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Abstract 

Mutations in the superoxide dismutase 1 (SOD1) gene are linked to the 
progressive neurodegenerative disease amyotrophic lateral sclerosis (ALS). 
ALS-associated mutations affect the stability of the SOD1 protein and promote 
its unfolding. As a consequence, disordered SOD1 species can misfold and 
accumulate into insoluble aggregates. Cytoplasmic inclusions containing 
misfolded SOD1 are a hallmark of ALS pathology in patients as well as 
transgenic mouse models. However, it remains unclear, which SOD1 species are 
pathogenic and how they arise and contribute to the disease. 

The aim of this thesis was to use antibodies as tools to study the role of 
disordered and aggregated SOD1 species in ALS. These antibodies recognize 
epitopes exposed in disordered SOD1 species and hence, discriminate between 
natively folded SOD1 and the disordered or misfolded protein. 

SOD1 is expressed in all cell types, but aggregates of misfolded SOD1 are 
predominantly found in motor neurons and associated glial cells in the spinal 
cord of ALS patients. To understand why misfolded SOD1 targets the motor 
system, we used ELISA and immunocapture methods to quantify soluble SOD1 
species in patient-derived cell models of ALS. The highest levels of soluble 
disordered SOD1 were detected in induced pluripotent stem cell (iPSC)-derived 
motor neuron and astrocytes cultures (MNACs) compared to fibroblasts, iPSCs 
and sensory neuron cultures. These results suggest that the selective 
vulnerability of motor areas to SOD1-ALS could derive from an enhanced 
burden of disordered SOD1.  

To understand factors that might promote SOD1 unfolding, we focussed 
on the disulfide bond that is required for the stability of natively folded SOD1. 
Formation of the bond is oxygen-dependent and reduction of the bond 
promotes SOD1 unfolding. We studied the stability of SOD1 in patient-derived 
cells exposed to lowered oxygen tensions. This induced increases in disulfide-
reduced, disordered mutant and wild-type SOD1. The response was time- and 
concentration-dependent and more pronounced in MNACs, where even 
increased aggregation of mutant SOD1 was observed. These results are 
consistent with the enhanced vulnerability of the motor system in ALS and 
suggest that conditions causing impaired oxygen perfusion could contribute to 
the initiation and progression of the disease.  

Inclusions containing aggregated misfolded wild-type SOD1 have been 
found in sporadic ALS (sALS) patients without SOD1 mutations and those 
carrying mutations in genes other than SOD1. However, other groups have 
reported contrasting results and the contribution of misfolded wild-type SOD1 
to ALS pathology is controversial. Guidelines for preservation, storage and 
analysis of tissues under standardized conditions would facilitate the 
comparison of results between different laboratories.  
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We established an optimized immunohistochemistry protocol to detect 
misfolded wild-type SOD1 in paraffin-embedded spinal cord samples from sALS 
patients. We also developed a method to immunocapture disordered SOD1 from 
frozen post-mortem tissue. High, but variable, levels of disordered SOD1 were 
detected in spinal cords from sALS patients. Our data support a possible 
pathological role of misfolded wild-type SOD1 in sALS. 

Recent evidence suggests that SOD1 aggregates can induce templated 
aggregation of disordered SOD1 and spread from cell-to-cell via a prion-like 
mechanism. To test if antibodies could block this process in vivo, we conducted 
an immunotherapy study in a model of prion-like spread, where SOD1 aggregate 
seeds are inoculated into the lumbar spinal cord of SOD1G85R transgenic mice 
and lead to accelerated disease onset and progression. Novel monoclonal 
antibodies (mAb) against disordered domains of SOD1 aggregates were 
developed and validated for their reactivity to disordered and aggregated SOD1 
species in vitro and in vivo. Immunotherapy using a mAb against the C-
terminal end of SOD1 attenuated the onset and progression of prion-like SOD1 
spread. However, no effect was seen on onset, duration or progression of the 
underlying disease. This suggests that, under the conditions tested, 
immunotherapy against disordered domains of SOD1 does not affect 
intracellular aggregation and additional strategies might be needed to reduce 
intracellular accumulation of misfolded SOD1 aggregation.  

In conclusion, we show that conformation-specific antibodies are 
powerful tools to investigate disordered and potentially pathogenic species of 
SOD1 in various biochemical, cellular and in vivo contexts. The development of 
the novel immunocapture strategy could facilitate future research on 
characterizing SOD1 aggregates from mouse tissues, patient-derived cells or 
post-mortem tissues with the goal of determining their role in ALS disease 
pathogenesis. 
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Enkel sammanfattning på svenska 

SOD1 felveckning och aggregering i ALS - i fokus för 
strukturspecifika antikroppar  
Mutationer i superoxiddismutas 1 (SOD1) genen kan orsaka den progressiva 
neurodegenerativa sjukdomen Amyotrofisk lateralskleros (ALS).  ALS-
associerade mutationer påverkar stabiliteten hos SOD1-proteinet och gör att det 
förlorar sin naturliga struktur. Det ostrukturerade muterade proteinet kan 
sedan fel-veckas och aggregera.  Ansamlingar av aggregerat SOD1 protein i 
drabbade motoriska nervceller är ett välkänt fenomen, både hos patienter samt i 
transgena musmodeller för SOD1-ALS. Syftet med denna avhandling var att 
utveckla och karaktärisera nya antikroppar och metoder för att studera hur, och 
varför dessa sjukdomsassocierade SOD1 aggregat bildas, ansamlas och sprider 
sig vid ALS. Vårt slutgiltiga mål var att identifiera en antikropp som kunde 
användas för immunterapibehandling för att bromsa sjukdomen. 
 
SOD1 protein uttrycks i kroppens alla celltyper. Varför är det då specifikt 
ryggmärgens, och hjärnans motoriska nervceller och de omkringliggande 
stödjecellerna (astrocyter) som påverkas vid ALS, och bara där som aggregat av 
felveckat SOD1 bildas? För att förstå varför muterat SOD1 är specifikt farligt för 
motorsystemet odlade vi celler från ALS patienter i vårt laboratorium, och 
använde biokemiska metoder för att mäta mängden lösligt ostrukturerat SOD1 
protein i olika celltyper.  De högsta nivåerna av lösligt ostrukturerat SOD1 
detekterades i celler som omprogrammerats till pluripotenta stamceller (iPSC), 
och sedan differentierats ut till motoriska nervceller och astrocyter. Vi jämförde 
med fibroblaster, iPSCs och iPSCs deriverade sensoriska nervceller. Våra 
resultat tyder på att den selektiva sårbarheten hos motorsystemet vid SOD1-ALS 
skulle kunna härledas till en ökad ansamling av ostrukturerat SOD1 protein i 
motoriska nervceller och astrocyter. 
 
Vilka mijöfaktorer skulle kunna bidra till att SOD1 tappar sin naturliga struktur 
och börjar bilda aggregat? Här fokuserade vi på en disulfidbrygga som stärker 
stabiliteten hos normal-veckat SOD1 protein. Disulfidbryggan är syreberoende 
och reduktion av denna leder till ökad sannolikhet att SOD1 proteinet tappar sin 
normala struktur, kan fel-veckas och bilda aggregat. Vi studerade hur låg 
syrehalt påverkade disulfidbryggan och mängden ostrukturerat SOD1 i celler 
från patienter. Låg syrenivå ledde till reducerad disulfidbindning, och ökad 
mängd ostrukturerat SOD1 protein. Både celler med ALS-länkade mutationer i 
SOD1, och med normalt vildtypsprotein, påverkades av lågt syre, och effekten 
var tid- och koncentrationsberoende. Motoriska nervceller och astrocyter 
påverkades mest, och i dessa celler ledde låg syrehalt även till aggregering av 
mutant SOD1. Dessa resultat bidrar till att förklara motorsystemets sårbarhet 
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vid ALS, och föreslår att tillstånd som orsakar nedsatt syresättning i 
nervsystemet kan bidra till sjukdomsutveckling.  
 
Flera studier har rapporterat att det även bildas aggregat av felveckat vildtyps-
SOD1 i vävnad från patienter med sporadisk ALS (sALS), och patienter med 
mutation i andra ALS-länkade gener, utan SOD1-mutationer. Andra studier har 
dock rapporterat motsatt resultat, så både förekomst och betydelse av 
aggregerat vildtyps-SOD1 är kontroversiellt. 
 
Vi har sammanställt gemensamma riktlinjer för fixering, lagring och 
analysprotokoll som skulle kunna underlätta jämförelsen av resultat från olika 
laboratorier. Vi beskriver i detalj ett etablerat, optimerat 
immunohistokemiprotokoll för att färga aggregerat vildtyps-SOD1 i 
vävnadssnitt från från sALS-patienter. Vi har också utvecklat en 
antikroppsbaserad metod för att detektera sjukdomsassocierat SOD1 i 
homogeniserad frusen ryggmärgsvävnad. Höga, men varierande, nivåer av 
ostrukturerat och felveckat SOD1 detekterades i vävnad från sALS-patienter. 
Våra resultat stöder hypotesen att felveckat vildtyps-SOD1 kan bidra till 
sjukdomsutveckling hos ALS-patienter utan SOD1 mutation. 
 
Med mål att utveckla immunterapi mot SOD1-ALS producerade, och 
karaktäriserade vi monoklonala antikroppar som specifikt binder sjukdoms-
associerat SOD1 protein. Tidigare studier tyder på att SOD1 aggregat kan få 
ostrukturerat SOD1 protein att börja aggregera och spridas från cell till cell via 
en prion-liknande mekanism. Vi använde en musmodell för ALS, som bygger på 
att en liten mängd aggregerat SOD1 injiceras i ryggmärgen hos transgena möss 
och leder till prion-liknande spridning av SOD1 aggregat, och progressiv ALS-
liknande förlamning. Immunoterapibehandling med hjälp av en av våra 
monoklonala antikroppar som binder den C-terminala änden av SOD1 kunde 
binda SOD1 aggregat in vivo, dämpade SOD1-aggregatens aktivitet och 
förlängde mössens överlevnad. Immunterapi behandling kunde däremot inte 
hämma start, progression eller förlänga överlevnad hos transgena möss som 
uttrycker muterat humant SOD1 och utvecklar ALS-liknande 
förlamningssjukdom. Våra resultat tyder på att antikroppsbaserad behandling 
kan bromsa extracellulär spridning av SOD1 aggregat men har svårt att komma 
in i motoriska nervceller och förhindra intracellulär SOD1 aggregering.  
 
Sammanfattningsvis visar vi att strukturspecifika antikroppar är kraftfulla 
verktyg för att undersöka ostrukturerat och patogena arter av SOD1 protein i 
olika biokemiska, cellulära och in vivo studier. Utvecklingen av nya antikroppar 
och metoder kan underlätta ny forskning om de cellulära mekanismer som 
påverkar bildningen av patogena arter av SOD1 aggregat och nervcells död vid 
ALS.  
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Introduction 

Amyotrophic Lateral Sclerosis 
Amyotrophic lateral sclerosis (ALS) belongs to a group of rare, but severe 
neurodegenerative disorders commonly referred to as motor neuron diseases. 
The first reports of this fatal neurological syndrome appeared in the early 19th 
century. Affected patients showed symptoms of limb weakness and muscle 
atrophy with a focal onset that spread progressively to anatomically related 
areas 1,2. The French neurologist Jean-Martin Charcot introduced the name ALS 
in 1874 to describe his observations of the disease 3. He was the first to establish 
a relationship between clinical symptoms and the pathology of the disease. He 
noted the characteristic degeneration of motor neurons in the motor cortex, 
brainstem and spinal cord. Based on these findings, he concluded that the 
chronic progressive paralysis resulted from lesions within the lateral column of 
the spinal cord 4. The descriptive name “ALS” provides an accurate 
representation of these neuropathological hallmarks. The term “amyotrophic” is 
composed of the Greek words for muscle (myos) and nutrition (trophos). Hence, 
amyotrophic refers to the loss of muscle tissue due to a deficiency in supporting 
trophic signals caused by the depletion of connected motor neurons. The term 
“lateral sclerosis” describes the connective tissue of the spinal cord that replaces 
degenerated corticospinal axons 1. Despite numerous genetic and molecular 
discoveries that have facilitated a clearer understanding of the disease process, 
the original description of clinical and pathological findings remained nearly 
unaltered 4. 
 
Clinical Characteristics 
The clinical manifestation of ALS is very heterogeneous and goes far beyond 
standard parameters such as age and site of onset (reviewed in 5). Despite 
different clinical patterns, the progressive nature of the disease causes nearly all 
motor systems to become affected. Only a few motor areas are relatively spared, 
including the oculomotor pathways and motor neurons in the Onuf’s nuclei 
involved in controlling eye movements and sphincter control, respectively 5.  
In classical ALS, symptoms start with muscle weakness in one foot or hand and 
subsequently spread to the contralateral side. The symptoms contiguously 
progress and eventually affect all extremities 6,7. Patients may also experience 
cramps and involuntary muscle twitching as signs of lower motor neuron 
degeneration. Signs of upper motor neuron degeneration involve hyperreflexia, 
spasticity and the pathological extension of the big toe, also known as Babinski 
sign 8,9.  
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The majority of ALS patients eventually die from respiratory complications due 
to the paralysis of the motor system that controls breathing 10,11. In addition to 
spinal onset, a subset of ALS patients initially develops abnormal speech or 
swallowing abilities before the typical limb weakness appear. This form of ALS 
involves the degeneration of motor neurons in the bulbar nuclei of the brain 
stem and is therefore known as bulbar onset ALS. It generally presents at an 
older age and is associated with a more rapid disease progression compared to 
classical ALS 12-14.  
ALS shares clinical and pathological characteristics with various other adult-
onset degenerative diseases. As the disease progresses a large proportion of ALS 
patients develop cognitive deficits of variable degrees, which cause impulsivity, 
impaired judgement, and a general deterioration in the ability to execute daily 
tasks 15. These clinical features closely resemble the neurodegenerative disease 
fronto-temporal dementia (FTD) that is characterized by the loss of cortical 
neurons in the frontal and temporal lobes of the brain. Similar structural 
abnormalities and fronto-temporal atrophy have also been identified in ALS 
patients, further supporting an overlap between these two diseases 16.  
 
Epidemiology 
The worldwide incidence of ALS is approximately 2 new cases per year in every 
100 000 people 17 with an estimated total number of 5 living cases per 100 000 
18,19. Several studies reported an increased incidence and prevalence with age, 
reaching a plateau between the ages of 65–70 years 19-24. Due to the rising life 
expectancy of the global population, the number of ALS cases is predicted to 
increase in the coming years 25.   

ALS affects people most commonly in their midlife, with an average onset 
between the ages of 45-60 18. Patients with juvenile ALS develop symptoms in 
their late teenage or early adult years 26 and often involve an inherited family 
trait 27,28. Men have a slightly higher risk of developing ALS than women with a 
lifetime risk of 1:450 and 1:350, respectively 29. The average life expectancy after 
symptom onset is around 3 years, depending on the rate of disease progression. 
There are, however, reports of patients dying within months after onset and 
others having survived for more than a decade 13. 
 
Neuropathology 
Examination of post mortem tissues from ALS patients reveals several 
morphological changes. The key histological findings are the degeneration of 
upper motor neurons in the motor cortex and brainstem as well as the loss of 
lower motor neurons in the brainstem motor nuclei and anterior horns of the 
spinal cord. The remaining motor neurons display axonal abnormalities, such as 
a swollen soma and a disorganized cytoskeleton 30.  
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The degeneration of motor neurons is further accompanied by muscle atrophy, 
scarring of the spinal cord and neuroinflammatory processes. Activated 
astrocytes, microglia and oligodendroglia cells are commonly observed within 
the degenerating spinal cord 31,32.  

Cytoplasmic protein inclusions are common pathological features of the 
normal ageing brain. However, certain inclusions found in motor areas are 
associated with ALS 33,34 and some of the most commonly occuring ones are 
described below. 
 
Bunina bodies 
Bunina bodies are small, dense, and granular inclusions found in the cytoplasm 
of degenerating motor neurons. They contain cystatin C and transferrin and can 
be visualized by hematoxilin and eosin staining (HES). While it is not clear from 
where they originate, or what their significance is, Bunina bodies are commonly 
found in both familial and sporadic ALS patients upon autopsy 35,36. 
 
Corpora amylacea 
Corpora amylacea are small, spherical translucent structures composed of 
polysaccharides and numerous proteins involved in aging and stress. They are 
derived from either glia or neuronal cells. Although corpora amylacea are 
typically found in the central nervous system (CNS) of normal aging individuals, 
they have also been observed in several neurodegenerative diseases including 
ALS. While showing morphological similarities, they differ in size, biochemical 
and chemical composition 37,38.  
 
Ubiquitinylated inclusions  
Ubiquitin-positive inclusions are common features in neurodegenerative 
diseases including ALS. They are identified using anti-ubiquitin antibodies and 
are composed of aggregated proteins. In ALS, they are typically found in 
degenerating motor neurons and occasionally in surrounding glia cells in the 
spinal cord and brain stem 39. The main protein in these inclusions has been 
identified as transactive response DNA-binding protein 43 (TDP-43) 40. Based 
on their morphology, ubiquitinylated inclusions can be classified into Lewy 
body-like hyaline inclusions and skein-like inclusions 33,41. 
 
Lewy body-like hyaline inclusions  
Lewy body-like hyaline inclusions mimic Lewy bodies found in Parkinson’s 
disease. They are composed of condensed filamentous aggregates, but unlike 
Lewy bodies, do not contain α-synuclein 42. These inclusions are typically found 
in the cytoplasm of motor neurons of familial ALS patients. In ALS patients 
carrying a mutation in superoxide dismutase-1 (SOD1) and sporadic ALS cases, 
these inclusions stain positively for SOD1 43,44.  
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Skein-like inclusions  
Skein-like inclusions are filamentous structures found in the cytoplasm of motor 
neurons. They stain positive for TDP-43, p62 and SOD1, but not cystatin C or α-
synuclein 39-41,45. Skein-like inclusions are observed in both familial and sporadic 
ALS 46,47. 
 
Etiology 
ALS patients are classified as either sporadic ALS (sALS) or familial ALS (fALS) 
with the hereditary cases accounting for 1-13 %, depending on population. The 
vast majority of patients develop the disease without a known genetic cause 48. 
However, incomplete disease penetrance, misdiagnosis, and inadequate family 
history result in frequent misclassification of sALS patients. Hence, the 
numbers reported for fALS cases are likely to be underestimated 49.  

Many epidemiological studies have been conducted to identify non-
genetic risk factors for ALS. Suggested risk factors are environmental factors 
such as metal exposure, viruses and pesticides 50,51, occupational factors, 
medical conditions, and lifestyle such as intense physical activity 52-54. Despite 
the wealth of studies, it has been difficult to conclusively link any of these 
factors to ALS 50. The only confirmed risk factors are a family history, older age 
and male sex 55. Ageing is a common risk factor for many diseases and 
numerous complex changes occur during the ageing process. For instance, there 
is a gradual decline in immune response accompanied with a gradual increase in 
pro-inflammatory cytokine release 56. 

ALS is commonly inherited in an autosomal dominant fashion in patients 
with a familial history. The disease can also be passed on via alterations on the 
X-chromosome or in an autosomal recessive manner 49. Mutations in 37 genes 
have been implicated in ALS pathogenesis and the most frequently linked genes 
include those encoding chromosome 9 open reading frame 72 (C9orf72), fused 
in sarcoma RNA-binding protein (FUS), TDP-43, and SOD1 18.  
 
Chromosome 9 open reading frame 72  
A pathological, non-coding expansion of a GGGGCC hexanucleotide repeat 
(>25-30 repeats) in C9ORF72 can be found in 40% of fALS and 7% of sALS 
patients 57,58. Hence, the non-coding expansion is the most common genetic 
cause of ALS and ALS/FTD 59,60. Although functions of the C9orf72 protein 
remain largely unknown, it has been reported that the protein is involved in 
vesicle trafficking 61,62. 
 
Fused in sarcoma RNA-binding protein 
Mutations in FUS have been identified in 4% of fALS patients and less than 1% 
of sALS cases 63. FUS is ubiquitously expressed and involved in mRNA splicing 
and processing as well as in DNA repair and transcription 64-66. It is further an 
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essential element of granule stress complexes, which form under cellular stress 
conditions such as oxidative stress. These granules contain proteins and RNA 
that are not required for the stress response and thus, conveying a protective 
mechanism 67. 
 
Transactive response DNA-binding protein  
Mutations in TDP-43 are associated with 1-5% of fALS and less than 2 % of 
sALS patients 68. Native TDP-43 protein is primarily located in the nucleus 
where it binds to RNA and DNA and plays a critical role in regulating 
transcription and alternative splicing. Similar to FUS, TDP-43 is an important 
component of the cytoplasmic stress granule response 69.  
 
Superoxide dismutase-1 
The discovery of mutations in the gene superoxide dismutase-1 (SOD1) started 
the era of molecular discoveries in ALS and due to its central importance for this 
thesis, SOD1 will be discussed in section “superoxide dismutase” in more 
details. 
 
Despite intensive research, the exact mechanisms responsible for the 
neuropathology of ALS remain unsolved. Several cellular pathways have been 
proposed based on the function of ALS-associated proteins: (1) impaired RNA 
stability, function and metabolism; (2) altered DNA repair; (3) disturbed 
proteostasis including accumulation of aggregates and impaired protein 
degradation pathways; and (4) mitochondrial dysfunction and oxidative stress. 
Other proposed disease mechanisms include neuroinflammation, endoplasmic 
reticulum stress, excitotoxicity as well as defective axonal and vesicle transport.  
Detailed descriptions of these pathways is beyond the scope of this thesis, but 
have been extensively reviewed elsewhere 70,71.  
 

Superoxide dismutase 
SOD enzymes are the main cellular defence mechanism against superoxide 
anions, a by-product of aerobic energy production 72. Although superoxide 
anions are only moderately reactive by themselves, they can participate in 
several reactions that generate a variety of reactive oxygen and nitrogen species 
such as hydroxyl radicals and peroxynitrites 73,74. These highly reactive 
metabolites can readily damage proteins, nucleic acids and even membranes 75. 
SODs can prevent the formation of these metabolites by catalysing the 
conversion of superoxide anion to oxygen and hydrogen peroxide in a two-step 
reaction. These ancient and universal antioxidant enzymes can be found in 
many organisms that live in the presence of oxygen, including bacteria, fungi, 
plants and animals. In humans, three different SOD isoenzymes (SOD1, SOD2, 
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SOD3) have been identified, each encoded by different genes and localized at 
distinct subcellular locations 76. However, all isoforms incorporate metal ions 
within their active site and catalyse the same net reaction.  
The following reactions exemplify the chain of events for SOD1 as a catalyst:  
 

1.) SOD1-Cu2+ + O2.-  à  SOD1-Cu+ + O2   (reduction of copper) 

2.) SOD1-Cu+ + O2.-  à SOD1-Cu2+ + H2O2  (oxidation of copper) 
      

       O2.- + O2.-  à O2 + H2O2 (net reaction) 
 
SOD1 is primarily a cytosolic enzyme, but has also been found in the nucleus, 
peroxisomes, lysosomes, and the mitochondrial intermembrane space 77,78. It is 
a homodimer that uses copper ions in its active sites to exert its dismutase 
activity 79. 

SOD2 is located in the mitochondrial matrix and thus, the primary 
defence against superoxide anions produced by the electron transport chain 
80,81. The SOD2 protein is a 96-kDa homotetramer that uses manganese ions to 
catalyse the reaction. It can be distinguished from SOD1 and SOD3 by its 
relative resistance to cyanide 76. SOD2 knockout experiments in mice resulted in 
neonatal mortality, highlighting the importance of superoxide metabolism in 
mitochondria 82.  

The SOD3 protein is an extracellular enzyme anchored to the 
extracellular matrix or cell surface via its heparin-binding domain 76. It can also 
be found circulating in plasma, ascites, and cerebrospinal fluid. SOD3 is a 135-
kDa homotetramer and, as SOD1, uses copper as metal cofactor 83.   
 
SOD1  
The human SOD1 gene is located on chromosome 21 and comprises 5 exons 
separated by four introns. The mature, native SOD1 protein is assembled from 
two identical subunits that form a 32-kDa homodimer 84. Each monomer 
consists of 153 amino acids and contains three important features; a stabilizing 
zinc ion, a copper ion required for enzymatic activity, and the intra-subunit 
disulphide bond 79.  
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Figure 1: Schematic overview of the SOD1 sequence. Structural motifs, positions of exons 1-
5 as well as sequences used to raise antibodies are shown. β-strands are depicted as grey arrows and 
connected by loops. The disulphide bond is shown as dotted line. Conformation-specific rabbit 
polyclonal (pAb) and monoclonal antibodies (mAb) used primarly in this thesis were raised against 
SOD1 peptides corresponding to sequence 24-39, 57-72 and 131-153. (adapted from 85) 
 
The core of each SOD1 monomer has eight anti-parallel β-strands linked by 
seven different sized loops (I-VII) (Figure 1). Together they form the 
characteristic β-barrel (Figure 2). The zinc-binding loop IV (amino acids 49-84) 
and the electrostatic loop VII (amino acids 121-144) create a channel through 
which superoxide is navigated to reach the copper ion in the active site 86,87. 

 
 
Figure 2: 3D ribbon presentation of the 
dimeric human SOD1 structure with 
cofactors and oxidized disulphide bond. 
Human SOD1 protein  (PDB-code 1HL5 87) 
modelled in RCSB protein data bank. Key 
features are coloured as; β-strands in yellow, α-
helix in pink and C57-C146 disulphide bond in 
black. Copper ions are displayed as green spheres 
and Zinc ions as grey spheres. 
 
 

The formation of a fully mature SOD1 protein is a multistep process and 
requires four essential post-translational modifications. The maturation process 
starts with the acquisition of the zinc ion. Although the mechanism behind zinc 
insertion is still not understood, in vitro data suggests that zinc is incorporated 
first to hold loop IV in place and thereby driving SOD1 towards a folded state 
88,89. Once established, copper is inserted into the SOD1 monomer. Under 
physiological conditions, the amount of intracellular free copper is limited and 
strictly regulated. Hence, a cytosolic copper carrier protein, such as CCS (copper 
chaperone for SOD1) is required to transfer copper directly to SOD1. CCS forms 
a heterodimer with the SOD1 monomer before it delivers the catalytic copper 
ion to the active site of SOD1. The intra-subunit disulphide bond within the 
SOD1 monomer is then formed between the two cysteines at positions 57 and 
146, before the CCS-SOD1 complex dissolves. The formation of the disulphide 
bond results in mature monomeric SOD1 and the maturation process is 
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complete after two metal-loaded and mature SOD1 monomers dimerize via non-
covalent interactions and form the active SOD1 enzyme. This CCS-dependent 
activation of SOD1 requires oxygen for the formation of the disulphide bond, but 
the precise mechanism is still unknown 90,91. Human SOD1 can also be activated 
by a CCS-independent pathway, although not as efficiently as with CCS 92.   

Native SOD1 is an extremely thermostabile protein with a melting point 
of 92°C 93. The protein can also withstand long-term storage at 5°C and 
maintain its enzymatic activity in the presence of strong denaturants 94. 
However, if the metals are not properly inserted in combination with other 
alterations in post-translational modifications, it can cause SOD1 to destabilise 
and subsequently monomerise and unfold 89,95-97.  
 

SOD1 in ALS 
Mutant SOD1 
Mutations in the SOD1 gene have been associated with the devastating disease 
for more than 25 years now 98. They were the first genetic link identified and to 
date, more than 185 ALS-associated SOD1 mutations have been described 
(http://alsod.iop.kcl.ac.uk/). The mutations are distributed over the entire 
primary protein sequence and have been identified in 2-6% of all ALS patients. 
Although the pathogenicity of some mutations is controversial 99, approximately 
20-25% of all familial ALS patients carry a mutation in SOD1 100,101.  

The majority of mutations are missense mutations, caused by the 
exchange of a single DNA base pair, resulting in the substitution of an amino 
acid in the translated protein. Nonsense mutations have also been identified 
and produce truncated proteins by introducing a premature stop codon. 
Frameshift mutations caused by DNA base pair deletions or insertions change 
the protein sequence and lead to the formation of truncated proteins 49,102.  
The most frequent SOD1 mutations are D90A and A4V, and are predominantly 
found in Europe and North America, respectively 102. The SOD1D90A protein has 
SOD1WT-like properties such as activity levels and stability, and is associated 
with a slow disease progession and long survival compared to the average ALS 
patient 103. In contrast, ALS patients with an A4V mutation have a rapid disease 
progression and a survival time of less than two years after onset 102. Mutations 
such as SOD1G127XinsTGGGfs*7 (SOD1G127X) and SOD1D125Tfs*24 generate truncated 
SOD1 variants and lack the cysteine at position 146. These SOD1 species are 
unable to fold into the native conformation and cannot form the stabilizing 
intra-subunit disulphide bond. Hence, they are completely unfolded and quickly 
degraded in vitro 104.  

It was initially thought that SOD1 mutations cause the loss of enzymatic 
function leading to increased oxidative stress. This mechanism was already 
known to damage cells in aging cells and other neurodegenerative diseases by 
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impairing the DNA repair system and mitochondrial function 105. However, 
evidence from several in vitro and in vivo studies have shown that this is not the 
case for ALS. SOD1 mutations are most commonly inherited in a dominant 
fashion. Hence, patients carrying recessive SOD1 mutations retain around 50% 
enzyme activity from the wild-type SOD1 (SOD1WT) allele, sufficient to perform 
the necessary reactions 49,106. Although most mutations cause a reduced 
enzymatic activity, there are several ALS-associated SOD1 mutations that show 
normal enzymatic activities 107-111. Furthermore, deletion of SOD1 in mice causes 
motor neuron vulnerability and a reduced lifespan due to liver tumours, but 
does not result in an ALS-like phenotype per se 112,113. In contrast, transgenic 
mice overexpressing different human mutant or SOD1WT develop an ALS-like 
phenotype 114-116. Based on these results, it is now widely accepted that mutant 
SOD1 species gain a novel toxic function.  
 
Wild-type SOD1  
The vast majority of ALS patients are classified as sporadic cases without a 
known genetic cause. The concept of a possible involvement of SOD1WT in ALS 
derived from studies in other neurodegenerative diseases. These demonstrated 
that wild-type versions of disease-related proteins are involved in sporadic cases 
in Alzheimer’s disease (AD) as well as in Parkinson’s disease (PD) 117.  

In ALS, the hypothesis of a similar role for SOD1 is supported by several 
findings. Alterations in post-translational modifications, such as oxidation or 
demetallation can destabilize SOD1WT and induce its unfolding and aggregation 
in vitro 118-123. Exposure of motor neuron cultures to SOD1WT aggregates 
promotes cell death similar to aggregates formed from mutant SOD1 124. In 
transgenic mouse models, high expression levels of human SOD1WT cause an 
ALS-like phenotype including SOD1 aggregation and neuronal pathology in the 
CNS 115,125,126. Co-expression of high levels of human SOD1WT and mutant 
SOD1G85R exacerbate ALS-like disease in transgenic mice 127-129 indicating that 
SOD1WT can either enhance the toxic properties of mutant protein or is toxic by 
itself when expressed at high enough concentrations. Several groups have 
reported independently that misfolded SOD1WT accumulates in motor neurons 
and glia in post mortem samples from sporadic ALS patients 118,130-133.  
Altogether, these data indicate that alterations in SOD1WT protein folding could 
lead to the formation of toxic species similar to ALS-linked mutant SOD1. This 
supports a role for SOD1WT in the pathogenesis of ALS in patients without SOD1 
mutations and point towards a possible common pathogenic mechanism. 

However, this view has been challenged by several studies reporting that 
misfolded SOD1WT cannot be detected in spinal cord tissue post mortem, 
cerebrospinal fluids, or lymphocytes from sporadic ALS patients 134-138. Hence, 
the contribution of disordered SOD1WT in the pathogenesis of sALS is 
controversial and the debate continues.  
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Protein misfolding and aggregation 
As mentioned in ”Etiology”, several mechanisms of SOD1-mediated toxicity 
have been proposed. Among those are protein instability, misfolding and 
aggregation, disturbances in protein degradation, endoplasmic reticulum stress, 
mitochondrial dysfunction, excitotoxicity and impaired RNA processing. Each 
pathway has evidence from several in vitro and in vivo studies, but no 
mechanism by itself can fully explain all of the pathological changes seen in 
ALS. The following paragraphs will briefly review the processes of SOD1 
unfolding and aggregation. 

In addition to the natively folded state, proteins are able to adopt 
alternative conformations. The mechanism behind this process is called 
misfolding and is associated with a number of neurodegenerative diseases 139. 
Historically, the term misfolding has been used to refer to all non-native SOD1 
species comprised of partially unfolded, disordered and misfolded SOD1 forms. 
Within this thesis, the term disordered is used to refer to any non-natively 
folded protein, while the term misfolded refers to disease associated protein 
species with a specific structure that promote aggregation. 

SOD1 misfolding is initiated by destabilizing the protein either through 
changes in post-translational modifications or by weakening the dimer interface 
causing monomerisation 140,141. In addition, mutations in SOD1 can affect the 
stability by reducing the net negative charge and thereby increasing the 
propensity of conformational changes within the native protein structure 142. 
The zinc-binding loop is an important feature of the dimer interface and 
together with the electrostatic loop; they form the active site of the SOD1 
protein. In the native protein, these highly dynamic regions are constrained by a 
network of stabilizing interactions upon metal binding. However, SOD1 
mutations or loss of metal ions release the loops from their coordinated 
structural restraint and permit conformational freedom. Hence, these regions 
are most likely to be one of the first components to unfold and have been 
suggested as the primary locus for misfolding 140,143. The reduced stability of 
SOD1 in combination with stress conditions and impaired removal of 
disordered/misfolded protein can lead to aggregation. 

The mechanism behind the formation of pathological SOD1 aggregates 
remains unknown. Aggregated proteins in other neurodegenerative diseases are 
generally amyloids 34. The classic amyloid is an extracellular deposit composed 
of tightly packed monomeric proteins with a rearranged structure into a series 
of β-strands. These strands are stabilized by hydrogen bonds and assembled 
into β-sheets, which are the building blocks of fibrils 144. Dyes such as Congo red 
and thioflavin-S and -T bind to the β-sheets and are regularly used to determine 
whether a protein aggregate has an amyloid structure 144.  
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Because these dyes do not stain CNS tissue preparations from patients with or 
without mutations, ALS is not considered to be a classical amyloid disease 136,145. 
Patients with SOD1 mutations also show no amyloid deposition at autopsy 136. 
However, thioflavin-S positive aggregates have been observed in several 
transgenic mouse models of ALS 146,147. These aggregates as well as aggregates 
from ALS patients have shown a fibrillar morphology when analysed by electron 
and atomic force microscopy, suggesting a potential to form amyloid 
depositions 148,149.  

Compared to other proteins associated with neurodegenerative diseases, 
SOD1 is not an aggregation-prone protein in vitro. However, metal free (apo) 
SOD1 is capable of forming detergent-insoluble aggregates under destabilizing 
conditions such as low pH, high temperature or the presence of trifluoroethanol 
146,150. Moreover, the spontaneous formation of SOD1WT or mutant SOD1 fibrils 
can be increased by constant shaking at 37 °C 151,152. Both SOD1WT and mutant 
SOD1 proteins have been found to aggregate without the need for denaturing 
conditions 153, although the initiation phase required a longer incubation time. 
However, loss of metals and a reduction in enzymatic activity preceded 
aggregation, implying that destabilization and unfolding were still necessary to 
initiate aggregation. 
 
Prion-like transmission 
Emerging evidence indicates that a prion-like propagation of misfolded and 
aggregated proteins is involved in the pathogenesis of neurodegenerative 
diseases including ALS 154,155. “Prions” are misfolded species of the normal 
cellular protein that interact with native forms of the same protein and induce 
their transformation into the aberrant form 156,157. This process is commonly 
known as nucleation and produces the “seeds” that act as templates to initiate 
the aggregation process. These seeds elongate rapidly to form larger aggregates 
and fibril structures 156. Fragmentation of fibrils accelerates the aggregation 
process by increasing the number of seeds. It also enables the propagation of 
fibrils in neighbouring cells if seeds are taken up by them 158.  

In vitro studies have shown that exogenous hSOD1 aggregates are able to 
induce nucleation of soluble mutant SOD1 as well as SODWT in the cytosol, 
causing it to aggregate and creating a self-perpetuating cascade of SOD1 
misfolding 159,160. These aggregates were constantly released from dying cells or 
through exosomes and taken up by neighbouring cells demonstrating a prion-
like seeding character of SOD1 133,161. Aggregate transmission could be reduced 
by pre-incubation with anti-SOD1 antibodies 133,162. 

Injections of spinal cord homogenates from paralyzed SOD1G93A or 
SOD1G37R mice into spinal cords or sciatic nerves of recipient mice induced the 
propagation of ALS-like disease in vivo 134,163.  
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Another hallmark of prion diseases is the existence of different aggregate 
species 164, which arise from the same protein, but adopt different 
conformations. These conformational variants are commonly referred to as 
strains and several studies have reported the existence of different strains for 
tau 165,166, Aβ 167 and α-synuclein 168,169. In ALS, SOD1 aggregation depends on 
the nature of the mutation and conditions under which nucleation is induced 
148,170. Hence, this process is flexible and can generate different aggregate 
structures. While in vitro studies revealed several distinct pathways for SOD1 
aggregation 171, two different strains (A and B) of SOD1 aggregates have been 
identified in spinal cords of mice expressing mutant SOD1. Both strain A and B 
differ from aggregates produced in vitro and exhibit distinct structural 
characteristics, molecular features, and growth kinetics 172. Furthermore, both 
strains induced different patterns of ALS-like disease progression when 
inoculated into the spinal cord of pre-symptomatic transgenic SOD1G85R mice, 
indicating that templated SOD1 aggregation can spread in a prion-like fashion 
173.  Additionally, a recent study demonstrated that SOD1G127X aggregates from 
an ALS patient induced pre-mature ALS-like disease in transgenic mice 
expressing mutant SOD1 174. These studies demonstrated the transmissibility 
and seeding capabilities of SOD1 in vivo, supporting a prion-like spread 
hypothesis for SOD1 aggregates.  
 
Models of SOD1 ALS 
ALS is a disease of the CNS with no possibility of routinely collecting biopsies to 
study disease pathogenesis or progression in patients. Hence, researchers are 
restricted to investigate affected CNS regions in post mortem tissues. Due to the 
severe loss of motor neurons at the end-stage of ALS, information that can be 
obtained on the complex mechanisms leading to motor neuron degeneration 
and cell death is very limited. To study these mechanisms, various model 
systems have been established that recapitulate different neuropathological and 
genetic aspects of the disease 175,176. The work of this thesis is based on several 
model systems that will be reviewed in the following paragraphs. 

Cellular models 
Cell culture models are widely used to study the molecular basis of disordered 
and misfolded SOD1 toxicity in vitro. Due to their rodent or primate origin, 
most cell lines depend on overexpression of wild type or mutant human SOD1 
protein 177-180 leading to an artificial model with non-physiologically levels of the 
target protein. Patient-derived cells, on the contrary, carry endogenous SOD1 
mutations and express the protein at physiological levels. Hence, patient-
derived cultures avoid an artificial overload of mutant SOD1 and may be used to 
model a disease that is more relevant to human ALS. Using cells from patients, 
it is also possible to investigate SOD1 toxicity in the context of the individual’s 
background.  
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A further advantage of this approach is the possibility to study sALS without 
known genetic cause or forms of fALS that lack suitable mouse models. 
 
Astrocyte cultures 
Patient-derived astrocytes can be isolated from surgical biopsy specimen or post 
mortem tissues and expanded in culture. In general, viable cells can be obtained 
from donors of diverse ages ranging from embryonic/foetal, post natal, and 
adult, with a post mortem delay of up to 36 hours 181,182. However, there are 
differences regarding yield, proliferative capacity and morphology between cells 
isolated from foetal compared to adult CNS samples. For instance, cultures from 
foetal tissues proliferate twice as many times than adult derived-cells, before 
showing signs of senescence 182.    

Astrocytes are either retrieved directly from CNS tissue 183 or generated 
from isolated neural progenitor cells (NPCs) 182. NPCs consist of multipotent 
cells capable of differentiating into functional neurons and glia cells including 
astrocytes 184-187. In ALS, NPC-derived astrocytes generated from both fALS and 
sALS cases induced degeneration of mouse and human motor neurons upon co-
culture 188,189. Nevertheless, human CNS tissue from ALS patients is only 
occasionally available and due to biological aging, only a limited number of 
studies can be performed using these models.   
 
Dermal fibroblast cultures 
Human fibroblasts can be obtained from patients via skin biopsies and 
propagated in culture at relatively low costs. Although they are not a primary 
target of ALS, fibroblasts share pathophysiological abnormalities with the 
affected neuronal tissue 190,191 and hence, are a valuable model system with 
which to study the disease. Fibroblast cultures have been used to assess 
biological changes in sALS patients with regard to stress response, energy 
metabolism, and RNA processing 190,192-194 as well as to study the pathogenicity 
of several ALS-associated mutations in familial cases 195,196 including SOD1 
104,196,197.  
 
Induced pluripotent stem cell-derived cells 
Originally, experiments utilizing stem cells to model neurons relied upon 
differentiation of embryonic stem cells (ESCs) 198. Since ESCs are not patient-
derived, disease modelling depends on the expression of a transfected target 
gene/protein. Hence, they encounter the same aforementioned drawbacks of 
overexpression models. The possibility to convert adult somatic cells into 
induced pluripotent stem cells (iPSCs) circumvents these issues and avoids 
ethical concerns raised by using human embryonic material to generate ESCs. 

Human iPSCs can be generated from a variety of somatic cell types; 
including fibroblasts, keratinocytes 199, lymphocytes 200, and even post-mitotic 
neurons 201. Initial reprogramming methods used viral transduction to 
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simultaneously introduce four transcription factors into the genome 202. Since 
then, several strategies to convert somatic cells have been developed using 
either viral transduction or chemical transfection to express an optimized 
combination of reprogramming factors 203.  One merit of human iPSCs lies in 
their capacity to differentiate into nearly any cell-type within the human body. A 
variety of protocols have been developed to generate several ALS-relevant cell 
types, such as spinal motor neurons, astrocytes 204, microglia 205, 
oligodendrocytes 206,207 and muscle cells 208. Sances and colleagues reviewed 
various motor neuron differentiation protocols that differ not only in the 
chemical composition of iPSC culture media, but also in the molecules used to 
initiate differentiation 209. Despite these differences, most protocols share three 
developmental phases; (I) inducing a neuronal identity by generating neural 
progenitors; (II) specification into motor neurons; and (III) their subsequent 
maturation 209-211. Depending on protocol and length of maturation phase, 
motor neurons can exhibit electrophysiological activity and generate action 
potentials similar to rodent motor neurons at an embryonic stage 209,212.   

Analysis of iPSC-derived motor neurons from SOD1 fALS patients 
revealed important functional phenotypes including axonal degeneration, 
decreased cell survival, neurofilamentous disorganization and changes in 
excitability 213,214. In addition, motor neurons carrying SOD1 mutations 
recapitulated several pathological aspects of ALS, such as enhanced 
endoplasmic reticulum and oxidative stress 212,215. Hence, patient-derived motor 
neurons are a valuable model system with which to study the contribution of 
mutant SOD1 to the early stages of ALS. 
 
Rodent models 
Transgenic mice overexpressing different human mutant SOD1s are considered 
to be the gold standard of ALS model systems and a keystone of preclinical 
research. Murine models mirror human ALS more closely than many cellular 
models 216 and have been used to unravel pathogenic mechanisms and provide 
preclinical data on promising therapeutic targets.  
 
G93A hSOD1 
The first transgenic mouse model was developed within a year after mutations 
in SOD1 were linked to ALS 116. This model expresses human SOD1 G93A 
(hSOD1G93A), under control of the endogenous human SOD1 promoter, to mimic 
the normal regulation of SOD1 expression. Originally, several lines of hSOD1G93A 

transgenic mice were generated, but only mice with around 18 copies of the 
transgene and hence, a high expression of mutant SOD1 (G1 line) developed an 
ALS-like disease. The first signs of hind limb weakness appear at 90-100 days of 
age and mice become progressively paralyzed in one or more limbs. The average 
survival time of the G1 line is around 180 days. Analyses of spinal cord show loss 
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of motor neurons, glial activation and positive staining of aggregated SOD1 
116,217,218. Since the original publication of the G1 line, several additional lines 
have been developed and characterized. Although low copy number hSOD1G93A 
mice are considered to more accurately mirror pathological findings in humans 
219, the most commonly used mouse model in ALS research is the G1 sub-line 
G1H with 25 predicted copies of the transgene 220.   
 
G85R hSOD1 
Several hSOD1G85R transgenic lines were generated using the human SOD1 
promoter to regulate expression. Although the hSOD1G85R transgene is 
expressed broadly, the levels in the CNS are initially below the levels of 
endogenous murine SOD1. However, most hSOD1G85R lines developed an ALS-
like disease and at end-stage, the hSOD1G85R levels have increased 2-fold. Early 
symptoms including reduced grip strength in one limb appear at around 245 
days of age. The initial motor impairments progress rapidly and spread to other 
limbs leading to paralysis within two to three weeks. Spinal cords analyses 
reveal that hSOD1G85R mice developed degeneration of motor neurons and large 
axons, glial pathology as well as SOD1 aggregates in neurons and glia cells. 
Astrogliosis can be detected before the first motor symptoms appear. Moreover, 
these reactive astrocytes contain inclusions positive for SOD1 and as the 
diseases progresses, these SOD1 aggregates become more abundant 114. 
 
In addition to the hSOD1G93A and hSOD1G85R models, mice expressing other 
hSOD1 mutations have been generated including G37R 221, H46R 222, D90A 126, 
G127X 223, as well as models expressing wt hSOD1 224. All of these models 
develop pathological abnormalities that correlate with features identified in ALS 
patient tissues. These include the denervation of neuromuscular junctions, loss 
of spinal motor neurons, reactive gliosis, mitochondrial dysfunction, 
accumulation of misfolded SOD1 protein, and progressive paralysis leading to a 
reduced lifespan 114,116,219. However, development of ALS-like disease depends 
essentially upon the SOD1 mutation and the level of transgene expression, as 
well as on gender and the genetic background 225. Due to these factors, 
transgenic SOD1 mouse models differ in ages of disease onset and rates of 
disease progression. Additionally, the severity of the disease is determined by 
the expression levels of the transgene. For instance, hSOD1G93A transgenic mice 
carrying 4 or less copies of the transgene did not develop ALS-like symptoms 
116,226. Hence, these confounding factors have to be taken into consideration 
when interpreting and comparing results between different transgenic SOD1 
models.  
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Antibodies 
The earliest references to antibodies emerged in the late 19th century as the 
fields of bacteriology and immunology were evolving. In 1890, Behring and 
Kitasato successfully cured diphtheria by injecting antibody-containing serum 
from immune animals in to infected guinea pigs 227. This discovery was a 
milestone in the development of serum therapy and marked the beginning of 
the humoral theory of immunity 228. Since then, research revealed that 
antibodies are developed by the immune system as a means of defence against 
various threats including invading pathogenic microorganisms and altered self-
cells. Two different branches of the immune system are known to generate the 
innate and the adaptive immune responses 185. The innate immune system is 
ready to fight at all times and consists of various components that both prevent 
the entry of pathogens and limit their ability to spread throughout the body. 
These components include physical barriers, such as the skin, as well as 
chemical and biological factors, such as tears, mucosa, antimicrobial molecules, 
and phagocytic cells. The innate immune system is activated by chemical 
properties of molecules present on common microbes including pathogens. 
Antigens are recognized by a limited number of constitutively expressed 
receptors and induce different responses including phagocytosis, 
proinflammatory signaling and apoptosis 185,229-232. However, the response is 
general and anything identified as foreign can be targeted for elimination 233. In 
contrast, the adaptive immune system uses specific molecular structures on the 
surface of antigens (epitopes) to strategically build an immune response. It 
acquires an immunological memory and thus, elicits a faster response the next 
time the same pathogen is recognized. The adaptive immune system can be 
further divided into cell-mediated and humoral immunity. Cell-mediated 
responses rely on the activation of cytotoxic cells by T-cells, while humoral 
responses depend on naïve B-cells and their differentiation into antibody-
producing memory or effector B-cells. Antibodies, also commonly known as 
immunoglobulins (Ig), are either membrane-bound on memory B-cells or 
secreted into the blood stream by effector B-cells. The primary role of secreted 
antibodies is to circulate through the body and identify and mark specific 
foreign antigens for elimination 234,235. 

Natural antibodies perform two main functions. First, they bind 
specifically to the target antigen, before inducing an immune response against 
the captured antigen. To better understand these functions, the following 
paragraphs will focus on antibody structures and inherent features in more 
details.  

The basic scaffold of an Ig consists of two identical heavy chains and two 
identical light chains that are joined together by disulphide bonds. This 
arrangement forms the characteristic Y-shaped molecule with two “arms” and 
one “stem” (Figure 3). The “arms” represent the antigen-binding fragments 
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(Fab) and, as the name indicates, are responsible for capturing the specific 
target. The N-terminal domains of the “arms” are denoted as variable fragments 
(Fv) and contain three extremely variable parts known as complementarity-
determining regions (CDRs). These regions are supported by four conserved 
framework regions (FR) and provide the specific antigen recognition site of the 
antibody 236-239. Upon correct folding in to the 3-D structure, the three CDRs 
from both heavy and light chain form six flexible loops and come close together 
to create the antigen binding site (paratope) or “hand” of the antibody 240. The 
ability to randomly recombine genetic segments within CDRs enables the 
immune system to raise antibodies that recognize a nearly infinite number of 
antigens 241,242. The “stem” of an antibody is composed of the less variable 
constant (C) domains of both heavy chains (CH) and is known as the 
crystallisable fragment (Fc). It interacts with different components of the 
immune system to promote the elimination of the bound antigen. The CH2 
domain contains a highly conserved glycosylation site that is crucial for the 
stability and activity of the Fc region. Glycosylation describes the enzymatic 
addition of polysaccharides to certain amino acid residues and is one of the 
most important post-translational modifications of antibodies. Changes in the 
Fc glycosylation pattern affect the conformation of the “stem” and hence, 
influence the antibody effector function 243. 

                  
Figure 3: Schematic representation of the basic IgG antibody scaffold. Each light chain 
(orange, grey) is linked to a heavy chain (yellow, black) via an inter-chain disulphide bond (S-S). 
Dimerization involves the formation of disulphide bonds between both heavy chains in the hinge 
region. Green circles represent polysaccharides. The enlargement shows the distribution of the six 
hypervariable CDRs (red), three in the light chain (L1-3) and three in the heavy chain (H1-3). VH 
(yellow) = variable domain of heavy chain; VL (orange): variable domain of light chain; CL: constant 
domain of light chain; CH1-3: constant domains 1-3 of heavy chain (adapted from 244) 
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The effector responses triggered by antibodies can be summarized into two 
principal pathways; (1) activation of the complement system and (2) binding to 
Fc receptors present on the surface of macrophages and other immune cells 245. 
The nature of induced effector functions depends on the type of heavy chain the 
particular antibody contains. In mammals, there are five main variants of the Ig 
heavy chain (α, δ, ε, γ and µ) that differ in sequence and number of constant 
domains. Based on these different heavy chains, immunoglobulins are classified 
into five isotypes - IgA (α), IgD (δ), IgE (ε), IgG (γ) and IgM (µ). The isotypes 
differ further in the hinge region that joins the Fab and Fc domains and thus, 
provides stability and flexibility to the antibody 246,247.  

Besides structural differences, isotypes vary also in serum half-life, 
localization in the body and timing of appearance during an immune response. 
Briefly, monomeric IgA is secreted into plasma and cerebrospinal fluid at low 
levels, while the majority of IgA exists as dimers or tetramers in mucosal 
secretions such as tears, saliva, breast milk and gastrointestinal fluids. Human 
IgA is divided in two subclasses, termed IgA1 and IgA2 and their distribution 
vary significantly between different mucosal secretions. Among other functions, 
IgA interferes with the uptake of soluble or particulate antigens by mucosal 
surfaces and inhibit bacterial adherence 248. The isotype IgD exhibits an 
extended hinge region that is responsible for the antibody’s vulnerability to 
proteolytic cleavage. It is mainly membrane bound and part of the B-cell 
receptor, but can also be secreted in the nasal mucosa and tonsils. However, the 
precise function of IgD is still unknown 249. Unlike IgD, IgE has two additional 
constant domains in place of a hinge region. In plasma, IgE is the least 
abundant antibody isotype and has the shortest half-life. It is involved in allergic 
reactions and provides protection against multicellular parasites 250.  In a 
similar fashion to IgE, IgM possesses two additional constant domains instead 
of a hinge region. This isotype is classically represented as a pentamer or 
hexamer and hence, the largest of the immunoglobulins. Due to its size, IgM is 
mainly confined to the intravascular pool and initially dominates the humoral 
immune response. During the course of the immune reaction, IgM undergoes 
class switching into the IgG isotype, the most abundant antibody in human 
serum 251. IgG is also the major antibody isotype of the adaptive immune 
response and has the longest half-life. IgG exists as a monomer and can be 
further divided into subclasses that differ in the hinge region and the degree to 
which they activate the immune system. In humans, there are four subclasses 
(IgG1, IgG2, IgG3 and IgG4) and although the amino acid sequence is more 
than 90% identical, each subclass induces a unique set of effector functions. In 
mice and rats, the IgG class is categorized into five (IgG1, IgG2A, IgG2B, IgG2C 
and IgG3) and four subclasses (IgG1, IgG2A, IgG2B, IgG2C), respectively. It is 
noteworthy that the subclass nomenclature has been derived independently for 
each species. Hence, no general relationship can be established between 
subclasses from different species 252-254.  
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Tools to study proteins 
Antibodies exhibit an extraordinary diversity of binding specificity to an 
abundance of targets that represent all kinds of structures and features. Due to 
their unique binding characteristics, antibodies have a great potential to be 
utilized as biochemical tools in various applications that can be categorized into 
three main areas; diagnostics, research and therapeutics 240. 

In diagnostic assays, antibodies have become crucial components in the 
detection of a wide range of conditions, such as infections, allergies, hormone 
imbalance or levels of biological markers in blood 255-258. Within life science 
research, antibodies are vital tools for analytical methods used to adress basic 
research questions. They are used to isolate, identify and characterize molecules 
and their interaction partners. This in turn enables researchers to draw 
conclusions about cellular organisations and pathways 259. The natural 
occurrence and physiological role of antibodies in organisms predetermined 
their use as suitable therapeutics. Since the 1990s, immunoglobulins have been 
the fastest growing class of biological therapeutics and are utilized to 
successfully treat infectious diseases, inflammatory disorders, respiratory 
diseases, cardiovascular diseases and cancer 260.  

 
Sensitivity and specificity 
Whether an antibody is suitable as a tool for a certain application is determined 
by its sensitivity and specificity towards a particular target. Sensitivity is a 
measure of the antibody’s ability to elicit a detectable signal above a common 
background to a low concentration of target molecules. In other words, 
sensitivity refers to the detection limit of an antibody in an immunoassay 261. 
Specificity is a measure of the antibody’s ability to discriminate between its 
specific target protein and unrelated proteins competing for the same binding 
235. Both sensitivity and specificity are defined by the antibody’s binding affinity 
to its particular antigen. Affinity describes the strength of all interactions 
between the paratope of the antibody and the epitope of the target antigen. The 
molecular interactions are reversible and depend on non-covalent forces such as 
hydrogen bonds, Van der Waals forces, hydrophobic interactions and 
electrostatic forces. These interactions are influenced by several parameters 
including temperature, pH, pressure, ionic strength and concentrations of 
molecules in solution 262,263. Affinity can be measured in several ways based on 
equilibrium or kinetic measurements. It is classically reported by a KD value that 
is determined by the association rate of a single paratope and epitope (Kon) and 
the dissociation rate of the complex (Koff) according to equation (1) 235,264.   
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Typical KD values for antibodies are in the low micromolar (10-6) to picomolar 
(10-10) range and in general, smaller KD values indicate higher affinity of the 
antibody 235. Considering that antibodies exhibit typically more than one 
antigen-binding site, affinity is further divided into intrinsic affinity and 
functional affinity. The term intrinsic affinity refers to the interaction of a single 
paratope with its corresponding epitope. Functional affinity, on the other hand, 
describes the accumulated binding strength of multiple intrinsic affinities and is 
commonly known as avidity 262. For instance, IgG has two antigen-binding sites 
and hence is bivalent, whereas IgM is deca- or hexavalent and therefore has a 
higher avidity.  
 
Polyclonal, monoclonal or synthetic?  
Researchers in life science and translational medicine are dependent on reliable 
antibodies, although they are often only interested in the target and not the 
antibody itself. The type of information obtained from a specific experiment is, 
however, directly influenced by the antibody. Hence, a thoughtful antibody 
design and the right scaffold are vital when selecting the right binder for a 
specific research question. All antibodies have benefits as well as drawbacks as 
research tools and have distinct characteristics that differentiate them from 
each other.  

Due to their abundance, long half-life and efficacy, IgGs are the main 
isotype utilized as tools in research and therapeutics and hence, hereafter the 
term antibody refers to the IgG isotype.  
 
Polyclonal antibodies 
Polyclonal antibodies (pAb) are a heterogeneous mixture of antibodies 
generated from independent B-cell clones. As a consequence, pAbs recognize 
several epitopes on the same antigen with different specificities and affinities. 
Animals used to generate pAbs are generally chosen based on the evolutionary 
relationship between the source of the antigen and the animal species. The more 
distant the organisms, the more immunogenic the antigen will be. An 
alternative approach to enhance the immune response in the host is to inject an 
adjuvant together with the antigen. Adjuvants are substances used to generate a 
more robust immune response than the antigen alone 265. Another factor to 
consider when choosing the right animal is its size, since a bigger animal (e.g. 
goats) has a larger blood volume than a small one (e.g. mouse), and hence, more 
antisera can be obtained. Following blood collection and the separation of 
antibody-containing serum from red blood cells and coagulation factors, the 
antisera may be used directly in experiments. However, since the pAb specific to 
the antigen compromise around 1% of the total antibody population, 
purification of the pAbs are recommended 266.   
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The heterogeneous nature of pAbs is both a blessing and a curse. Advantages of 
pAb include applications such as immunohistochemical (IHC) staining of 
tissues, where epitopes are often inaccessible due to fixation-produced cross-
linking. Additionally, pAbs are the preferred choice of detecting denatured 
proteins in western blotting, where some epitopes have been destroyed. They 
are also a suitable tool for detection of proteins at low concentrations due to the 
detection of multiple epitopes on the same target and a signal amplification 
effect. Another advantage of pAb is their tolerance to minor antigen changes 
caused by post-translational modifications 266. However, the heterogeneity and 
the limited availability of antisera are major drawbacks of pAbs. It is not 
possible to generate the exact same composition of antibodies in two animals, 
even if they are of the same species and are inbred. Hence, batch-to-batch 
consistency has to be ensured by testing each newly purified batch under the 
same experimental conditions and comparing the results to the original 
specification 266.  
 
Monoclonal antibodies 
The true potential of antibodies as research tools was not appreciated until the 
revolutionary work by Köhler and Milstein in 1975 resulted in the production of 
monoclonal antibodies (mAb) 267. They generated an immortal cell line, known 
as a hybridoma, by fusing antibody-producing B-cells with a mouse myeloma 
cell line. Cells were then cultured in a selective media in which only hybridoma 
clones could survive and proliferate. Each hybridoma clone expresses a single 
antibody with specificity for one particular epitope on the antigen. Once 
hybridoma cells are established, clones are screened with appropriate analytical 
methods to determine specificity and affinity as well as to identify good 
antibody-producers 268.   

Hybridoma cells can be cultured long-term in vitro allowing the 
purification of large quantities of mAbs. Due to the single-epitope binding 
characteristics, mAb are less prone to cross-react with other proteins and have 
nearly no batch-to-batch variation. Thus, mAbs are suitable tools for therapeutic 
uses and applications requiring quantification 268. However, mAbs are sensitive 
to epitope changes and experimental conditions that could impact the epitope as 
well as the formation of binding interactions. Furthermore, hybridoma cells are 
prone to mutations and can lose mAb expression, and thus, require frequent 
retesting 268. 
 
Synthetic antibodies 
Advances in biotechnology and protein engineering allowed the development of 
alternative binding molecules to overcome the inherent limitations of 
antibodies. One of the key differences between naturally occurring and synthetic 
antibodies is the way they are generated.  
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As mentioned above, polyclonal and monoclonal antibodies are generated in 
vivo by recombination and hypermutation during B-cell development and 
differentiation 241,242. In contrast, synthetic antibodies are engineered in vitro 
and thus, bypass the immune system and the need for animals for their 
production. The synthetic methodology also allows for the generation of affinity 
reagents against antigens that are toxic to animals 269. Synthetic antibodies 
include recombinant antibodies and their derivatives, as well as antibody-like 
molecules based on alternative scaffolds. 
 
Recombinant antibody derivatives 
The genetic manipulation of recombinant full-length antibodies enables the 
expression of a wide range of small antibody formats, such as single-chain Fv 
fragments (scFvs). These small monovalent antibodies consist only of the 
variable domains, VH and VL, which are joined by a flexible peptide linker 
(Figure 4). ScFvs retain the antigen-binding affinity of the parent IgG and can 
be developed by cloning the variable domain genes from hybridoma cells 
secreting a specific antibody 270. As an alternative, scFvs can be produced from 
antibody libraries that are built on the variable domain gene repertoires from 
non-immunized animals, immunized animals, or completely synthetic sources 
271,272. Using a suitable display system, such as phage display or yeast display, 
these libraries can be screened to identify scFvs with desired characteristics. In 
addition, scFvs can be rebuilt into multivalent binders, such as diabodies to 
obtain desired avidities (Figure 4). They can further be fused to a wide range of 
molecules including radio-isotopes for imaging, enzymes for drug testing, and 
biosensors 273. Other small antibody derivatives are the variable domain 
proteins found in the immune system of camelids or sharks 274 (Figure 4). These 
nanobodies consist only of a single variable domain that is homologous to the 
full-length antibody VH domain. Nanobodies exhibit high specificities and 
affinities towards their target antigens and due to their molecular stability and 
small size, nanobodies are suitable tools for intracellular environments 275,276. 

 
Figure 4: Overview of different synthetic antibodies.  scFv, diabodies and nanobodies are 
small derivatives of full-length antibodies. The variable light chain (VL, orange) is linked to the 
variable heavy chain (VH, yellow) via a flexible linker. Affibody (PDB code: 2KZI 277) was modelled in 
RCSB protein data bank with the three α-helices in violet. Knottins (adapted from 278) contain six 
cysteines (yellow circles, I-VI) that are connected by three disulphide bonds (dotted blue line) 
forming the characteristic knot. β-strands are shown as blue arrows.  
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Alternative affinity scaffolds 
In addition to using antibody domains as a basis to create molecules for affinity 
applications, other scaffolds have also shown promising results 279. These 
antibody-like molecules are known as antibody mimetics and are mainly based 
on proteins or polypeptides. They have no structural relation to antibodies, but 
are able to bind specific antigens similar to antibodies. Many different types of 
antibody mimetics have been synthesized as reviewed by Yu and colleagues 279. 
The most important and widely used molecules are affibodies, knottins and 
aptamers. Affibody molecules originate from Staphylococcus aureus and 
compise a 58 amino acid-long polypeptide that folds into three α-helices (Figure 
4). Their small and simple structure has led to applications in immunoassays, 
microarrays, enzyme regulation, in vivo imaging, and diagnostics 280. Knottins 
are a large family of structurally related peptides and are characterized by a 
rigid molecular knot. The knot is created by a particular arrangement of three 
disulfide bonds (Figure 4) and confers a high thermal, chemical and proteolytic 
stability 281. Knottins are used for non-invasive molecular imaging 278 and 
several naturally occurring knottins have been approved for treating chronic 
pain and gastrointestinal diseases 282. In contrast to affibodies and knottins, 
aptamers are composed of ribonucleic acid (RNA) or single-stranded 
deoxyribonucleic acid (DNA) oligonucleotides. Aptamers bind their 
corresponding target with high specificity and affinity and, like antibodies, can 
be used to activate or neutralize proteins upon binding 283. They have been used 
in immunoassays, microarrays, flow cytometry and imaging 284.   
 
Antibodies against SOD1 
A wide range of antibodies against SOD1 has been generated over the years, 
many of them recognizing epitopes that are only accessible in disordered or 
misfolded SOD1 species. Hence, these antibodies discriminate between natively 
folded SOD1 and aberrant SOD1 species and are valuable tools to study 
potentially pathogenic SOD1 species (Figure 5). 

 
Figure 5: Schematic overview of antibody binding to different SOD1 species. Epitopes 
are unavailable for antibody binding in the natively folded protein. They become accessible and 
adopt a conformation that is recognized by the antibodies in the unfolded/misfolded state of the 
SOD1 protein and in SOD1 aggregates. 
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A series of pAb has been produced using rabbits as hosts. The animals have 
been immunized with short peptides corresponding to amino acid residues 4-
20, 24-39, 43-57, 57-72, 80-96, 100-115, 111-127, and 131-153 of the human 
SOD1WT sequence 130. Some of these peptides are exposed on the surface of the 
native SOD1 protein, but due to a specific 3D conformation and lack of flexibility 
in the rigid native SOD1 structure, these segments are not recognized by the 
anti-peptide antibodies. In disordered SOD1 species however, the same 
segments are able to adopt a conformation that can be recognized by the 
antibodies 172. All anti-peptide antibodies showed a selective reactivity for 
denatured and disordered SOD1 species over natively folded and murine SOD1 
in different biochemical assays 130,132. In addition, these anti-peptide antibodies 
exhibited differential reactivity to human SOD1 aggregates and have been 
utilized to study the structures of various mutant SOD1 aggregates 172.  

Several mAb against human SOD1 have been established with the intent 
to create potential therapeutics. One set of mAbs was generated by immunizing 
mice with a recombinant form of hSOD1G93A lacking both the disulfide bond and 
metals. The resulting antibodies, designated A5C3, B8H10, C4F6, and D3H5 
recognize different epitopes in SOD1 118,134. These antibodies are selective for 
various mutant SOD1 proteins and do not react with natively folded SOD1 285.   

Another set of mAb was raised against amino acid residues 125-142 (3H1) 
and 143-151 (SEDI) of the wild type SOD1 molecule. The epitope recognized by 
the 3H1 antibody is part of the electrostatic loop that is inaccessible in its native 
conformation 286. The SEDI antibody was created against a hydrophobic region 
located within the dimer interface of SOD1 that only becomes exposed when the 
dimer is disrupted 287. As such, both 3H1 and SEDI antibodies selectively 
recognize disordered and misfolded SOD1 conformations, but not the native 
dimeric structure 137,159.  

Immunotherapy  
Developing therapeutic interventions of neurodegenerative diseases has been a 
great challenge and a major focus of research for some years now. Increasing 
age adds to the difficulties of finding therapies due to multiple mechanisms 
involved in these diseases. Both pre-clinical research and the pharmaceutical 
industry seek therapies with higher sensitivity and efficacy. Therapeutic 
antibodies are one of the fastest growing sectors in the pharmaceutical industry 
and immunotherapy is one of the most common therapeutic approaches 
investigated for neurodegenerative diseases 288. These strategies offer a 
selectivity and specificity that potentially eliminates only toxic protein species, 
while leaving the cell’s normal proteome unaltered. Most pre-clinical and 
clinical studies have focussed on developing immunotherapy, whether active or 
passive, to better target protein aggregates 288,289. 
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Active immunotherapy involves the stimulation of the body’s own immune 
system to produce antibodies against an administered antigen. This approach is 
more natural, long lasting and requires only a few treatment sessions. However, 
active immunization can induce autoimmune reactions causing neuro-
inflammation 290 and offers limited choice of epitopes and specificity 291,292.  

Passive immunotherapy refers to the administration of externally 
synthesized antibodies to the body. The protection offered by foreign antibodies 
is instant, yet temporary and thus, requires continuous injections. Passive 
immunotherapy can be better controlled than active strategies, since antibodies 
can be engineered with a desired level of specificity to target only distinct strains 
of the disease-associated protein 288,293. Important biological barriers that 
determine effective therapeutic treatment are the passage through the blood 
brain barrier (BBB), blood spinal cord barrier and blood cerebrospinal fluid 
barrier. These barriers help maintain the CNS homeostasis by limiting the 
access of circulating molecules from the periphery 294. Among those barriers, the 
BBB is the most stringent one letting only 0.1-0.2% of circulating antibodies 
pass into the brain 295,296. Preferred methods of administering antibodies are 
intravenous or intraperitoneal (i.p.) injections, due to their relatively simple 
execution. To be able to pass the BBB in sufficient amounts, high doses of 
antibodies are required, because most of them are drained and eliminated via 
the peripheral blood stream 297. To overcome the poor penetration into the BBB, 
intra-cerebroventricular or intrathecal techniques administer antibodies 
directly into the CNS. However, these methods have raised concerns with 
respect to surgical methods and infection risks due to implanted catheters 298.  

Both active and passive immunotherapeutic approaches are explored in 
several neurodegenerative diseases including AD, PD and tauopathies 288. 
Immunotherapies targeting Aβ, α-synuclein and tau have been shown to 
prevent protein aggregation and stimulate aggregate clearance in vivo. 
Consequently, this led to a reduction in the deposition of aggregated species and 
neurodegeneration 299. Furthermore, active immunization reduced the 
production of pro-inflammatory cytokines by stimulating a physiological 
microglial response 300-302. Despite the ongoing attempts and successes of 
immunotherapy in pre-clinical studies, translating these findings to the clinic 
has been of limited success. Notable examples are antibodies targeting Aβ 
including bapineuzumab and solanezumab. Following successful Phase 1 and 2 
trials, both antibodies were abandoned after they did not show any clinical 
efficacy in a Phase 3 trial 303-305. A promising antibody is aducanumab, which is 
currently evaluated in a Phase 3 efficacy study (NCT02477800). Aducanumab 
recognizes aggregated Aβ and has been shown to decrease Aβ plaques in several 
brain regions in patients with mild AD 306. 
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Therapeutic interventions using either active immunization or antibody-based 
strategies have also been tested in mice models of SOD1-mediated ALS. 
Regarding active immunization, recombinant apo-SOD1G93A, apo-SOD1WT or a 
peptide corresponding to the amino acids 145-151 in the SOD1 sequence, were 
used as immunogens 307-309. All of these studies reported a therapeutic effect 
with a prolonged survival. However, the effect was dependent on the recipient 
transgenic mouse model. Survival was prolonged up to 40 days in the SOD1G37R 
transgenic mice, while the survival was extended by only a few days in the 
SOD1G93A mice expressing high levels of the transgene 307,309. In addition, one 
study reported adverse effects in the SOD1G93A low copy number mice, following 
active immunization using an antigenic peptide that targets the dimer interface 
of SOD1 310. In passive immunotherapeutic approaches, several mAbs have been 
administered by intracerebroventricular infusions into the SOD1G93A mice. 
These resulted in modest therapeutic effects with prolonged survival times 
285,311. As an alternative route of administration, mAbs have also been delivered 
through i.p. injections. A substantially prolonged survival was only observed in 
the low copy number and slow progressing hSOD1G37R transgenic mouse model 
311. Taken together, these data highlight the need for a better understanding of 
ALS disease mechanisms in order to develop effective therapeutic interventions 
in ALS. 
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Aims of this thesis 

The general aim of this thesis was to use antibodies as tools to study disordered 
and aggregated SOD1 species in different ALS model systems and investigate 
their potential as therapeutic agents. The specific aims were to: 
 
 

• Analyze misfolded SOD1 in patient-derived cell models with 
physiological levels of SOD1 expression  
 

• Investigate the effects of low oxygen tension on soluble and aggregated 
misfolded SOD1 levels in patient-derived models  
 

• Optimize methods to study misfolded SOD1 in post mortem tissues 
from SOD1-ALS patients and sporadic ALS cases 
 

• Validate novel conformation-specific antibodies for their reactivity to 
disordered and aggregated SOD1 species in vitro and in vivo  

 
• Investigate whether passive immunization can neutralize the spread of 

SOD1 aggregates and slow disease progression in a mouse model of 
prion-like transfer of SOD1 pathology 
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Materials and Methods 

In the following section, I will summarize the key materials and novel methods 
applied in this thesis. The reader is referred to the materials and methods of 
Paper I–IV for standard techniques and detailed descriptions of experimental 
set ups.  
 

Human materials 
Studies involving human subjects were performed in accordance with the ethical 
principles for medical research defined in the Declaration of Helsinki (WMA, 
1964) and approved by the appropriate national ethical review boards in 
Sweden (EPN at Umeå University, DNR 2014-17-31M and DNR 2014-137-31M) 
and Canada (ERB at CHU de Québec. Protocol number: 2012-1316). 

Patient and control samples were obtained following a written informed 
consent for study participation from each donor. Cell lines included in Paper I 
and II were provided through a collaboration between Project ALS at Umeå 
University, Prof. Christopher E. Henderson’s lab at Colombia University and 
Prof. Kevin Eggan’s lab at Harvard University following material transfer 
agreements established between the affiliated institutions.  
 

Cell cultures 
All cell lines were maintained at 37°C in a humidified incubator with 5% (v/v) 
CO2 supply. Cells were cultured with media components supplied by Thermo 
Fisher Scientific, unless otherwise stated. A summary of all cell types included 
in this thesis is illustrated in Figure 6. 
 
Human fibroblasts 
Fibroblast cell lines were established from skin biopsies taken from the upper 
arm of ALS patients and healthy controls with a 3 mm punch. Patient-derived 
fibroblasts were positively genotyped for ALS-linked mutations in SOD1, FUS, 
TBK1, TARDBP, ANG and C9ORF72 and were heterozygous for their respective 
mutation. The homozygous SOD1D90A patient was the only exception. The 
control fibroblast lines were generated from unaffected family members of ALS 
patients and were negative for any identified mutation in ALS associated genes. 
Paper I includes further a sporadic ALS patient line and an isogenic control line 
where the SOD1A4V mutation was genetically modified to wild type 214.  

In Paper I, fibroblast cells were cultured in Dulbecco's Modified Eagle 
Medium (DMEM) supplemented with fetal bovine serum (FBS), L-glutamine 
and Penicillin-Streptomycin. In Paper II, fibroblast cells were cultured in 
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Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with FBS, 
L-glutamine and penicillin (Meda).  

 
Induced pluripotent stem cells  
IPSCs were generated from fibroblasts using different reprogramming strategies 
based on either retroviral transduction of the Yamanaka factors (Paper I) 214,312-

314, nucleofection of episomal vectors (Paper II) 315 or mRNA reprogramming 
(Paper II; material: Stemgent; Service: Takara Bio Europe AB). All iPSCs were 
maintained as a monolayer in the DEF-CS Culture System (Takara Bio Europe 
AB) until analysis or initiation of differentiation.  
 
iPSC-derived motor neurons 
IPSCs were differentiated to motor neurons using either 2D or 3D protocols. 
Both differentiation strategies are optimized to generate motor neurons with a 
limb-innervating phenotype 211,316. In addition, these motor neuron cultures 
contain proliferating astrocytes and are subsequently referred to as iPSC-
derived motor neuron and astrocyte cultures (MNACs). 

The protocols vary in cell culture dimension, media composition, 
duration of patterning phases and neuronal maturation 209. The 3D 
differentiation protocol stimulates the formation of embryonic bodies (EBs) in 
suspension cultures. Cells were neuralized by dual-SMAD inhibition using 
SB431542 (Sigma Aldrich) and LDN193189 (Stemgent) 210 and treated with 
retonic acid (RA) to stimulate the spinal cord identity. Purmorphamine 
(Stemgent) was used to convert spinal precursors to motor neuron progenitors. 
Neurotrophic factors including BDNF, CTNF, GDNF and IGF1 were added to 
promote neurogenesis, maturation and survival. After 31 days of differentiation, 
EBs were dissociated and resulting MNACs were further matured for up to 12 
days before analysis. 

2D differentiation was initiated on adherent iPSCs by dual-SMAD 
inhibition using SB431542 (Sigma Aldrich) and LDN193189 (Stemgent). Neural 
progenitors were exposed to RA and the hedgehog agonist SAG (Sigma Aldrich) 
to direct neural progenitors towards a spinal identity and induce motor neuron 
patterning. Neurogenesis was induced by exposure to the Notch inhibitor DAPT 
(Selleck Chemicals) and the fibroblast growth factor (FGF) signalling inhibitor 
SU5402 (Sigma Aldrich). After 14 days of differentiation, MNACs were 
dissociated to single cells and matured for 10 days before analysis. 
 
iPSC-derived astrocytes 
Astrocytes were isolated from 3D-differentiated MNACs by exchanging media to 
DMEM supplemented with FBS, B-27 Supplement minus antioxidants, L-
glutamine, NEAA and heparin 317. MNACs were passaged and maintained in this 
media until cultures were only positive for proliferating astrocytes. 
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iPSC-derived sensory neuron cultures 
IPSCs were differentiated to sensory neuron cultures (SNCs) by inducing 
neuralization using the dual-SMAD inhibition strategy. Cells were cultured in 
Knock Out-DMEM supplemented with SB431542 and LDN193189. The media 
was then gradually exchanged to 100% (v/v) N2-media (DMEM/F12 (Sigma 
Aldrich) supplemented with DAPT (Selleck Chemicals), SU5402 (Sigma 
Aldrich) and the Glycogen synthase kinase 3 (GSK-3) inhibitor CHIR99021 
(Tocris). SNCs were harvested and seeded in N2-media supplemented with 
NGF, BDNF, GDNF and ascorbic acid. Cells were matured for 21 days before 
conducting experiments.  
 
Patient-derived primary astrocytes 
Primary astrocytes were generated from 2 cm2 portions of the ventral horn from 
the thoracic spinal cord of an ALS patient with a SOD1 A4V mutation 72h post 
mortem. The patient-derived cell line was established according to protocols 
optimized for the isolation and maintenance of glia cells from post mortem 
tissue 188. The primary astrocytes were maintained in KnockOut DMEM/F12 
media supplemented with FGF-2 (Peprotech), epidermal growth factor (EGF; 
Peprotech), Platelet-derived growth factor AB (PDGF-AB; Peprotech), 
GlutaMAX Supplement and StemPro Neural Supplement until analysis.  
 

 
Figure 6: Schematic overview of cell cultures. Fibroblasts were isolated from skin biopsies, 
reprogrammed to iPSCs and differentiated to iPSC-derived motoer neuron and astrocyte cultures 
(MNACs). MNACs were subcultured to enrich for iPSC-derived astrocytes (iPSC-astros) or seeded 
on mouse primary astrocytes (MNACs + 1° astros). iPSCs were also differentiated into sensory 
neurons (SNCs). Primary astrocytes were established from post mortem spinal cord tissue. Cells 
were analysed for soluble disordered SOD1, total SOD1, SOD1 aggregates, and status of disulphide 
bond.  
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SOD1 transgenic mice 
Studies including transgenic mice overexpressing different mutant hSOD1 
variants were approved by the Regional Ethics Committee for Animal Research 
at Umeå University (DNR A9-15 and A10-15). Mice were maintained at a 12 h 
light/dark cycle with food and water ad libitum and sacrificed at preselected 
ages or when end-stage was reached. End-stage was defined when mice were no 
longer able to reach food due to severe paralysis of the limbs and/or lost more 
than 25% body weight.  

As described earlier, the genetic background is of great importance with 
regards to phenotype and onset 225. Mice used in this thesis were inbred for 
more than 30 generations with the C57BL/6JBomTac strain (B6) (Taconic 
Europe). The hemizygous hSOD1G93A model used in our laboratory is a sub-
strain of the aforementioned G1 line. These mice incorporated about 25 copies 
of the transgene and due to the higher expression, develop a more aggressive 
disease than the founder model. In our laboratory, the first signs of motor 
impairment appear at around 90 days of age and the average lifespan of this 
mouse model is 135 days. The hemizygous hSOD1G85R strain (line 148) utilized 
in this thesis expresses approximately 57 % less hSOD1 mRNA than the 
hSOD1G93A strain 318, while hSOD1G85R protein levels are comparable to the 
endogenous mouse SOD1 levels (1-fold) 114. In our laboratory, the average life 
span of hSOD1G85R mice is 406 days, in contrast to the 200 days of the 
templated prion-like spread mouse model based on the hSOD1G85R strain 173. 
Non-transgenic littermates from the hSOD1G85R breeding or pure B6 mice were 
included as controls. 

 

Antibodies against misfolded SOD1  
Rabbit pAbs were generated against different hSOD1 variants, including native 
SOD1 purified from human erythrocytes (Marklund 1997), full-length apo-SOD1 
and various peptides covering 90 % of the human wild-type SOD1 sequence 
130,132,319. Antibodies against native SOD1 and full-length apo-SOD1 have been 
purified using Protein A or G chromatography. The anti-peptide antibodies were 
purified against the corresponding peptides coupled to Sulfolink gel (Pierce) 130. 
Antibodies directed against amino acids 24-39, 57-72 and 131-154 of hSOD1WT 
(SOD124-39, SOD157-72, SOD1131-154) showed the highest sensitivity in most 
applications and are used in this thesis.  

Mouse mAbs were generated against peptides corresponding to amino 
acids 57-72 and 131-153 of the human SOD1WT sequence using hybridoma 
technology. For each SOD1 epitope, two antibodies were chosen for further in 
vitro analyses and belonged either to the IgG1 (mAb 5.7; mAb 85.11) or IgG2b 
(mAb 134.2; mAb 545.2) subclass.  
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All mAbs utilized in this study were produced from hybridoma cells 
maintained in HyClone SFM4MAb-Utility media (GE Healthcare) in CL1000 
bioreactors (Argos).  Antibodies were purified using HiTrap MabSelect SuRe 
columns (GE Healthcare). Buffers and consumables were endotoxin free and 
each purified antibody batch was tested for endotoxin levels using a kinetic 
chromogenic endpoint assay (Limulus amebocyte lysate; PharmaControl). 
Batches with detectable endotoxin levels of 1,0 EU/ml or higher were not used 
for in vivo injections. Antibodies were diluted in endotoxin-free Dulbecco 
Phosphate Buffered Saline (DPBS, Invitrogen) and stored in appropriate 
endotoxin free vials at  -80°C until use. The monoclonal anti-hSOD1 antibody 
C4F6 320 was a kind gift from Dr. François Gros-Louis, Canada.  

Immunocapture  
Misfolded hSOD1 species were immunocaptured with SOD1 antibodies cross-
linked to Dynabeads M-270 Epoxy (Invitrogen). Potentially, all antibodies 
specific for misfolded SOD1 could be used, but pAb SOD124-39 and SOD157-72 
(Agrisera) as well as the mAb C4F6 antibody (Medimabs) showed the highest 
sensitivity to soluble misfolded SOD1 in this particular assay. 

Samples were prepared in phosphate-buffered saline (PBS, pH 7.0) with 
an ionic strength (150 mM NaCl) that mimics physiological conditions. The 
buffer was supplemented with the protease inhibitor cocktail Complete without 
Ethylenediaminetetraacetic acid (EDTA) (Roche) and the non-ionic detergent 
Nonidet P-40 (NP-40, Roche). Additionally, iodoacetamide (IAM, Sigma 
Aldrich) was used to prevent the formation of artificial disulfide bonds via 
irreversible alkylation of the free SH group of cysteine. 

Antibody-coated beads were incubated with cell extracts (20.000 xg 
fraction) or spinal cord extracts (1.000 xg fraction) and after sufficient washing 
cycles, misfolded SOD1 was eluted and analysed by western blots. Unbound 
fractions of cell lysates have been additionally analysed by ELISA to determine 
the efficiency of the immunocapture method. 

Immunohistochemistry  
Patient tissues samples from several brain and spinal cord regions as well as 
mouse spinal cord tissue were immersion-fixed and embedded in paraffin. 
Paraffin blocks were sectioned at a thickness of 10 µm (human tissue) or 4-6 µm 
(mouse tissue), deparaffinized, and subjected to antigen retrieval and primary 
antibodies. Sections were stained with the automated BenchMark Ultra 
(Ventana Tucson) and optimal antigen retrieval conditions and working 
concentration were determined for each antibody. The primary antibodies were 
detected with the ultraView Universal DAB detection kit (human tissue) or 
iView Universal DAB detection kit (Ventana Tucson) (mouse tissue).  
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All sections were counterstained with haematoxylin, dehydrated and mounted 
with Pertex (Histolab).  

Passive Immunotherapy  
The prion-like ALS model was used to investigate the efficacy of mAbs in vivo. 
The model is based on the inoculation of isolated hSOD1G85R aggregate seeds 
into the lumbar spinal cord of pre-symptomatic SOD1G85R transgenic mouse 173. 
This induces a prion-like templated spread of SOD1 aggregation causing 
premature onset and aggressive progression of fatal motor neuron disease.  
The mAbs directed against epitopes SOD157-72 (mAb 134.2) and SOD1131-153 (mAb 
85.11) as well as control antibodies, a mouse polyclonal IgG-mix and mAb IgG1 
(anti-c-myc; clone 9E10) were i.p. injected into hSOD1G85R mice. Parameters 
such as antibody concentration, starting point and frequency of administration 
as well as inoculation of hSOD1G85R aggregates varied according to the 
experimental set up. For example, antibodies injections started three weeks 
before hSOD1G85R aggregates were inoculated to achieve a baseline antibody 
titre. Antibodies were continuously injected once per week until mice reached 
end-stage as defined above. In another experimental set up, antibodies were 
pre-incubated with hSOD1G85R aggregates before inoculation into the spinal 
cord. 

Circulating antibody titres were assessed from all mice by collecting 
submandibular bleedings at predefined stages from all mice. The spinal cord 
and brain were dissected, divided into left/right, and analysed either by IHC or 
immunoblotting using western blotting and dot blotting. 
For more details on the individual experiments see Paper IV. 
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Results 

Paper I 
Enhanced protein misfolding in patient-derived models of 
amyotrophic lateral sclerosis 
Aggregates containing misfolded SOD1 are characteristically found within 
motor neurons and astrocytes in SOD1 ALS patients as well as in transgenic 
mice overexpressing mutant hSOD1 or hSOD1WT 118,318. SOD1 aggregates are also 
found in non-SOD1 and sporadic ALS patients 130,132. Analysis of ALS models 
revealed that these large SOD1 aggregates appear relatively late in the disease 
process, at a time when symptoms, such as limb tremor and paresis, become 
already apparent 122,223. However, morphological and physiological 
abnormalities can be detected before macroscopic SOD1 aggregates appear 
219,321-325. Electrical properties of motor neurons in hSOD1G93A mice exhibit 
alterations shortly after birth 326,327 and aberrant activation of glial cells can be 
found before symptom onset 328. These suggest that other toxic SOD1 species 
than the large, insoluble SOD1 aggregate arise earlier in the disease 45,329,330.  

Due to the limited availability of patient material, it is unclear how closely 
these findings translate to the human disease. Most studies of mutant SOD1 
toxicity have been conducted with transgenic models requiring overexpression 
of mutant hSOD1. High levels of SOD1 expression promote abnormal protein 
interactions 331 and this could mislead our understanding of ALS pathogenesis. 
Therefor, patient-derived in vitro models of ALS, where SOD1 is expressed at 
physiological levels would be useful to help dissect the molecular pathogenesis 
of SOD1 ALS. 

The aim of this study was to quantify the levels of disordered SOD1 
species in patient-derived cells and to see whether their levels were specifically 
enhanced in disease-susceptible cell types, such as motor neurons and 
astrocytes. We analysed cell lines from patients with mutations in SOD1, other 
ALS-linked genes as well as sporadic ALS. In addition, we examined cell lines 
from two non-disease controls and mouse ESC-derived motor neuron cultures 
overexpressing SOD1WT or hSOD1G93A (Paper I, Supplemental Table 1). To study 
disordered SOD1 in cell types more relevant to ALS, we differentiated patient-
derived iPSCs to a mixed population of mature motor neurons and astrocytes 
based on previous reports 312,313,316. To obtain pure astrocyte cultures, we 
expanded MNACs in media containing serum as previously described 317. The 
levels of soluble disordered SOD1 were quantified from cell extracts via an 
enzyme-linked immunosorbent assay (ELISA). This ELISA utilizes the 
conformation-specific pAb hSOD124-39, which specifically detects disordered and 
misfolded hSOD1 and does not react with native forms of human or mouse 
SOD1 319. 
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 The same antibody was used in immunocapture experiments to study the 
disulphide status of disordered SOD1. Detergent-insoluble SOD1 aggregates 
were evaluated by western blotting using the pAb hSOD157-72.  

We first quantified the baseline levels of disordered SOD1 in different cell 
types from two non-disease control lines expressing SOD1WT only. Non-
neuronal fibroblasts and iPSCs showed low, but comparable levels of disordered 
SOD1 in both control lines. In contrast, MNACs showed significantly higher 
levels of disordered SOD1 indicating an increased destabilisation of SOD1WT 
even in the absence of a SOD1 mutation (Figure 1B in Paper I). These results 
suggest further that disordered SOD1 is higher in cell types affected by ALS. 

Analysis of disordered SOD1 was then expanded to a number of different 
ALS patient-derived MNACs as well as to mouse MNACs overexpressing SOD1. 
Sporadic ALS and non-SOD1 familial ALS patient lines exhibited levels of 
disordered SOD1WT similar to those detected in non-disease control MNACs and 
mouse MNACs overexpressing SOD1WT (Figure 2B in Paper I). In contrast, 
patient-derived MNACs carrying SOD1 mutations showed significantly 
increased levels of disordered SOD1 over non-disease controls. The levels were 
even further enhanced in mouse MNACs overexpressing SOD1G93A.  

Ideally, patients and non-disease controls should be matched as closely as 
possible. Hence, siblings or partner to a patient are often used. This approach is 
thought to minimize confounding variables, such as different genetic 
backgrounds and unknown effects of environmental factors. However, iPSC 
clones from different individuals can be highly variable and efficiency of 
neuronal differentiation may vary between different clones derived from the 
same patient 332,333. Hence, the most suitable controls for genetic diseases are 
the patient’s own cells in which the disease causing mutation has been corrected 
to wild type. Gene-editing technology enables the generation of such “isogenic” 
controls by genetic correction of mutations in the human genome 334. We 
utilized iPSCs from an SOD1A4V patient and its isogenic control in order to 
determine whether disordered SOD1 levels were dependent on the SOD1 
mutation or were due to other unknown factors 214,215. ELISA analysis showed 
elevated levels of disordered SOD1 in MNACs carrying the SOD1A4V mutation 
compared to its isogenic control (Figure 2D in Paper I). This suggests that 
variations in disordered SOD1 levels arise due to the mutation. The SOD1A4V and 
its isogenic control iPSCs were further differentiated to sensory neuron cultures 
(SNCs) in order to establish whether enhanced levels of disordered SOD1 were a 
specific feature of motor neurons. We detected significantly lower levels of 
disordered SOD1 in SNCs in both lines, reinforcing the earlier observation that 
increased amounts of disordered SOD1 are a distinct characteristic of MNACs.  

MNACs consist of a heterogeneous mixture of neurons, motor neurons 
and proliferating astrocytes. Although the degeneration of motor neurons is a 
pathological hallmark of ALS 10,49, astrocytes are also actively involved in the 
disease 188,335-337.  
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To assess levels of disordered mutant SOD1 in astrocytes separate from motor 
neurons, we established pure iPSC-derived astrocyte cultures (iPSC-astros) 
from MNACs expressing mutant SOD1. We also enriched motor neurons from 
MNACs by seeding newly differentiated MNACs on a confluent layer of mouse 
primary astrocytes and thereby supressing the growth of human astrocytes in 
the culture (Figure 3A in Paper I). Analysis of these cultures revealed 
significantly increased levels of disordered SOD1 in iPSC-astros compared to 
their corresponding MNACs. In contrast, motor neurons grown on primary 
mouse cells exhibited lower levels of disordered SOD1 compared to mixed 
MNACs. This suggests that iPSC-astros were mainly responsible for the high 
levels of disordered SOD1 in MNACs.  

Soluble disordered SOD1 monomers are the building blocks for SOD1 
aggregates in vitro and in vivo 146,151,338. Furthermore, these monomeric SOD1 
species lack the intrasubunit disulphide bond, which is important for protein 
stability 91,96,185. To ascertain the nature of soluble disordered SOD1 in our ALS 
patient-derived cells, we utilized size exclusion chromatography (SEC) and 
immunocapture methods. SEC analysis revealed that the majority of disordered 
mutant SOD1 in patient-derived MNACs had an apparent molecular mass of 55 
kDa representing highly disordered, monomeric SOD1 species (Figure 4A in 
Paper I). This coincides with results obtained in several transgenic mouse 
models overexpressing mutant SOD1 339, confirming for the first time that 
soluble disordered SOD1 exists in the same form in patient-derived cells is it 
does in mouse models. Immunocapture experiments supported this by showing 
that all disordered SOD1 in MNACs was disulphide reduced (Figure 4B in Paper 
II). Hence, soluble disordered SOD1 species in patient-derived MNACs exists as 
disulphide-reduced monomers. We then quantified detergent-insoluble SOD1 
aggregates in extracts from MNACs to study the relationship between soluble 
and aggregated SOD1 species. While very low levels of aggregation were 
detected in non-disease control and isogenic control lines, MNACs expressing 
SOD1A4V showed higher levels of SOD1 aggregates (Figure 4C in Paper I). In 
contrast, MNACs expressing SOD1G85S had comparable levels of aggregation to 
control lines. However, this particular ALS patient-line showed very high levels 
of soluble disordered SOD1 indicating that levels of soluble disordered SOD1 do 
not necessarily correlate with the level of aggregated SOD1 in MNACs.  

In summary, this study validated the utility of patient-derived model 
systems to study SOD1-driven ALS pathology. Our approach of using patient-
derived iPSC cells combined with antibody-based analyses enabled us to 
demonstrate that human SOD1 is more disordered in MNACs and astrocyte 
cultures than other cell types. Disordered SOD1 species existed as disulphide-
reduced monomers. This will help in our mechanistic understanding of SOD1 
aggregation when translating between results gained in mouse and human 
SOD1 ALS models. Our findings also suggest that iPSC-derived models are 
suitable tools to study the selective vulnerability of the motor system to the 
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ubiquitously expressed SOD1 protein. They could further help to bridge the gap 
between successful animal studies and clinical trials by using them to validate 
results in the context of human cells bearing patient-specific mutations. 
 

Paper II 
The molecular pathogenesis of superoxide dismutase 1-linked 
ALS is promoted by low oxygen tension 

The central nervous system requires a constant supply of oxygen to meet its 
high energetic demands. Reduced vascular perfusion due to ageing or 
pathological conditions such as stroke, can lead to either temporary or chronic 
local deprivation of oxygen and induce cell death 54,340,341. Beside its vital role in 
energy production during cellular respiration, oxygen is also crucial for the 
formation of disulphide bonds, which are post-translational modifications 
required for the correct folding and maturation of most newly synthesized 
proteins, including SOD1. The intrasubunit disulphide bond in SOD1 is formed 
through oxidation of the thiol groups in C57 and C146 and the reaction is 
primarily catalysed by CCS 90,91,342. The formation of the bond stabilizes 
monomeric SOD1 and facilitates its dimerization, maturation, and activation. 
Absence of the disulphide bond promotes conformational changes in SOD1 
leading to disordered and misfolded SOD1 species in vitro 104,119,146,338,343. 
Disulphide-reduced SOD1 monomers are further substrates for aggregation and 
the principal substrate for aggregates in vitro and in vivo 122,146,344. Native SOD1 
is an extremely stable protein predominantly found in the cytosol 345, which is 
an energetically reducing environment and thus, does not favour oxidized 
disulphide bonds 346. Hence, preservation of the bond could be a weakness of 
the otherwise stable SOD1 protein 95. Furthermore, the availability of oxygen 
could affect the formation of the disulphide bond in SOD1 and thereby affect the 
protein stability. 

The aim of this study was to investigate the role of lowered oxygen 
tensions on the redox status of the SOD1 disulphide bond using conformation-
specific SOD1 antibodies. We analysed levels of soluble disordered and 
aggregated misfolded SOD1 in patient-derived fibroblasts, MNACs and primary 
astrocytes. Cells were cultured under different oxygen concentrations ranging 
from the standard atmospheric concentrations (19% oxygen) down to hypoxic 
conditions (1% oxygen). Disordered SOD1 was then analysed using the same 
ELISA, immunocapture and western blotting methods as in Paper I.  

We first explored the effect of different oxygen tensions on SOD1 stability 
in selected patient-derived fibroblast lines. Fibroblasts carrying full-length 
mutant SOD1 showed a dose-dependent increase of soluble disordered SOD1 
with the strongest response at 1% oxygen for 24 hours (Figure 2A in Paper II).  
There was no increase observed in the fibroblast line carrying a SOD1G127X 
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mutation. This mutation introduces a premature stop codon and results in a 
truncated protein that lacks C146 and consequently, cannot form the disulphide 
bond. This suggests that enhanced disordered SOD1 in response to hypoxic 
conditions is dependent on the presence of the C57-C146 disulphide bond. 
Elevated levels of disordered SOD1 could already be detected after 4 hours 
exposure to 1% oxygen and reached a plateau after 8 hours. (Figure 2B in Paper 
II). Upon returning fibroblast cultures back to 19% oxygen, the levels of 
disordered SOD1 returned to baseline levels after approximately 1 hour. Hence, 
the enhanced levels of disordered SOD1 in response to low oxygen were not only 
dose- and time-dependent, but also reversible. Analysis of a wide range of SOD1 
mutant fibroblast lines cultured under 1% oxygen revealed increased levels of 
soluble disordered SOD1 in all that carried full-length SOD1 mutant protein. 
This was also seen in non-SOD1 familial ALS and control lines, which only 
express SOD1WT (Figure 3a in Paper II). Fibroblast lines carrying C-terminal 
truncated SOD1 mutations, (SOD1G127X, SOD1D125Tfs*24), did not show enhanced 
levels of disordered protein when cultured under hypoxic conditions. Similar to 
SOD1G127X, SOD1D125Tfs*24 lacks C146 and cannot form the disulphide bond. 
Hence, this result confirmed the earlier observation that the response requires 
the C57-C146 disulphide bond.  

Since the motor system is the primary target of ALS, we next wanted to 
investigate the SOD1 response to low oxygen tension in patient-derived cells 
more relevant for the disease. Hence, primary astrocyte cultures were 
established from the thoracic spinal cord of an ALS patient carrying the SOD1A4V 
mutation 72 hours post mortem. The cells stained positive for the astrocyte 
marker S1oo calcium-binding protein B (Figure S2 in Paper II). Upon exposure 
to low oxygen conditions (1% for 24 hours), the soluble disordered SOD1 level 
increased similar to the levels seen in fibroblasts from another SOD1A4V patient 
(Figure 2D in Paper II). Hence, we could confirm that low oxygen treatment 
affects SOD1 stability by using primary cells derived from the CNS of an ALS 
patient. We then analysed iPSC-derived MNACs cultured under different oxygen 
concentrations.  Similar to fibroblasts, we observed a dose-dependent increase 
in soluble disordered SOD1 when cultured under lowered oxygen 
concentrations. However, exposure of MNACs to 1% oxygen for 24 hours caused 
axonal fragmentation, which was not observed at 2% oxygen for the same 
period. Furthermore, cells cultured with 2% oxygen showed no signs of cellular 
toxicity as assessed by cellular ATP levels and cell viability. Hence, 2% oxygen 
for 24 hours was chosen as the optimal conditions for studying the effect of low 
oxygen tension on disordered SOD1 levels in MNACs. The levels of soluble 
disordered SOD1 at 19 % oxygen were higher in MNACs compared to the 
corresponding fibroblast lines (Figure 4 in Paper II). The effect was also 
observed in control lines expressing only SOD1WT and in MNAC lines carrying 
truncated SOD1 mutants that lack the C57-C146 disulphide bond. 
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 Based on our findings in Paper I, these observations are likely to reflect the 
result of increased levels of disordered SOD1WT in MNACs compared to 
fibroblasts.  

Previous studies in SOD1 transgenic mice have shown that soluble 
disordered SOD1 lack the stabilizing disulphide bond 318,339. To determine the 
proportion of disulphide-reduced to -oxidized SOD1 in our patient-derived cell 
models, we analysed MNACs extracts by non-reducing western blots and 
immunocapture. In both approaches, the alkylating agent IAM was added to 
preserve the status of the disulphide bond at the time of harvest. In addition, 
reducing agents such as dithiothreitol (DTT) or β-mercaptoethanol where 
omitted from all buffers in order to maintain the bond. Due to the different 
mobilities in non-reducing PAGE, disulphide-reduced and -oxidized SOD1 
species can be distinguished by western blotting. Exposure of MNACs to 2% 
oxygen for 24 hours resulted in an increased proportion of disulphide-reduced 
SOD1 in both MNACs expressing mutant SOD1 and non-disease control lines 
carrying only SOD1WT SOD1. This was supported by immunocapture 
experiments using pAb SOD124-39, which specifically binds to disordered hSOD1 
species, regardless of the disulphide status. The proportion of disulphide-
reduced, disordered SOD1 increased considerably in MNAC lines expressing 
mutant SOD1 compared to non-disease control lines. These results provide 
further evidence that all disordered SOD1 species are disulphide-reduced. 
However, the majority of disulphide reduced SOD1 maintains a native, ordered 
structure, even in MNACs expressing mutant SOD1. 

Elevated levels of disordered SOD1 in response to low oxygen could be a 
result of impaired formation of disulphide bonds in newly synthesized SOD1 
proteins or due to reduction of disulphide bonds in the mature protein. The 
formation of the disulphide bond is catalysed by CCS in association with copper 
loading during the SOD1 maturation process. Reduction of the bond is 
performed by glutaredoxin and its co-factor glutathione, which exists in two 
states 347. The reduced form of glutathione (GSH) participates directly in the 
neutralization of reactive oxygen species and thereby, protects cells from 
oxidative stress. The oxidized form of glutathione (GSSG) is generated from two 
reactive GSH molecules either by reduction by peroxidases, or by disintegrating 
disulphide bonds 348. Hence, the ratio of GSH to GSSG can be used as an 
analytical method to assess disturbances in redox metabolism.  

We analysed levels of CCS, glutaredoxin-1, GSH, and GSSG in extracts 
from fibroblasts and MNACs to determine whether they corresponded with 
increased levels of disordered SOD1 following low oxygen exposure. There were 
no detectable changes in CCS or glutaredoxin-1 levels as determined by western 
blotting. Although the concentrations of GSH and GSSG were higher in MNACs 
than fibroblasts, the ratios of GSH/GSSG were not affected by low oxygen 
tension in either fibroblast or MNACs (Figure 6 in Paper II). These results 
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indicate that low oxygen tensions do not induce disordered SOD1 by altered 
levels of CCS, glutaredoxin-1 or by disturbances of the GSH/GSSG redox couple.   

To further investigate whether increased levels of disordered SOD1 were a 
result of impaired disulphide bond formation, or due to reduced stability of 
existing protein, we inhibited protein synthesis during oxygen treatment 
experiments in fibroblasts. We observed a slight increase in disordered SOD1 
levels in control lines expressing SOD1WT at both oxygen concentrations. The 
effect was more pronounced in the SOD1G93A fibroblast line with a significant 
reduction in disordered SOD1 at both oxygen concentrations. This suggests that 
a proportion of disordered SOD1 comes from impaired formation of the 
disulphide bond due to a reduced availability of oxygen. However, the results 
also suggest that oxygen is required for maintaining the bond in mature SOD1, 
since the response was enhanced at 1% oxygen in the present of the protein 
synthesis inhibitor. (Figure 7 in Paper II).  

It has previously been shown that disulphide-reduced and misfolded 
SOD1 lead to aggregation in vitro 146,338,343 as well as in vivo 122,344. To study the 
effect of low oxygen treatment on aggregate formation in our patient-derived 
cell models, we quantified detergent-insoluble aggregates in extracts from 
fibroblasts and MNACs. The level of aggregation was low in fibroblasts and did 
not increase in response to reduced oxygen concentrations. Similar results were 
observed in MNACs carrying SOD1WT or the SOD1L117V mutation, which exhibits 
wild type like stability. Furthermore, there was no increase in aggregation in 
MNACs carrying SOD1 mutations that impede the formation of the disulphide 
bond. In contrast, MNACs expressing full-length mutant SOD1 showed 
significant increases in aggregation upon low oxygen exposure. These results 
indicate a close correlation between increased levels of disordered SOD1 and 
enhanced aggregation in MNACs expressing full-length mutant SOD1s. 

In conclusion, this study provides evidence for the importance of oxygen 
tensions on SOD1 stability. Using conformation-specific anti-peptide SOD1 
antibodies, we showed that low oxygen concentrations lead to increased 
disulphide reduction and disordered SOD1 in various patient-derived cell types. 
Furthermore, enhanced disordered SOD1 promoted aggregation in MNACs but 
not in fibroblasts. This suggests that CNS areas with low oxygen supply could be 
the original initiation sites of SOD1 aggregation. Hence, conditions causing 
compromised vascular perfusion could contribute to the initiation as well as to 
the progression of ALS. 
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Paper III 
Misfolded SOD1 pathology in sporadic amyotrophic lateral 
sclerosis 
Aggregates of misfolded mutant SOD1 are considered a pathological hallmark of 
familial ALS carrying SOD1 mutations. However, previous work from our group 
as well as others have shown that misfolded SOD1WT aggregates are also present 
in motor neurons and glia cells in post mortem tissue from sporadic ALS 
patients and familial cases expressing other ALS-linked mutations 130-133,311,349. 
Studies in mouse models overexpressing SOD1WT support these findings, where 
misfolded SOD1WT aggregates accumulate in the CNS in association with 
neuronal pathology in aged mice 115,125,126,223,285,344,350,351. These results indicate 
that SOD1WT is able to adopt aberrant conformations and is involved in ALS 
pathogenesis 118. Several other studies have reported that misfolded SOD1 WT is 
not present in sporadic ALS patients 136,137,320,352 and concluded that the protein 
is not involved in the disease. This discrepancy could be due to differences in the 
methodology used to detect misfolded proteins. IHC is commonly performed to 
visualize the distribution and extent of misfolded SOD1 aggregates in post 
mortem tissue sections. However, the different steps required for an IHC 
protocol in fixed tissue imposes various limitations such as sensitivity and 
detection limits of the antibodies used. Immunocapture using antibodies is used 
to isolate misfolded SOD1 from tissues and validate their presence. Studies that 
investigated aggregates of misfolded SOD1WT in spinal cord tissue have relied 
upon a number of different polyclonal or monoclonal conformation-specific 
antibodies. These antibodies recognize epitopes in the misfolded protein that 
are not recognized in the native SOD1. Therefore they are able to detect 
disordered SOD1 species but not the natively folded protein.  

The aim of this study was to optimize the IHC and immunocapture 
protocol for several conformation-specific antibodies. We then used these 
methods to investigate the presence and distribution of misfolded SOD1WT in 
several brain and spinal cord tissues from a number of sporadic ALS patients 
using conformation-specific antibodies. CNS tissue sections from 13 sporadic 
ALS patients without SOD1 mutation were analysed and compared to a SOD1A4V 

patient and 4 control patients (2 neurological, 2 non-neurological). Five 
different antibodies were utilized in our IHC study including the pAb raised 
against hSOD14-20, hSOD124-39, hSOD157-72, hSOD1131-153, and mAb C4F6. The pAb 
hSOD124-39 and mAb C4F6 antibody were used to evaluate disordered SOD1 
species by immunocapture.  

Initially, we optimized the IHC conditions for each of the five antibodies 
with respect to antigen retrieval time and working dilution in spinal cord 
sections from the SOD1A4V patient and 2 non-neurological controls. We 
standardized the protocols for each antibody using an automated IHC machine. 
All five antibodies detected aggregated misfolded SOD1 in the cytoplasm of 
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motor neurons. Aggregates were also observed in axons, dendrites and 
neutrophils (Figure 1 in Paper III). In contrast, no staining was seen in the 
control specimen, confirming that the antibodies reacted specifically with SOD1 
in a patient with ALS. Using the optimized IHC conditions, tissue sections from 
the sporadic ALS patients were analysed. This revealed the presence of SOD1-
positive staining in all evaluated tissue sections from all sporadic ALS patients. 
We identified several different SOD1-positive staining patterns, which were 
independent of the antibody used (Figure 3 in Paper III). The most frequently 
observed pattern was diffuse cytoplasmic staining in motor neurons. We also 
found small, granular aggregates dispersed throughout the cytoplasm of motor 
neurons. Furthermore, we detected inclusions in dendrites and axons and ring-
like structures surrounding corpora amylacea-like structures within the anterior 
horn of the spinal cord. These different staining patterns were not always 
detected together in the same section with each antibody. Hence, it was decided 
that more than two sections per region had to display at least two staining 
patterns in order for a sporadic ALS patient to be declared positive for 
misfolded SOD1WT aggregates. Based on these criteria, we found that misfolded 
SOD1 was present in all 13 sporadic ALS cases (Table S1 in Paper III). In 
contrast, no SOD1 staining was detected in spinal cord and brain tissues from 
the neurodegenerative control patients. The same was true for the non-
neurological controls. This indicated that, using an optimized IHC protocol 
misfolded SOD1WT was specifically and consistently detected in sporadic ALS 
patients. 

To validate the presence of misfolded SOD1 in sporadic ALS patients and 
support the results gained via IHC, we also performed immunocapture 
experiments from homogenates of unfixed and frozen lumbar spinal cord. 
Initial comparison of all five antibodies revealed that mAb C4F6 and pAb 
SOD124-39 were the most sensitive for this application. The amount of 
immunocaptured misfolded SOD1 was normalized to total amount of SOD1 
present in the input sample as determined by western blot. Variable levels of 
misfolded SOD1WT were detected amongst the six sporadic ALS cases analysed 
(Figure 6 in Paper III). The amounts of misfolded SOD1 were lower than those 
found in the SODA4V patient. However, all sporadic ALS cases exhibited higher 
levels of misfolded SOD1WT than the non-neurological control case. These 
results supported the IHC observations that misfolded SOD1WT is present in all 
sporadic ALS cases.  

In summary, we optimized and validated the sensitivity of IHC and 
immunocapture methods to detect misfolded SOD1WT in sporadic ALS patients. 
Due to low levels of misfolded SOD1WT, detection in sporadic ALS post mortem 
tissue is associated with several methodological challenges. Our IHC approach 
identified misfolded SOD1 staining in all sporadic ALS cases, but not in any of 
the control samples. These results were supported by the immunocapture 
experiments, suggesting that misfolded SOD1WT species may be characteristic 
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for all forms of ALS. Our standardized approaches could help to clarify whether 
or not misfolded SOD1 is detected in other non-SOD1 ALS cases by re-analysing 
tissue samples from ALS patients previously reported to be negative for 
misfolded SOD1WT. Although the detection of misfolded SOD1 at the end stage 
of the disease does not prove a causative role of SOD1, it provides circumstantial 
evidence that SOD1WT may still participate in the pathogenesis of ALS. 

 

Paper IV 
An aggregate-selective monoclonal antibody attenuates seeded 
but not spontaneously evolving SOD1 aggregation in ALS 
model mice 
Emerging evidence supports the hypothesis that proteins involved in 
neurodegenerative diseases acquire their pathogenicity by a prion-like 
mechanism 353. These include amyloid-β and tau in AD, α-synuclein in PD and 
huntingtin in Huntington disease 354. ALS-associated proteins, including SOD1, 
have been shown to display self-propagating prion-like properties in vitro 151,160 
and in vivo 134. Results from our groups have demonstrated that inoculation of 
two conformational distinct human SOD1 strains induces templated aggregation 
and spread the ALS-like disease in vivo 173. Cell-to-cell transmission of SOD1 
aggregates is thought to involve their release into the extracellular space and 
uptake into neighbouring cell. This transfer can be neutralized by conformation-
specific SOD1 antibodies in vitro 133,162. These data indicate that antibodies, 
which bind to SOD1 aggregates and block their transmission, could inhibit 
disease progression driven by prion-like mechanisms.  

The aim of this study was to evaluate the efficacy of novel mAb to 
interfere with the SOD1 aggregation pathology in a prion-like ALS mouse model. 
Monoclonal antibodies against disordered segments of SOD1 aggregates were 
characterized for their ability to bind to disordered, misfolded and aggregated 
SOD1 species in vitro. The transgenic mouse model expressing the human 
SOD1G85R variant was used in this study. Additionally, we utilized the previously 
established mouse model of SOD1 prion-like spread. It is based on the SOD1G85R 
model, in which seeds of partially purified hSOD1G85R aggregate were inoculated 
into the lumbar spinal cord of pre-symptomatic mice. This leads to both 
accelerated disease onset and progression 173. These mice were injected with two 
mAb and the disease course followed until the mice reached disease end-stage. 
Up to five serial blood samples as well as CSF samples at end-stage were 
analysed for antibody titre using an ELISA with denatured human apo-SOD1. 
Aggregates were analysed in CNS tissue using dot blot, western blot and IHC. 

 
We first validated a set of newly developed mouse mAb with several biochemical 
methods. These antibodies have been generated against two peptides covering 
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the amino acid sequence 57-72 (hSOD157-72) and 131-153 (hSOD1131-153) of the 
monomeric human SOD1. While hSOD157-72 is located within the zinc-binding 
loop IV, the epitope hSOD1131-153 is located at the C-terminus (Figure 1 in Paper 
IV). Based on previous studies from our group, both epitopes lose their native 
contacts but are not recruited to the fibril core of SOD1 aggregates. Hence, these 
epitopes retain a disordered structure and remain available for antibody binding 
in aggregates 172. Furthermore, it has been shown that pAb produced against 
those epitopes react with all identified SOD1 aggregate strains, but not natively 
folded SOD1 172.  

Following initial screening to determine good binders, two antibodies per 
epitope (mAb 5.7 and 134.2 against hSOD157-72; mAb 85.11 and 545.2 against 
hSOD1131-153) were chosen for further validation (Table S1 in Paper IV). All four 
mAbs were found to recognize specifically disordered SOD1 and showed no 
binding to the rigid structure of the native SOD1 protein in immunocapture. We 
further characterized their binding kinetics by surface plasmon resonance 
(SPR). While mAb 134.2 displayed the strongest binding to disordered SOD1, 
mAb 5.7 showed only moderate binding. The C-terminal-reactive mAb 85.11 
exhibited the weakest overall binding due to a rapid dissociation of the 
antibody-antigen complex. No SPR data was obtained for mAb 545.2, indicating 
low affinity to denatured SOD1.  

An antibody typically binds a target epitope of 5-7 amino acids long 355. 
However, the peptides SOD157-72 and SOD1131-153 used for generating the 
antibodies comprise 16 and 23 amino acids, respectively. To further define the 
target epitopes of all four mAbs, we used shorter peptides in an ELISA . This 
revealed that both mAb 5.7 and 134.2 bound strongest to peptide hSOD166-76. 
Although the overall binding of mAb 545.2 was lower than 85.11 in this assay, 
both mAb bound efficiently to hSOD1142-153 (Figure S1 in Paper IV).  

The amino acid sequence between mouse and human SOD1 differ at 
position 66 and 70 in the SOD157-72 peptide (Figure 1 in Paper IV). In contrast, 
there is no sequence difference at SOD1142-153 between both species. Using 
western blot analysis, we found that both mAb 5.7 and 134.2 bound specifically 
to human SOD1 but not to mouse, confirming the previous results that SOD166-76 

is part of their target sequence. On the other hand, both mAb 85.11 and 545.2 
detected both mouse and human SOD1 in western blot analysis. Since all 
proteins in the homogenate have been denatured before analysis, the detected 
binding to mouse SOD1 does not imply that these antibodies react with natively 
folded mouse SOD1. We next examined the binding specificity to disordered and 
aggregated misfolded SOD1 species in mouse spinal cord tissues using IHC. All 
four antibodies bound strongly to disordered hSOD1G85R species in 200 days old 
pre-symptomatic transgenic mice. Less binding was observed in terminal 
transgenic mice, suggesting that disordered SOD1 species are recruited in to 
aggregates. To test this hypothesis further, we treated spinal cord sections first 
with proteinase to remove all monomeric and oligomeric hSOD1G85R species, 
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before antibody staining. No staining was found in 200-day pre-symptomatic 
transgenic mice, indicating that at this stage no large aggregates had been 
formed. In contrast, all four mAb showed strong reactivity to spinal cord 
sections from terminal mice. These results were confirmed by dot blot analyses, 
in which large hSOD1G85R or hSOD1G93A aggregates were captured on a 
membrane with 0.2-µm pore size and disordered SOD1 monomers and smaller 
aggregates are removed from the sample (Figure 2 in Paper IV). Taken together, 
the in vitro data confirmed that all four mAbs specifically recognize disordered 
and misfolded human SOD1 species under conditions relevant for in vivo 
studies. Based on these findings (summarized in Table 1 in Paper IV), mAb 
134.2 and 85.11 were chosen for further in vivo studies.  

We choose weekly i.p. injections as route of administering the antibodies 
into the system. Although this method requires high doses of antibodies, we 
aimed at long-term mAb treatment that could not be achieved without 
complications when using other injections routes such as intravenous or 
intracerebroventricular. Before initiating long-term mAb injections, we first 
determined basic pharmacokinetic behaviour including elimination rate and 
distribution of both antibodies. Following a single mAb injection (50 mg/kg), 
continuous blood samples were collected every 7 days for 28 days and analysed 
by ELISA. While mAb 134.2 had a fast elimination rate and a half-life of 7 days, 
mAb 85.11 exhibited a slower elimination rate and a half-life of 10 days (Figure 
4 in Paper IV). The half-life of both antibodies was longer than the average half-
lives of serum IgG in adult mice in regards to their subtype. While mAb 134.2 
belongs to the IgG2b subclass with a reported half-live of 4-6 days, mAb 85.11 is 
an IgG1 subtype with a half-live of 6-8 days 356. Hence, weekly injections of both 
antibodies are sufficient to ensure a continuous mAb supply.  

Next, we investigated whether long-term administration of mAb had a 
potential therapeutic effect on the spontaneously developing hSOD1G85R 
aggregates. Previous results from our group indicated that the initial nucleation 
of SOD1 aggregation starts around 100 days before mice of the hSOD1G85R model 
reached the terminal disease stage at around 406 days 173. Hence, the 
aggregation process starts at around 306 days. To achieve a baseline antibody 
titre before the first SOD1 aggregate emerge, we initiated weekly injections in 
250 days old hSODG85R mice using mAb 85.11, an isotype control IgG1 and PBS 
as vehicle control. Survival analysis showed no significant differences in disease 
onset or survival between the mAb 85.11 treated group compared to either 
control groups. However, there was a trend for a shorter lifespan observed in 
both mAb treated groups compared to non-injected mice. This could be related 
to stress caused by weekly injections and screening for symptoms. These results 
suggest that antibodies do not affect the intracellular aggregation process.  

They further indicate that injections up to 50 mg/kg of mAb 85.11 were 
safe for a long period of time. 
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We then wanted to examine the efficacy in the prion-like ALS model 
involving an extracellular route of prion-like transmission of SOD1 pathology. 
To test whether mAbs could block seeded aggregation, we pre-incubated seeds 
with mAb 85.11, at a stoichiometric molar ratio of 1:1 or 1:10, or with PBS as 
vehicle control, before inoculating the mixture into the lumbar spinal cord 
(Figure 3 in Paper IV). Pre-incubation with mAb 85.11 prolonged survival by 
more than 30%. These results indicate that mAb 85.11 reduced the prion-like 
properties of the inoculated seeds and hence, delayed the development of 
aggregation pathology in these mice. This was supported by an additional group 
of mice inoculated with the same hSOD1G85R seeds at a 1:3 dilution but without 
mAb pre-incubation. The survival time in these mice was increased by 39%.  

To test a potential therapeutic effect of peripherally administered mAbs 
in the SOD1 model of prion-like spread, we initiated i.p. injections 28 days 
before hSOD1G85R seed inoculations (Figure 4 in Paper IV). This was done to 
ensure a steady baseline of circulating antibodies at the time of seed inoculation. 
Weekly i.p. injections of a low dose of either mAb 134.2 or 85.11 (10 mg/kg 
bodyweight) had no significant effect on survival. Mice treated with high doses 
of mAb 134.2 (50 mg/kg bodyweight) had a reduced life span by around 10%. 
However, a high dose of mAb 85.11 (50 mg/kg bodyweight) significantly 
prolonged survival by around 47%. During the treatment phase, we collected up 
to five blood samples at pre-defined time-points, with the last one collected at 
the day of sacrifice. At this time point, we also collected CSF samples and spinal 
cord tissues for biochemical and IHC analysis. ELISA was used to determine 
mAb titres in serum and CSF. We found that both mAb had crossed the BBB 
with similar levels varying between 0.1-0.6% of serum mAb concentrations 
(Figure 5 in Paper IV). Spinal cord analysis from these mice revealed similar 
levels of aggregated hSOD1G85R, mouse SOD1 and hSOD1G85R between mAb 
treated and control groups. Aggregate analysis via dot blot showed that 
aggregates from mAb 85.11 treated mice immunoreacted with an anti-mouse 
IgG antibody. This indicated that mAb 85.11 was bound to the aggregates in 
vivo. The reactivity to the anti-mouse IgG was stronger in mice treated with 50 
mg/kg of mAb 85.11. Aggregates from mAb 134.2 treated mice displayed only 
weak reactivity, similar to the control group. These results suggests that mAb 
134.2 was able to pass the BBB, but did bound to aggregates in vivo and hence, 
had no therapeutic effect in this experimental set up. 

Analyses of spinal cord sections by IHC were then performed to visualize 
the localization of mAb associated with SOD1 aggregates. We did detect IgG 
antibodies co-localized with hSOD1G85R aggregates (Figure 5 in Paper IV). 
However, there was no IgG staining within ChAT+ motor neurons or activated 
microglia or astrocytes.  
These results further support the notion that mAb based therapy does not 
efficiently target SOD1 aggregates derived from overexpression or massive 
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intracellular accumulation of toxic SOD1 species, but successfully target SOD1 
aggregate seeds in the extracellular space.  
In conclusion, the novel mAbs presented in this study are valuable tools to study 
misfolded SOD1 and prion-like transmission of aggregated SOD1 in vivo. We 
showed that peripherally injected mAb 85.11 entered the CNS, bound to 
aggregates of hSOD1G85R and reduced seeding activity of hSOD1G85R aggregates 
inoculated into the CNS. However, passive immunotherapy using the conditions 
tested was not sufficient to affect the spontaneously developing disease. 
Additional strategies might be needed to inhibit the intracellular accumulation 
of misfolded SOD1 as an effective disease modifying approach. 
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Discussion 

SOD1 misfolding and accumulation in the CNS are pathological hallmarks of 
SOD1-associated ALS and the aggregation process is likely to be an important 
event in the pathophysiology of the disease. The detailed molecular mechanisms 
underlying SOD1 unfolding, accumulation and aggregation have not been 
resolved. Further, it is unknown which SOD1 species are the most toxic and how 
they might contribute to the disease.  
In order to address these questions, suitable tools and methods to study the 
unfolding and aggregation process in vitro and in vivo are necessary. Antibodies 
are invaluable tools for analytical methods and have been used throughout this 
thesis to isolate, quantify, characterize and visualize different SOD1 species in 
vitro and in vivo. In addition to a set of well-characterized rabbit pAb, novel 
mouse mAb have been established and validated in several assays side-by-side 
with their polyclonal counterpart to ensure specificity and sensitivity for the 
specific application.  

In Paper I, II and III, pAb were mainly used in ELISA, immunocapture or 
IHC methods.  

The sandwich ELISA format (termed misELISA in the papers) was used 
to detect soluble disordered SOD1 species using affinity purified pAb hSOD124-39 

as capture antibody. This antibdoy specifically recognizes disordered human 
SOD1 and does not recognise native human SOD1 319. Hence, the capture 
antibody only catches the antigen of interest and all other proteins in the sample 
are washed away. An anti-SOD1 pAb raised against full-length human apo-SOD1 
was used for detection. This antibody is suited for the detection of a wide range 
of misfolded species, because human apo-SOD1 can adopt many different 
conformations 357. However, it should be noted that the ELISA might not 
recognize all forms of disordered mutant SOD1 to the same extent, which is due 
to several factors. For instance, SOD1 mutations can interfer with the 
conformation of immature SOD1, which in turn could affect the antibody 
binding 358. While SOD1 mutants with SOD1WT-like characteristics disintegrate 
at temperatures above 40°C, other SOD1 mutants show a significant degree of 
unfolding already at 23°C 359. In order to diminish the potential effects of 
different SOD1 mutations in the assay, the optimal incubation temperature for 
the ELISA was selected to be 23°C 339. This is because some, but not all, folded 
mutant SOD1 species unfold continuously at 37°C. The optimized ELISA is 
sensitive and can be used to detect very low levels of disordered SOD1 in 
extracts from patient-derived cells.  

This has been a great challenge, because cell models derived from 
patients express SOD1 at physiological levels, where amounts of disordered 
SOD1 are expected to be very low.  
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Using this ELISA, we have characterized soluble disordered SOD1 in 
patient-derived cultures and observed enhanced levels of disordered SOD1 
without alterations in total SOD1 expression. We have determined that 
disordered SOD1 is increased in MNACs compared to other cell types. MNACs 
are an in vitro model for the ventral spinal cord from the forelimb region and 
thereby should represent cell-types that are most sensitive to ALS. Most 
significantly, enhanced levels of disordered SOD1 were detected in MNACs 
carrying SOD1 mutations, but were also increased in MNACs carrying SOD1WT. 
Additionally, exposure of patient-derived cells to low oxygen tension led to an 
increase of disordered mutant SOD1 and SOD1WT. MNAC cultures were more 
sensitive to oxygen changes than other cell types. Taken together, the antibody-
based ELISA is a suitable approach to detect small changes in soluble 
disordered SOD1 levels in patient-derived models due to conformation-specific 
antibodies. By combining ELISA analysis with iPSC-based models, we have 
validated human models of ALS and used these to understand more about the 
role of disordered SOD1 in the disease process. This approach could be used to 
evaluate therapeutic strategies that could reduce levels of disordered SOD1. It 
could also be applied as tools to screen and validate therapeutic drugs in a 
patient-specific context. 

One limitation of the ELISA method is that the capture antibody SOD124-

39 can react with any disordered SOD1 species that presents the epitope for 
binding. To study disordered disulphide-reduced or -oxidized SOD1 species in 
more detail, we developed an immunocapture method. It is often referred to as 
immunoprecipitation and a useful technique for the detection, isolation, and 
quantification of an antigen in solution. The basis of this method is the 
formation of an antibody-antigen complex where the antigen is in as near in 
vivo state as possible. Immunocapture enabled the isolation and concentration 
of disordered SOD1 from cell lysates. The isolated fractions were analysed by 
western blotting using a detection antibody generated in a different species. In 
Paper I and II, the same pAb used in the ELISA experiments was utilized to 
capture disordered SOD1 and the mAb 134.2 was used for detection in western 
blotting. Both antibodies recognise different epitopes on disordered SOD1 
and by this approach we could ensure maximal capture efficiency with the pAb 
and detection specificity with the mAb. Using this method, we determined that 
disordered SOD1 in patient-derived cells exists mainly as soluble disulphide-
reduced species. The levels increased substantially when cells were cultured 
under low oxygen tensions. In Paper III, we captured misfolded SOD1WT from 
post mortem spinal cord tissues from sALS patients. However, this newly 
developed method is not only limited to the isolation of disordered SOD1, but 
could be used to purify SOD1 aggregates from iPSC cells, mouse tissues or post 
mortem human tissues with the goal of determining the role of SOD1 
aggregation in ALS pathogenesis. 
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In addition to verifying the presence of disorderes/misfolded SODWT in 
tissue samples from sALS patients, the main results in Paper III depended on 
IHC staining using a panel of antibodies. IHC is a basic method to study the 
pathophysiology of ALS. However, a standard protocol for the detection of 
unfolded or aggregated SOD1 does not exist. There are many critical steps 
involved in such a protocol including tissue preservation and storage, antigen 
retrieval, quality of primary antibody, incubation time, washing and 
counterstaining. Each one of these come with its own challenges and may affect 
the outcome 360. Hence, IHC protocols have to be adapted for each antigen and 
antibody. Using optimized conditions for multiple antibodies, we detected 
varying levels of misfolded SOD1WT in CNS samples from sporadic ALS patients. 
This result supports the hypothesis that SOD1WT may be involved in the 
pathogenesis of non-SOD1 ALS. However, the results only reflect the disease at 
end stage and it is unclear whether misfolding of SOD1WT is just a downstream 
event or if the protein is actively involved disease pathogenesis.  

Accumulating evidence indicates that SOD1 aggregates have prion-like 
properties and spread through the CNS via templated aggregation 163,173,174. This 
hypothesis depends upon a transcellular transmission of SOD1 aggregates. 
Approaches for prion-specific interventions aim at the clearance of aggregates 
from the extracellular space in conjunction with inhibition of cellular uptake. 
We used a recently established model of seedind and prion-like spread of SOD1 
aggregates 173 to investigate potential therapeutic effects of our novel mAbs. This 
was encouraged by promising immunotherapeutic results in other 
neurodegenerative diseases such as PD and AD 306,361. In ALS, an antibody 
against misfolded SOD1 has been shown to extend the life span of the rapidly 
progressing SOD1G93A mouse model by eliminating misfolded SOD1 via Fc 
receptor-mediated clearance 311. Our immunotherapeutic study showed that 
weekly i.p. injections of mAb 85.11 recognizing the C-terminus of SOD1 
prolonged survival of transgenic hSOD1G85R mice inoculated with SOD1 seeds. 
Similarly, pre-treatment of SOD1 seeds with mAb 85.11 prior to their 
inoculation reduced prion-like activity of the seeds in the recipient mice and 
extended their survival. However, all seed-inoculated mice treated with mAb 
85.11 reached the terminal stage earlier than non-seeded control mice. In 
addition, long-term treatment with mAb 85.11 had no effect on survival in 
transgenic hSOD1G85R mice. This suggests that mAb 85.11 can bind to and block 
the uptake/seeding capacity of SOD1 aggregates when injected extracellularly. 
However, mAb 85.11 was not able to interfere with the SOD1 aggregation 
process intracellularly or the intercellular transmission of SOD1 aggregates.  

It has been suggested that SOD1 aggregates may be transmitted by the 
release of SOD1 aggregates into the extracellular space by dying cells, but also 
via vesicles released in to the extracellular space (exosomes), or intercellular 
connections such as tunneling nanotubes 349. Hence, SOD1 aggregates could be 
shielded by these mechanisms and not available for binding by extracellular 
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antibody. This suggests that combinatorial approaches targeting the 
intracellular aggregation process and/or the extracellular transfer are needed to 
block disease progression in ALS. 

In addition to mAb 85.11, we also studied the efficacy of mAb 134.2 in an 
immunotherapeutic approach. However, no effect on survival could be observed 
when seed inoculated transgenic mice were treated with mAb 134.2. Blood 
analysis showed that both mAbs diffused efficiently from the interstitial space at 
the side of injection into the cardiovascular system. Furthermore, approximately 
~0.1 - 0.6 % of the antibody concentration in plasma was found circulating in 
the CNS. These concentrations are consistent with previous reports of antibody 
efflux from the periphery to the CNS 296. Hence, the lack of effect of mAb 134.2 
in the prion-like model was not likely to be due to low bioavailability of the 
antibody in the CNS. Analysis of CNS tissue from terminal mice showed no 
association of mAb 134.2 with SOD1G85R aggregates, suggesting low binding to 
aggregates. The binding affinity of mAb 134.2 towards aggregates could be 
affected by the in vivo environment. Validation experiments in vitro, where 
mAb 134.2 bound efficiently to aggregates, were controlled for factors such as 
ionic strength and pH to mimic physiological conditions as far as possible 362. 
However, methods used for validation including ELISA, SPR and IHC involved 
artificial conditions, such as high concentration of purified antigens, rigid 
surfaces, to which antigens or antibodies were bound to, or to chemical 
treatment to retrieve antigens. Hence, these methods do not reflect in vivo 
conditions. Another reason for the negative effect of mAb 134.2 treatment might 
be due to the nature of the antibody. mAb 134.2 could preferentially bind to 
soluble disordered SOD1 species in vivo and hence, may be to diluted to 
adequately bind to aggregates. Furthermore, the target of mAb 134.2, the zinc-
binding loop IV in SOD1, is a very flexible structure that acquires 
conformational freedom upon loss of its native contacts. Hence, loop IV could 
potentially adopt additional confirmations in vivo that are not recognized by 
mAb 134.2. Dot blot analysis of in vivo produced SOD1 aggregates show that the 
epitope is available for binding 172. However, these aggregates have been 
purified and only large species are captured on the dot blot filters. Smaller SOD1 
aggregate species that could potentially be toxic and spread the disease are 
removed in this assay. Hence, the preferred binding species of mAb 134.2 could 
be lost in this assay. 

Another important criteria to consider when designing immuno-
therapeutic approaches are antibody subclasses in order to trigger the desired 
response by the antibody-antigen complex. Antibodies of various IgG subclasses 
and their respective receptors comprise complex networks that induce different 
downstream responses. The mAbs used in Paper IV belonged to the IgG1 (mAb 
85.11) and IgG2b (mAb 134.2) subclasses. Since mouse IgG1 binds preferentially 
to the inhibitory IgG receptor, than to any of the activating receptors, its mode 
of action should induce less pro-inflammatory signalling compared to the IgG2b 



 

52 

subtype. Using IHC quantification, we could not see any differences in immune 
response in either mAb 85.11 or 134.2 treated mice. However, these analyses 
have been carried out on tissues from terminal diseased mice, when limb 
paralysis was so severe that mice could not reach wet food. To assess immune 
responses during treatment, it would be necessary to analyse mice at pre-
defined time points before and after disease onset. 

The most frequently approved human IgG subclass for therapeutic use by 
the FDA is IgG1 260. The mouse homologue to this subclass is IgG2a and was 
successfully used in preclinical studies targeting aggreated proteins associated 
with PD, AD and ALS 306,311,361. However, the C57BL/6 mouse, which is the 
genetic background of the SOD1G85R mouse model, does not express the IgG2a 
subclass. Instead it produces an alternative subclass called IgG2c 363. Mice 
lacking the IgG2a gene could be intolerant to injected IgG2a antibodies. 
Possible consequences may be increased plasma clearance and/or induced 
immune response, which will interfere with the conclusion of the study. Hence, 
consideration of the genetic background of the model system is vital to ensure 
reliable and meaningful data from immunotherapy studies. 

Despite considerations of the appropriate therapeutic antibody and its 
desired response in vivo, the target antigen is not of minor importance. The 
main targets for the mAbs used in immunotherapy study were disordered SOD1 
regions in aggregated SOD1 species. However, both mAb 85.11 and 134.2 also 
bind to disordered SOD1 monomers. Depending on the SOD1 mutation and 
environmental conditions, such as pH and temperature, SOD1 and aggregates 
formed from it can adopt different conformations, giving rise to different 
aggregate strains 172,173. Different SOD1 aggregate strains formed in vivo induced 
different disease phenotypes with regard to progression rate, level of aggregates 
and histopathological findings 173. This strain-dependant toxicity could explain 
the diverse progression and severity of familial ALS patients expressing 
different SOD1 mutations. This means that a successful treatment for one 
mutation might be insufficient for another.  

In summary, we have established antibodies as powerful tools to 
characterize disordered, misfolded and aggregated SOD1 species. These 
antibodies have been validated in biochemical assays in vitro, but also in cells, 
human tissues and in mouse models in vivo. Using antibodies to analyse soluble 
disordered SOD1 in patient-derived cell models can be used to study early stages 
of ALS disease. These techniques could also be used to better understand the 
SOD1 aggregation process. The mAbs developed and used in this thesis are 
valuable tools with which to study disordered SOD1 and the prion-like 
transmission of SOD1 aggregates in vivo.  
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Conclusions 

Conformation-specific antibodies are valuable tools to detect and study 
disordered and potentially pathogenic species of SOD1. Using them in various 
biochemical and in vivo assays, we were able to show that: 
 

• iPSC-derived MNACs expressing physiological levels of SOD1 are a 
useful in vitro model to study disordered SOD1 species 
 

• Disordered SOD1 species are more abundant in patient-derived MNACs 
and astrocytes than in sensory neurons, iPSCs and fibroblasts 
 

• Disordered SOD1 in MNACs from a SOD1 ALS patient exists in the same 
disulphide-reduced form as in SOD1 transgenic models  

 
• Low oxygen tension leads to increased levels of disordered SOD1 in 

patient-derived fibroblasts, astrocytes and MNACs 
 

• The SOD1 response to hypoxic conditions is reversible, time- and 
concentration-dependent  
 

• Reduced oxygen concentrations result in increased disulphide-reduced, 
disordered SOD1 and aggregation in MNACs 
 

• Misfolded SOD1WT is detected in brain and spinal cord tissue from ALS 
patients without SOD1 mutations 

 
• Levels of misfolded SOD1WT isolated from spinal cord samples varied 

between sporadic ALS patients, but are higher compared to the non-
disease control sample 

 
• Novel mAbs against disordered segments of SOD1 detect disordered 

and aggregated SOD1 species with differential affinity in vitro 
 

• Long-term treatment with mAbs did not interfere with spontaneously 
developing aggregation in vivo 
 

• The C-terminal mAb 85.11 reduces the seeding properties of mutant 
SOD1 seeds in an ALS mouse model  
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