 
	 0.078
	1.482 
	0.15  

	CSF SAA
	0.0005
	0.0002
	2.280
	0.03 *

	Plasma NfL    
	-0.001
	 0.0008
	1.925
	0.06 

	Adjusted R2
	0.25
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Figure 21. Residuals plot for linear model of analytes associated with disease progression rate.

Time from symptom onset until death
Plasma NfL (p < 0.01) was inversely associated with time until death (n = 39). These data are shown in Figure 22 and Table 22. As can be seen on the graph, there are some outliers in this dataset, but these are clustered at the lower end of the neurofilament light chain range. Plasma NfL above ~500 pg/ml seems to be reliably correlated with poorer outcome. The biggest spread of datapoints comes from those subjects with plasma NfL less than 250 pg/ml. Linear modelling confirmed the plasma NfL association, after correcting for gender and age.



Figure 22. Linear regression of plasma NfL (pg/ml) and time until death (months)

Table 22: Linear model of Plasma NfL and time until death
	Coefficients:
	
	
	
	

	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Sex          
	-5.987
	6.519
	-0.918
	0.37

	Age         
	0.099
	0.307
	0.322
	0.75

	Plasma NfL    
	-0.032
	0.011
	-2.828
	0.009 **

	Adjusted R2
	0.16
	
	
	



[bookmark: _Toc89083682]5.4. Neurofilament level measurement
Cerebrospinal fluid 
Both neurofilament subunits, phosphorylated heavy chain and light chain, were significantly raised in CSF from patients, when compared to the healthy controls (Table 23). Furthermore, the levels both correlated moderately with disease progression rate, and neurofilament light chain negatively correlated with disease duration. Finally, when compared with each other, there was a strong positive correlation (Figure 23). 

Table 23. CSF neurofilament concentrations, as determined by ECL-ELISA
	Neurofilament subunit
	MND (n=30)
	HC (n=10)
	Significance

	NfL
	23554 (20984)
	1820 (1250)
	p < 0.0001

	pNfH
	239.3 (220.1)
	13.9 (7.7)
	P < 0.0001


Concentrations are shown as mean (SD), pg/ml



[bookmark: OLE_LINK9]
[bookmark: OLE_LINK1]Figure 23. CSF neurofilament levels from ECL-ELISA: (A) NfL levels in patients with MND and controls; (B) pNfH levels in patients with MND and controls; (C) NfL levels in patients correlated with disease progression rate; (D) pNfH levels in patients correlated with disease progression rate; (E) NfL levels in patients correlated with disease duration; (F) NfL levels in patients correlated with pNfH levels in patients and controls. Box and whisker plots demonstrating range, median and interquartile range

Plasma
Plasma neurofilament light chain (NfL) levels from the 4 subject groups can be seen in Table 24 and Figure 24. Mann-Whitney testing showed that MND visit 1 NfL levels were significantly higher than disease control levels (p < 0.0001) and healthy control levels (p < 0.0001) but were not significantly different to MND visit 2 levels (p > 0.05). Disease control levels were higher than healthy control levels (p < 0.05). Consistent with the analysis in Section 5.3., plasma NfL levels in this cohort negatively correlated with ALSFRS-R (r = -0.38, p < 0.01), disease duration (r = -0.38, p < 0.0001) and time from symptom onset until death (r = -0.56, p < 0.01), and positively correlated with progression rate (r = 0.54, p < 0.0001). These data can be seen in Figure 25.

Table 24: Plasma neurofilament light chain concentrations, as determined by ECL-ELISA
	
	MND visit 1
(n = 100)
	MND visit 2
(n = 30)
	Disease control
(n = 51)
	Healthy control
(n = 32)

	NfL, mean (SD)
	324.2 (242.2)
	376.0 (289.8)
	96.0 (153.3)
	45.5 (29.3)


Concentrations are in pg/ml




Figure 24. Plasma NfL concentrations in patients with MND, disease controls and healthy controls, as determined by ECL-ELISA. Box and whisker plots demonstrating range, median and interquartile range

 r = 0.54
    ****
r = -0.31
     **
r = -0.38
    ****
r = -0.56
     **

Figure 25. Plasma NfL levels obtained from ECL-ELISA plotted against (A) ALSFRS-R; (B) progression rate; (C) disease duration; (D) symptom onset until death

[bookmark: _Toc89083683]5.5. Replicability experiments
To assess the inter-assay variability afforded by the MSD system, replicability experiments were performed. Three experiments were completed at separate time points, measuring 6 analytes in CSF samples from 30 patients with MND and 10 healthy controls. The analytes were CRP, ICAM-1, IL-15, MCP, PlGF, SAA, and VCAM-1, and the coefficient of variations (CV) can be seen in Table 25. Overall, the mean CVs are high, and the acceptable level published by the manufacturer for quality control purposes is <20%. Whilst some CVs are higher in the patient samples than in the healthy control samples, it is unlikely that this is of biological relevance. This is because the CVs from the assay standards are also high (and some are higher than the control samples), and, as per the standard operating procedure, the CSF samples were collected, processed, stored, and analysed in the same way for each subject, regardless of subject group. 
Whilst the coefficients of variation are high, looking at the absolute values reveals that some of the analytes are correlated across the replicability experiments. This suggests that, whilst the absolute values are different, there may be consistencies at a group level. For example, CRP values, for both patients and controls, in the first replicability experiment (RE1) were associated with the values in the second experiment (RE2) with a correlation coefficient (r) of 0.96; and for PlGF, r = 0.9. Others, however, were less correlated: for ICAM-1, r = 0.77, for SAA, r = 0.78, and for VCAM-1, r = 0.80. This implies a larger spread of absolute values that make interpretation more difficult. Whilst it is not possible to know from this set of experiments which absolute values are biologically true, it is interesting to note that some of the clinical correlations persisted throughout the replicability experiments. As an example, SAA was significantly associated with disease progression rate in all three experiments, despite, as stated above, a correlation of only 0.78 between absolute values. This was not consistent across all of the analytes, however.
Whilst neurofilament replicability was not assessed in this work directly, it has been assessed by the AMBRoSIA collaboration as part of a study that I was involved in (unpublished data).  Plasma from 10 subjects was tested at the three AMBRoSIA sites (Sheffield, London and Oxford). The inter-site median CV was 12.1%, the intra-assay CV was 2.8%, and the inter-assay CV was 9.3%.

Table 25: Inter-assay replicability for neuroinflammatory ECL-ELISA
	Analyte
	Mean CV from patient samples
	Mean CV from healthy control samples
	Mean CV from assay standards
	Correlation between RE1 and RE2 (r =)

	CRP
	35.9%
	22.7%
	19.4%
	0.96

	ICAM-1
	42.1%
	23.2%
	10.1%
	0.77

	MCP-1
	21.8%
	17.5%
	2.8%
	0.85

	PlGF
	52.9%
	58.2%
	33.8%
	0.90

	SAA
	41.9%
	20.5%
	25.8%
	0.78

	VCAM-1
	29.8%
	18.2%
	32.8%
	0.80


RE1 = replicability experiment 1; RE2 = replicability experiment 2

[bookmark: _Toc89083684]5.6. Discussion
The flow cytometry assays from BD Biosciences were not sensitive enough for 17 of the 21 analytes tested, with the returned signal being at, or below, the limit of detection. As a multiplexing tool this is sub-optimal, as the benefit of testing multiple analytes at the same time is the need for less sample volume, thus conserving precious samples obtained from research participants. As such, this analytical tool does not seem fit for testing these types of analytes in CSF. Whilst not tested here, it is likely that plasma or serum samples would contain higher concentrations of some of these analytes and may therefore be better suited. Of the 4 that were detectable, angiogenin was the only analyte not to be subsequently tested on the MSD system (due to a lack of availability in their assay library). 

Angiogenin
Angiogenin is a potent angiogenic factor and loss-of-function mutations have been implicated in MND [270, 271]. In this experiment, concentrations were higher in patients than in controls. Without knowing the ANG gene status of the patients in this cohort, the reason for the increased concentrations may be an attempt at neuroprotection, an attempt to compensate for the loss-of-function, or both. Angiogenin levels have previously been found to be higher in serum from patients with MND [272, 273]. A recent report found no difference in CSF levels between MND patients and controls but did find that patients with fronto-temporal dementia (FTD) or MND-FTD had higher levels of angiogenin [274]. Consistent with the data reported in this thesis, previous attempts at correlating with clinical measures have not shown any links to survival [273] or ALSFRS-R [275]. This latter, small study (20 patients and 15 controls), measured levels in CSF with no difference found between the two groups. Interestingly, Moreau et al. [276] found that angiogenin levels were not up-regulated in MND patients with respiratory failure when compared to hypoxaemic controls. Future exploratory work could include angiogenin as an analyte to better clarify its role in the disease, and its utility as a biomarker. This should be undertaken in conjunction with ANG genotyping.

Interferon gamma-induced protein 10 (IP-10) / C-X-C motif chemokine ligand 10 (CXCL10)
IP-10 was detected at roughly the same concentration in patients as in controls. There were no associations with clinical measures. IP-10 was also measured using MSD ECL-ELISA, and the mean concentrations in the flow cytometry analysis were approximately half the concentration detected using the MSD system, supporting the argument of it being a less sensitive analytical tool. That said, the flow cytometry concentrations were similar to those found previously by Kuhle et al. in an experiment that also used the MSD system [277]. They too found no difference between their subject groups. Evidence so far does not support IP-10 as a useful biomarker in MND.

Monocyte chemoattractant protein 1 (MCP-1) / Chemokine (C-C motif) ligand 2 (CCL2)
Using flow cytometry, CSF MCP-1 was found in similar concentrations in both subject groups, and it was weakly associated with ALSFRS-R. Flow cytometry concentrations were roughly two-thirds that of the MSD system concentrations. On the MSD system, CSF concentrations were higher in the patient group, and, whilst patient plasma concentrations were marginally higher, this was non-significant. Higher levels of MCP-1 were again associated with worsening disease severity. Quoted values for CSF MCP-1 in the literature range from 200-1300 pg/ml [277-279]. Comparisons between studies is difficult, on account of different cohort sizes, phenotypes and genotypes, and pre-analytical and analytical factors. In this work, MCP-1 levels were roughly one-third of those reported in a paper that also used the MSD system [277]. However, that paper only had 20 patients with ALS and did not publish any further clinical information that would allow cohort comparison. Levels were similar to another paper that used the MSD system [279]. A meta-analysis has found MCP-1 to be consistently raised in patients [100]. MCP-1 is a pro-inflammatory cytokine, acting through recruitment and activation of monocytes and macrophages, and as a chemoattractant for lymphocytes. It has also been shown to activate microglia, which express a high abundance of the MCP-1 receptor: CCR2 [280]. The negative correlation with ALSFRS-R suggests that what may initially begin as a neuroprotective response, subsequently becomes a deleterious inflammatory pathway. In the earlier stages of the disease, MCP-1 does not seem to predict speed of progression, making it less useful for stratification. It might best be used as a marker of therapeutic efficacy.

Interleukin-8 (IL-8)
Flow cytometry exploration demonstrated marginally raised levels of CSF IL-8 in patients, compared to controls. This differential expression was not seen in the larger cohort, as measured by MSD ECL-ELISA. Concentrations as measured by flow cytometry were one-half to two-thirds that of the ECL-ELISA concentrations. IL-8 levels are consistent with previous CSF approximations [277, 281, 282], and, whilst marginally higher patient levels have been found previously [277, 281], they were not found by other groups [95, 219], and one group found them to be lower in the patient cohort [282]. Indeed, a meta-analysis could not conclude a consistent group difference [100]. IL-8 levels have been both reported as associated [95, 281] and not associated with ALSFRS-R [277]. IL-8 action is mediated through recruitment of granulocytes, particularly neutrophils, and angiogenesis promotion. These conflicting and subtle results suggest a nuanced role for CSF IL-8 as a pro-inflammatory cytokine that cannot be relied upon to differentiate MND patients from controls. Whilst serum IL-8 was not assessed in this set of experiments, another meta-analysis concluded that serum IL-8 is consistently raised in patients [143].

Tyrosine-protein kinase receptor-2 (TIE-2)
CSF TIE-2 was marginally, but statistically, higher in the control group. In the pilot data it also negatively correlated with disease duration. TIE-2, or Tyrosine-protein kinase receptor, is a receptor for angiopoietin and is expressed on vascular endothelial cells. The complex regulates angiogenesis. To the best of my knowledge, this is the first time CSF TIE-2 levels in patients with MND have been reported. A literature search reveals only two papers (from the same research group) that reference TIE‑2 quantification, and in serum rather than CSF. In the first study, TIE-2 levels measured at the beginning of the observation period were found to be associated with survival (n = 36). In a clinical trial with a single-arm design, subcutaneous administration of G-CSF was then given regularly over a median period of 13.7 months; serum TIE-2 levels were increased at all subsequent timepoints, amongst other cytokine changes [283]. The second paper describes a smaller experimental study (treatment group, n =6; control group, n = 6), in which subcutaneous G-CSF was administered on alternate days for between 11 and 42 months. Serum TIE-2 was increased in the treatment group (in all but one patient), together with TNF‑α, CRP, IL-16, sVCAM-1, s-ICAM-1 and VEGF; MCP-1 levels were reduced [284]. These findings are interesting, because, in the pilot data reported in this thesis, other angiogenic factors, such as PlGF, VEGF and TGF-β2, were also raised in patients, and PlGF correlated with progression rate. Whilst these analytes did not show significance in the larger cohort, taken together, these data support a potential role in neuroprotection. It is possible that the lower levels of TIE-2 seen in patients may represent an inability to upregulate and appropriately compensate for neuronal injury or blood-brain barrier dysfunction. Another explanation is that TIE-2 levels are inappropriately suppressed through other pathways. These results merit further investigation.

Interferon-gamma (IFN-γ)
Plasma levels of IFN-γ were raised in patients compared to the control group. It was only detected in the CSF of three subjects. There were no clinical measure correlations. IFN-γ has been extensively investigated in the past and has been found to be raised in CSF [96, 99, 281]; decreased in serum compared to inflammatory neuropathy controls [285]; raised in serum compared to non-inflammatory controls [96, 99, 142]; raised in plasma [286]; correlated with disease progression [99]; inversely correlated with survival [96]. Contrastingly, serum levels have also been found to be lower in patients compared to healthy controls [138], and some studies did not find any clinical measure correlations [138, 281, 286]. Whilst it is a pro-inflammatory cytokine, it has been proposed that IFN-γ may be neuroprotective against excitotoxicity [281], a prominent feature in MND pathophysiology. Upregulation, therefore, may represent the body’s attempt at reducing this cellular insult. An alternate viewpoint is that higher levels directly contribute to apoptosis, supported by data from a murine study in which intrathecal anti-IFN-γ antibody appeared to slow motor decline, but not survival [287]. Whilst there are conflicting results presented here, on balance it does appear that IFN-gamma is differentially expressed in patients with MND. Inconsistencies are likely a result of different protocols, assay types, geographical demographics, and phenotypes. Future exploration in this area should include IFN-γ quantification.

Interleukin-6 (IL-6)
CSF levels of IL-6 were not detected using flow cytometry and they were detectable with ECL-ELISA. Whilst the mean CSF level in the patient group was higher than the control group, this was not statistically significant. Plasma levels of IL-6 were significantly higher in the patient group. There were no associations with clinical parameters. IL-6 has been previously found to be higher in patients with MND in CSF [95, 208], serum [91, 96, 141, 208], and plasma [138, 286]. Plasma IL-6 has also been seen to weakly, inversely correlate with ALSFRS-R and weakly correlate with disease progression [286]. Further studies have found no difference between subject groups [210, 281], and a longitudinal study found an initial difference between groups at the 1st visit, and no difference at the 2nd visit, suggesting an evolving inflammatory state that is either causative of, or dependent upon, the disease course [91]. A meta-analysis lists a further three studies that found serum IL-6 to not be differentially expressed [143]. A final, important study to mention is the investigation into the effect an interleukin-6 receptor coding variant has on IL-6 levels [208]. Carrying this common variant (Asp358Ala, A/C; rs2228145) increases serum (in both patients and controls) and CSF IL-6 (in patients only). Furthermore, carriers seem to have a worse prognosis. Supplementary work for this set of experiments could include genotyping for this variant. As mentioned in the introduction, IL-6 has a role as an inflammatory cytokine and anti-inflammatory myokine. It has been implicated in metabolism and, indeed, hypermetabolism seen in MND, lipid dysregulation, neurotrophic mechanisms, as well as the innate and adaptive immune response [288].

Serum amyloid A (SAA)
In these experiments CSF SAA levels were non-significantly higher in the healthy control group compared to the MND group. SAA levels inversely correlated with ALSFRS-R, and positively correlated with disease progression rate. SAA levels have not been described in MND before, to the best of my knowledge. A study into Parkinson’s disease biomarkers found nothing of note when measuring serum SAA. Concentrations were similar to those found here [289]. SAA is an acute-phase apolipoprotein that is produced in response to IL-1, IL-6 and TNF-α [290]. The fact that it is present at similar levels in controls, and CRP (another systemic inflammatory marker) is not significantly raised, may suggest an additional role for this protein beyond that of non-specific, systemic inflammation. These correlations suggest that it is involved as a pro-inflammatory mediator as disability accumulates. 
SAA has been reported to cross the blood-brain barrier and contribute to plaque formation and glial activation in an Alzheimer’s mouse model [291].  Interestingly, a study from the same team demonstrated that Schwann cells produce SAA after nerve injury, and transgenic “interleukin-6-null mice” do not demonstrate the same upregulation. The authors argue it plays an important role in macrophage recruitment to the site of injury [292].  Increases in SAA with disease severity and progression rate in the current study may therefore represent a response to neuronal injury, or an attempt at neuroregeneration that becomes stronger with increasing motor neuron injury. 

Neurofilament proteins
Neurofilament light chain (NfL) and phosphorylated neurofilament heavy chain (pNfH) levels were both significantly higher in MND patients than in disease and healthy controls. Disease control levels were significantly higher than in healthy controls. NfL and pNfH levels were highly correlated. Plasma and CSF levels were correlated. Plasma NfL was the only analyte to have a significant correlation with disease duration. Plasma NfL inversely correlated with ALSFRS-R. CSF and plasma NfL moderately correlated with disease progression rate. Plasma NfL inversely correlated with time until death.
This demonstrates the high level of axonal damage that occurs in MND, leading to the accumulation of cytoskeletal components. The two disease controls with the highest levels of NfL (955.5 and 618.6 pg/ml) both had axonal neuropathy. With consideration of neurofilament as a diagnostic biomarker, this does demonstrate the non-specific nature of raised levels. However, the magnitude of the change is significant, and, in practice, all results are interpreted in conjunction with the clinical picture. A published meta-analysis was able to conclude that measurement of neurofilament levels has diagnostic merit, although the authors were not able to suggest a diagnostic cut-off level due to study variability, and they are careful to state that a low value does not exclude MND [293]. Steinacker et al. conducted a large, prospective study and suggested, based on their cohort, a cut-off level of 2200 pg/ml in CSF to provide a diagnostic test with 77% sensitivity and 85% specificity [294]. It is interesting to note that all the patients in the pilot cohort presented in this thesis had levels above this cut-off.
An important facet of NfL as a biomarker, is the relative stability of the level on a per-patient basis, across time [47]. It has been suggested that the neurofilament levels plateau once the rate of neuronal death has reached a maximum [46]. A biomarker representing neuronal death that is constant over time has great pharmacodynamic value, as any successful intervention should theoretically slow the rate of neuronal death, and therefore reduce the level of that biomarker. These data are largely in concordance with that, Figure 24 illustrates the similarities between levels at visit 1 and visit 2, and these longitudinal results can be seen more clearly below, in Figure 26. For the majority of patients, the level is unchanged between visits. The two subjects that had a two-fold increase between visit 1 and visit 2 had a relatively short survival: 14 months and 27 months from symptom onset. The subject that had a two-fold increase between visit 2 and visit 3 also had a relatively short disease course: 27 months from symptom onset. 



Figure 26. Longitudinal plasma NfL levels: each line represents a patient with MND

[bookmark: OLE_LINK10]CSF pNfH and NfL levels have previously been found to be negatively correlated with ALSFRS-R [39, 48, 295, 296], and some of these studies were assessed together in a meta-analysis, with the same conclusion being reached [49]. It is possible this meta-analysis was not broad enough in its study inclusion as several studies report no association [48, 202]. Whilst some data incongruence can be put down to heterogeneity in study design and patient cohorts, it is logical that the clinical correlations that are most concordant in the literature, in spite of this heterogeneity, will likely become the most useful tools. With this in mind, associations between neurofilament and disease progression rate seems to be fairly constant [198-200, 202-204]. The data presented in this thesis supports this, although, interestingly, CSF SAA performed slightly better in this regard. Furthermore, and in keeping with disease progression, there are also multiple studies demonstrating an inverse relationship between neurofilament levels and survival [39, 45, 198-200, 219]. 
A final point should be made on the missingness of this longitudinal data. There are decremental datapoints at subsequent visits, as would be expected for a rapidly progressive condition. This represents survivorship bias; these subjects are likely to be inherently different. This has to be acknowledged and its impact on the strength of any conclusions drawn from the data must be recognised. This can be offset by increasing the number of participants and actively encouraging subjects to return for further visits. Ethics must be considered with this latter method, as accumulating disability increases the hardship of travelling to a clinic and undergoing procedures. This can somewhat be alleviated by clear explanation of expectations at recruitment, but there is still an individualised researcher-subject relationship, for each participant, that must ultimately determine the suitability of this approach.


[bookmark: _Toc89083685]CHAPTER 6. RAMAN SPECTROSCOPY
[bookmark: _Toc89083686]6.1. Raman analysis of pilot cohort
In the pilot study, two different Raman spectroscopy formats (standard commercial microscope and fibre optic probe) were tested using both serum and CSF samples from patients with MND, healthy controls and disease controls (n= 10 for each group). 
To illustrate the raw data acquired by the spectrometer, Figure 27a shows the mean spectrum for each subject, obtained from serum via the fibre optic probe setup. To overcome any fluctuations unrelated to the molecular composition of the samples, pre-processing was then performed (see methods). As can be seen in Figure 27b, this demonstrates consistent peaks at approximately 840 cm-1, 1000 cm-1, 1450 cm-1 and 1650 cm-1. The subject mean spectra were then allocated to their relative subject group: MND, disease control or healthy control. These spectra were then averaged again to give a mean spectrum per subject group, and these can be seen in Figure 28. The prominent peaks were typically preserved and there are subtle differences between the subject groups. There are four graphs based on the two biofluids that were analysed (CSF and serum), and the two Raman setups that were being compared (the probe and the fixed microscope). 
To objectively characterise the performance of the probe and microscope in differentiating between the participant groups, principal component analysis-linear discriminant analysis (PCA-LDA) and partial least-squares discriminant analysis (PLS-DA) techniques were performed. For the PCA-LDA analyses, the models were created with an incremental number of principal components (PCs); model performance was then compared. The data shown here were generated using the first 10 PCs. The serum data are shown in Table 26a for the probe setup, and in Table 26b and for the microscope setup. The CSF data are shown in table 27a for the probe setup and Table 27b for the microscope setup. (AUC = area under the curve).Figure 27 (a). Raman spectra from serum, obtained via the probe setup: each line represents a mean spectrum per subject; windowed between 600cm-1 and 2000 cm-1. (b) Raman spectra from serum: each line represents a mean spectrum per subject following background subtraction; windowed between 600cm-1 and 1800 cm-1
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Figure 28. Raman spectra obtained from (a) serum, using the microscope setup; (b) serum, using the probe setup; (c) CSF, using the microscope setup; (d) CSF using the probe setup. Each line represents the mean spectrum per subject group, following background subtraction; windowed between 600cm-1 and 1800 cm-1



Table 26a: Classification models derived from the pilot Raman exploration of serum, using the probe setup
	 
	PCA-LDA
	PLS-DA

	 
	MND vs. Healthy control
	MND vs. Disease control
	MND vs. Healthy control
	MND vs. Disease control

	AUC
	0.91
	0.89
	0.76
	0.84

	Sensitivity
	82
	82
	82
	70

	Specificity
	84
	88
	70
	77



Table 26b: Classification models derived from the pilot Raman exploration of serum, using the microscope setup
	 
	PCA-LDA
	PLS-DA

	 
	MND vs. Healthy control
	MND vs. Disease control
	MND vs. Healthy control
	MND vs. Disease control

	AUC
	0.98
	0.99
	0.86
	0.92

	Sensitivity
	90
	92
	94
	88

	Specificity
	94
	98
	78
	96



Table 27a: Classification models derived from the pilot Raman exploration of CSF, using the probe setup
	 
	PCA-LDA
	PLS-DA

	 
	MND vs. Healthy control
	MND vs. Disease control
	MND vs. Healthy control
	MND vs. Disease control

	AUC
	0.78
	0.85
	0.73
	0.72

	Sensitivity
	88
	85
	68
	77

	Specificity
	68
	71
	69
	67



Table 27b: Classification models derived from the pilot Raman exploration of CSF, using the microscope setup
	 
	PCA-LDA
	PLS-DA

	 
	MND vs. Healthy control
	MND vs. Disease control
	MND vs. Healthy control
	MND vs. Disease control

	AUC
	0.78
	0.82
	0.71
	0.58

	Sensitivity
	88
	84
	68
	67

	Specificity
	68
	59
	70
	49





A number of comparisons can be made within this dataset. Firstly, comparing the two classification models, PCA-LDA outperforms PLS-DA with uniformly better AUCs for each comparison. Secondly, using serum as the biofluid by which to differentiate subject groups leads to better classification performance. Thirdly, the performance of the models is similar whether the spectra are recorded from the probe or from the microscope. A marginal improvement can be seen when analysing serum with the microscope setup, but performance was still very good with the probe.

[bookmark: _Toc89083687]6.2. Raman analysis of larger cohort
As the classification performance was relatively high for both Raman formats, a decision was made to further test a larger cohort of samples with the fibre optic equipment. This is because this portable setup provides a greater flexibility to measurements in a clinical environment. Spectra were obtained as per Section 2.8.3. The data were then analysed using one of the three pre-processing techniques: (a) standard normal variate (SNV), (b) SNV with Savitzky‑Golay (Sav-Gol) smoothing, and (c) SNV with adaptive iteratively reweighted Penalized Least Squares (airPLS). 
(a)
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MND
Healthy control
Disease control
Figure 29. Raman spectra from serum following (a) SNV; (b) SNV and Sav-Gol smoothing; (c) SNV with airPLS



Figures 29a-c show the mean spectra for the MND group, the healthy control group, and the disease control group following each technique. As can be seen, SNV with and without smoothing give similar plots. SNV with airPLS produces the same key peaks, but with clearer differentiation due to concomitant background subtraction. On these plots it is difficult to appreciate the subtle differences between the subject groups. To better visualise the variation between the groups, plots of the mean difference between the MND group and the healthy control are shown in Figure 30, and the mean difference between the MND group and the disease control group in Figure 31.

Figure 30. Mean difference between the MND subject group and the healthy control group, (a) following SNV (b) following SNV and Sav-Gol smoothing (c) following airPLS
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Description automatically generated]Figure 31. Mean difference between the MND subject group and the disease control group, (a) following SNV (b) following SNV and Sav-Gol smoothing (c) following airPLS
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On each plot the key peaks have been highlighted. The polarity of the peak references whether the Raman shift at that wavenumber was higher in either the patient group or the control group. The biological interpretation of each wavenumber is discussed in section 6.4. To further assess the differences between the subject groups, multivariate analyses were performed. PCA-LDA and PLS-DA models were created, and these incorporated a leave-one (spectra)-out cross validation. Principal component
Total variance

For the PCA-LDA analyses, plots were generated to demonstrate the amount of variance in the data that was explained per principal component (PC). As each plot looked roughly similar, in the interest of brevity only one plot has been presented here (Figure 32). PCs 1-10, which covered ~99% of the total variance, were included in the analysis.Figure 32. Example of amount of variance explained by principal components (PC). Bars represent variance explained per PC, and the line represents the cumulative variance explained



As subject group sizes were unequal (see Table 7), the MND group was split into three sub-groups for comparisons with the healthy control group, and into two sub-groups for comparisons with the disease control group. This was done via random number generation and was necessary for optimal performance of both the PCA-LDA and PLS-DA models. An average of the sub-group classification scores was then taken. Comparisons between the MND group and the healthy control group can be seen in Table 28, and comparisons between the MND group and the disease control group can be seen in Table 29. Comparison was also made between two study visits for the patients with MND. These data can be seen in Table 30.

Table 28: PCA-LDA and PLS-DA models for differentiating between patients with MND and healthy controls, derived from Raman exploration of serum
	
 
	PCA-LDA
	PLS-DA

	 
	SNV
	SNV + smoothing
	AirPLS
	SNV
	SNV + smoothing
	AirPLS

	Accuracy
	57
	56
	68
	52
	60
	68

	AUC
	0.57
	0.57
	0.69
	0.55
	0.61
	0.72

	Sensitivity
	51
	50
	64
	50
	61
	66

	Specificity
	62
	62
	72
	54
	60
	71




Table 29: PCA-LDA and PLS-DA models for differentiating between patients with MND and disease controls, derived from Raman exploration of serum
	
 
	PCA-LDA
	PLS-DA

	 
	SNV
	SNV + smoothing
	AirPLS
	SNV
	SNV + smoothing
	AirPLS

	Accuracy
	58
	57
	58
	61
	60
	57

	AUC
	0.64
	0.60
	0.64
	0.66
	0.64
	0.58

	Sensitivity
	61
	58
	63
	60
	57
	59

	Specificity
	56
	56
	54
	64
	64
	55



Table 30: PCA-LDA and PLS-DA models for differentiating between patient visits in the MND group, derived from Raman exploration of serum
	
 
	PCA-LDA
	PLS-DA

	 
	SNV
	SNV + smoothing
	AirPLS
	SNV
	SNV + smoothing
	AirPLS

	Accuracy
	96.4
	98
	100
	100
	98
	100

	AUC
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	Sensitivity
	93
	96
	100
	100
	96
	100

	Specificity
	100
	100
	100
	100
	100
	100



Given the near-perfect differentiation of the visit 1 samples from the visit 2 samples, consideration was given as to whether this was an effect of riluzole prescription. At visit 1, only 15% of patients were on riluzole, compared to 73% at visit 2. There did not appear to be any other systematic differences between the two visits, beyond that of disease progression (see Table 7). A second statistical analysis was thus performed, comparing the Raman signature from patient samples that were on riluzole at visit 1, with samples from riluzole‑naïve patients at visit 1. Again, due to the sample number difference (riluzole, n = 17; non-riluzole, n = 63), sub-groups were randomly generated and the results from these comparisons were then averaged. The mean difference spectrum can be seen in Figure 33 and the model data can be seen in Table 31. A caveat to any interpretation of this analysis is the finding that the disease severity in patients on riluzole at this point seemed to be less severe (mean ALSFRS-R 39.3; mean disease progression rate: 0.6 points/month) than in those patients not on riluzole (mean ALSFRS-R 36.6; mean disease progression rate: 1.0 points/month). However, it should be noted that the groups were not statistically different based on these metrics (t-test, p > 0.05), and the riluzole sample size is relatively small. 

[image: ]
Figure 33. Mean difference Raman spectrum between the patients on riluzole and riluzole-naïve patients, at visit 1




[bookmark: _Hlk78546000]Table 31: PCA-LDA and PLS-DA models for differentiating patients on riluzole and riluzole-naïve patients, at visit 1, derived from Raman exploration of serum
	
	PCA-LDA
	PLS-DA

	Accuracy
	70
	65

	AUC
	0.75
	0.66

	Sensitivity
	73
	67

	Specificity
	67
	63



The next sub-analysis that was done was between those patients with a faster rate of disease progression (>1.0 points/month on the ALSFRS-R score) and those with a slower rate of disease progression (<1.0 points/month). The results can be seen in Figure 34 and Table 32.
[image: ]
Figure 34. Mean difference Raman spectrum between the fast and slow disease progression groups



Table 32: PCA-LDA and PLS-DA models for differentiating patients with different disease progression rates, derived from Raman exploration of serum
	
	PCA-LDA
	PLS-DA

	Accuracy
	52
	54

	AUC
	0.53
	0.48

	Sensitivity
	53
	55

	Specificity
	50
	53



To assess the reliability of the spectral output, Raman analysis was re-performed for a batch of the samples (n = 20) on the same day, having been kept on ice. The other analysis parameters remained unchanged. Visual inspection of the spectra revealed no gross changes. A PCA-LDA was then performed on the resulting data and the model performed poorly, with an accuracy of 17.6%, suggesting that the spectra obtained were comparable. To assess whether a freeze/thaw cycle changes the serum composition sufficiently to be detected by this analytical method, a second Raman acquisition was undertaken on 21 serum samples following a thaw/rethaw cycle. These data were then compared to the data obtained from the initial acquisition. The other analysis parameters remained unchanged. PCA-LDA and PLS‑DA models returned accuracies of 100 and 96, respectively.

[bookmark: _Toc89083688]6.3. Peak assignment
The specific peaks seen in the spectra correspond to functional groups or molecular bonds of the biochemical components within the samples. The reference table that was used for the following assignments was obtained from a comprehensive review article [297]. 

Pilot data
The peak wavenumbers that differentiated MND serum from healthy control serum and from disease control serum are shown in Table 33a and Table 33b, respectively. For Tables 33-35, the group column denotes in which group the peak intensity was larger.

Table 33a: Wavenumber assignments for the key serum peaks observed in the mean difference plots between MND and healthy control, pilot cohort
	Wavenumber (cm-1)
	Group 
	Assignment

	1000
	MND
	Phenylalanine; bound and free NADH

	1153
	Healthy control
	Carotenoid

	1164
	Healthy control
	Tyrosine

	1446
	Healthy control
	CH2 bending mode of proteins and lipids

	1509
	MND
	Cytosine

	1524
	Healthy control
	Carotenoid



Table 33b: Wavenumber assignments for the key serum peaks observed in the mean difference plots between MND and disease control, pilot cohort
	Wavenumber (cm-1)
	Group 
	Assignment

	1000
	Disease control
	Phenylalanine; bound and free NADH

	1150
	MND
	Glycogen/β-Carotene

	1164
	Disease control
	Tyrosine

	1510
	MND
	Cytosine

	1514
	MND
	Carotenoids

	1528
	Disease control
	Carotenoids



Despite the reasonable performance of the classification model, visual inspection of the CSF mean difference spectra revealed that the baseline signal was noisier, making peak identification harder. The peak wavenumbers that differentiated MND CSF from healthy control CSF and from disease control CSF are shown in Table 34a and Table 34b, respectively. 

Table 34a: Wavenumber assignments for the key CSF peaks observed in the mean difference plots between MND and healthy control, pilot cohort
	Wavenumber (cm-1)
	Group
	Assignment

	620
	MND
	C‒C twist aromatic ring

	922
	Healthy control
	C‒C stretch

	1000
	MND
	Phenylalanine; bound and free NADH

	1033
	Healthy control
	C‒H in-plane phenylalanine (proteins)

	1555
	MND
	Amide II



Table 34b: Wavenumber assignments for the key CSF peaks observed in the mean difference plots between MND and disease control, pilot cohort
	Wavenumber (cm-1)
	Group
	Assignment

	632
	Disease control
	ν(C-S) gauche (amino acid methionine)

	805
	MND
	800-1200 Backbone geometry and phosphate ion interactions

	1000
	MND
	Phenylalanine; bound and free NADH

	1624
	MND
	Tryptophan



Full cohort
As discussed, the performance of the classification models was relatively poor in this cohort. As such, less meaning can be derived from the peaks seen in the mean difference spectra. Differences between patients with MND and healthy controls are shown in Table 35a, and differences between patients with MND and disease controls are shown in Table 35b.

Table 35a: Wavenumber assignments for the key serum peaks observed in the mean difference plots between MND and healthy control, full cohort
	Wavenumber (cm-1)
	Group
	Assignment

	941
	Healthy control
	Skeletal modes (polysaccharides, amylose)

	997
	Healthy control
	C‒O ribose, C‒C

	1005
	MND
	Phenylalanine; bound and free NADH

	1153
	Healthy control
	Carotenoid peaks due to C‒C and conjugated C=C band stretch

	1520-4
	Healthy control
	Carotenoids



Table 35b: Wavenumber assignments for the key serum peaks observed in the mean difference plots between MND and disease control, full cohort
	Wavenumber (cm-1)
	Group
	Assignment

	1000
	Disease control
	Phenylalanine; bound and free NADH

	1151
	MND
	Glycogen; carotenoid

	1449
	Disease control
	C-H vibration (proteins and lipids)

	1521
	MND
	Carotenoid

	1666
	Disease control
	Fatty acids; amide I (collagen assignment)



[bookmark: _Toc89083689]6.4. Discussion
Several observations can be made based upon the pilot data. Firstly, the microscope spectra appear to have fewer features than the probe spectra. It is possible that this difference is due to the differing laser wavelengths used in the probe and the microscope setups. Resonance Raman effect is seen when the laser is absorbed by a compound and is remitted as fluorescence; this is opposed to Raman scattering, in which the photon is reflected by the compound, having gained or lost energy in the process. Resonance can cause prominent peaks and mask the desired Raman scatter. The prevalence of this phenomenon is dependent upon the sample composition and the incident wavelength [298]. The higher wavelength used in the probe setup is less prone to this resonance phenomenon, and therefore less prone to feature masking. An alternative explanation is that the extra features are, in fact, noise, which is an inherent aspect of Raman spectroscopy, and the microscope setup has a higher signal-to-noise ratio (SNR). The probe fibre optics that run in parallel to carry the laser and collect the scattered light can generate additional background signal [299]. Noise reduction techniques can be employed to minimise this aspect of the analysis. 
Secondly, when comparing the serum spectra to the CSF spectra, there appear to be more features in the serum spectra. This is biologically plausible as CSF is an ultrafiltrate of serum and the concentration of proteins is approximately 100 times lower. With fewer compounds for the light to interact with, the number of features is likely to be fewer. 
Thirdly, across the four conditions, whilst each of the three subject groups retain the same overall pattern, subtle differences between the spectra can be observed. This is marginally more apparent in the serum spectra than in the CSF spectra. 
As outlined above, the pilot data demonstrated that Raman spectroscopy can be used to differentiate patients with MND from disease controls and healthy controls with a high classification performance (AUC 0.78 – 0.99, across the different experimental conditions). PCA-LDA seemed to provide the better classification model as compared to PLS-DA (AUC 0.78 – 0.99 vs. 0.58 – 0.92). The analysis of serum provided a better classification than the analysis of CSF (0.76 – 0.99 vs. 0.58 – 0.85). However, the high level of classification was not corroborated in the larger cohort. Of the three pre-processing techniques, the data following airPLS correction provided the best model performance. Patients with MND were differentiated from healthy controls with an AUC of 0.72 in the PLS-DA model and were differentiated from disease controls with an AUC of 0.64 in the PCA-LDA model.
The discrepancy in the results between the pilot data and the data obtained from the larger cohort is not easily explained. On visual inspection, the spectra obtained from the serum samples in the pilot data follow the spectral shape as those in the larger cohort. However, it is clear that nuanced changes in the spectra exist. The signal-to-noise ratio was better in the spectra from the larger cohort. It is possible that the near-perfect classification seen in the pilot data was a result of the overfitting of this noisier signal in a small sample size. The most obvious systematic difference is the changes to the cohort, namely the larger group sizes. However, it is more typical in biomarker explorations that significant differences are found in larger cohorts, as a result of an increase in statistical power. All biosamples were taken from the AMBRoSIA cohort and were treated in the same way. Furthermore, serum samples from the 10 healthy control subjects in the pilot study were re-analysed in the larger analysis, making up just under one-third of this control group. The same is true for the 10 patients with MND and 10 disease controls in the pilot study (although they make up a smaller proportion of their relative subject group). With regard to changes to instrumentation, in the main study both the excitation and collecting fibres were positioned outside of the fluid drop, whereas they were submerged in the biosamples in the pilot experiments. However, Dr. John Day, Raman physicist collaborator, concluded that this was unlikely to change the excitation of the sample nor the collection of the Raman signal. Otherwise, there were no changes to the probe setup, nor the Raman spectrometer and its operating temperature. PTFE calibrations were performed twice per day and comparison of the resulting spectra revealed no differences between the two experiments (see Appendix 6). 
The portable probe design was comparable to the standard microscope setup in the pilot study. This lends further support for the system designed by Day and Stone [261]. The excitation and collecting fibres being housed within a needle allows for their insertion into tissues that would otherwise not be possible in-vivo. This has practical applications for in-vivo analysis that would ordinarily be limited to tissue obtained via biopsy or at post-mortem. As demonstrated by Plesia et al., this setup allowed for the in-vivo differentiation between the SOD1G93A mouse model of ALS, the mdx mouse model of Duchenne muscular dystrophy, and wild-type mice, through intra-muscular needle placement. The mice were briefly anaesthetised for the procedure and only required a small incision for the placement of the probe [263]. It is feasible, therefore, that a minimally-invasive procedure based on this technique could be developed to differentiate muscle disorders in humans. 
Another utility of the probe setup is in the portability that it affords. A standard Raman setup is much larger and, therefore, static, by design. The probe setup lends itself to the development of a bedside test that could be performed at the same time as other ancillary tests. With regard to analysing blood and CSF samples, it is well recognised that pre-analytical factors, such as how the biosamples are handled from the point of collection until the point of analysis, has a great impact on the reliability of the results. A bedside test would standardise this period of time, or, at the very least, reduce the potential level of variation.
The pilot data demonstrated that the Raman signal generated from CSF was sufficient to generate some meaningful conclusions. The caveat here is the small sample size, and successful extrapolation to a larger cohort should not be assumed, given the results of the larger serum analysis. That said, it would be a reasonable proposal for future work to perform the Raman analysis on a larger cohort of CSF samples.

Whilst acknowledging the above discrepancy between datasets, it is worth looking at the spectral features to postulate which biological features within the samples were providing the discriminatory information. The primary aim of this exploration was to determine whether Raman spectroscopy could differentiate between samples from patients or control subjects. In complex biological samples, the best utility of Raman is to provide a biochemical fingerprint. Whilst biological libraries and confirmation of peak assignments is growing, peak identification remains tentative. Often, as can be seen in Tables 33-35, a peak wavenumber alludes to a very common bond e.g. C-H, or compound e.g. cytosine. Given the non-specific nature of these assignments, it can be difficult to directly relate these findings to pathophysiology of a complex disease such as MND. That said, some suggestions can be made based on the above findings. 
Carotenoids are a group of isoprenoids found in many fruits, vegetables, fungi and bacteria. They provide a yellow, orange and red pigmentation and play an important role in photosynthesis. In humans, they exhibit free radical scavenger activity [300], which is vital in the prevention of diseases associated with inflammation and oxidative stress. As well as reducing free radical species, carotenoids also interact with the Nrf2 signalling pathway [301], which is an important source of antioxidants, such as glutathione. As discussed in Chapter 1, oxidative stress [76-78] and the Nrf2 pathway [90, 187] have been implicated in MND. Nutritional studies have investigated carotenoid intake and an association with a decreased risk of developing MND has been found [302, 303]; an increased intake of carotenoids and other antioxidants has been seen to correlate with a higher ALSFRS-R at baseline [304]. Like most nutritional factors, there is more complexity than a simple carotenoid serum quantification, and the relationship between intake and disease is multifactorial, dependent upon demographic, genotype and the specific disease [305]. In this study, patients with MND had lower levels of carotenoids than healthy controls. This observation was noted in both the pilot and the larger cohort. This supports the theory that lower intake (and therefore antioxidant activity) may predispose to MND. Additionally, whilst the classification model could not differentiate the fast-progressor group from the slow-progressor group in this study (Table 32), the mean difference spectrum between those two groups (Figure 34) shows a carotenoid peak at 1152 cm-1, that indicates higher levels in patient group with less aggressive disease. Differential levels of carotenoids have been detected using Raman spectroscopy in meningioma tissue [306], oral cancers [307] and prostate cancer [298], suggesting an important role in inflammation and oxidative stress that is not specific to MND. Finally, it is important to note that chromophores, such as carotenoids, often exhibit a resonance Raman effect. A laser wavelength of 514 nm was chosen for these experiments due to its near infra-red frequency, which reduces the probability of this occurring. 
Amino acid metabolism is altered in the disease course, and both absolute changes [168] and oxidative alterations to amino acids have previously been noted [170-172, 206]. Phenylalanine is an essential amino acid, and a precursor for tyrosine and dopamine. The phenylalanine metabolism pathway has been implicated in the disease in a previous Raman spectroscopy study [308]. A further study of amino acid quantification in serum demonstrated a correlation between phenylalanine levels and disease severity, although no difference between MND patients and controls was found [309]. In this analysis, a peak representing phenylalanine (and bound and free NADH) was higher in serum from patients with MND, than in serum from healthy controls, in both the pilot cohort and the larger cohort. This same peak was higher in the disease control group. Cytosine was noted to be higher in MND than in healthy and disease controls in the pilot study. Conversely, tyrosine was noted to be higher in both the healthy and disease control groups in the pilot study; no change was noted in the larger cohort. 
Nicotinamide adenine dinucleotide (NAD) is a metabolic co-enzyme that accepts a hydride during oxidation reactions to become NADH. The fact that this reduced form of NAD was differentially found in patients in this study further implicates metabolic pathway disturbance. In support of this, a study investigating the metabolic profile of patient-derived fibroblasts also found a disproportionate reduction in NADH metabolism in ALS fibroblasts when compared to control fibroblasts [310].
Raman spectroscopy is gaining traction as an unbiased, high throughput technique for analysing biological samples [311]. Within ALS, biofluid studies so far have focussed on plasma [256, 308, 312], serum [313] and saliva [257]. Preclinical models have analysed muscle [263] and spinal cord tissue [314] from the SOD1G93A mouse model. To the best of my knowledge no previous work has utilised Raman spectroscopy to investigate CSF from patients with MND. Future work could focus on CSF analysis in a larger cohort. 
The sample repetition data suggest that Raman spectroscopy produces reproducible data (although further experiments would be needed to validate this). However, significant discrepancies between the pilot data and the larger cohort, and between samples that have undergone an additional freeze-thaw cycle, suggest that it is highly sensitive to unintended, systematic changes. Whilst the general consensus is that a single freeze-thaw cycle preserves the integrity of a biosamples [249, 315], there is a shortage of Raman spectroscopy studies assessing this directly. One paper by Klener et al. utilised drop-coating deposition Raman spectroscopy to assess the effects of time and freeze-thaw cycles on CSF constituents. They concluded that time and freezing cause significant denaturation, through two different mechanisms [316]. Although logistically more difficult, the next set of experiments could consider analysis at the point of biosampling. This is because (a) the biosamples do not require any preparation before analysis; (b) the Raman spectrometer and laser require only a short set-up and calibration period; and (c) unlike immunoassay batch testing, there is no significant cost penalty to analysing one sample at a time. This would reduce pre-analytical variation and provide the closest approximation to in-vivo assessment. Finally, Raman spectroscopy methodology also incorporates analysing dried biofluid spots, and a technique known as surface-enhanced Raman scattering. It may be worth considering these techniques for future analysis. 


[bookmark: _Toc89083690]CHAPTER 7. FINAL CONCLUSIONS
[bookmark: _Toc89083691]AMBRoSIA recruitment
Observational trials are critical to human biomarker research. The standardised methodology they employ ensure good quality clinical databanks and biobanks. Prospective and unbiased recruitment ensures that the cohort is representative of the population being sampled. This provides additional epidemiological data that can contribute to service provision planning. Furthermore, the integrity of the biosamples is maintained through consistent use of evidence-based, pre-analytical methods. My contribution to the AMBRoSIA study, together with the wider team, has ensured a reliable resource is available for use by researchers from the University of Sheffield and their national and international collaborators. Furthermore, funding has been approved by the Motor Neuron Disease Association to extend the recruitment period. This will increase sample sizes across the three participating sites and will allow the capture of further longitudinal data. With the exception of neurofilament levels, this is a limitation found in this body of work.
This style of recruitment is not without its difficulties. In the AMBRoSIA study, patients were often recruited at the same time as their diagnostic tests. As such, there were often time pressures in order to achieve both the research and the clinical activity. With non-systematic recruitment, arrangements can be made to suit both the patient and the research staff. This may allow for a better patient experience, as it would limit delays. It would also be easier to organise staff availability. This issue is not insurmountable, however, and during my recruitment efforts I ensured that the people involved in the process – research nurses, hospital ward staff and the laboratory team – were kept abreast of when subject recruitment was taking place to ensure that personnel and hospital and laboratory facilities were available. This ensured as fluid a process as possible and resulted in good recruitment rates.

[bookmark: _Toc89083692]3-nitrotyrosine analysis
3-nitrotyrosine has been shown in the literature to be quantifiable in CSF and serum [84-87, 260]. Whether this biomarker has utility in MND has yet to be elucidated. This body of work did not demonstrate an ability to differentiate between control subjects and patients with MND. Throughout discussions with our collaborator, Professor Winyard, the technical challenge of measuring this post-translational modification was made clear. This echoed the sentiment of a review article on this subject [88]. However, it still has the potential to be a biomarker of reactive nitrogen species formation and nitrosative stress, and it is conceivable that further assay development could yield a more reliable quantification. If this is achieved then there is merit in retesting this, or future, cohorts.

[bookmark: _Toc89083693]Neurofilament levels
The neurofilament data obtained in this work is consistent with the wider literature. Patient CSF NfL levels were above the proposed cut-off level of 2200 pg/ml in a study of diagnostic utility [39]. Plasma NfL levels reflected disease severity and disease progression rate, and levels were stable over time. Whilst the sample size was not large enough to further the debate on the utility of neurofilament levels, it was encouraging to generate results congruent with other studies. It lends support to the AMBRoSIA trial design, the standard operating procedures found within, and the Mesoscale Discovery platform for this particular analyte. As the AMBRoSIA project is due to grow in size, it is therefore poised to provide definitive results for this biomarker. The neurofilament data also provide a useful benchmark for other biomarkers obtained from this cohort. Whilst other analytes can provide pathophysiological insight if differentially expressed, biomarker utility has to be demonstrated above that established by neurofilament (either alone or in a panel).
Both neurofilament subunits, NfL and pNfH, have proven themselves to be leading biomarkers in MND. This is likely to take the form of blood quantification, due to the relative ease of access, especially over multiple time points. A recent meta-analysis reports a NfL blood-CSF correlation coefficient of 0.72 [317]. Neurofilament levels have diagnostic merit, taken in context with the clinical picture. They may prove especially useful in monitoring pre-symptomatic carriers of genetic mutations, such as C9orf72 and SOD1. Indeed, there is an ongoing, prospective cohort study enrolling unaffected people with an ALS-associated gene mutation (NCT00317616); and in another trial that is investigating the effects of intrathecal SOD1 antisense treatment in pre-symptomatic SOD1 carriers, neurofilament light chain levels are being measured (NCT04856982). A prevailing thought in the field is that treatment earlier in the disease course would be more beneficial; trials such as this may answer these questions (for these cohorts, in any case). With regard to pharmacodynamic utility in clinical trials, neurofilament quantification in CSF and/or blood has become a standard secondary outcome measure. With regard to prognosis and patient stratification, there is some evidence to suggest that trial arms could be defined by neurofilament level strata, but this will likely need to be done in conjunction with clinical assessment and another biomarker. Arguably, clinical assessment and the ALSFRS-R are sufficient at present to provide prognostic information for the clinician and patient. Biomarkers such as neurofilament may become more useful in this domain if time to diagnosis, and therefore time to trial inclusion, is reduced. If there are fewer temporal data from which to draw a clinical, then an objective, predictive biomarker gains more value. Outstanding issues with neurofilament measurements are outlined in a review paper by Verde et al. [318]. To paraphrase, they discuss the biological complexities surrounding the origin of neurofilament, beyond that of axonal damage; subsequent transport routes to the periphery and how different disease pathophysiologies might impact this; neurofilament metabolism; the conflicting data with regard to neurofilament quantification being impacted by the extent of upper motor neuron and lower motor neuron involvement in the disease phenotype.

[bookmark: _Toc89083694]Cytokine and chemokine profile
Plasma MCP-1, IFN-γ and CSF TIE-2 were found to be differentially expressed in patients with MND. The CSF concentration of TIE-2 has not previously been reported. The magnitude of difference between the subject groups for these molecules is far smaller than with neurofilament levels, and the overlap in measurements is concordantly greater. This meant that the creation of a diagnostic panel that included these molecules, together with neurofilament level, did not improve the model performance, above neurofilament alone. 
SAA concentration in the CSF was the most highly (inversely) correlated analyte with the ALSFRS-R severity score. CSF SAA concentration in MND represents novel data. The subject group means were not significantly different in these experiments, suggesting that this is a different pathophysiology to that seen in acute inflammatory disorders. In AA amyloidosis, a much greater concentration of serum amyloid A is produced as an acute-phase protein, and its deposition in multiple tissues causes the heterogenous presentation [319]. At the concentrations obtained here, the results are more likely to signify a low-grade, but still clinically meaningful, inflammatory process. Interestingly, recent evidence from the field of rheumatology suggests that SAA may be a more sensitive biomarker than the more standard measures of CRP and ESR, particularly in subclinical inflammation [320]. Similar evidence has emerged in other conditions associated with low-grade inflammation such as polycystic ovary syndrome [321] and metabolic syndrome [322]. Combining the knowledge that the onset of disease can be difficult to pinpoint in some patients, with the mounting evidence that the disease process starts before symptoms even manifest [323], means that more sensitive biomarkers are needed so this warrants further investigation.

[bookmark: _Toc89083695]Raman spectroscopy
The number of studies using Raman spectroscopy to investigate biomarkers of disease is a fraction of other investigative fields, particularly when compared to the immunoassay techniques employed in the above experiments. However, the technique is gaining favour, and protocols are being developed and improved [249]. The data-heavy spectral output also relies on data reduction and classification techniques, which are also being improved [324]. The identification of novel biomarkers of MND may be a challenge, due to the tentative nature of peak assignments and the potential overlap of molecules of interest within the spectra. The technique has value as an unbiased test, whereby the classification models provide diagnostic and prognostic information. 
Establishing this in future work would require further analysis of the AMBRoSIA cohorts; this could include urine, CSF and plasma. Following a one-off investment in the hardware, it has the potential to be a low-cost, quick analysis tool. Finally, surface-enhanced Raman spectroscopy (SERS) has the potential to increase the sensitivity of the technique and merits exploration in future experiments.

Future perspectives
The AMBRoSIA project is ongoing and remains an extremely hopeful resource. Recruitment taking place across three sites promises a large, well characterised cohort. There was recent approval for microbiome research which will be incorporated into the project. Further biomarker exploration, in the vein of the work presented here, will be strengthened by the increasing number of subjects that will be recruited. To move forwards, the utility of these biomarkers must be again examined, in larger numbers, with careful experimental design. The better performing candidates need to have careful tests of repeatability. This should be combined with the genetic analyses that are occurring in parallel. This may provide unprecedented insight into the impact of previously unrecognised genetic contributions on the pathophysiology and clinical picture. With regard to practical application, this work, together with findings from the wider research field, supports serum neurofilament light chain in being incorporated into clinical trial work. There is merit in using neurofilament to stratify patient subgroups, as a therapeutic biomarker, and in pre-symptomatic monitoring in pre-symptomatic gene carriers. Whilst the initial data is promising, it is somewhat premature to suggest incorporating other biomarkers into clinical or trial practice at this point.
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Adapted from: Verber, N.S., et al., Biomarkers in Motor Neuron Disease: A State of the Art Review. Front Neurol, 2019. 10: p. 291., reproduced with permission

	Biomarker
	Modality
	Key findings
	Salient characteristics and potential applications

	Biometrics
	
	
	

	Body weight
	
	5-10% weight loss from baseline
	Indicator of poor prognosis

	Respiratory function
	Sniff nasal inspiratory pressure (SNIP)
	Reduction with disease progression or at presentation in respiratory onset disease
	Non-invasive, effort-dependent
Used clinically as a marker of respiratory function 

	
	Forced/slow vital capacity (FVC/SVC)
	
	Non-invasive, effort-dependent, limited in bulbar weakness
Used clinically as a marker of respiratory function and as criteria for trial entry

	
	Phrenic nerve conduction study
	
	More invasive and requires operator expertise but passive and objective 

	Biofluid biomarkers
	
	
	

	Genetic mutation-linked proteins
	CSF
	C9orf72 poly(GP) present pre-clinically; stable over time
SOD1 protein levels stable over time

	Pharmacodynamic potential for clinical trials

	
	Blood
	Increase of SOD1 proteins in familial and sporadic disease
poly(GP) repeats present in C9ORF72 disease
TDP-43 mislocalised but longitudinal readouts variable
	SOD1 used in current clinical trial
Planned clinical trial specific to C9ORF72 mutations
Potential as markers for gene-specific disease

	DNA methylation
	Blood
	Conflicting evidence in different cell types
Global methylation shows promise
	Potential, needs further investigation

	Neurodegeneration
	CSF
	Neurofilament, increased levels of both NfL and pNfH, stable over time
	Validated as diagnostic markers. Potential for prognostic and pharmacodynamic monitoring

	
	Blood
	Steady increased NfL over time
pNfH levels variable
	Potential use of NfL as a diagnostic and prognostic marker

	
	Urine
	p75ECD increases and increases over time
	Potential, needs further investigation

	Inflammation
	CSF
	Range of  cytokines, chemokines and immunological proteins up- and downregulated
	Potential for diagnostic, prognostic and disease progression; conflicting evidence currently

	
	Blood
	T regulatory (Treg) cells altered
Conflicting results across studies for cytokines, CRP, chitotriosidase
	Tregs potential use as prognostic marker, targeted in current phase II trial
Other targets need further investigation

	Muscle denervation
	Blood
	Serum creatinine reduction
Longitudinal changes in creatine kinase
	Serum creatinine potential as prognostic marker
Creatine kinase predicts slow versus fast disease progression in panel in PRO-ACT database

	miRNA
	CSF
	Differences in panels of miRNAs in patients
Paucity of overlap across studies
	Early potential for diagnostic, prognostic and pharmacodynamic; needs further investigation

	
	Blood
	As per CSF

	

	Metabolism
	CSF
	Distinctive lipid profile identified through 1H-NMR and mass spectrometry
Inconsistencies across studies
	Potential for diagnostic and prognostic use
Longitudinal studies needed

	
	Blood
	Carbohydrate and lipid metabolism markers contradictory, but larger study promising
Glutamate results contradictory in response to treatment
Serum albumin reduction
	Carbohydrate and lipid metabolism markers associated with disease risk in large 20-year study
Glutamine and glutamate need further investigation
Serum albumin predicts slow versus fast disease progression in panel in PRO-ACT database

	
	Urine
	Limited studies on F2-isoprostane (8-iso-PGF2α), Collagen type 4, and lucosylgalactosyl hydroxylysine (glu-gal Hyl)
	Potential, needs further investigation.

	Oxidative stress
	CSF
	Raised levels of 4HNE, 3-nitrotyrosine
NRF-2 pathway markers e.g. glutathione
	Needs further investigation 


	
	Blood
	1Uric acid results contradictory, but larger study promising 
Ferritin, glutathione, 3-nitrotyrosine, 4HNE increase
	Uric acid shows promise as prognostic in PRO-ACT database.
Other candidates need further investigation.


	
	Urine
	8-hydroxy-2′-deoxyguanosine (8-OhdG) increases and increases over time
	Potential, needs further investigation.

	Proteomic approach
	CSF 
	Differential expression profiles identified e.g. cystatin C, chitinases, MCP-1, 
Subsequent failure of validation of individual markers
	Potential as an unbiased investigation of novel markers but inconsistency across studies and validation of findings needed

	Imaging biomarkers
	
	
	

	Central nervous system Magnetic Resonance Imaging (MRI) and Magnetic Resonance Spectroscopy
	Structural MRI
	Focal atrophy
Subcortical hyperintensities on T2 weighted, Proton Density weighted, and Fluid-Attenuated Inversion Recovery images 
Cortical hypointensities on T2-weighted, T2*-weighted, and Susceptibility Weighted Images

	Employed in clinical practice to exclude mimics.
Cervical cord atrophy might have potential as a predictive and progression biomarker.
The potential use of cortical hypointensities as a biomarker is currently being explored


	
	Diffusion tensor imaging
	Fractional Anisotropy reduction
Mean Diffusivity elevation

	Potential use as a biomarker of is under investigation.


	
	Magnetisation transfer imaging
	Possible reduction in Magnetisation Transfer Imaging ratios

	Conflicting evidence

	
	Functional magnetic resonance imaging
	Cortical reorganisation
	Useful primarily to explore pathogenesis; might provide evidence of target engagement in clinical trials


	
	Proton magnetic resonance spectroscopy  
	
N-acetylaspartate reduction
	N-acetylaspartate has been suggested as a diagnostic and disease progression biomarker and has been employed in a clinical trial

	Peripheral nerve MRI
	Diffusion tensor imaging
	Fractional Anisotropy reduction
	Potential use as a biomarker of disease progression

	Muscle MRI and MRS
	Anatomical imaging
	Muscle volume reduction
T2 hyperintensities
	Potential use as a biomarker of disease progression

	
	Phosphorus magnetic resonance spectroscopy
	Conflicting evidence
	Technique’s potential as a marker of energy dysmetabolism has not yet been fully explored

	Positron emission tomography
	
	Alterations in Fluoro-2-deoxy-2-D-glucose uptake
Enhanced microglial activation
Inhibitory inter-neuronopathy
Alterations of serotoninegic neurotransmission
Increased oxidative stress
	Potential diagnostic biomarker and use in clinical trials to provide evidence of target engagement

	Electrophysiology biomarkers
	
	
	

	Motor unit number estimation
	MUNE
	Sensitive to disease progression
Identifies pre-clinical LMN loss (MPS method) 
	Principally limited by operator-dependent variation in recording
Newer methods (e.g. MScanFIT) expedite recording and overcome some technical limitations, but require dedicated software and evaluator training
Potential for use diagnosis and follow-up
Yet to be widely employed clinically 

	
	MUNIX
	Multicentre and multi-operator reliability and sensitivity demonstrated
Positive influence of evaluator training
Superior sensitivity to early disease change vs. conventional methods
Identifies pre-clinical LMN loss 
	Relatively time-efficient and tolerable for patients
Dependent upon patient cooperation as derived from muscle contraction
Worldwide evaluation in clinical trials 
Commercially available 

	Neurophysiological index
	
	Increased distal motor latency and F-wave frequency
Decreased CMAP amplitude
Sensitive to disease change in 4 weeks, greater rate of decline vs. ALSFRS-R, CMAP amplitude, and FVC
	Utilises standard neurophysiological measures 
Previously employed in clinical trials
Potential to reduce required trial duration
Further investigation required 

	Axonal excitability 
	
	Upregulation of persistent Na+ conductances
Reduction of slow and fast K+ channel conductances 
Change with disease progression 
	Predictor for poor prognosis 
Specialist equipment 
Further investigation required 

	Electrical impedance myography
	
	Multicentre demonstration of sensitivity to disease progression 
Applicable to bulbar musculature 
	Simple technique requiring limited patient cooperation or operator training 
Potential to reduce required sample size
Further investigation into diagnostic utility and technique optimisation required 

	Transcranial magnetic stimulation 
	
	Reduced short-interval intracortical inhibition, cortical silent-period duration, and resting motor threshold
Increased intracortical facilitation and motor evoked potential  
Discriminates ALS from mimics
	Specialist equipment/software
Further multicentre investigation confirming diagnostic utility and evaluating longitudinal potential required 
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	ALS2
	CYP27A1
	GRN
	OPTN
	SPG20
	VAPB

	ANG
	DAO
	HNRNPA1
	PFN1
	SQSTM1
	VCP

	ANXA11
	DCTN1
	HNRNPA2B1
	PRPH
	SS18L1
	VPS54

	ARHGEF28
	ERBB4
	KIF5a
	SETX
	TAF15
	VRK1

	ATXN2*
	EWSR1
	MAPT
	SIGMAR1
	TARDBP
	

	C9orf72*
	FIG4
	MATR3
	SOD1*
	TBK1
	

	CHCHD10
	FUS
	NEFH
	SPAST
	TUBA4A
	

	CHMP2B
	GBA2
	NEK1
	SPG11
	UBQLN2
	


*Denotes the two genes profiled by polymerase chain reaction (PCR)
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1. Speech
	4 	Normal speech processes
	3 	Detectable speech disturbance
	2 	Intelligible with repeating
	1 	Speech combined with non-vocal communication
	0 	Loss of useful speech
2. Salivation
	4 	Normal
	3 	Slight but definite excess of saliva in mouth; may have nighttime drooling
	2	Moderately excessive saliva; may have minimal drooling
	1 	Marked excess of saliva with some drooling
	0 	Marked drooling; requires constant tissue or handkerchief
3. Swallowing
	4 	Normal eating habits
	3	Early eating problems-occasional choking
	2 	Dietary consistency changes
	1 	Needs supplemental tube feeding
	0 	NPO (exclusively parenteral or enteral feeding)
4. Handwriting
	4	Normal
	3	Slow or sloppy; all words are legible
	2	Not all words are legible
	1	Able to grip pen but unable to write
	0	Unable to grip pen
5a. Cutting food and handling utensils (patients without gastrostomy)?
	4	Normal
	3	Somewhat slow and clumsy, but no help needed
	2	Can cut most foods, although clumsy and slow; some help needed
	1	Food must be cut by someone, but can still feed slowly
	0	Needs to be fed
5b. Cutting food and handling utensils (scale for patients with gastrostomy)?
	4	Normal
	3	Clumsy but able to perform all manipulations independently
	2	Some help needed with closures and fasteners
	1	Provides minimal assistance to caregiver
	0	Unable to perform any aspect of task
6. Dressing and hygiene
	4	Normal function
	3 	Independent and complete self-care with effort or decreased efficiency
	2	Intermittent assistance or substitute methods
	1	Needs attendant for self-care
	0	Total dependence
7. Turning in bed
	4	Normal
	3	Somewhat slow and clumsy, but no help needed
	2	Can turn alone or adjust sheets, but with great difficulty
	1	Can initiate, but not turn or adjust sheets alone
	0	Helpless
8. Walking
	4	Normal
	3	Early ambulation difficulties
	2	Walks with assistance
	1	Non-ambulatory functional movement only
	0	No purposeful leg movement
9. Climbing stairs
	4	Normal
	3	Slow
	2	Mild unsteadiness or fatigue
	1	Needs assistance
	0	Cannot do
10. Dyspnoea
	4	None
	3	Occurs when walking
	2	Occurs with one or more of the following: eating, bathing, dressing (ADL)
	1	Occurs at rest, difficulty breathing when either sitting or lying
	0	Significant difficulty, considering using mechanical respiratory support
11. Orthopnoea
	4	None
3		Some difficulty sleeping at night due to shortness of breath. Does not routinely use more than two pillows
	2	Needs extra pillow in order to sleep (more than two)
	1	Can only sleep sitting up
	0	Unable to sleep
12. Respiratory insufficiency
	4	None
	3	Intermittent use of BiPAP
	2	Continuous use of BiPAP
	1	Continuous use of BiPAP during the night and day
	0	Invasive mechanical ventilation by intubation or tracheostomy


[bookmark: _Toc89083701]Appendix 4. Serum Western blotting for 3-nitrotyrosine 
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Figure 35. Serum Western blots: 3-nitrotyrosine staining, top panel showing coloured fluorescence; bottom panel showing same blots in black and white



Figure 36. Per-protein nitration from CSF Western blotting, healthy controls and patients; line shown is the median


[bookmark: _Toc89083702]Appendix 5. Cytokine and chemokine correlations with clinical measures
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Table 1. Mefobolic dysregulation as determined by 'H- magnetic resonance spectroscopy studi
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