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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a rare but lethal neurodegenerative disease, 

characterized by degeneration of both upper and lower motor neurons in the brain and spinal 

cord. The pathogenesis of ALS is, however, not completely clear. One of the hypothesized 

mechanisms, neuroinflammation, is considered a pathological hallmark in ALS, as in other 

neurodegenerative diseases. A crosstalk between neuro- and systemic inflammation has been 

demonstrated repeatedly in ALS, which provides a foundation to better understand the disease 

mechanism through studying systemic immune responses. In this thesis, we demonstrated the 

relationships of previous autoimmune diseases (Study I) and peripheral immune biomarkers 

(Study II) with the risk of ALS diagnosis, as well as the associations of immune cells measured 

in blood and cerebrospinal fluid (CSF) with the prognosis of ALS (Study III and Study IV). 

In Study I, we comprehensively assessed the associations of 43 autoimmune diseases with the 

subsequent risk of ALS and further evaluated if familial confounding contributed to these 

associations. Based on the Swedish National Patient Register (NPR), we conducted a 

nationwide study including 1) comparison between 3,561 ALS patients diagnosed during 1990-

2013 in Sweden and 35,610 population-controls individually matched to the cases by age, sex, 

and county of birth, and 2) comparison between first-degree relatives of the ALS patients and 

their controls. We found an overall 47% higher risk of previous diagnosis of any autoimmune 

disease among ALS patients, compared with controls. An increased risk was also noted for 

myasthenia gravis (MG), polymyositis or dermatomyositis, Guillain-Barre syndrome (GBS), 

type 1 diabetes diagnosed younger than 30 years, multiple sclerosis (MS), and hypothyreosis. 

However, there was no increased risk of autoimmune disease among first-degree relatives of 

ALS patients, compared with the first-degree relatives of the controls. 

In Study II, we described the temporal patterns of serum creatinine and C-reactive protein 

(CRP) before and after the diagnosis of ALS, MS, and Parkinson’s disease (PD). Through 

cross-linking the Stockholm CREAtinine Measurements (SCREAM) project to the Swedish 

regional and national health registers, we performed a population-based case-control study 

including all newly diagnosed patients with ALS (N=525), MS (N=1,815), and PD (N=3,797) 

during 2006-2013, as well as their individually matched controls (N=2625 for ALS, N=9,063 

for MS, and 18,960 for PD). We observed consistently lower levels of creatinine from two 

years before diagnosis onward, whereas lower levels of CRP before diagnosis and higher levels 

after diagnosis, in ALS patients, compared with controls. Among patients with ALS, the 

creatinine level decreased continuously from one year before diagnosis until two years after 

diagnosis, whereas CRP level increased from diagnosis until two years after diagnosis. There 

were, however, no similar patterns noted in MS or PD.  

In Study III, we evaluated the correlation between leukocyte subpopulations in blood and the 

prognosis of ALS. Through the Swedish Motor Neuron Disease (MND) Quality Registry, we 

conducted a longitudinal cohort study of 288 ALS patients with up to 5 years of follow-up 

during 2015-2020 in Stockholm, Sweden. The results showed that the counts of peripheral 



leukocytes, neutrophils, and monocytes increased gradually over time since ALS diagnosis and 

were positively correlated with disease severity, but not associated with risk of death or disease 

progression rate. Focusing on the lymphocyte subpopulations, inverse associations were found 

between the counts of natural killer (NK) cells and proportions of Th2-differentiated CD4+ 

central memory (CM) T cells with the risk of death, while positive associations were observed 

between proportions of CD4+ effector memory cells re-expressing CD45RA (EMRA) T cells 

and CD8+ T cells with the risk of death. None of the lymphocyte subpopulations was correlated 

with disease severity or progression rate. 

In Study IV, we further estimated the association of T cell responses in both the periphery and 

the intracranial compartment with the prognosis of ALS. We performed a cohort study 

including 89 newly diagnosed ALS patients in Stockholm, Sweden. Flow cytometry was used 

to collect information on T cells from blood and CSF of these ALS patients. The results showed 

that levels of CD4+FOXP3- effector T (Teff) cells were negatively associated with survival, 

whereas levels of activated regulatory T (aTreg) cells were positively associated with survival. 

Furthermore, the levels of peripheral Treg cells and composite T cell profile were also found 

to be associated with disease progression rate. Although these results were comparable between 

blood and CSF, the markers measured in blood and CSF demonstrated only a moderate 

correlation with each other. Finally, we performed single-cell RNA sequencing analysis on 

additional CSF samples collected from five ALS patients and four ALS-free controls and found 

that the cytotoxic effect of Teff cells noted in the flow cytometric analysis might be due to the 

elevated cytotoxic gene expressions and clonal expansions. 

In conclusion, in Study I, we found a positive association between several autoimmune diseases 

and ALS, suggesting that chronic inflammation might contribute to the subsequent 

development of some ALS cases. In Study II, we found that serum creatinine and CRP showed 

distinct temporal patterns before and after diagnosis of ALS, compared with other 

neurodegenerative diseases, indicating that there might be specific features of inflammation in 

ALS compared to other neurodegenerative diseases. In Studies III and IV, our findings suggest 

that leukocyte populations, primarily lymphocytes, play an important role in ALS prognosis, 

whereas neutrophils and monocytes primarily reflect functional status. Taken together, these 

studies add new knowledge to the current understanding of immune responses in the risk and 

prognosis of ALS and shed light on potential new intervention strategies in the prevention and 

treatment of ALS. 
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1 INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative disease affecting motor 

neurons in the central nervous system (CNS). Affected patients experience progressive motor 

dysfunction and eventually die within 2-5 years after symptom onset, often due to respiratory 

failure. Although ALS has been discovered for more than a century, its etiopathogenesis 

remains unclear to a large extent and effective treatment is not available yet.  

Important immune aspects in ALS have been demonstrated by multiple studies. Population-

based studies found a high association between several autoimmune diseases and ALS1,2, 

indicating a possibility of shared genetic or environmental factors. In the ALS patients and 

animal models, inflammation features were identified in the CNS3 and abnormal immune 

responses were often observed in the peripheral immune system4. However, findings of the 

relationship between immune abnormality and the risk and prognosis of ALS, especially in 

human studies,  are relatively inconsistent. 

In this thesis, we utilized the high-quality Swedish population and health care registers, rich 

data collected in a unique sample of ALS patients, and state-of-the-art technology, to address 

the following questions: 1) is there an association of autoimmune disease with the risk of ALS 

occurrence? 2) how do immune biomarkers change before and after ALS diagnosis? 3) is any 

type of immune cells associated with ALS prognosis? and 4) are gene expressions or 

clonotypes underlying the role of immune cells on ALS prognosis?  
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2 LITERATURE REVIEW 

2.1 BACKGROUND 

The lethal neurodegenerative disease ALS was first described and diagnosed by the French 

neurologist Jean-Martin Charcot in 18745. It is thus also known as “Charcot’s disease”. 

However, what brought ALS the international attention was the diagnosis of the American 

baseball player Lou Gehrig in 1939, because of which ALS is also often referred to as “Lou 

Gehrig’s Disease”6. More recently, the theoretical physicist, Stephen Hawking, was diagnosed 

with ALS, further improving the awareness of this disease. In 1985, ALS Association, the 

American non-profit organization which aims to create a world without ALS, started to raise 

money for research and patient services7. In 2014, the “Ice Bucket Challenge” to the largest 

extent promoted the awareness of ALS and encouraged donations to ALS research. Although 

a large number of studies have been performed in the past decades, the etiologies of ALS are 

still largely unknown. In this review, I will summarize our current knowledge about ALS and 

discuss important knowledge gaps in the field, in the hope of inspiring new thoughts in 

understanding the disease etiology and progression, as well as identifying new therapeutics for 

the disease.  

2.2 EPIDEMIOLOGY 

2.2.1 Incidence and prevalence  

ALS is a relatively rare disease. It is however the most common form of motor neuron disease 

(MND) and the third most prevalent neurodegenerative disease after Alzheimer’s disease (AD) 

and Parkinson’s disease (PD)8. Globally, there are 1.9 persons per 100,000 being newly 

diagnosed with ALS each year9 and 4.5 persons per 100,000 living with this disease10. A 

significant geographical difference exists in the incidence and prevalence of ALS. In European 

populations, the incidence rate of ALS was estimated as 2.6 per 100,000 person-years with a 

prevalence of 7-9 per 100,000 persons11. In East Asia, an incidence rate of 0.85 per 100,000 

person-years and a prevalence of 3.67 per 100,000 persons were estimated for ALS12. In 

Sweden, the incidence rate was estimated as 2.97 per 100,000 person-years13 and the 

prevalence as 5.4 per 100,000 persons14. In general, the incidence of ALS is 1-3 times higher 

in men than in women, but the sex difference seems to decline with increasing age at onset15. 

Whites and non-Hispanics have higher incidence rates than non-whites and Hispanics16. 
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2.2.2 Risk factors  

For most of the patients with ALS, the exact cause is not known. However, ALS is believed to 

be a multifactorial disease, which means that, not only genetic factors but also environmental 

factors, contribute to the development of ALS17. 

2.2.2.1 Genetic factors 

In 1993, the first ALS gene mutation, SOD1, was discovered18, leading to a substantial growth 

of research in unveiling the genetics of ALS. To date, more than 20 genes have been found to 

be associated with familial ALS (fALS), including C9orf72, SOD1, FUS, and TARDBP which 

jointly explain the majority of familial cases8. As of 2016, all the known ALS genes were 

estimated to explain about 70% of fALS and 15% of sporadic ALS (sALS) cases19. Notably, 

there is a significant difference in the frequencies of these ALS gene mutations across 

populations. Among European ALS patients, the most frequent mutations are C9orf72 (fALS 

33.7%, sALS 5.1%), followed by SOD1 (fALS 14.8%, sALS 1.2%), TARDBP (fALS 4.2%, 

sALS 0.8%) and FUS (fALS 2.8%, sALS 0.3%). Among Asian ALS patients, the most 

common gene mutation is SOD1 (fALS 30.0%, sALS 1.5%), followed by FUS (fALS 6.4%, 

sALS 0.9%), C9orf72 (fALS 2.3%, sALS 0.3%) and TARDBP (fALS 1.5%, sALS 0.2%)20.  

2.2.2.2 Non-genetic factors 

In addition to genetic factors, several environmental factors are likely to contribute to the 

development of ALS. 

2.2.2.2.1 Smoking  

There is compelling epidemiological evidence suggesting smoking as a risk factor for ALS. A 

pooled analysis of five prospective cohort studies found that smokers had a higher risk of 

developing ALS than non-smokers, and the risk was inversely related to age at starting 

smoking21. In 2019, one Mendelian randomization study found a positive correlation between 

smoking and ALS22, and another Mendelian randomization study demonstrated the causal role 

of smoking in the development of ALS23. 

2.2.2.2.2 Chemical exposure and metals 

The associations between heavy metals, including lead, iron, cadmium, selenium, and mercury, 

and ALS have been studied for many years, with however inconsistent findings. Several studies 

found elevated lead levels in the blood, or cerebrospinal fluid (CSF) of ALS patients compared 

with controls24-26. Results from mass spectrometry showed higher concentrations of manganese 

in the CSF samples of ALS patients than controls and higher manganese concentrations in CSF 
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than plasma among ALS patients27. Dietary intake of inorganic selenium or long-term exposure 

to selenium through drinking water was suggested to increase the risk of ALS28,29. However, 

other studies didn’t find a difference in selenium levels between ALS patients and controls in 

either blood30,31 or CSF31. Another study found on the other hand an inverse association 

between blood levels of selenium and risk of ALS32. Although a case report suggested a causal 

effect of cadmium on ALS through mediating neurotoxicity on enzyme systems33, there is to 

date limited epidemiological evidence to support a potential role of cadmium or other trace 

metals in the pathogenesis of ALS31,34.  

2.2.2.2.3 Physical activity  

Several studies supported physical activity as a risk factor for ALS. A UK-based case-control 

study showed that an extra 10kJ/kg/day of physical activity was associated with an increased 

risk of ALS35. An Italian study showed that professional football players had an increased risk 

of ALS36. However, studies also demonstrated opposite results. A European population-based 

case-control study showed that physical activity was inversely associated with the risk of ALS, 

indicating physical activity might be protective against ALS37. Possible mechanisms 

underlying the protective effect might be an exercise-induced modification in the morphology 

of motor neurons, nerve-muscle interaction, glial activation, and gene expression of anti-

apoptotic proteins and neurotrophic factors38. There are also several studies showing a null 

association between physical activity or sports and the risk of ALS39-41. The difference in study 

design, sample size, and measurements of physical activity may explain some of the observed 

differences. 

2.3 CLINICAL CHARACTERISTICS 

2.3.1 Symptoms 

The most common symptoms of ALS patients are muscle weakness, twitching, and cramping 

which can eventually result in movement impairments. Patients usually show limb-onset or 

bulbar-onset symptoms depending on where the symptoms debut first. Patients with limb-onset 

symptoms usually experience muscle weakness in arms or legs at first, whereas among bulbar-

onset patients, speaking or swallowing with difficulty is the initial symptoms42. According to 

regions affected in the CNS, patients show different symptoms. Disturbance in upper motor 

neurons mainly leads to weakness, spasticity, and exaggerated reflexes, while defects in lower 

motor neurons are usually presented with fasciculation, wasting of the muscle, and weakness43.  

Cognitive or behavioral impairment is reported among 10-50% of ALS patients44. Cognitive 

impairment in ALS can be featured with personality change, irritability, obsessions, poor 



 

6 

insight, and pervasive deficits on frontal executive tests45. Behavioral symptoms include 

usually behavioral disinhibition, lack of sympathy or empathy, apathy, or inertia, perseverative, 

stereotyped, or compulsive or ritualistic behaviors, or hyperorality and dietary changes46. 

2.3.2 Category  

2.3.2.1 Familial and sporadic ALS 

There are approximately 10% fALS cases and 90% sALS cases according to whether a clear 

family history of ALS is identified. Genetic causes are also increasingly discovered in sALS 

cases47. Currently, 11%8 to 28%48 of sALS cases are known to be caused by genetic variants 

in European populations, for instance. Patients with fALS usually show earlier symptoms than 

patients with sALS, with a mean age at onset of 40-60 years for fALS and 58-63 years for 

sALS49. 

2.3.2.2 Bulbar and spinal onset  

According to the site of symptom onset, ALS is categorized as bulbar-onset and spinal-onset 

ALS. Approximately 25% of the patients have bulbar-onset ALS and approximately 70% of 

the patients have spinal-onset ALS50. Compared to a median diagnostic delay of approximately 

12 months for spinal-onset patients, bulbar-onset patients have a shorter diagnostic delay (a 

median of 8.8 months)51. Similarly, bulbar-onset patients have reduced survival compared with 

patients with spinal-onset52,53.  

2.3.3 Pathology 

The neuropathological hallmark of ALS is the massive loss of motor neurons in the motor 

cortex and ventral horn of the spinal cord, accompanied by the activation and proliferation of 

microglia and astrocytes surrounding the degenerating motor neurons, which indicates an 

important role of neuroinflammation in ALS54. 

Besides, abnormal aggregations of Transactive response DNA Binding Protein 43 (TDP-43) 

can be seen in the cytoplasm of motor neurons in up to 97% of ALS patients, which makes it 

another hallmark of ALS55. TDP-43, encoded by the TARDBP gene, is a ubiquitous protein 

highly conserved across species56. Physiologically, TDP-43 predominantly resides in the 

nucleus and functions in regulating RNA splicing and modulating microRNA biogenesis57,58. 

In the tissues of ALS patients, TDP-43 is depleted from the nucleus and TDP-43 aggregations 

appear in the cytoplasm, which indicates both a loss of function in the nucleus and a gain of 

toxicity in the cytoplasm may involve in the disease development59,60.  
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2.3.4 Disease mechanisms 

Despite the research effort during the last decades, the underlying mechanism for ALS remains 

unclear. However, it is believed to date that, multiple factors, instead of a single initiating event, 

participate in the disease development and progression. These include glutamate excitotoxicity, 

oxidative stress, mitochondria dysfunction, inflammation, etc.  

2.3.4.1 Oxidative stress  

Oxidative stress, an imbalance between the production of free radicals and the clearance of 

toxic reactive intermediates, can substantially change membrane structure and intracellular 

lipids, leading to altered fluidity, permeability, transport, and metabolic processes61. Because 

mutations in SOD1, encoding a superoxide scavenging enzyme, are the first identified gene 

mutations of ALS, oxidative stress has been considered as a distinct candidate to explain the 

pathogenesis of this disease62. Furthermore, biomarkers of oxidative stress have been 

repeatedly found in sALS patients61, which further supports the critical role of oxidative stress 

in the pathogenesis of this disease.  

However, it is still not known whether oxidative damage contributes to motoneuron 

degeneration or if oxidative damage is an epiphenomenon of motoneuron degeneration. The 

former hypothesis is supported by the observation of oxidation-induced damage to proteins and 

lipids and enhanced radical production before the first pathological signs of motor neuron 

degeneration in SOD1G93A mice63,64. The oxidation-induced damage targets different cell 

components including mitochondrial structures and enzyme systems, and the damage could 

lead to the further generation of free radicals and initiate more oxidative stress65. Alternatively, 

oxidation damage to the mutant SOD1 could trigger aggregation of the protein, which could 

then become toxic to the motor neurons66.  

2.3.4.2 Mitochondrial dysfunction 

Mitochondria play an important role in adenosine triphosphate (ATP) production, phospholipid 

biogenesis, calcium homeostasis, and apoptosis. In the brain, mitochondria are of particular 

importance because brain has a very high energy consumption which constitutes 20% of the 

body’s resting ATP production67. Nonetheless, mitochondria are susceptible to oxidative stress 

due to their high reliance on membrane integrity and their DNA and RNA are highly vulnerable 

to damage by oxidation68. Additionally, many of the mutated ALS genes such as SOD1, 

TARDBP, C9orf72 can lead to mitochondrial dysfunction through their aggregates69.  

The mechanisms linking together mitochondrial dysfunction and neuronal degeneration, 

however, appear to be complex. Because of the high energy demands of neurons, gradual 
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depletion of ATP due to the deficiency of oxidative phosphorylation may trigger 

degeneration69. The miscommunication between the endoplasmic reticulum and mitochondria 

could lead to loss of calcium homeostasis, which may be another cause of motor neuron death 

in ALS. Additionally, reactive oxygen species generated from impaired mitochondrial 

metabolism could further have a detrimental effect on the cell. 

2.3.4.3 Impaired protein homeostasis 

2.3.4.3.1 Proteasome and autophagic degradation pathways 

Protein aggregates positive for TDP-43, FUS, or SOD1 are present among the vast majority of 

ALS patients, suggesting an important role of an imbalance between protein synthesis and 

degradation70. There are two major pathways for protein degradation, namely the ubiquitin-

proteasome system (UPS) and the autophagy-lysosome pathway. UPS, the main mechanism 

for protein degradation in the cell, can degrade short-lived and soluble proteins. Autophagy, 

however, is an important protein degradation pathway for relatively long-lived, cytoplasmic 

proteins, soluble and insoluble misfolded protein aggregates, and damaged organelles71. 

Therefore, a functional autophagy-lysosome pathway is imperative to maintain cell viability 

and homeostasis. An in vitro study showed decreased SOD1 aggregates and SOD1-mediated 

toxicity by inducing autophagy through rapamycin72, which further supports the important role 

of autophagy in ALS. The autophagic process may be divided into three main stages, including 

initiation, maturation, and degradation. Failure in any step of the autophagy process could 

contribute to the pathological formation of toxic aggregations in ALS. For example, the 

presence of mutations in the autophagy receptor p62 (SQSTM1) in both familial and sporadic 

cases of ALS could indicate a direct role of disruption in substrate recognition in ALS 

pathogenesis73. The mutations of dynactin, an adaptor in the transportation of autophagosomes 

to lysosomes, have been found to lead to MND, which suggests the maturation of autolysosome 

might also play an important role in the etiology of ALS74. 

2.3.4.3.2 Endoplasmic Reticulum (ER) Stress 

In addition to the proteasome and autophagic degradation pathways, the ER stress response 

pathway also called the endoplasmic reticulum-associated protein degradation (ERAD) 

pathway, could be activated when there is an accumulation of misfolded proteins in the ER. 

The ERAD pathway involves retro-translocation to the cytosol where the misfolded protein is 

polyubiquitylated and undergoes proteasomal degradation75. 
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ER stress plays an important role in the pathogenesis of many neurodegenerative diseases due 

to the prevalent accumulation of abnormally folded proteins76. In ALS cells with SOD1 

mutation, the misfolded SOD1 protein triggered ER stress by interacting with ERAD, leading 

to apoptosis77. In the cells with misfolded wild-type SOD1(SOD1WT), ER stress induces 

neuronal loss by increasing the susceptibility of SOD1WT to aggregate during aging78.  

2.3.4.4 Immune and inflammatory abnormality 

Immune and inflammatory abnormalities are observed in ALS patients and mouse models, 

including altered immune cells, chemokines, and cytokines in the peripheral circulation 

system79,80 as well as microglial and astroglial activation and infiltrating immune cells in the 

CNS81. However, whether the immune and inflammatory changes are a primary cause of ALS 

or secondary to ALS is yet unknown. Due to the difficulties in studying pre-symptomatic 

immune responses in human ALS, few studies have shown abnormal immune responses in the 

early development of ALS1.  

Increasing evidence supports both pathogenic and neuroprotective roles of inflammation 

during the pathogenesis of ALS82,83, including hypothetically an early neuroprotective T2 stage 

and a later neurotoxic T1 stage. During the early stage, the immune system protects motor 

neurons from damage with M2 macrophages/microglia, Th2 cells, and regulatory T (Treg) 

cells. As the disease progresses and motor neuron injury accelerates, the beneficial immune 

responses shift to the deleterious immune responses, characterized by M1 

macrophages/microglia, and proinflammatory T cells, which lead to further damage of motor 

neurons82. 

2.3.5 Diagnosis 

As of today, no diagnostic tests are specific for ALS84. Clinicians diagnose ALS by symptoms 

and signs after excluding the possibilities of other mimicking diseases through a series of tests, 

including muscle, imaging, and laboratory tests85. To achieve research-based consensus, 

patients are categorized by four levels of diagnostic certainty, “definite ALS”, “probable ALS”, 

“possible ALS” and “suspected ALS”, according to the El Escorial criteria. To improve the 

diagnostic sensitivity, the EI Escorial revised criteria later replaced “suspected ALS” with 

“laboratory-supported probable ALS”. The Awaji-Shima criteria, incorporating 

electrophysiological results to the diagnosis of ALS, demonstrate a better sensitivity than the 

El Escorial Revised criteria86. 

Despite the improved diagnostic criteria, a median of 12 months of diagnostic delay is 

commonly observed in ALS87. The diagnostic delay results partly from the large variability in 
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clinical presentation and partly from the delays in referral to a neurologist from general 

practitioners. A delay of 6.5 months was found between the first visit to a general practitioner 

and the first visit to a neurologist by a French group, representing 38.4% of the total diagnostic 

delay87. Misdiagnosis is another contributing factor to diagnostic delay. The frequency of initial 

misdiagnosis might be as high as 27%-61%88-90 and the most frequently misdiagnosed disease 

is spinal disease or stenosis88,90-92. Therefore, more specific diagnostic tests are warranted to 

decrease the possibility of misdiagnosis and increase the early diagnosis of ALS. 

2.3.6 Biomarkers 

Biomarkers have been defined as a biological characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention93. Accordingly, biomarkers specific to 

ALS could contribute to the early diagnosis and prognosis prediction of ALS, and the 

identification of novel treatments. 

2.3.6.1 CSF biomarkers  

2.3.6.1.1 Neuronal biomarkers  

To date, neurofilament proteins are considered the most promising biomarkers in CSF. 

Neurofilament is a cytoskeletal component of neurons indicating axonal damage and 

degeneration. Neurofilaments with both light and heavy chains measured in CSF have been 

shown a high diagnostic value of MND94,95. Furthermore, there is evidence that neurofilament 

light chain (NfL) and phosphorylated neurofilament heavy chain (pNfH) in CSF are good 

prognostic markers in ALS96,97. 

TDP-43 positive inclusions have been identified in almost 97% of ALS patients55. Previous 

studies have shown higher CSF TDP-43 levels in ALS patients than controls98,99. Although 

TDP-43 has been suggested as a potential diagnostic marker for ALS, the sensitivity of TDP-

43 is relatively low99. There is to date limited data regarding the prognostic value of TDP-43. 

2.3.6.1.2 Oxidative biomarkers 

Oxidative stress is indicated to be involved in the pathogenesis of ALS61. Misfolded SOD1 has 

therefore also been suggested as a potential biomarker for ALS. However, there seems to be 

no significant difference of misfolded SOD1 levels in CSF between ALS patients and controls, 

or between patients with and without SOD1 mutations100.  
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2.3.6.1.3 Immune and inflammatory biomarkers 

Neuroinflammation is believed to be involved in the development of ALS, identified by the 

proliferation and activation of microglia and astrocytes, infiltration of immune cells, and 

subsequent production of inflammatory mediators54. One study showed the largest difference 

in interleukin (IL)-10, IL-6, IL-2, IL-15, and granulocyte-macrophage colony-stimulating 

factor (GM-CSF) of CSF between ALS patients and controls, and when combined as a panel, 

these biomarkers presented high sensitivity and specificity in differentiating ALS patients from 

controls101. Other inflammatory mediators found to differ in CSF of ALS patients and controls 

are chitotriosidase-1 (Chit-1), IL-17, macrophage inflammatory protein (MIP)-1β, monocyte 

chemoattractant protein (MCP)-1, interferon (IFN)-γ, IL-8, IL-1α, etc.102 

2.3.6.2 Blood biomarkers 

2.3.6.2.1 Oxidative biomarkers 

The results of SOD1 activity in the blood of ALS patients are inconsistent to date. One study 

showed decreased SOD1 in ALS erythrocytes103 whereas another study showed the opposite104. 

The antioxidant biomarker glutathione was shown decreased in the serum of ALS patients than 

controls105, while levels of the product of the oxidative injury to DNA, 8-hydroxy-2’-

deoxyguanosine (8-OHdG) were found to be increased in ALS patients than controls106. 

2.3.6.2.2 Immune and inflammatory biomarkers 

In ALS, the impairment of the blood-brain barrier (BBB) increases the possibility of an 

increased interaction between peripheral and CNS immunity107, which may further affect 

neuroinflammatory responses and the progression of neurodegeneration. In blood, IL-6, IL-8, 

IL-1β, MCP-1, tumor necrosis factor (TNF)-α and tumor necrosis factor receptor (TNFR) were 

found to increase in ALS patients, whereas levels of GM-CSF, OX40, soluble receptor for 

advanced glycation end products, and soluble TNF-related apoptosis-inducing ligand were 

reduced in ALS patients, compared with controls108. Furthermore, the levels of IFN-γ, MCP-1, 

TNF-α, and GM-CSF were shown to be correlated with the duration of ALS109,110. 

In addition to inflammatory factors, immune cells themselves could also serve as potential 

biomarkers for ALS. Studies showed increased levels of CD4+ T lymphocytes111, natural killer 

(NK) T lymphocytes112, and neutrophil-to-lymphocyte ratio113, but a decreased level of Treg 

cells112,114 in the blood of ALS patients. Moreover, the number of Treg cells was shown to be 

inversely correlated with the disease progression rate112,115. 
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2.3.6.2.3 Metabolic biomarkers  

The balance of energy metabolism has been shown to be impaired in both ALS patients and 

animal models116,117. On the one hand, dysphagia, which is caused by bulbar muscle weakness, 

can result in decreased food intake. On the other hand, resting energy expenditure is increased 

in patients with ALS. One study demonstrated increased low-density lipoprotein cholesterol 

(LDL-C) levels, decreased high-density lipoprotein cholesterol (HDL-C) levels, and high LDL-

to-HDL ratio in ALS patients than controls118, indicating a potential existence of 

hyperlipidemia in ALS.  

2.3.7 Treatment  

There is no cure for ALS as of today. Patients with ALS typically die from respiratory failure 

within 1-3 years after diagnosis119. The current treatments mainly focus on mitigating 

symptoms and increasing the quality of life for patients with ALS, through medication use, 

respiratory assistance, nutritional support, and palliative care.  

2.3.7.1 Medication  

So far, there are only two drugs, riluzole and edaravone, which are approved for the treatment 

of ALS by the US Food and Drug Administration (FDA) in 1995 and 2017 respectively120. 

Riluzole, the glutamate antagonist, has been found to prolong the survival of ALS patients by 

2-3 months121,122 and decrease the mortality rate by 23% at 6 months and 15% at 12 months 

since diagnosis123. The protective effect seems to be greater for bulbar-onset ALS than spinal-

onset ALS123,124. However, the high cost of riluzole makes it hard to be commonly used by all 

ALS patients125.  

Edaravone, on the other hand, protects motor neurons from oxidative stress and can slow the 

functional decline in a selected subgroup of ALS patients126. However, the treatment of 

edaravone is also expensive and needs to be administered by daily intravenous infusion which 

could lower the life quality of patients127. 

2.3.7.2 Respiratory assistance 

Non-invasive ventilation (NIV) is a treatment shown to prolong survival and increase life 

quality for ALS patients128. NIV treatment was shown to prolong survival by 48 days129. 

Interestingly, some patients seem to benefit from this treatment more than others. For instance, 

NIV prolonged survival among patients with normal to moderately impaired bulbar function 

and increased. quality of life, whereas for patients with poor bulbar function, NIV did not 

prolong survival or improve quality of life129. 
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Invasive ventilation (IV) is an option when NIV fails to control respiratory symptoms130. IV, 

combining tracheostomy with invasive mechanical ventilation, was found to further improve 

survival, compared with NIV, with the strongest effect noted among patients younger than 60 

years131. However, the quality of life seems to decrease for both ALS patients and their 

caregivers, and the patients may develop “locked-in syndrome”, in which they lose the ability 

to communicate132. 

2.3.7.3 Nutritional support 

The common symptom of dysphagia in ALS can cause decreased food intake and lead to 

malnutrition and weight loss, which are correlated with shorter survival and decreased life 

quality133-135. Unlike nasogastric tube, which is uncomfortable and can cause esophageal 

injuries136, percutaneous endoscopic gastrostomy (PEG) avoids these problems by bypassing 

the nose and esophagus. Although there is no solid evidence showing that PEG improves 

survival137, PEG placement was shown to aid stabilization of body weight among ALS patients 

with significant weight loss before intervention138.  

2.3.7.4 Palliative care 

Palliative care is recommended to be given to ALS patients shortly after diagnosis139. 

Discussing preferences in end-of-life care can help relieve or prevent the suffering of patients.  
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3 RESEARCH AIMS AND QUESTIONS 

This PhD thesis took advantage of the unique research materials in Sweden (i.e., national and 

regional health care registers and a representative sample of patients with newly diagnosed 

ALS in Stockholm), in combination with the state-of-the-art technology (i.e., flow cytometry 

and single-cell RNA sequencing), to comprehensively investigate the role of immune responses 

in ALS, with the aim of contributing to the knowledgebase of the relationship between 

neuroinflammation and neurodegeneration in ALS and provide insight for potential immune 

therapeutic strategies in patients with ALS.  

 

 

Figure 1 Overview of the thesis and research question for each paper. ALS, amyotrophic 

lateral sclerosis; CRP, C-reactive protein. 
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4 MATERIALS AND METHODS 

4.1 DATA SOURCES AND LINKAGE 

In 1947, a unique ten-digit personal identity number (PIN) was introduced for each resident in 

Sweden. As a unique identifier for each resident in Sweden, PIN has become an imperative 

tool in research by cross-linking different population and health care registers, medical records, 

biobank data, etc.  

4.1.1 Swedish population and health care registers  

4.1.1.1 Total Population Register  

Total Population Register (RTB) is a register system that was established in 1968140. As an 

extract from the population register of the Swedish Tax Agency, RTB to a large extent includes 

the entire registered population in Sweden, including information about birth, death, civil 

status, immigration, emigration, etc. Swedish Migration Register, therefore, functions as a part 

of RTB. From 2011, RTB has included more information on dwelling unit, address, and 

property, which made it possible to provide new variables such as household size, household 

type, and the number of children in the household. Therefore, RTB plays a fundamental role in 

demographic research as well as medical and behavioral science research.  

4.1.1.2 National Patient Register 

In 1964, National Patient Register (NPR) started to collect inpatient information at public 

hospitals and in 1987 it reached national coverage141. Since 2001, the register has also included 

outpatient visits from both private and public hospitals. Primary care, however, has not been 

covered yet in the NPR. The variables in NPR include patient demographic information such 

as age, sex, county of residence, inpatient and outpatient information regarding admission and 

discharge, and medical information including diagnoses, procedures, etc. 

Diagnoses are registered in NPR according to the Swedish revisions of the International 

Classification of Disease (ICD) codes. Different versions of ICD codes were used during 

different periods (ICD-7 before 1969, ICD-8 during 1969-1986, ICD-9 during 1987-1996, and 

ICD-10 from 1997 onward). Through ICD codes, patients with specific diseases can be 

identified from NPR. 

4.1.1.3 Motor Neuron Disease Quality Registry  

The Swedish MND Quality Registry was established in 2015 and prospectively collects 

information of clinical measures, biological samples, and quality of life outcomes from all 

MND patients in Sweden at the time of diagnosis and every three months thereafter142. The 

MND Quality Registry includes currently more than 80% of all MND patients in Sweden and 

99% of the MND patients in the Stockholm area among whom 97.1% are diagnosed with ALS. 

The possibility of providing a wide range of clinical information on MND patients and the 
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complete follow-up makes the Swedish MND Quality Registry a unique data source for MND 

research internationally.  

4.1.1.4 Multi-Generation Register 

Multi-Generation Register (MGR) includes information on persons born from 1932 onwards 

and alive in 1961, with available data on both the biological and adoptive parents of these 

persons. The coverage of MGR is excellent, including information on mothers for 97% and 

fathers for 95% of these persons. MGR provides a unique opportunity to study the familial 

aggregation of different diseases as well as perform family design to understand the role of 

familial confounding in different association studies. 

4.1.1.5 Cause of Death Register 

Cause of Death Register (CDR) includes all causes of death since 1911 in Sweden with an 

annual update. ICD codes are also used for underlying as well as contributory causes of death 

registration (ICD-6 from 1952 to 1957, ICD-7 from 1958 to 1968, ICD-8 from 1969 to 1986, 

ICD-9 from 1987 to 1996, and ICD-10 from 1997 onwards). This complete and high-quality 

register provides an important data source for both official statistics and research purposes. 

4.1.1.6 Education Register 

The Swedish Education Register was established in 1985 to provide statistics of education on 

the population level and is updated annually. The register contains information on a person’s 

highest completed level of education and date, etc.  

4.1.2 Stockholm CREAtinine Measurements project 

The Stockholm CREAtinine Measurements (SCREAM) project collects information on 

laboratory tests for residents of Stockholm County, Sweden, who had at least one measurement 

of serum creatinine in either primary, secondary, or tertiary care during 2006-2011 

(N=1,344,197). It includes 66% of the total population in Stockholm and almost all the elderly 

population (over 65 years). In addition to creatinine, all other laboratory tests of the included 

individuals were also included in SCREAM during the same period. The information collected 

includes the date of test, method of test, test result, unit of measurement, etc.  

4.2 STUDY DESIGN 

4.2.1 Nested case-control study design  

A nested case-control (NCC) study is an epidemiological study design performed within a 

defined cohort where the outcome of interest has already occurred. The cases are identified as 

the individuals who developed the outcome of interest during the follow-up of the cohort (study 

base). A few controls per each case may be selected from the same study base, using the method 

of incidence density sampling143. The controls could not have developed the outcome of 

interest by the time of outcome occurrence for the case. A control can be selected as the control 

for several cases and may develop the outcome of interest later during follow-up. The matching 
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of case and controls may be based on various covariates and matching with follow-up time is 

an essential feature for this design. Odds ratios (ORs) obtained from analysis of NCC study are 

known to mimic closely the relative risk estimates of the underlying cohort study. Furthermore, 

compared with the full cohort approach, NCC study has the advantages of offering impressive 

reductions in costs and efforts of data collection and analysis.  

In this thesis, an NCC study design has been used in Study I and Study II. 

In Study I, we conducted an NCC study among all individuals living in Sweden during 1990-

2013 to evaluate the associations of autoimmune diseases with the risk of ALS. A total of 3,561 

individuals were identified as cases with a newly diagnosed ALS during the study period. Ten 

age-, sex-, and county of birth- matched controls were randomly selected, using the method of 

incidence density sampling, from the same study population. Controls were alive and ALS-free 

by the diagnosis date of the case.  

Study II is an NCC study within the SCREAM project during 2006-2013 in Stockholm, 

Sweden. All newly diagnosed patients with ALS (N=525), multiple sclerosis (MS) (N=1,815), 

or PD (N=3,797) were identified as cases. By using the method of incidence density sampling, 

up to five controls individually matched to the cases by age, sex, and county of residence were 

randomly selected from SCREAM for each case (N=2625 for patients with ALS, N=9,063 for 

patients with MS, and 18,960 for patients with PD). Controls had to be alive and free of the 

specific disease on the diagnosis date of their matched case.   

4.2.2 Cohort study design  

A cohort study is a type of epidemiological study design where a group of participants is 

recruited and followed up longitudinally, based on specific exposure status. To enter the cohort, 

all participants must be free of the outcome of interest, and they are followed for a certain 

period to observe the occurrence of the outcome of interest. The main strength of cohort study 

includes a clear temporal pattern of events (e.g., collection of data on exposure and outcome). 

However, cohort studies could be costly, time-consuming, and prone to selection bias due to 

loss of follow-up.  

In this thesis, a cohort study design has been used in Study I, Study III, and Study IV. 

In Study I, we conducted two cohort studies among siblings and children of ALS patients and 

their controls respectively to evaluate whether siblings or children of ALS patients were at a 

higher risk of developing autoimmune diseases than siblings or children of the controls of ALS 

patients. We first identified 5,375 full siblings and 6,805 children of ALS patients and 53,365 

full siblings and 68,184 children of the controls. Siblings or children who had been diagnosed 

with any autoimmune disease, emigrated out of Sweden or died before cohort entry were 

excluded, leaving 5,013 full siblings and 6,589 children of ALS patients and 48,751 full 

siblings and 65,980 children of the controls in the cohort. We then followed the relatives from 

January 1, 1990, or date of birth, whichever came later, until the date of diagnosis of any 



 

20 

autoimmune disease, death, emigration out of Sweden, or December 31, 2013, whichever came 

first.  

In Study III, we conducted a cohort study among ALS patients to evaluate whether levels of 

leukocyte subpopulations were associated with survival. We first identified 288 ALS patients 

diagnosed at the ALS Center of Karolinska University Hospital in Stockholm, Sweden with at 

least one measured leukocyte count from three months before the date of diagnosis until 

October 7, 2020, and included these patients in the cohort. We then followed these patients 

from the date of diagnosis or first cell measurement, whichever came later, until the occurrence 

of death, use of invasive ventilation, or October 7, 2020, whichever came first.  

In Study IV, we performed a cohort study of newly diagnosed ALS patients to assess the 

relationship between T cell subsets at diagnosis and prognosis of ALS. During March 2016 and 

March 2020, we recruited a total of 89 newly diagnosed patients at the ALS Center of 

Karolinska University Hospital in Stockholm, Sweden. We then followed these patients from 

the date of diagnosis until the date of death, date of use of invasive ventilation, or October 7, 

2020, whichever came first. 

4.3 IMMUNE MEASUREMENTS 

4.3.1 C-reactive protein 

The SCREAM project collected data from three main laboratory service providers (Unilabs, 

Aleris, and Karolinska) in Stockholm County which together covered more than 90% of 

laboratory tests for the region144. High-sensitivity C-reactive protein (CRP) was measured by 

a validated high-sensitivity assay with the Behring nephelometer and reagent145. Inter- and 

intra- laboratory variations are considered minimal because the three laboratories are frequently 

audited for quality and harmonization by the national organization EQUALIS 

(www.equalis.se). 

4.3.2 Flow cytometry  

Flow cytometry is a method used to detect, identify, and measure specific cell populations or 

protein expressions by using fluorescent antibodies or other proteins. It is a powerful tool and 

has been applied in a variety of research including immunology, molecular biology, cancer 

biology, etc. In Studies III and IV, we performed flow cytometry to identify and quantify the 

different immune cell populations in the blood of ALS patients, with additional analysis in CSF 

of ALS patients in Study IV. 

In Study III, in the main cohort, we measured counts of neutrophils, lymphocytes, and 

monocytes in the blood. In a smaller cohort (“FlowC cohort”), we further measured 23 

lymphocyte subpopulations including 1) counts of B cells, NK cells, and T cells; 2) percentages 

of CD4+ and CD8+ T cell as well as their subtypes, namely naive, central memory (CM), 

effector memory (EM), and effector memory cells re-expressing CD45RA (EMRA) T cells, as 

well as Th1, Th2, and Th17 of CD4+ CM and EM cells; and 3) percentages of activated CD4+ 

http://www.equalis.se/
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and CD8+ T cell subtypes (i.e., CD4+HLA-DR+CD38- cells, CD4+HLA-DR+CD38+ cells, 

CD8+HLA-DR+CD38- cells, and CD8+HLA-DR+CD38+ cells). The unit of cell count was 109/L 

whereas the percentages were expressed as the proportions of the lower-level immune cell 

populations out of the upper-level immune cells. 

In Study IV, T cell populations were identified based on the expression of CD3, CD4, CD8, 

CD127, CD25, CD45RA, FoxP3, and Ki67. The gating strategy can be found in 

Supplementary Figure 1 of paper IV.  

4.3.3 Single-cell RNA sequencing 

Single-cell RNA sequencing is a genomic technique to detect and quantify messenger RNA at 

the single-cell level. Therefore, this technology can be performed in complex tissues with 

heterogeneous cell populations to reveal complex and rare cell populations, as well as track the 

trajectories of distinct cell lineages in development. 

In Study IV, we applied single-cell RNA sequencing in the CSF cells of ALS patients and 

controls. Principle Component Analysis (PCA) and t-distributed Stochastic Neighbor 

Embedding (tSNE) were used to reduce the dimensions of the data. Cell types were annotated 

based on a high-quality annotated PBMC reference146 and visualized using computed tSNE 

visualization. Differential expression analyses were then performed and compared between 

ALS patients and controls, as well as between ALS patients of different disease characteristics 

(i.e., fast- or slow-progressing disease).   

4.3.4 Single-cell T-cell receptor sequencing 

Single-cell T-cell receptor (TCR) sequencing is a technology that sequences TCR at the single-

cell level. When encountered a specific antigen presented by antigen-presenting cells (APC), 

TCR immediately binds to the major histocompatibility complex (MHC) which is located on 

the surface of APC, triggering a rapid clonal expansion of effector T cells with identical TCRs. 

The TCRs therefore directly and dynamically reflect the immune responses in vivo. The single-

cell approach provides the opportunity to detect the paired alpha and beta chains of TCR, 

yielding a comprehensive knowledge of the TCR arrangement and biological function of a T 

cell in vivo. 

In Study IV, we performed single-cell TCR sequencing to detect if there were differential 

clonal expansions in ALS patients compared with controls, as well as between ALS patients of 

different disease characteristics (i.e., fast- or slow-progressing disease). Clonal space 

homeostasis was computed for each T cell, based on their V(D)J genes and the CDR3 

nucleotide sequence. Cell proportion of each homeostasis level was computed for each cell 

type and statistical analysis was conducted to compare the numbers of cell types between ALS 

patients and controls as well as between fast- and slow-progressing ALS patients, using the 

Chi-square test.  
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4.4 STATISTICAL METHODS 

4.4.1 Conditional logistic regression 

Conditional logistic regression model is a special type of logistic regression usually applied 

when cases are individually matched with controls based on specific characteristics. The model 

is suitable when evaluating the associations between binary outcomes and one or more 

explanatory variables and takes matching into consideration. By using conditional logistic 

regression, ORs and their 95% confidence intervals (CIs) can be calculated as estimates of the 

associations between explanatory and outcome variables. 

In the NCC study of Study I, we used conditional logistic regression to estimate ORs and 95% 

CIs for the associations between autoimmune diseases and ALS, after adjusting for the 

matching variables (age, sex, county of birth), education, and socioeconomic status. With the 

same adjustment, we also assessed the associations across different time windows (≥6 years, 

2-5 years, or 0-1 year) before the index date (date of diagnosis for cases and date of selection 

for controls).  

4.4.2 Cox regression 

Cox proportional hazards model is one of the most popular regression models for survival 

analysis. It measures the risk of occurrence of an event of interest in response to one or more 

predictor variables, within a specific period of observation. The predictor variables can be 

categorical or continuous and the measure of effect is the hazard ratio (HR) which is analogous 

to OR in the setting of logistic regression analysis. A fundamental assumption in the Cox model 

is that the hazards need to be proportional, which means that the HR is constant over time. 

In the cohort analysis of Study I, we evaluated whether siblings and children of ALS patients 

had a higher risk of developing autoimmune diseases than siblings and children of the controls. 

By using the Cox model, we obtained the HRs with 95% CIs of autoimmune diseases among 

relatives of ALS patients, compared with the relatives of controls. Attained age was used as the 

underlying time scale and the analyses were further adjusted for age at cohort entry, sex, county 

of birth, education, and socioeconomic status of the relatives of ALS patients and the controls. 

In Study III, we assessed the associations of leukocyte subpopulations with the risk of death 

in ALS using the Cox model. Multiple covariates associated with ALS prognosis were adjusted 

in the model, including age at diagnosis, sex, site of onset, diagnostic delay, Amyotrophic 

Lateral Sclerosis Functional Rating Scale-Revised (ALSFRS-R) score, the time difference 

between the measure of ALSFRS-R score and diagnosis, body mass index (BMI), and the time 

difference between the measure of BMI and diagnosis. Time since diagnosis was used as the 

underlying time scale and cluster robust variance estimation was used to account for the 

dependence of repeated measurements. Per standard deviation (SD) increase was used when 

estimating the effect size.   

In Study IV, we applied the Cox model to evaluate the associations of T cell subsets measured 

at diagnosis, per SD increase, with the risk of death after ALS diagnosis. The model was 
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adjusted for age at diagnosis, sex, diagnostic delay, site of onset, progression rate at the time of 

diagnosis, BMI, and the time difference between the measure of BMI and diagnosis. Disease 

progression rate at diagnosis was measured as the declining rate of ALSFRS-R score, which 

was calculated as 48 (full score) minus ALSFRS-R score at diagnosis divided by the duration 

(in months) between the time of symptom onset and the time of diagnosis. Time since diagnosis 

was used as the underlying time scale.  

The proportional hazards assumption was evaluated based on the Schoenfeld residuals in these 

three studies.  

4.4.3 Linear mixed regression 

Linear mixed regression model is an extension of simple linear models and allows to handle of 

non-independent, correlated, or longitudinal data. Different from the standard linear regression 

model which only considers fixed effect, the linear mixed model incorporates both fixed and 

random effects which allow the exploration of the effects within and between groups. 

In Study II, we applied a linear mixed model to estimate the temporal changes of creatinine 

and CRP within an individual using 1-year time windows from two years before to two years 

after index date for cases and controls. In this model, we used a random intercept to account 

for the initial differences between individuals and adjusted for age at diagnosis and sex. 

In Study III, we used a linear mixed model to assess the temporal changes of leukocyte 

subpopulations after ALS diagnosis within each patient with ALS. In this analysis, we included 

a random intercept to account for the initial differences between individuals and adjusted for 

age at diagnosis and sex. 

4.4.4 Generalized estimating equation 

Generalized estimating equation (GEE) model is an approach that estimates the parameters of 

a generalized linear model by taking into account the dependence of different observations. It 

can be applied in the analysis of repeated measurements or other correlated observations, such 

as clustered data. Different from the mixed model which focuses on evaluating within-

individual effect, the GEE model focuses on estimating the average effects on the population 

level.  

In Study III, we used the GEE model to assess the associations of leukocyte subpopulations 

with disease severity (i.e., ALSFRS-R score) as well as progression rate measured at the same 

time as the cell markers. The GEE model considers the correlations of repeated measurements 

within the same individual and evaluates the effect of leukocyte populations on disease severity 

and progression rate at the population level. Age at diagnosis and sex were adjusted for in the 

model and per SD increase of the cell measures was used in the estimation of effect size. 
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4.4.5 Exploratory factor analysis 

Exploratory factor analysis (EFA) is a multivariate statistical method that aims to explore the 

underlying structure of a relatively large set of variables. As the most common form for factor 

analysis, EFA is executed on the correlation matrix between all variables, and factor loadings 

are used to evaluate the factor structure of the data. Factor loadings are the associations between 

factors and observed variables. The assumption of EFA is that any variable may be associated 

with any factor.  

In Study IV, we performed EFA to understand the internal correlation of different cell 

variables. By using the mifa R package, we performed EFA with principal component 

extraction and quartimax rotation based on covariance matrices of the imputed data. We 

dropped the ones with low communality (i.e., below 0.6) and kept one per pair among cell 

variables with a correlation coefficient >0.95 to avoid the so-called Ultra-Heywood cases, 

leading to a final EFA with 23 variables. Finally, five factors were identified in this analysis. 

Within each factor, we calculated a factor score by adding the correlation coefficients of the 

primary T cell subsets. We then used the calculated factor scores as predictors in the Cox model 

and linear mixed model to evaluate the relationships between each factor and survival and 

disease progression rate, respectively. 
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Here is a summary of data sources, study designs, and statistical methods in studies included 

in this thesis.  
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4.5 ETHICAL CONSIDERATIONS 

Studies I and II are register-based. We used information from the RTB, NPR, CDR, MGR, 

and Education Register to compare the prevalence of pre-existing autoimmune diseases 

between ALS patients and controls as well as the risk of autoimmune diseases between the 

siblings and children of ALS patients and the siblings and children of the controls in Study I. 

We used information from the SCREAM project, Regional Healthcare Utilization Data, and 

CDR to compare the levels of creatinine and CRP before and after the diagnosis of ALS, MS, 

and PD in Study II. All information had been de-identified by Statistics Sweden and the 

Swedish National Board of Health and Welfare before the data were used for analysis, and the 

identity of the study participants could not be traced. Study I (DNR: 2011/917-31/2) and Study 

II (DNR: 2011/1730-31/2) were both approved by the Swedish Ethical Review Authority. The 

requirement of informed consent was waived for both studies.  

Study III is also register-based, using information from the Swedish MND Quality Registry 

supplemented with data extracted from medical records. All data were pseudonymized before 

analysis, with both data and key codes stored separately and in a fully encrypted server at the 

Karolinska Institutet with high protection by a network firewall. Only researchers directly 

involved in the analysis of the data were provided with access to data. The study was approved 

by Swedish Ethical Review Authority (DNR: 2017/1895-31/1). The requirement of informed 

consent was waived by this approval. 

Study IV is a cohort study using data collected through flow cytometric analysis of 89 patients 

with newly diagnosed ALS in Stockholm. We also performed single-cell RNA sequencing 

analysis for an additional five ALS patients and four ALS-free controls including two patients 

with normal pressure hydrocephalus (NPH), one patient with cervical radiculopathy (CR), and 

one healthy control. We obtained informed consent from every participant (both oral and 

written), and during the study process, the participants had the right to withdraw from the study 

at any time. All data were pseudonymized before analysis, with both data and key codes stored 

separately and in a fully encrypted server at the Karolinska Institutet with high protection by a 

network firewall. Only researchers directly involved in the analysis of the data were provided 

with access to data. The study was approved by Swedish Ethical Review Authority (DNRs: 

2014/1815-31/4 and 2018/1605-31 for the recruitment of ALS patients and DNR: 2009/2107-

31/2 for the recruitment of ALS-free controls). 

In general, all data were handled according to the General Data Protection Regulations (GDPR) 

and Swedish legislations. Study participants of this thesis are vulnerable, due to the ALS 

disease directly or due to the ALS disease of their loved ones. Because of the register-based 

nature, there was no direct contact between the participants and the researchers during the 

planning or execution of Studies I-III. No specific risk should therefore be expected in Studies 

I-III. The risk of loss of confidentiality is also likely minimal because of the use of de-identified 

or pseudonymized information, the large sample size, and the fact that all data were analyzed 

and presented at the group level. In Study IV, we collected blood and CSF samples from ALS 

patients. We, therefore, developed mechanisms to mitigate any potential risk. For example, all 
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samples were collected in alignment with a scheduled clinic visit of the patients, and all CSF 

samples were collected by an experienced neurologist responsible for the participants. Further, 

because of the multi-disciplinary nature of ALS care, including ALS specialists, psychologists, 

psychiatrists, physical therapists, nutritionists, etc., at the ALS Center of the Karolinska 

University Hospital, occurrence of any psychiatric or cardiovascular vulnerability among the 

patients as observed by our trained research nurses will be referred to the respective specialists.  

Finally, because of the fast progression of the disease, findings of the thesis work are unlikely 

to directly benefit the participants themselves. However, the new knowledge gained will 

contribute to a better understanding of the disease mechanisms and therefore benefit many 

others, both individuals at high risk for ALS (e.g., blood relatives of ALS patients) and future 

patients with ALS. We are therefore confident and hopeful that the potential benefits of 

conducting this thesis outweigh possible hazards to personal or population integrity. 
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5 RESULTS 

5.1 STUDY I - AUTOIMMUNE DISEASE AND ALS 

During 1990-2013, 3,561 ALS patients and 35,610 controls individually matched by age, sex, 

and county of residence in Sweden were included in this study. Among them, 60% of 

individuals were male and the average age at diagnosis was 60.58 years.  

There was a 47% higher risk of developing ALS among individuals with a previous history of 

any autoimmune disease compared with individuals without previous autoimmune disease (OR 

1.47, 95% CI 1.31–1.64) (Table 1). The association was statistically significant during 5 years 

before diagnosis and strongest during the year before diagnosis (OR 5.11, 95% CI 4.05–6.46) 

(Table 2).  

Focusing on individual autoimmune diseases, a previous diagnosis of myasthenia gravis (MG), 

polymyositis/dermatomyositis, Guillain-Barre syndrome (GBS), type 1 diabetes diagnosed 

before age 30, MS, or hypothyreosis was associated with a higher risk of ALS (Table 1). 

Among them, GBS and type 1 diabetes diagnosed before 30 years of age showed an association 

even more than 5 years before diagnosis (Table 2). 

Familial factors might contribute to the association between autoimmune disease and ALS, 

therefore we further studied whether a higher risk of autoimmune disease was also shown 

among siblings and children of ALS patients than siblings and children of the controls. The 

results did however not show an increased risk of autoimmune diseases among siblings (HR 

0.91, 95% CI 0.91–1.08) or children (HR 1.03, 95% CI 0.91–1.17) of ALS patients, compared 

with the siblings or children of ALS-free controls. 
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Table 1 Association of autoimmune diseases with the risk of amyotrophic lateral sclerosis 

(ALS), adjusted for age, sex, county of birth, education, and socioeconomic status, a nested 

case-control study in Sweden, 1990-2013. Table 2 in paper I. 

Autoimmune diseases Patients 

with ALS, 

n(%) 

Controls, 

n(%) 

OR (95% CI)a FDRb 

Any autoimmune disease 500(14.04) 3,743(10.51) 1.47(1.31-1.64) 5.041E-11 

   Myasthenia gravis 17(0.48) 11(0.03) 17.2(7.66-38.6) 5.041E-11 

   Polymyositis/dermatomyositis 17(0.48) 15(0.04) 10.2(4.82-21.4) 4.838E-09 

   Guillain-Barre syndrome 46(1.29) 74(0.21) 8.09(5.24-12.5) 7.382E-20 

   Type 1 diabetes, any 87(2.44) 844(2.37) 1.01(0.79-1.29) 0.944 

   Type 1 diabetes, <30y 14(0.39) 56(0.16) 2.44(1.26-4.74) 0.024 

   Multiple sclerosis 25(0.70) 107(0.30) 2.28(1.37-3.77) 0.004 

   Hypothyreosis 64(1.80) 419(1.18) 1.49(1.11-2.01) 0.024 

   Ankylosing spondylitis 30(0.84) 213(0.60) 1.59(1.04-2.44) 0.074 

   Polymyalgia rheumatica 19(0.53) 143(0.40) 1.59(0.97-2.60) 0.124 

   Temporal arteritis 12(0.34) 79(0.22) 1.61(0.85-3.07) 0.237 

   Adult rheumatoid arthritis 79(1.96) 689(1.93) 1.27(0.99-1.64) 0.124 

   Crohn’s disease 19(0.53) 171(0.48) 1.25(0.76-2.06) 0.512 

   Sarcoidosis 13(0.37) 107(0.30) 1.34(0.75-2.41) 0.486 

   Sjögren's syndrome 11(0.31) 92(0.26) 1.18(0.59-2.36) 0.775 

   Ulcerative colitis 31(0.87) 293(0.82) 1.12(0.75-1.66) 0.737 

   Hyperthyroidism 26(0.73) 270(0.76) 1.06(0.69-1.63) 0.887 

   Psoriasis 54(1.52) 546(1.53) 1.03(0.76-1.39) 0.899 
aOR: Odds ratio; CI: confidence interval. Bold numbers indicate significant differences at P < 

0.05. bFDR: false discovery rate. Bold numbers indicate significant differences at FDR < 0.05. 
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Table 2 Association of autoimmune diseases with the risk of amyotrophic lateral sclerosis 

(ALS), by years before diagnosis. Table 3 in paper I. 

Autoimmune diseases Years prior to diagnosis 

 ≥6 2-5 0-1 

Any autoimmune diseases    

     No. of cases/controls 263/2,594 113/891 124/258 

     OR(95% CI)a 1.10(0.95-1.27) 1.40(1.13-1.72) 5.11(4.05-6.46) 

Myasthenia gravis    

     No. of cases/controls 2/7 3/3 12/1 

     OR(95% CI)a 3.64(0.70-18.8) 9.95(2.01-49.3) 105(13.6-808) 

Polymyositis/dermatomyositis    

     No. of cases/controls 2/11 5/2 10/2 

     OR(95% CI)a 1.77(0.39-8.12) 18.4(3.36-100) 76.0(9.61-601) 

Guillain-Barre syndrome    

     No. of cases/controls 14/64 8/5 24/5 

     OR(95% CI)a 2.52(1.25-5.08) 21.6(5.58-83.6) 40.4(15.3-107) 

Type 1 diabetes, <30y    

     No. of cases/controls 14/55 0/1 0/0 

     OR(95% CI)a 2.44(1.26-4.74) - - 

Multiple sclerosis    

     No. of cases/controls 12/89 5/16 8/2 

     OR(95% CI)a 1.17(0.56-2.44) 3.04(0.98-9.44) 32.8(6.81-158) 

Hypothyreosis    

     No. of cases/controls 15/193 15/168 34/58 

     OR(95% CI)a 0.81(0.46-1.44) 0.83(0.46-1.50) 5.14(3.24-8.15) 

Ankylosing spondylitis    

     No. of cases/controls 23/190 5/20 2/3 

     OR(95% CI)a 1.30(0.79-2.13) 3.30(1.17-9.30) 6.42(1.07-38.4) 
aOR: Odds ratio; CI: confidence interval. All results adjusted for age, sex, county of birth, 

education, and socioeconomic status. Bold numbers indicate significant differences at P < 

0.05.   
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5.2 STUDY II - CREATININE AND CRP IN ALS, MS, AND PD 

During 2006-2013, a total of 525 newly diagnosed ALS patients, 1,815 newly diagnosed MS 

patients, and 3,797 newly diagnosed PD patients, as well as their age-, sex-, and county of 

residence-matched controls (2,625 for ALS, 9,063 for MS, and 18,960 for PD) were included 

in the study. The mean age at diagnosis was 65.9 years for ALS, 44.7 years for MS, and 73.5 

years for PD, and the male proportions for ALS, MS, and PD were 57.5%, 30.8%, and 57.7% 

respectively.  

Creatinine levels were slightly lower between 2 years to 1 year before diagnosis but markedly 

lower from 1 year before diagnosis onwards among ALS patients, compared with controls 

(Figure 3). Creatinine levels decreased from one year before until two years after diagnosis 

among ALS patients, whereas increased gradually over time among controls (Table 3). CRP, 

on the other hand, was slightly lower during 1 year before diagnosis, but higher from 1 year 

after diagnosis onward among ALS patients, compared to controls (Figure 3). Levels of CRP 

increased during the two years after diagnosis among patients with ALS, but no clear change 

was shown in controls (Table 4).  

PD patients had slightly lower creatinine levels from one year before diagnosis onward, 

compared with controls (Figure 3). PD patients had lower levels of CRP from before diagnosis 

until one year after diagnosis, but higher levels from three years after diagnosis onward, 

compared to controls (Figure 3). There were however no clear temporal changes in either 

creatinine or CRP among PD patients. 

MS patients showed slightly lower levels of both creatinine and CRP during the period of two 

years before to two years after diagnosis, compared with controls (Figure 3). No clear temporal 

change in either creatinine or CRP was however observed in MS.  
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Table 3 Temporal changes of creatinine levels from two years before to two years after 

diagnosis among patients with ALS and their matched controls*. Table 2 in paper II. 

 

 

 

 

 

 

 

  

Group 

Months 

before or 

after 

diagnosis Estimate Std.Error t Value P 

Patients with ALS   -24~-12 -0.6085 0.3217 -1.89 0.0591 

 

-12~0 -0.5753 0.1761 -3.27 0.0011 

 

0~12 -0.9714 0.1181 -8.22 <.0001 

 

12~24 -0.8492 0.1945 -4.37 <.0001 

Controls -24~-12 -0.1041 0.1998 -0.52 0.6025 

 

-12~0 0.2357 0.1982 1.19 0.2345 

 

0~12 0.5339 0.3731 1.43 0.1525 

  12~24 0.9668 0.2659 3.64 0.0003 

*Based on a mixed linear model. “Estimate” denotes the slope of change during different 

periods; “Std.Error” denotes the standard error of the slope; “t Value” is the ratio of estimate 

and Std.Error; “P” denotes a 2-sided test against the null hypothesis that the period before or 

after diagnosis does not significantly affect the creatinine levels. These analyses were 

adjusted for age and sex. 
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Table 4. Temporal changes of CRP levels from two years before to two years after diagnosis 

among patients with amyotrophic lateral sclerosis and their matched control*. Table 3 in paper 

II. 

 

 

 

 

  

Group 

Months before 

or after ALS Estimate Std.Error t Value P 

Patients with ALS   -24~-12 0.005483 0.02011 0.27 0.7854 

 

-12~0 0.01452 0.01303 1.11 0.2657 

 

0~12 0.03039 0.01128 2.69 0.0072 

 

12~24 0.06342 0.02262 2.80 0.0053 

Controls -24~-12 -0.00860 0.009272 -0.93 0.3537 

 

-12~0 0.006584 0.008713 0.76 0.4500 

 

0~12 0.01240 0.008863 1.40 0.1619 

  12~24 0.01031 0.009786 1.05 0.2921 

*Based on a mixed linear model. “Estimate” denotes the slope of change during 

different periods; “Std.Error” denotes the standard error of the slope; “t Value” is the 

ratio of estimate and Std.Error; “P” denotes a 2-sided test against the null hypothesis 

that the period before or after diagnosis does not significantly affect the CRP levels. 

These analyses were adjusted for age and sex. 
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5.3 STUDY III - LEUKOCYTE PHENOTYPES AND ALS PROGNOSIS 

From 2015 until October 7, 2020, we included a total of 288 ALS patients with at least one 

measurement of differential leukocyte counts from three months before diagnosis onward in 

the main cohort of Study III. The median age at diagnosis was 65 years and 53% of patients 

were male. To determine lymphocyte subpopulations, we further included a cohort of 92 

patients (“FlowC cohort”) by performing flow cytometry. The median age at diagnosis of the 

“FlowC cohort” was 62 years and the percentage of male participants was 47%. The clinical 

characteristics of these patients were comparable to that of all newly diagnosed ALS patients 

in Stockholm during the same period according to the Swedish MND Quality Registry. 

For differential leukocyte counts, there was no association between leukocytes, neutrophils, 

lymphocytes, or monocytes with risk of death or disease progression rate, while a higher level 

of leukocytes, neutrophils, or monocytes was associated with a lower ALSFRS-R score 

measured at the time of sampling (Table 5).  

Focusing on lymphocyte subpopulations, NK cells and Th2-differentiated CD4+ CM cells were 

found to be negatively associated with risk of death, while CD4+ EMRA cells and CD8+ T cells 

were positively associated with risk of death (Figure 4). However, no association was noted 

between any lymphocyte subtype with ALSFRS-R score, or disease progression rate measured 

at the time of sampling. 

 

Table 5 Cross-sectional correlations between leukocyte populations and ALSFRS-R 

score and disease progression rate, a cohort study of 288 ALS patients in Stockholm, 

Sweden* 

Cell type ALSFRS-R Progression rate 

Coefficient P value FDR Coefficient P value FDR 

Leukocyte (109/L) -2.80 4.0E-03 0.01 0.02 0.74 0.74 

Neutrophil (109/L) -3.10 1.0E-03 4.0E-03 0.05 0.33 0.67 

Lymphocyte (109/L) 1.48 0.15 0.15 -0.08 0.32 0.67 

Monocyte (109/L) -2.75 2.0E-03 4.0E-03 -0.03 0.52 0.69 

*Generalized estimating equation model was applied to derive the coefficient estimates 

and p values, with adjustment for age at diagnosis and sex. ALSFRS-R score ranges from 

0 to 48, with the higher score showing better motor function status. Progression rate 

indicates the decline of motor function per month.  

FDR: false discovery rate. 
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Figure 4 Forest plot of HRs and their 95% CIs for the associations of lymphocyte 

populations with risk of death after a diagnosis of ALS. Figure 2 in Paper III. 
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5.4 STUDY IV - T CELL COMPOSITION AND ALS PROGRESSION 

From 2016 to 2020, we included a total of 89 newly diagnosed ALS patients in this study. The 

mean age of diagnosis was 66.5 years and 61% were male patients. The clinical characteristics 

were comparable between these included patients and all newly diagnosed ALS patients in 

Stockholm during the same period according to the Swedish MND Quality Registry. 

The correlations of T cell subsets between blood and CSF were tested. Although a positive 

correlation was noted for all subsets, the correlations were relatively low, ranging from 0.20 to 

0.33. Therefore, we evaluated the associations between T cell subsets and ALS prognosis in 

both blood and CSF. We found that CD3+, CD4+, and CD4+FOXP3- effector T (Teff) cells in 

either blood or CSF were positively associated with risk of death, while activated Treg (aTreg) 

in blood was inversely associated with risk of death (Table 6). In blood, higher levels of aTreg, 

aTreg/resting Treg (rTreg) ratio, or lower levels of rTreg cells were associated with a slower 

progression rate. In CSF, lower levels of CD3+, CD4+, CD8+ or Teff cells, whereas higher 

levels of Treg cells, were associated with a slower progression rate.  

We further classified these T cell subsets into five factors to evaluate their synergistic roles on 

disease prognosis, including Factor 1 (cell proliferation), Factor 2 (rTreg), Factor 3 (total Treg 

and aTreg), Factor 4 (Teff), and Factor 5 (FOXP3 expression levels). The results showed that 

a higher score of Factor 2 (rTreg) was associated higher risk of death (HR=1.14, 95% CI=[1.02, 

1.27]), and Factors 1 (cell proliferation) and 5 (FOXP3 expression levels) were associated with 

disease progression rate after ALS diagnosis. 

To better identify the cell compositions and differentially expressed genes in CSF, we further 

performed single-cell RNA sequencing among five ALS patients and four controls. CD4+ T 

EM cells, CD4+ cytotoxic lymphocytes (CTL), CD56bright NK cells, CD8+ naïve cells, and 

plasmacytoid dendritic cells (pDC) were found to be increased in the CSF samples of ALS 

patients than controls (Figure 5). The noted differentially expressed genes between the CSF T 

cells of ALS patients and controls are known to be associated with cytotoxicity, including 

GNLY, GZMA, GZMB, GZMH, GZMK, PRF1, CTSW, KLRB1, and KLRD1. We further 

performed single-cell TCR sequencing analysis to understand the clonal expansions of different 

T cells. The results showed that there were higher clonal expansions of CD8+ naïve, CD8+ 

TEM, CD8+ TCM, CD4+ TEM, and CD4+ CTL cells in the CSF of ALS patients whereas the 

CSF samples of controls displayed a higher proportion of CD4+ TCM cells (Figure 6). 
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Table 6 HRs and their 95% CIs of death in relation to the frequency of T cell subsets in blood 

or CSF, after adjustment for age at diagnosis, sex, site of onset, delay in diagnosis, disease 

progression rate at diagnosis, BMI, and the time difference between measurement of BMI and 

blood sampling 

Cell 

population 

out of live 

cells (%) 

 

Tertile 

Blood  CSF 

No. of 

patients 

(deaths) 

HR (95% CI)  No. of 

patients 

(deaths) 

HR (95% CI) 

 

CD3+ 

 

low 

medium 

high 

 

26 (12) 

26 (16) 

26 (16) 

 

Ref 

2.47 (1.11-5.52) 

2.49 (1.03-6.03) 

 

 

27 (15) 

27 (17) 

26 (14) 

 

Ref 

2.21 (1.01-4.82) 

1.24 (0.54-2.82) 

 

CD4+ low 

medium 

high 

26 (13) 

26 (15) 

25 (16) 

Ref 

1.82 (0.81-4.06) 

2.29 (1.04-5.04) 

27 (14) 

27 (16) 

26 (16) 

Ref 

1.79 (0.82-3.93) 

3.04 (1.24-7.46) 

CD8+ low 

medium 

high 

22 (13) 

22 (13) 

22 (9) 

Ref 

1.04 (0.44-2.46) 

0.81 (0.32-2.06) 

23 (10) 

22 (16) 

22 (11) 

Ref 

1.22 (0.47-3.15) 

0.78 (0.30-2.06) 

Teff low 

medium 

high 

26 (13) 

26 (14) 

25 (17) 

Ref 

1.61 (0.72-3.62) 

2.43 (1.10-5.37) 

27 (14) 

26 (15) 

26 (17) 

Ref 

1.68 (0.75-3.77) 

3.18 (1.33-7.64) 

Treg low 

medium 

high 

26 (12) 

26 (14) 

25 (18) 

Ref 

1.44 (0.64-3.23) 

1.39 (0.64-3.00) 

27 (17) 

26 (13) 

26 (16) 

Ref 

0.96 (0.44-2.08) 

0.87 (0.41-1.86) 

aTreg low 

medium 

high 

26 (15) 

25 (12) 

25 (17) 

Ref 

0.40 (0.17-0.92) 

0.76 (0.37-1.59) 

   

rTreg low 

medium 

high 

26 (13) 

26 (16) 

25 (15) 

Ref 

1.65 (0.76-3.60) 

1.59 (0.69-3.66) 

   

aTreg/rTreg 

(ratio) 

low 

medium 

high 

26 (14) 

25 (16) 

25 (14) 

Ref 

1.06 (0.46-2.43) 

0.56 (0.24-1.31) 
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Figure 5 Differential cell composition in CSF from ALS patients versus controls. (A) t-SNE 

plots showing leukocyte subsets from five ALS patients and four controls (B) Pairwise comparison 

of ALS and controls in terms of cell count abundance for every cell type (horizontal dotted lines 

corresponds to P=0.05).  
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Figure 6 Clonal expansion of CD4+ T cell subsets in ALS. (A) Quantification of TCR 

expansion from ALS patients and controls with significance displayed in ascending order. (B) Cell 

number for each T cell type was compared between ALS and controls in terms of TCR expansion 

(horizontal dotted lines corresponds to P=0.05).  
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6 DISCUSSION 

6.1 STUDY I - AUTOIMMUNE DISEASE AND ALS 

By conducting nationwide population-based nested case-control and cohort studies of ALS 

patients and their relatives, we found a higher risk of ALS among individuals with previous 

autoimmune diseases than controls. However, no higher risk of autoimmune diseases was noted 

among first-degree relatives of ALS patients compared with first-degree relatives of controls. 

Consistent with previous findings, several autoimmune diseases including MG, 

polymyositis/dermatomyositis, GBS, type 1 diabetes diagnosed before age 30, MS, and 

hypothyreosis were found to be associated with ALS. Several reasons may explain the results. 

First, misdiagnosis of ALS may result in a positive association between ALS and several 

autoimmune diseases. We tried to allay the concern by restricting the diagnosis of ALS and 

autoimmune disease as primary diagnosis of a hospital visit or through at least two hospital 

visits concerning the same disease and found largely similar results as the primary results. In 

another sensitivity analysis, we further removed several autoimmune diseases with greater 

symptom overlaps with ALS and obtained again similar results. Besides, the fact that the 

positive association existed not only during the year before ALS diagnosis but also 2-5 years 

before diagnosis also argued against misdiagnosis being the pure explanation of the results. 

Second, surveillance bias might contribute to the association due to the greater access to 

healthcare among patients with autoimmune diseases. To address this issue, we included a 

negative control group, patients with appendicitis, in the analysis and found no association 

between appendicitis and ALS, alleviating this concern to some extent.  

A real biological link between autoimmune diseases and ALS, however, is also plausible. 

Previous studies showed that dysfunctional Treg cells147,148 and C9orf72 expansions149 played 

an important role in both ALS and autoimmune diseases. TBK1, the newly discovered mutation 

in ALS, exerts a crucial role in both autophagy and inflammation150. Evidence has also 

accumulated to show that IgG purified from ALS patients was found to interact with the 

presynaptic membrane of motoneurons and modulate synaptic transmission151. In our study, 

the absence of increased risk of autoimmune diseases among first-degree relatives of ALS 

indicated that the association between autoimmune disease and ALS was unlikely attributed to 

genetic or non-genetic familial confounders. 

6.2 STUDY II - CREATININE AND CRP IN ALS, MS, AND PD 

Through linking the SCREAM project to the regional and national population health care 

registers, we demonstrated distinct temporal patterns of creatinine and CRP among ALS 

patients, compared with ALS-free controls and patients with MS or PD.  

Serum creatinine showed lower levels from 2 years before diagnosis onwards among ALS 

patients, compared with ALS-free controls. The levels declined statistically significantly from 

1 year before ALS diagnosis and throughout the 2 years after diagnosis. Consistently, previous 
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studies also demonstrated that circulating creatinine levels were decreased among ALS 

patients152-155. The levels of serum creatinine are mainly affected by muscle mass and renal 

function where lower levels of serum creatinine reflect lower muscle mass and improved renal 

function. Since it is unlikely that the renal function of ALS patients is improved during the 

disease course, the decreased creatinine might therefore mainly indicate muscle loss. 

The finding has two implications. First, the finding adds more evidence to the involvement of 

mitochondrial dysfunction in the pathogenesis of ALS. Creatine protects mitochondrial 

structure and function in muscle and is in equilibrium with creatinine. Therefore, a lower level 

of creatinine might reflect that muscle atrophy in ALS is attributable to mitochondrial 

impairment in muscle. Second, serum creatinine may serve as an important marker for disease 

progression. The level of creatinine started to decline more significantly from 1 year before 

ALS diagnosis in this study, which corroborates the diagnostic delay of 1 year in ALS, 

suggesting that the declining trend of creatinine is sensitive to the clinical manifestation of 

ALS. We and others have shown that creatinine levels were inversely associated with ALS 

progression152,156,157. In summary, creatinine might be considered as a marker to monitor the 

disease progression of ALS.  

CRP, on the other hand, was shown to be slightly lower during the year before diagnosis but 

higher from 1 year after diagnosis onwards, among ALS patients, compared with ALS-free 

controls. Previous studies have also shown that CRP levels were positively associated with 

disease progression and mortality risk157,158. Our study provides therefore additional support 

for the use of CRP as a potential prognostic biomarker for ALS. Unlike creatinine, CRP showed 

greater changes at a later stage of ALS, which seems to corroborate the previous finding that 

peripheral immune cells such as CD4 T cells, CD8 T cells, and monocytes were altered after 

ALS onset but not before159. Taken together, this finding provides more evidence for the 

involvement of peripheral immune responses in ALS, likely following neuroinflammation in 

CNS.  

6.3 STUDY III - LEUKOCYTE PHENOTYPES AND ALS PROGNOSIS 

Through supplementing data from the Swedish MND Quality Registry with medical records 

review, we included 288 ALS patients in Stockholm, Sweden in this study, to determine the 

relationship between leukocyte populations and the prognosis of ALS. We found that levels of 

leukocytes, neutrophils, and monocytes were positively associated with disease severity 

(measured through ALSFRS-R), but not with the mortality or disease progression rate. Certain 

lymphocyte subpopulations (NK cells, Th2-differentiated CD4+ T cells, CD8+ T cells, and 

CD4+ EMRA T cells), on the other hand, were associated with mortality, but not with disease 

severity or progression rate. 

This finding suggests that leukocytes, neutrophils, and monocytes may act as biomarkers for 

disease severity in ALS. An earlier study also observed a positive association of CD16 

expression on neutrophils and non-classical monocytes with disease severity in ALS160. In 

another study, circulating monocytes of ALS patients were found more likely to differentiate 
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to M1 monocytes, which represent a proinflammatory phenotype and produce proinflammatory 

cytokines, such as IL-6 and TNF-α161. As neutrophils and monocytes are both phagocytic cells, 

enhanced muscle damage may attract more neutrophils and monocytes on-site, leading 

subsequently to higher levels of these cells.  

Lymphocyte subpopulations were found to be associated with the survival of ALS patients. 

NK cells were found to be positively associated with survival. There are two possible 

explanations of the observed association. First, NK cells may exert a cytotoxic function in the 

brain as their natural function. However, infiltration of NK cells into the brain may result in a 

decrease in the peripheral circulation system. In another word, higher levels of peripheral NK 

cells might indicate lower levels of NK cells in the CNS. Second, NK cells may indeed exert a 

neuroprotective role in CNS. Although one study demonstrated NK cells promoted ALS 

progression by increasing expression of trafficking and cytotoxicity markers, the numbers of 

NK cells were not associated with progression162. Another study showed lower levels of 

CD56brightNK cells in the CSF were associated with faster progression in ALS patients163. 

Besides, animal studies on MS showed that NK cells could suppress neuroinflammation and 

protect motor neurons164,165. In MS patients, NK cell expansions were found to be associated 

with clinical and radiological improvement166. Like NK cells, Th2 differentiated CD4+ T cells 

were also positively associated with ALS survival, corroborating findings on the 

neuroprotective role of Th2 cells in suppressing neuroinflammation and promoting microglia-

mediated neuroprotective effects167,168. 

CD8+ T cells and CD4+ EMRA T cells, on the other hand, were found to be inversely associated 

with survival in ALS. As is known, CD8+ T cells are cytotoxic T cells. A previous study 

demonstrated that CD8+ T cells interacted with mononuclear phagocytes and played a 

pathogenic role in MS169,170. The function of CD4+ EMRA cells has rarely been studied in ALS. 

In the setting of Dengue virus infection, however, these cells were observed to have cytotoxic 

features and express the chemokine receptor CX3CR1, which are associated with cytotoxic 

lymphocytes containing perforin and granzymes171. The detailed functional relevance of CD8+ 

and CD4+ EMRA T cells in the setting of ALS needs to be further studied.  

6.4 STUDY IV - T CELL COMPOSITION AND ALS PROGRESSION 

In this cohort study of 89 newly diagnosed ALS patients, we found that Teff cells were 

positively associated with mortality or disease progression whereas aTreg cells were inversely 

associated with mortality or disease progression. In the single-cell RNA and TCR sequencing 

analysis, we found that ALS patients, compared with controls, showed higher levels of CD4+ 

and CD8+ T cells, differentially expressed cytotoxicity-related genes, and highly expanded 

clonal types.  

Higher levels of Teff cells were associated with a higher risk of death or disease progression. 

The cytotoxic effects of Teff cells are well established in various neurodegenerative 

conditions172. Teff cells can exacerbate microglial inflammation by producing pro-
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inflammatory and neurotoxic mediators172. In ALS, Teff cells were also indicated to induce 

microglial inflammation by affecting astrocyte function173.  

Higher levels of aTreg cells, instead, were associated with a lower risk of death or disease 

progression. Previous studies have shown Treg cell numbers to be correlated with disease 

progression rate and survival in ALS168,174. Besides, Treg dysfunction was shown to be 

positively associated with disease progression in ALS patients175. Because there was a lack of 

evidence about the role of aTreg cells on the disease progression of ALS, our finding provides 

new insight that the previously demonstrated protective role of Treg cells in ALS is likely 

attributable to Treg cell activation. 

Treg cells exert function by suppressing Teff cells, therefore Teff-Treg imbalance might lead 

to microglial activation, inflammation, and neuronal injury in various neurodegenerative 

diseases172. Rentzos et al found increased levels of CTLs and NK T cells and reduced Treg 

cells in the blood of ALS patients112. In SOD1 mutant mice, elevated number of Tregs but 

decreased Teff cells were observed in the slow-progressing stage of ALS, whereas reduced 

Tregs and increased Teff cells were observed in the rapid-progressing stage176, indicating that 

the Teff-Treg imbalance affects disease progression in ALS. 

The findings of altered T cell composition and gene expression, as well as clonal expansion in 

the CSF of ALS patients, compared to controls, suggest an autoimmune component in ALS. 

Alternatively, the T cell expansion could be due to unrecognized chronic infections. Compared 

with controls, CD4+ and CD8+ Teff cells rather than Treg cells were increased and highly 

expressed cytotoxic genes. Moreover, the TCR expansions occur in Teff cells rather than in 

Treg cells, which agrees with an imbalance of Treg and Teff cells.  

6.5 STRENGTHS  

This thesis has several strengths. Studies I - IV are either population-based or used study 

samples that are representative of the underlying source population. In Studies I-II, the long 

and complete follow-up, large sample size, and prospectively and independently collected data, 

minimized most of the systemic errors due to selection and information biases. Studies III and 

IV benefited from the available information on detailed clinical characteristics of ALS patients, 

including genetic causes of ALS. Besides, Study III also included a comprehensive list of 

immune cells including both differential leukocyte counts and detailed lymphocyte 

phenotypes, and repeated measurements, which allowed for a comprehensive and longitudinal 

approach. Study IV included both blood and CSF samples and further incorporated with sing-

cell sequencing data, providing a unique opportunity for the evaluation of the roles of different 

T cell types in ALS prognosis.  

6.6 LIMITATIONS 

There are also limitations in this thesis. The first limitation is the observational study design 

which prevented the possibility to draw causal conclusions. The other limitation is related to 

the register-based nature of Studies I and II. First, there is a lack of detailed clinical data for 
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the diseases studied and information on potential confounders including lifestyle factors in the 

Swedish population and health care registers. Second, the accuracy of disease diagnoses varies 

in NPR. However, the validity of diagnoses of chronic diseases, including ALS, MS, PD, and 

many autoimmune diseases, are known to be satisfactory in NPR177-183. Finally, the 

generalizability of our findings to other populations needs to be tested because of the unique 

characteristics of the Swedish healthcare system. Besides, there are also study-specific 

limitations. In Study I, analysis among children of ALS patients and the controls suffered from 

low statistical power due to the low number of cases with autoimmune diseases among children 

of ALS patients and their controls. In Study II, patients with ALS, MS, and PD might have 

had more laboratory tests about creatinine and CRP than disease-free controls. We, therefore, 

calculated the median value for each individual within each 3-month time window to decrease 

this concern. Finally, because ALS patients usually die within 1-3 years after diagnosis, the 

result beyond 3 years after diagnosis might be over-represented by patients with better survival. 

In Study III, numbers of cell measurements and time intervals between measurements varied 

between individuals, in an additional analysis we standardized the measurements within each 

3-month window and found no difference in the results. Besides, infection might affect the 

observed associations, we therefore performed another sensitivity analysis to exclude any 

observations at the time of ongoing infections. The result remained similar. Finally, B cell 

subtypes and Treg cells were not analyzed in this study. Study IV included Treg cells but was 

limited to certain T cell populations. In addition, the sample size of the single-cell sequencing 

analysis was relatively low.  
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7 CONCLUSIONS 

Through this thesis work, we have the following conclusions: 

• A prior diagnosis of autoimmune disease was associated with a higher risk of ALS. The 

positive association cannot be explained by genetic and non-genetic familial 

confounding factors, and may instead indicate that the chronic inflammation caused by 

the autoimmune disease may contribute to the development of some ALS cases (Study 

I). 

• Patients with ALS displayed distinct temporal patterns of serum creatinine and CRP, 

compared with ALS-free controls, as well as patients with PD or MS. The temporal 

patterns of creatinine and CRP may suggest that inflammation is a secondary response 

to neurodegeneration (Study II).  

• Blood leukocytes, neutrophils, and monocytes were associated with disease severity, 

whereas certain lymphocyte subtypes were associated with mortality in ALS. This 

finding suggests a dual role of immunity in ALS, where innate immunity primarily 

reflects disease severity whereas adaptive immunity affects the survival of ALS patients 

(Study III). 

• Higher proportions of Teff cells and lower proportions of aTreg cells were associated 

with higher mortality and faster disease progression in ALS. The cytotoxic effects of 

Teff cells might be due to the increased cytotoxic gene expression and clonal expansion 

(Study IV).  
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8 FUTURE PERSPECTIVES 

By using the unique Swedish population healthcare registers and unique sample of ALS 

patients, this thesis demonstrated a complicated but important role of immunity and 

inflammation in ALS.  

A positive association between autoimmune diseases and subsequent risk of ALS was 

suggested, shedding further light on the role of chronic inflammation in ALS development. 

Due to the heterogeneity of ALS, future studies with rich information on disease characteristics 

are needed to evaluate whether the association would vary by disease phenotype. Further, to 

test our hypothesis that chronic inflammation contributes to ALS development, research can 

be performed to assess if anti-inflammatory drugs can decrease the risk of ALS among patients 

with autoimmune diseases. It is also interesting to evaluate if previous autoimmune disease 

leads to a differential disease progression or survival among ALS patients, which might add 

more evidence to the role of abnormal immune responses in ALS prognosis.  

Distinct temporal patterns of creatinine and CRP were found among ALS patients, compared 

to controls and patients with other neurological disorders, suggesting that muscle degeneration 

and acute peripheral inflammation are asynchronous processes in ALS. Acute inflammation is 

more likely to happen after diagnosis, while robust muscle degeneration starts 1 year before 

diagnosis, which corresponds to the approximate 1-year delay in ALS diagnosis, indicating a 

high sensitivity of serum creatinine in detecting the symptom development. This suggests that 

creatinine may act as a biomarker for the monitoring of disease progression. To validate this 

finding and understand the interactions between inflammation and neurodegeneration in ALS, 

other inflammatory biomarkers for both chronic and acute inflammation, as well as other 

neurodegeneration biomarkers such as NfL, TDP-43, etc., should be examined synergistically 

to describe the temporal patterns before and after diagnosis of ALS and to facilitate a better 

understanding of the relationship between inflammation and neurodegeneration.  

Peripheral neutrophils and monocytes were found to be positively associated with disease 

severity, but not disease progression rate or mortality in ALS. This indicates that neutrophils 

and monocytes might serve better as biomarkers for motor function. It would be interesting to 

evaluate the subtypes or protein expressions of neutrophils and monocytes to see if the noted 

associations are driven by a specific subtype or protein expression. The lymphocyte 

subpopulations (NK cells, Th2 of CD4+ CM cells, CD4+ EMRA cells, CD8+ T cells, aTregs, 

Teffs), on the other hand, were associated with mortality, suggesting that these markers are 

better suited to predict disease prognosis. 

The differential effect of lymphocyte subtypes also sheds light on cell-based therapy in ALS. 

Notably, a large number of randomized controlled trials on anti-inflammatory drugs have failed 

to prolong the survival of ALS, which might be because the drugs suppress both protective and 

destructive immune cells. It will be greatly interesting to test if selectively increasing the levels 

of protective cells and/or decreasing the levels of destructive cells could prolong survival. 
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Finally, cytokines are imperative components of the immune system, secreted by many 

immune cells and responsible for cell signaling and inflammation regulation. Further studies 

to evaluate the effects of different cytokines on survival may complement our findings and 

provide additional understanding of immune responses in ALS. 
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