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To know that we know what we know, and to know that we do not know 
what we do not know, that is true knowledge. 
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ABSTRACT 

Further understanding of mechanisms that promote neuronal decay in 
neurodegenerative diseases may pave the way for new therapies. Aberrant 
activation of the reactive oxygen species (ROS)-generating enzyme NADPH 
oxidase 2 (NOX2) in myeloid cells is suggested to contribute to 
neurodegeneration in experimental models. However, its exact role in human 
disease is not known. We aimed to define the impact of NOX2 activity on 
neurodegeneration and identify potential therapeutic strategies for NOX2-
inflicted pathologies. To this end, we examined single nucleotide 
polymorphisms (SNPs) that affect the magnitude of NOX2-derived ROS 
formation in the context of the neurodegenerative and neuroinflammatory 
diseases multiple sclerosis (MS), Guillain-Barré syndrome (GBS), and 
Parkinson’s disease (PD). Furthermore, we investigated the NOX2-inhibitory 
potential of inhibitors of Bruton’s tyrosine kinase (BTKi), which regulates 
myeloid cell activation. We identified two SNP alleles (rs4673 A and 
rs1049254 G in CYBA, encoding the NOX2 subunit p22phox) that were 
associated with reduced NOX2-derived ROS production. In MS, these low-
ROS alleles heralded reduced disease severity and a markedly delayed onset 
of secondary progressive MS (paper I). Patients with GBS carrying low-ROS 
alleles were less likely to require assisted ventilation during the acute phase 
and experienced a rapid recovery of motor function (paper II). Furthermore, 
an analysis of clinical milestone cumulation in idiopathic PD revealed that 
patients with low-ROS alleles showed a reduced rate of disease progression 
(paper III). In paper IV, we demonstrated that BTKi effectively blocked 
activation of NOX2 in myeloid cells in response to surface receptor 
stimulation. This translated into potentiated natural killer cell-mediated 
clearance of malignant cells in the presence of immunosuppressive myeloid 
cells in vitro and in vivo. In conclusion, our results suggest that NOX2-derived 
ROS may contribute to neuronal death in MS, GBS, and PD. This implies that 
NOX2 might serve as a generic driver of neurodegeneration and invites 
research on its role in additional neurodegenerative diseases. The NOX2-
inhibitory potential of BTKi makes them conceivable candidates to target 
myeloid immunosuppression in both hematological and solid cancers, as well 
as to alleviate other NOX2-dependent pathologies. 

Keywords: NADPH oxidase, NOX2, oxidative stress, neurodegeneration, 
multiple sclerosis, Guillain-Barré syndrome, Parkinson’s disease  
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SAMMANFATTNING PÅ SVENSKA 

Neurodegenerativa sjukdomar kännetecknas av nervcelldöd i det centrala 
och/eller perifera nervsystemet. Dessa sjukdomar fortskrider ofta över tid och 
ger symtom som återspeglar den del av nervsystemet som påverkas. Ökad 
förståelse för de mekanismer som ger upphov till neurodegeneration kan bana 
väg för nya terapier. Denna avhandling avser att belysa om NOX2 (NADPH-
oxidas typ 2), ett enzym som uttrycks av myeloida immunceller som finns 
bland annat i nervsystemet, kan bidra till neurodegeneration.  

NOX2-enzymet bildar reaktiva syremetaboliter (reactive oxygen species, 
ROS) som utgör en försvarsmekanism mot mikroorganismer i 
immunsystemets myeloiska celler såsom monocyter, makrofager och 
granulocyter. Okontrollerad produktion av ROS (oxidativ stress) kan skada 
närliggande celler, och ROS har visats bidra till skador på nervceller i 
provrörsexperiment och i djurförsök. NOX2-enzymets roll för nervcellsdöd i 
mänskliga sjukdomar är dock ofullständigt känd.  

Vi studerade normala varianter av NOX2-DNA som påverkar hur mycket ROS 
som produceras av myeloiska celler. Vi undersökte sedan hur sådan 
genvariation kunde kopplas till sjukdomsförlopp vid de neurodegenerativa och 
neuroinflammatoriska sjukdomarna multipel skleros (MS), Guillain-Barrés 
syndrom (GBS) och Parkinsons sjukdom (PD). Vi använde sjukjournaler med 
detaljerade beskrivningar av sjukdomsförloppet med flera decenniers 
uppföljningstid. Därmed kunde vi belysa hur dessa sjukdomar förlöper hos 
patienter med hög eller låg ROS-produktion från NOX2-enzymet.  

Vi fann två genvarianter av NOX2, som kunde kopplas till minskad ROS-
produktion från myeloiska celler (låg-ROS-alleler). Vid MS var dessa låg-
ROS-alleler associerade med lindrigare sjukdomsförlopp och fördröjd debut 
av progressiva neurologiska symtom (arbete I). Patienter med GBS som bar 
låg-ROS-alleler hade minskat behov av respiratorvård i den akuta fasen och 
återhämtade motorisk funktion snabbare (arbete II). Vid PD fann vi att 
patienter med låg-ROS-alleler uppvisade långsammare sjukdomsprogression 
(arbete III). Dessa resultat, som bör verifieras i större studier, tyder på att 
farmakologisk hämning av NOX2 skulle kunna minska eller förhindra 
neurodegeneration.  
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Vi utvärderade NOX2-hämmande egenskaper hos inhibitorer av Brutons 
tyrosinkinas (BTKi). Dessa substanser används vid blodcancer för att hindra 
tillväxt av canceromvandlade B-celler men påverkar även aktivering av 
myeloiska celler. I arbete IV fann vi att BTKi effektivt blockerade aktivering 
av NOX2 i myeloiska celler. NOX2-enzymets ROS-produktion undertrycktes 
av BTKi vid koncentrationer som motsvarar dem som uppmäts vid behandling 
av patienter med blodcancer. 

Avhandlingsarbetet utmynnar i hypotesen att ROS som producerats av NOX2-
enzymet kan bidra till nervcellsdöd vid MS, GBS och PD. Resultaten motiverar 
studier av NOX2-enzymets roll vid andra neurodegenerativa sjukdomar. 
Fyndet att BTKi, som passerar blod-hjärnbarriären, effektivt hämmar NOX2-
medierad ROS-produktion föranleder studier av dessa substansers potentiellt 
nervskyddande egenskaper in vivo. 
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PREFACE 

Neurodegenerative diseases like multiple sclerosis, Parkinson’s disease, and 
Alzheimer’s disease pose a substantial healthcare burden due to their 
debilitating symptoms and lack of curative therapies. In most cases, the 
underlying cause is unknown. Moreover, these diseases are typically diagnosed 
only after significant nerve damage has already occurred, and the mechanisms 
driving continued nerve cell death are poorly understood. This hinders the 
development of new therapies that prevent further destruction of nerves. 
Chronic inflammation, which is mediated in part by aberrant activation of 
innate immune cells, has emerged as a hallmark of neurodegenerative diseases. 
In these conditions, dysregulated immune activation may aggravate disease by 
damaging host tissue through sustained inflammatory responses. However, the 
detailed mechanisms that maintain inflammatory activation and propagate cell 
damage require further investigation. This thesis explores the nerve cell 
toxicity inflicted by the enzyme NADPH oxidase 2 (NOX2), which, under 
normal circumstances, eliminates pathogens by the release of toxic reactive 
oxygen species. Elucidating the role of NOX2 in inflammation-associated 
neurotoxicity may provide insight into targetable mechanisms to reduce 
destructive effects of chronic inflammation in neurodegenerative diseases. 
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INTRODUCTION 

THE IMMUNE SYSTEM 

A fundamental aspect of survival is the ability of an organism to defend itself 
against invading pathogens such as viruses, bacteria, fungi, and parasites. The 
first line of defense consists of physical and chemical barriers (skin, mucosal 
surfaces, etc.) that prevent the entry of pathogens. If that fails, for example, in 
the event of a wound, a tightly coordinated network of cells and molecules, 
collectively representing the immune system, is mobilized to fight the 
infection. Most immune cells originate from hematopoietic stem cells in the 
bone marrow, where they develop and mature in a process called 
hematopoiesis to form functional immune cells in blood, lymphoid organs, and 
tissues. This development, or differentiation, follows two main branches: the 
myeloid lineage and the lymphoid lineage. Myeloid immune cells comprise 
basophils, eosinophils, neutrophils, mast cells, monocytes, and macrophages, 
while T cells, B cells, and natural killer (NK) cells make up the lymphocytes. 
Dendritic cells may originate from either lymphoid or myeloid progenitors 
(Figure 1) (1). 

Figure 1. Immune cell development. 
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Immune cells are functionally classified into two main groups, innate and 
adaptive (Figure 1). The innate immune cells, as their name implies, are 
endowed with inherent ability to detect and eliminate a wide variety of 
pathogens. They also aid in the recruitment and activation of adaptive immune 
cells. In contrast, adaptive immune cells recognize and respond specifically to 
unique antigens originating, for example, from a pathogen. Although the 
adaptive immune response develops more slowly than the innate response, it 
is highly effective and precise once activated (1).  

 

  

Box 1: A textbook example. Bacteria that enter a wound are recognized 
by tissue-resident macrophages through pattern recognition receptors that 
bind common structures shared by pathogens. They respond by 
phagocytosing and killing the bacteria, while also signaling to recruit more 
immune cells, particularly neutrophils that possess multiple mechanisms 
for pathogen elimination. Antigen-presenting cells (APC) such as dendritic 
cells engulf the bacteria and travel to lymph nodes to present bacterial 
antigens to naive T cells. Only T cells bearing a T cell receptor that 
specifically matches the presented antigen will interact with and become 
activated by the APC. Meanwhile, B cells that recognize bacterial antigens 
via their B cell receptor internalize the antigen and present it on their 
surface. Activated helper T cells specific to the same antigen can interact 
with the B cell and provide signals that facilitate B cell activation. 
Activated T and B cells will rapidly multiply to generate a large number of 
antigen-specific effector cells to combat the infection. Helper T cells 
secrete cytokines that coordinate and enhance the activity of other immune 
cells. Cytotoxic T cells eliminate infected or malignant host cells. B cells 
can differentiate into plasma cells that produce antibodies that bind the 
bacterial antigens, which facilitates their elimination. 
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MYELOID CELLS 

The focus of this thesis is on myeloid cells, and more specifically monocytes, 
macrophages, and the macrophage-like cells microglia, which reside in the 
central nervous system (CNS). 

Cell surface receptors 
Innate immune cells express an array of surface and intracellular receptors to 
facilitate recognition and elimination of pathogens and damaged cells, as well 
as signaling and interaction with other cells. Among these are Fc receptors, 
toll-like receptors (TLR), and formyl peptide receptors (FPR) (Figure 2). 

Fcγ-RECEPTORS 
Most innate immune cells and some adaptive immune cells express Fcγ 
receptors (FcγR), which bind the constant Fc region of IgG antibodies, 
opposite to the variable regions (Fab) that interact with an antigen. There are 
six FcγRs expressed in distinct patterns on human immune cells. While B cells 
only express the inhibitory FcγRIIb and NK cells only express the activating 

Figure 2. Pro-inflammatory pathways of FcγR, TLR, and FPR.  
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FcγRIIIa, most other immune cells maintain a balance between activating and 
inhibitory FcγRs. Monocytes and macrophages express the three activating 
receptors FcγRI, FcγRIIa, and FcγRIIIa, along with the inhibitory receptor 
FcγRIIb. Except for FcγRI, all FcγR have low binding affinity for IgG and, 
therefore, only initiate a signal response upon interaction with IgG in 
multimeric immune complexes or on opsonized cells. Once multiple activating 
FcγRs are cross-linked, signaling in immune cells is initiated by 
phosphorylation of immunoreceptor tyrosine-based activation motifs 
(ITAMs). This leads to recruitment and activation of multiple key 
inflammatory mediators, including phosphatidylinositol 3-kinases (PI3K), 
phospholipase C gamma 1 (PLCγ), and Bruton’s tyrosine kinase (BTK). The 
ensuing cellular response varies by cell type and environment and includes 
antibody-dependent cellular cytotoxicity (ADCC), release of inflammatory 
cytokines, phagocytosis, and formation of toxic reactive oxygen species (ROS) 
(2). 

TOLL-LIKE RECEPTORS 
TLRs are a family of pattern recognition receptors (PRRs) that detect 
conserved motifs of pathogens (pathogen-associated molecular patterns, 
PAMPs) or damaged host cells (damage-associated molecular patterns, 
DAMPs). There are ten human TLRs (TLR1–TLR10) expressed on the plasma 
membrane and on intracellular membranes of immune cells, fibroblasts, and 
epithelial cells. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are surface 
expressed and primarily recognize bacterial components, such as 
lipopolysaccharide (LPS) from Gram-negative bacteria that binds TLR4. 
Intracellular endosomal TLRs recognize nucleic acids from pathogens and host 
cells, including double-stranded RNA (TLR3), single-stranded viral RNA 
(TLR7, TLR8), and unmethylated CpG DNA motifs from bacteria and viruses 
(TLR9). Upon TLR engagement, a signaling cascade is initiated through 
myeloid differentiation primary response 88 (MyD88)- or TIR domain 
containing adaptor protein inducing interferon-β (TRIF)-dependent pathways, 
leading to activation of nuclear factor-kappa B (NF-κB) and interferon 
regulatory factors (IRF), respectively, which are key transcription factors 
central to the inflammatory response. These signaling pathways also influence 
additional signaling cascades, including the mitogen-activated protein kinase 
(MAPK) signaling pathways. As a result, TLR engagement drives the release 
of inflammatory cytokines and promotes immune cell activation, proliferation, 
and survival (3).  
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FORMYL PEPTIDE RECEPTORS 
FPRs are cell surface-bound, G protein-coupled PRRs. They sense formylated 
peptides stemming from bacteria and mitochondria but also recognize a variety 
of non-formylated peptides, lipids, and proteins. The three types of human 
FPRs (FPR1, FPR2, FPR3) are highly expressed by myeloid cells such as 
monocytes, macrophages, and neutrophils, as well as by microglia. FPR 
engagement initiates either pro- or anti-inflammatory signaling, depending on 
receptor type, ligand, and cell type (4). FPR1 primarily binds short, N-
formylated peptides of bacterial or mitochondrial origin and triggers pro-
inflammatory effector functions such as chemotaxis, cytokine production, and 
neutrophil degranulation, along with the formation and release of ROS (4-6). 
These functions are effectuated through signal transduction mediators such as 
PI3K/Akt, phospholipase C gamma 1, Ras family GTPases, and MAPK-
dependent cascades. FPR2 exhibits lower affinity for short formylated peptides 
than FPR1 but instead binds a broader range of ligands, including longer 
formylated and non-formylated peptides as well as other molecules (5). FPR2 
signaling is highly context-dependent, where some ligands, such as lipoxin A4, 
promote anti-inflammatory responses by suppressing NF-κB and MAPK 
signaling, whereas other ligands, such as β-amyloid peptide 42 and serum 
amyloid A, induce pro-inflammatory pathways (7). FPR3 remains the least 
characterized of the three receptors. Few ligands have been identified for 
FPR3, and its function is not fully elucidated (4). 

Monocytes & macrophages 
Monocytes circulate the bloodstream under homeostatic conditions and 
migrate into tissues mainly in response to an inflammatory insult, where they 
differentiate into macrophages or dendritic cells (8). Immune cells are 
identified and phenotypically defined based on their expression pattern of cell 
surface proteins. Human monocytes are typically characterized by CD14 and 
CD16 expression. There are two main monocyte subsets: classical monocytes 
(CD14high, CD16-), which are most abundant and exhibit strong migratory 
potential, and non-classical monocytes (CD14low, CD16+), which patrol the 
vasculature and support endothelial cells. Additionally, intermediate 
monocytes (CD14+, CD16+) represent a subset thought to be in transition 
between classical and non-classical monocytes. These cells are associated with 
inflammatory responses in certain conditions (8,9).  

Macrophages are functionally similar to monocytes but reside in tissues and 
possess tissue-specialized functions. Traditionally, they were believed to 
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originate primarily from circulating monocytes migrating into tissues. 
However, recent evidence suggests that most tissue-resident macrophages 
originate from the yolk sac or fetal liver-derived progenitors and maintain their 
populations through self-renewal. Nonetheless, bone marrow-derived 
monocytes can differentiate into macrophages, particularly during 
inflammation, to replenish tissue-resident populations (10). 

Monocytes and macrophages express a plethora of surface proteins, such as 
PRRs and integrins, to sense their surroundings. The recognition of DAMPs, 
PAMPs, cytokines, and chemokines is crucial in determining their activation 
state. Traditionally, macrophages were classified into two distinct states upon 
activation: classically activated (M1) or alternatively activated (M2). 
However, it is now recognized that macrophages exist along a continuum 
between these two states, with multiple distinct subtypes displaying 
overlapping or mixed functional properties. M1-like macrophages are 
characterized by high expression of surface markers such as CD80, CD86, and 
the antigen-presenting molecule major histocompatibility complex (MHC) 
class II, while M2-like macrophages typically express CD206 and arginase 1 
(Arg1). The initial phase of inflammation promotes M1-like polarization 
through the presence of TLR ligands and the release of pro-inflammatory 
cytokines such as interleukin-6 (IL-6), tumor necrosis factor (TNF), and 
interferon-γ (IFN-γ). These factors enhance microbicidal functions such as 
phagocytosis and ROS formation and trigger the release of inflammatory 
cytokines and chemokines to attract immune cells. The main role of M2-like 
macrophages is to prevent excessive host damage by resolving inflammation 

Figure 3. Macrophage polarization.  
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and to promote tissue healing. M2-like polarization is favored in the presence 
of anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 (Figure 3) (10).  

In homeostasis, macrophages maintain a balance between M1- and M2-like 
phenotypes, which allows them to support immune surveillance and tissue 
remodeling and repair while preventing excessive inflammation. In cancer, 
however, tumor-derived signals often drive macrophages toward an 
immunosuppressive M2-like phenotype. Still, tumor-associated macrophages 
(TAMs) often exhibit mixed or intermediate phenotypes (11). 

Neutrophils 
Neutrophils are the most abundant white blood cell, constituting up to 70% of 
leukocytes in circulation. Identification of neutrophils is based on their 
morphology and high expression of surface markers such as CD15 and CD16, 
and lack of HLA-DR expression. The primary function of neutrophils is 
phagocytosis and killing of microbes. Originating in the bone marrow, 
neutrophils are short-lived and constantly replenished. With an approximate 
lifespan of only 12–24 hours in circulation, neutrophils are fully functional 
when exiting the bone marrow and require no further differentiation (12).  

Like other myeloid cells, neutrophils detect pathogens through PRRs and 
utilize FcγRs and complement receptors to eliminate opsonized targets. During 
inflammation, they are rapidly recruited from the vasculature to the inflamed 
tissue. Neutrophils employ several mechanisms to eliminate pathogens, 
including phagocytosis, formation of ROS, granule release, and the formation 
of neutrophil extracellular traps (NETs). They phagocytose extracellular 
pathogens and damaged host cells, trapping them in intracellular phagosomes. 
The phagosomes fuse with intracellular granules that deliver antimicrobial 
enzymes and peptides. In addition, the NADPH oxidase 2 (NOX2) complex 
assembles on the phagosomal membrane generating ROS that contribute to 
microbial killing by inducing oxidative damage to macromolecules. Both ROS 
and granules can also be released extracellularly, for example, in situations 
where the pathogens are too large to be phagocytosed. NETs are networks 
primarily composed of DNA that are released into the extracellular space to 
trap microbes. When NETs are released, some granule components with 
antimicrobial effector functions are also expelled to allow the killing of trapped 
microbes. Due to the non-specific nature of these mechanisms, neutrophil 
activation may result in bystander tissue damage, contributing to 
inflammation-associated pathology (12). 
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Myeloid-derived suppressor cells 
Myeloid-derived suppressor cells (MDSCs) repress immune responses to 
avoid uncontrolled inflammation and consequent host damage. MDSCs consist 
of suppressive immature myeloid cells and myeloid progenitors and expand 
under stressed conditions such as inflammation, sepsis, and cancer. The main 
phenotypes are granulocytic and monocytic MDSCs, although referring to 
these cells collectively as MDSCs has recently been questioned due to their 
functional heterogeneity. Phenotypically, human monocytic MDSCs are 
defined by expression of CD11b and CD14, but low expression of HLA-DR, 
while granulocytic MDSCs express CD11b and CD15, but not CD14 (13). 

Under normal conditions, circulating MDSCs are rare and require expansion 
and activation to mount a response. MDSC expansion is induced by growth 
factors, including granulocyte/macrophage colony-stimulating factor, 
macrophage colony-stimulating factor, granulocyte colony-stimulating factor, 
and vascular endothelial growth factor. Expansion is largely dependent on the 
activation of signal transducer and activator of transcription 3. Once expanded, 
immunosuppressive features are activated by a variety of mediators, such as 
IL-6, IL-1, TNF, TGF-β, and prostaglandin E2. MDSCs exert 
immunosuppressive functions through several pathways, including depletion 
of L-arginine by arginase 1, production of nitric oxide and ROS, along with 
secretion of immunosuppressive cytokines such as TGF-β and IL-10. T and 
NK cells are highly susceptible to MDSC-induced suppression. Thus, MDSCs 
and TAMs are assumed to contribute to tumor immune evasion (13). 
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NATURAL KILLER CELLS 

NK cells are innate, circulating lymphocytes that specialize in eliminating 
stressed host cells, such as virus-infected or malignant cells. Expression of 
CD56 and lack of CD3 expression characterize NK cells, and NK cell subsets 
can be defined based on the levels of CD56 and CD16 expression (14).  

NK cells express a diverse array of inhibitory and activating receptors. When 
encountering target cells, their cytotoxic response is determined by the balance 
of activating and inhibitory signals they receive. Cells normally present 
antigens on MHC class I, enabling recognition by antigen-specific cytotoxic T 
cells. Normal MHC class I expression also serves as an inhibitory signal to NK 
cells, preventing autoimmunity. Malignant and virus-infected cells often 
downregulate MHC class I to evade T cell-mediated immunity, making them 
more susceptible to NK cell-mediated killing. NK cells also recognize 
opsonized targets through the activating receptor FcγRIIIa, enabling antibody-
dependent cellular cytotoxicity. NK cells eliminate target cells by releasing 
granules, where perforin facilitates the delivery of granzymes that trigger target 
cell apoptosis. Alternatively, NK cells induce apoptosis by interacting with the 
ligands TNF-related apoptosis-inducing ligand (TRAIL) and Fas ligand 
(FASL) (Figure 4). In addition, activated NK cells secrete cytokines that 
potentiate immune responses (14). 

Figure 4. NK cell cytotoxicity.  
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B LYMPHOCYTES 

The production of antibodies is carried out by B cells, which represent the 
humoral branch of the adaptive immune system. B cells develop in the bone 
marrow and enter the circulation as mature naive B cells that continuously 
migrate between secondary lymphoid tissues in search of their specific antigen. 
B cells are identified by the surface expression of CD19 and CD20 (15). 

B cell activation is initiated when the B cell receptor (BCR), a membrane-
bound form of immunoglobulin, binds its specific antigen with high affinity. 
However, full activation and clonal expansion of B cells typically require 
additional signals provided by helper T cells, unless the antigen itself delivers 
exceptionally strong stimulatory signals. In T cell-dependent B cell activation, 
a helper T cell that has been previously activated by an APC recognizes the 
same antigen presented by the B cell on MHC class II. This interaction 
provides essential co-stimulatory signals through direct cell-cell contact (e.g., 
CD40-CD40L interaction) and the secretion of cytokines, ultimately driving B 
cell activation and clonal expansion.  

Following activation, B cells undergo somatic hypermutation and ensuing 
affinity maturation in structures called germinal centers. These processes 
refine the antigen-binding regions of the immunoglobulin genes, resulting in a 
B cell repertoire with high antigen affinity. The activated B cell can undergo 
class-switch recombination from its IgM/IgD isotype to produce antibodies of 
either the IgG, IgA, or IgE isotype, each of which has a distinct function. 
Activated B cells mature into either memory B cells that are readily activated 
upon re-exposure to antigen, or plasma cells, which secrete large amounts of 
antibodies (15).  
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CELLS OF THE NERVOUS SYSTEM 

The nervous system is typically divided into two intricately connected 
components, the CNS, which includes the brain and spinal cord, and the 
peripheral nervous system. The CNS consists of five main cell types: neurons 
that transmit signals; oligodendrocytes that provide axons with a protective and 
functional myelin sheath; microglia, the resident innate immune cells of the 
CNS; astrocytes that possess a broad range of neuron-supportive functions; and 
ependymal cells that produce and regulate cerebrospinal fluid (CSF). 

Neurons 
Most cells communicate over long distances by the release of soluble factors 
such as hormones, chemokines, and cytokines, but neurons rapidly relay 
signals in a fully targeted manner via electric impulses. In simplified terms, 
neurons consist of a soma, which contains the cell nucleus, and two types of 
extensions: dendrites that receive afferent signals and axons that propagate 
efferent signals (Figure 5) (16). 

Neuronal signaling is propagated along the axon through sequential opening 
and closing of ion channels that traffic ions, mainly sodium and potassium, 
across the axonal plasma membrane. This membrane depolarization activates 
proximal ion channels to further propagate the signal. Upon depolarization, ion 
channels enter a refractory state during which they are prevented from 
immediate reactivation, which allows unidirectional signal transduction (17).  

Figure 5. Neuronal structure and communication.  
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Neurons communicate with other neurons and tissues primarily by converting 
the electrical signal into a chemical signal, which is transmitted across a small 
gap, the synaptic cleft. An incoming electric signal, or action potential, triggers 
the release of neurotransmitters through exocytosis of intracellular vesicles 
from the presynaptic neuron. These neurotransmitters diffuse across the 
synaptic cleft and engage receptors on the postsynaptic cell, inducing a 
functional response that can be excitatory or inhibitory depending on the type 
of neurotransmitter and receptor involved (18). In certain reflex pathways and 
brain regions, neurons instead employ electrical synapses, where ions pass 
directly between neurons through gap junctions, enabling fast communication 
(Figure 5) (19) .  

Oligodendrocytes & Schwann cells 
Oligodendrocytes originate from oligodendrocyte progenitor cells and 
populate the CNS, while Schwann cells are present in the peripheral nervous 
system and derive from neural crest cells. Unlike mature CNS neurons, 
oligodendrocyte progenitor cells retain proliferative ability in adulthood, 
allowing them to replenish the oligodendrocyte pool, although this capacity 
declines with age and in neurodegenerative diseases. Oligodendrocytes and 
Schwann cells share most functions, although Schwann cells retain higher 
plasticity and can dedifferentiate and proliferate in response to injury. In 
contrast, fully differentiated oligodendrocytes do not dedifferentiate, and 
remyelination in the CNS relies on oligodendrocyte progenitor cells (20,21).  

A main function of oligodendrocytes and Schwann cells is to form a myelin 
sheath, primarily surrounding larger axons. Schwann cells myelinate only one 
axon, while oligodendrocytes may myelinate multiple axons simultaneously. 
A key feature of myelination is the presence of nodes of Ranvier, which are 
small, unmyelinated gaps along the axon. Myelin acts as an insulator, allowing 
depolarization to occur only at the nodes as opposed to continuously along a 
non-myelinated axon. Consequently, action potentials jump from node to node, 
resulting in faster signal propagation (Figure 5) (20,21).  

Schwann cells in the peripheral nervous system are regularly replaced, whereas 
mature oligodendrocytes in the CNS are long-lived. Injury and disease can 
cause significant demyelination, which may lead to axonal loss, making re-
myelination essential for restoring function. In the event of infection or injury, 
Schwann cells and oligodendrocytes are also immunologically active and 
respond to cytokines. These cells possess some ability to present antigens and 
provide co-stimulatory signals to immune cells. Furthermore, they affect the 
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microenvironment by promoting activities such as extracellular matrix 
remodeling and angiogenesis (20,21). 

Microglia 
Microglia are CNS-resident innate immune cells that share many features with 
peripheral tissue-resident macrophages. General aspects of macrophage 
function and the M1/M2-like phenotype are covered in the section Monocytes 
& Macrophages, while this section highlights functions specific to microglia. 
Like most tissue-resident macrophages, microglia are not derived from 
hematopoietic stem cells but instead populate the CNS from the yolk sac in 
early embryonic development. The colony-stimulating factor 1 receptor is 
required for microglial differentiation from yolk sac erythromyeloid precursors 
and for their survival in the adult CNS, along with IL-34. Differentiated 
microglia retain proliferative ability but exhibit low turnover in homeostatic 
conditions due to their long lifespan. Typically, microglia are identified by 
their expression of ionized calcium-binding adaptor molecule 1, but since this 
can also be expressed by peripheral macrophages, additional markers, such as 
triggering receptor expressed on myeloid cells 2, may be needed for more 
precise annotation (22). 

In homeostasis, microglia display a ramified morphology with long processes 
that they utilize to survey the CNS. Neuronal signaling and crosstalk are partly 
regulated by microglia through formation, pruning, and elimination of 
synapses influenced by complement proteins. In response to injury or 
infection, microglia undergo reactive microgliosis characterized by 
morphological changes to an amoeboid shape, proliferation, and release of 
inflammatory mediators. Activated microglia exhibit functional states ranging 
from pro-inflammatory M1-like to anti-inflammatory M2-like phenotypes 
depending on environmental cues. In response to inflammatory conditions and 
neural damage, monocytes from the periphery may infiltrate the CNS and 
differentiate into microglia-like cells. These cells exhibit functions that overlap 
with resident microglia but tend to have a shorter lifespan. Microglia and 
astrocytes engage in immunological crosstalk by releasing chemokines and 
cytokines, which shapes the overall response (22).  

Astrocytes 
The most abundant non-neuronal cell in the CNS is the astrocyte. Expression 
of glial fibrillary acidic protein is a common determinant of astrocytes but is 
often used in combination with functional markers such as S100 calcium-
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binding protein β since glial fibrillary acidic protein is also expressed on other 
glial cells (23). Astrocytes derive from neural progenitor cells and populate all 
parts of the CNS. As a major component of the blood-brain barrier, astrocytes 
regulate its formation and permeability and monitor the perivascular space for 
inflammatory mediators (24). 

Within the CNS, astrocytes support neuronal function through multiple 
mechanisms. Extracellular K+ levels influence axon membrane potential and, 
as a result, neuronal excitability. Astrocytes regulate extracellular K+ levels via 
uptake through specific K+ channels. Additionally, astrocytes regulate synaptic 
signaling by uptake of the excitatory neurotransmitter glutamate from the 
synaptic cleft, allowing recycling to the pre-synaptic neuron. Dysfunctional 
astrocytic glutamate uptake can cause excitotoxicity, resulting in neuronal loss, 
and has been implicated in neurological diseases. Neuronal energy metabolism 
is supported by astrocytic release of lactate, which is utilized as an energy 
substrate by neurons (24).  

Astrocytes express cytokine receptors and PRRs, and respond to cytokines, 
ROS, and TLR agonists with inflammatory activation. Like microglia, 
activated astrocytes exhibit altered morphology and function. NF-κB-
dependent transcriptional programs are initiated in response to inflammatory 
insult, resulting in the release of cytokines and chemokines, as well as CNS 
infiltration of peripheral immune cells due to increased blood-brain barrier 
permeability. Alternative astrocyte activation may lead to the release of anti-
inflammatory and neurotrophic factors (23,24).  
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NEUROLOGICAL DISEASES 

Multiple sclerosis 
Multiple sclerosis (MS) is an inflammatory demyelinating disease of the CNS, 
leading to progressive physical and cognitive disability. The number of people 
suffering from MS worldwide was recently estimated at 2.8 million, making it 
one of the most common neurological disorders among young adults. MS 
creates a substantial societal cost in part due to the low average age at 
diagnosis, which is estimated at 32 years. The prevalence of MS is greater 
among females, with a ratio of 3:1 versus males. However, males may 
experience more rapid disease progression (25,26).  

MS causes focal lesions of demyelination in both white and gray matter, which 
can be visualized with magnetic resonance imaging. Identification of MS 
magnetic resonance imaging lesions in individuals without characteristic MS 
symptoms is termed radiologically isolated syndrome. The presence of such 
lesions substantially increases the risk of developing MS in the following years 
and may represent a pre-clinical stage of MS. Clinically isolated syndrome 
represents a single demyelinating attack that does not fulfill the criteria for MS 
diagnosis; however, many cases of clinically isolated syndrome evolve into 
MS (25). A definite MS diagnosis can be established using the McDonald 
diagnostic criteria, which utilize clinical features in combination with 
radiological assessment. Fluid biomarkers can also aid in diagnosis (27).  

Most patients present with relapsing-remitting MS (RRMS), which comprises 
acute episodes of neurological dysfunction that are often reversible, although 
residual symptoms may accumulate over time. RRMS can develop into 
secondary progressive MS (SPMS), which is characterized by fewer acute 
episodes but increasing irreversible disability and cognitive decline. The 
diagnosis of transition to SPMS is thus a poor prognostic factor for overall 
disability and survival. Despite that RRMS and SMPS are clinically defined as 
distinct phases and are characterized by certain types of lesions (gadolinium-
enhancing lesions in early relapsing MS and slowly expanding lesions in 
progressive MS), mechanisms related to progressive MS are increasingly 
recognized to be present already in the early relapsing stage. Approximately 
10–15% of patients present with progressive disease at onset (primary 
progressive MS, PPMS). The time from MS onset to SPMS transition is highly 
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variable and factors of relevance to this variability are insufficiently 
understood (Figure 6) (25).  

The cause of MS remains largely unknown, but genetic polymorphisms, 
particularly in HLA genes, have been associated with MS risk. In addition, 
environmental factors are associated with MS risk, in particular, Epstein-Barr 
virus (EBV) infection (25). It has been reported that nearly all MS patients 
have undergone EBV infection, compared with approximately 90–95% of the 
general population (28). A prospective study of US military personnel showed 
that one out of 801 patients with MS were seronegative for EBV at MS onset 
and that 34/35 of individuals who were seronegative at first sampling 
seroconverted before being diagnosed with MS (29). These findings were 
supported by a second study of patients with MS that identified the presence 
of antibodies against EBV nuclear antigen 1 which cross-reacted with alpha-
crystallin B chain, a protein expressed by oligodendrocytes. Additionally, EBV 
nuclear antigen 1- and alpha-crystallin B chain-reactive T cells were identified 
in patients with MS (30). While these findings support that EBV infection is a 
risk factor for developing MS, the lack of detectable genomic EBV in white 

Figure 6. The course of MS.  
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matter lesions from MS patients may argue against the hypothesis that EBV 
contributes directly to brain pathology (31).  

A wide range of disease-modifying therapies (DMTs) are approved for use in 
MS, most of which target peripheral immune cells (Figure 7). DMTs include 
antibodies against CD20 that deplete B cells, sphingosine-1-phosphate 
receptor (S1PR) modulators that prevent lymphocyte egress from lymph 
nodes, and anti-α4β1 integrin antibodies that block CNS infiltration of 
peripheral immune cells. These therapies reduce the frequency and severity of 
acute neuroinflammatory episodes, but evidence of an impact on long-term 
disability accumulation is uncertain. However, the prevalence of transition 
from RRMS to SPMS has reportedly decreased over the last decades for partly 
unknown reasons that may involve more widespread use of DMTs (32). 

  
Figure 7. MS pathology and therapies.  



20 
 

Guillain-Barré syndrome 
Guillain-Barré syndrome (GBS) is a rare inflammatory neuropathy affecting 
peripheral nerves that is thought to result, in part, from molecular mimicry 
between pathogen antigens and neuronal structures leading to antibody-
mediated auto-reactivity. Approximately 1–2 per 100,000 persons develop 
GBS annually. Patients with GBS typically present with numbness or 
weakness and develop ascending symmetrical weakness that may progress to 
tetraparesis. However, multiple distinct subtypes with different clinical 
presentations exist, defined by para- or tetraparetic involvement of motor 
dysfunction, sensory dysfunction, ataxia, and in some cases, decreased 
consciousness. The initial course of GBS comprises rapid progression over 
days to weeks, after which patients reach a plateau phase and subsequently 
mostly recover over the course of months to years. Mechanical ventilation in 
the acute phase is required in 20% of cases. Although estimates vary, even with 
current therapies, approximately 5% of patients succumb to the disease and 
another 20% experience lasting disability of variable severity. GBS is most 
often monophasic, but some patients experience recurrent episodes. Risk 
factors for severe GBS include advanced age, axonal GBS variant, and 
Campylobacter jejuni infection preceding GBS onset (Figure 8) (33).  

GBS may result from molecular mimicry, as evidenced by the presence of 
cross-reactive antibodies triggered by preceding infections, resulting in 
immune-mediated destruction of peripheral nerves. Following infection with 
Campylobacter jejuni, autoreactive antibodies targeting gangliosides at nodes 
of Ranvier or the motor nerve terminal have been identified, though specific 

Figure 8. GBS disease course.  
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autoantibodies are not always found. Commonly identified antecedent 
infections include, for example, Campylobacter jejuni and Mycoplasma 
pneumoniae, but GBS has also been associated with other immunological 
insults, such as trauma, malignancy, other infections, and, in rare cases, 
vaccinations. Diagnosis is initially challenging due to the diverse clinical 
manifestations, but is assisted by analysis of CSF, nerve conduction studies to 
confirm peripheral nerve involvement and identify subtype, and serological 
testing for antecedent infections. Lack of continued disease progression four 
weeks after onset further supports GBS diagnosis. GBS was traditionally 
classified as demyelinating or axonal, determined by electrophysiology, 
although mixed variants are common, suggesting that the immune response 
may be partly non-specific or target multiple antigens (33).  

GBS is treated with intravenous immunoglobulin or plasma exchange. The 
treatment options have remained unchanged since their introduction more than 
30 years ago. The rationale for using these therapies is non-specific inhibition 
or removal of immune mediators, and are considered equally efficacious. Thus, 
no mechanism-specific therapy has yet been successfully implemented in 
clinical practice (33). This highlights an unmet need for patients who die from 
GBS or suffer lasting disability. Promising results of the anti-C1q antibody 
ANX005 were recently presented (Annexon Biosciences, 2024-06-04 and 
2024-12-16), demonstrating a 2.4-fold reduction in the Guillain-Barré 
disability scale score, meeting the trial’s primary endpoint (34,35). All current 
or recently completed clinical trials of new DMTs for GBS target complement 
or antibodies. 
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Parkinson’s disease 
Over ten million people are affected by Parkinson’s disease (PD) globally, 
making it the second most common neurodegenerative disorder after 
Alzheimer’s disease (36). Incidence is projected to double by 2040, presenting 
a major societal challenge. Since the risk of developing PD increases with age, 
increasing life expectancy is likely contributing to the rising incidence, and 
additional research is needed to establish the relative contributions of genetic, 
environmental, and demographic factors. Males are at higher risk of 
developing PD, although this varies by race, ethnicity, genetic background, and 
environment (37,38).  

Patients typically present with characteristic symptoms of motor dysfunction 
such as bradykinesia, tremor, rigidity, and postural instability. However, 
increasing evidence suggests a prodromal phase marked by non-motor 
symptoms such as constipation, sleep disturbances, and depression. 
Autonomic dysfunction, vocal irregularities, hallucinations, and other 
psychiatric issues are common symptoms during progression of PD, and some 
patients develop dementia in the later disease stages (Figure 9). Females are 
assumed to more frequently develop certain motor symptoms, while cognitive 
decline is more prominent in men. Mutations in genes such as SNCA, PRKN, 
LRRK2, GBA, and PINK1 are linked to familial forms of PD, but most cases 

Figure 9. PD pathophysiology and symptoms.  
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are sporadic with no known genetic cause. However, genetic variants and 
environmental factors like exposure to pesticides may increase the risk of 
developing idiopathic PD (iPD). Clinical diagnosis of iPD is based on 
symptoms and treatment response, although a definite diagnosis of iPD can 
only be determined based on post-mortem neuropathological examination. PD 
mostly progresses slowly over decades, and early-stage patients do not exhibit 
significantly increased mortality compared to healthy individuals (39).  

PD causes degeneration of dopaminergic neurons in the substantia nigra pars 
compacta, but non-dopaminergic neurons in other brain regions can also be 
affected. Despite extensive research, the cause of neurodegeneration is not 
fully elucidated, but dysfunctional mitochondria, protein homeostasis, 
autophagy, cellular transport, and inflammation are thought to contribute (39). 
Misfolding and aggregation of the protein α-synuclein is considered a major 
driver of disease due to the presence of insoluble fibrillar α-synuclein 
aggregates in the extracellular space and in Lewy bodies, which are 
intracellular inclusion bodies. α-synuclein is predominantly expressed in 
neurons, particularly in dopaminergic neurons of the substantia nigra (Figure 
9). Fibrillar α-synuclein is neurotoxic and may propagate pathology through a 
prion-like mechanism, where misfolded aggregates spread between neurons 
and promote further aggregation. Additionally, extracellular α-synuclein can 
activate glial cells, including microglia and astrocytes, triggering 
neuroinflammation and contributing to neuronal dysfunction and degeneration 
(Figure 9). Mutations in the gene encoding α-synuclein, which cause familial 
PD, may promote α-synuclein aggregation and increase aggregate toxicity 
(38,40-43). 

Currently, only symptomatic treatments are available for PD and include 
neurotransmitter precursors, dopamine agonists, and deep brain stimulation. 
These therapies temporarily restore neuronal signaling, but extensive 
neurodegeneration results in ineffective symptom relief, and the underlying 
neurodegeneration is unaffected by any currently available therapy (38). 
Promising DMTs under investigation include transplantation of dopamine-
producing neurons derived from induced pluripotent stem cells and antibodies 
targeting α-synuclein aggregates for elimination (44,45). However, the 
benefits of anti-α-synuclein antibodies on long-term disease progression 
remain uncertain (45). 
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THE NOX2 ENZYME 

The family of NOX enzymes comprises seven isoforms, NOX1–5 and the dual 
oxidases DUOX1 and DUOX2. NOX2, which is the focus of this thesis, is a 
multicomponent enzyme consisting of a membrane-bound dimer of gp91phox, 
also known as NOX2, and p22phox, along with four cytosolic subunits: p40phox, 
p47phox, p67phox, and Rac. Tissue distribution and the catalytic subunit vary 
between NOX isoforms. p22phox is required for the activity of NOX1–4. Upon 
NOX2 activation, which is initiated by phosphorylation of p47phox, the 
cytosolic subunits translocate to the membrane to assemble a functional 
enzyme (Figure 10) (46).  

The only known function of the NOX enzymes is to transfer an electron from 
NADPH across membranes to molecular oxygen, resulting in the formation of 
ROS in the form of superoxide (O2

•-), or hydrogen peroxide (H2O2) in the case 
of NOX4 and DUOX1/2. O2

•- mainly reacts with molecules close to its source 
due to its high propensity to donate an unpaired electron and because its 
polarity prevents passage through lipid membranes. O2

•- is rapidly converted to 
hydrogen peroxide (H2O2) by superoxide dismutase (SOD) or through 
spontaneous dismutation. O2

•- may also react with nitric oxide (NO) to form 

Figure 10. Structure and activation of NOX2, and the potential fates of 
generated superoxide.  
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the highly reactive and toxic peroxynitrite (ONOO-). H2O2 is less reactive and 
readily passes membranes, making it potentially toxic over longer distances. 
H2O2 is neutralized by antioxidants such as glutathione that is enzymatically 
recycled between its oxidized and reduced forms. Catalase catalyzes the 
conversion of H2O2 into water and molecular oxygen. In the presence of ferrous 
iron (Fe2+), H2O2 may undergo the Fenton reaction, forming highly toxic 
hydroxyl radicals (OH•) (Figure 10) (47).  

NOX2 is densely expressed by myeloid cells such as monocytes, neutrophils, 
and tissue-resident macrophages, including microglia. NOX2 localizes to the 
phagosomal membrane where it aids in degradation of ingested pathogens or 
damaged cells. Additionally, myeloid cells release ROS extracellularly 
through plasma membrane-bound NOX2 to combat extracellular pathogens or 
regulate redox homeostasis (48). Functional NOX2 is critical to the defense 
against invading microbes, as evidenced by frequent and severe bacterial and 
fungal infections in patients with genetic NOX2 deficiency, such as chronic 
granulomatous disease (49). In addition, NOX2-derived ROS are ascribed a 
role in cell signaling by oxidizing specific protein residues and in suppression 
of innate and adaptive immunity (48). Under inflammatory conditions, Akt and 
protein kinase C (PKC) have been shown to phosphorylate p47phox, leading to 
NOX2 activation (Figure 10) (50,51).  

Single nucleotide polymorphisms (SNPs) are genetic variations in a single 
nucleotide at a specific location of the genome. Variants of SNPs may 
influence transcription, translation, or protein function. In contrast to 
mutations, which are rare and largely random genetic variants often linked to 
disease, SNPs represent normal genetic diversity that occur at a frequency of 
> 1%. The SNPs rs4673 and rs1049254 are non-synonymous variants in CYBA 
which encodes the p22phox subunit of NOX1–4. The approximate estimated 
positions of the amino acid substitutions within the protein are shown in Figure 
11 (52,53). In human neutrophils, the rs4673 A allele was associated with 
reduced formation of NOX2-derived ROS in response to stimulation with the 
protein kinase C activator phorbol 12-myristate 13-acetate (PMA) (54), 
although a second study did not replicate these findings (55). Studies on the 
impact of rs4673 on ROS formation in cell lines have also yielded partially 
incongruent results. One study found reduced TNF-induced NOX2 activity in 
the endothelial cell line HPMEC-ST1.6R carrying the rs4673 A allele (56), 
while myeloid HL-60 cells transfected with CYBA cDNA carrying the rs4673 
A allele exhibited increased PMA-induced ROS production compared to cells 
transfected with CYBA homozygous for the G allele (54-57). Analysis of 
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rs1049254 and rs1049255 in CYBA, in PMA-stimulated EBV-transformed B 
cells, indicated that cells carrying the rs1049254 G and the rs1049255 T allele 
produced less ROS than cells carrying rs1049254 A and rs1049255 C (58). 
Taken together, these previous studies suggest that the rs4673 A allele and the 
rs1049254 G allele might associate with reduced capacity to form ROS in 
primary myeloid cells. However, the impact of these gene variants may depend 
on cell type and stimulus.  

  

Figure 11. Approximate 
locations of the resulting 
amino acid changes from 
rs4673 and rs1049254.  
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OXIDATIVE STRESS, NEUROINFLAMMATION, 
& NOX2 

Normal biological processes such as oxidative phosphorylation in 
mitochondria generate ROS continuously. ROS are potentially harmful to 
surrounding tissue but are detoxified by enzymes such as SOD and catalase, as 
well as through enzymatic recycling of antioxidants such as glutathione. 
Imbalance between ROS generation and antioxidant defense, either due to 
excessive ROS generation or antioxidant deficiency, leads to oxidative stress. 
Oxidative stress encompasses oxidation of macromolecules such as DNA, 
proteins, and lipids, ultimately causing cellular dysfunction and death (59). 

Due to their high energy demand, neurons generate a considerable amount of 
ROS as a natural byproduct of oxidative phosphorylation and are therefore 
considered vulnerable to disruptions in ROS homeostasis. Oxidative stress 
may damage electron transport chain proteins and impair mitochondrial 
trafficking within axons, causing energy failure (59,60). Thus, mitochondrial 
stress is thought to contribute to cell death in multiple neurodegenerative 
diseases (59). Furthermore, the high iron content in the CNS may amplify 
sensitivity to ROS through the aforementioned Fenton reaction, in which 
ferrous iron reacts with H2O2 to generate hydroxyl radicals (OH•). Iron content 
in the CNS increases with age, suggesting a potential link between aging and 
neurodegenerative diseases (61). The presence of oxidative stress in 
neurodegenerative diseases has inspired use of antioxidants as DMTs to reduce 
levels of ROS. However, antioxidants have been largely ineffective in clinical 
settings. Thus, research focus has instead shifted toward limiting ROS 
production at its source (46). 

Neuroinflammation has emerged as a hallmark of neurodegenerative diseases, 
with increasing evidence suggesting its role in promoting neurodegeneration 
(62). The following chapter reviews the role of inflammation and NOX2-
mediated oxidative stress in MS, GBS, PD, and related neurodegenerative 
diseases. 
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Inflammation in multiple sclerosis 
MS was traditionally regarded as an autoimmune disease in which autoreactive 
T and B cells, alongside infiltrating macrophages and monocytes, contribute to 
CNS demyelination. In recent years, at least two processes have been 
implicated in the pathophysiology of MS. In early stages, T cells and B cells 
are recognized as key drivers of high-grade inflammation during relapses, 
which are characterized by blood-brain barrier disruption and subsequent 
immune infiltration into active inflammatory demyelinating lesions (63). This 
view is supported by the efficacy of therapies that deplete B cells or prevent 
CNS infiltration of peripheral adaptive immune cells, which significantly 
reduce the severity and frequency of relapses. However, their limited impact 
on long-term disease progression suggests the involvement of additional 
mechanisms contributing to this aspect of disease (32). Indeed, long-term 
disease progression is closely linked to the appearance and expansion of 
chronic active lesions, also known as smoldering lesions (64). These lesions 
consist of a hypoactive demyelinated core, surrounded by a rim of chronically 
active microglia, which overexpress inflammatory mediators including NOX2 
(65,66).  

Oxidized lipids and DNA are enriched in MS lesions, especially at the lesion 
edge and in adjacent normal-appearing white matter, suggesting ongoing 
oxidative injury (67,68). Notably, oxidized lipids and DNA have been found 
to co-localize with activated microglia (68). In vitro studies suggest that 
microglial toxicity toward oligodendrocytes is mediated by NOX2-derived 
ROS (69). Experimental autoimmune encephalomyelitis—a widely used 
mouse model of MS induced by immunization with myelin antigens—has 
provided further insight into the role of NOX2 in MS. Induction of 
experimental autoimmune encephalomyelitis in NOX2-deficient mice resulted 
in markedly reduced disease severity, neurodegeneration, and release of 
inflammatory cytokines compared with wild-type mice (70,71). However, 
while these findings suggest a role for NOX2 in disease progression, a causal 
link between NOX2 activation and long-term disease progression in MS 
patients has yet to be established. 
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Inflammation in Guillain-Barré syndrome 
The pathophysiology of GBS is complex and may vary by subtype. In the acute 
phase, lymphocytes and myeloid cells infiltrate nerve fibers and spinal roots 
and thus may contribute to nerve injury (33,72). Notably, low-grade 
neuroinflammation may persist for months to years after clinical recovery (72). 
B cells likely contribute to the pathogenesis and/or pathophysiology of GBS, 
as evidenced by the strong association between GBS and presence of 
autoreactive antibodies (73). In addition, T cells have long been assumed to 
contribute to GBS pathophysiology since infiltrating CD4+ T helper cells and 
CD8+ cytotoxic T cells are found in the endoneurium of GBS lesions (74). 
Their role in tissue destruction remains elusive, although a recent study has 
demonstrated presence of autoreactive CD4+ and CD8+ T cells targeting 
myelin antigens in patients with demyelinating GBS (75). Historically, 
complement proteins were primarily implicated in axonal GBS, while 
macrophage-mediated destruction of myelin was thought to contribute to 
demyelinating variants. However, complement activation is present in models 
of both axonal and demyelinating GBS (76-78). The presence of complement 
deposits at nerve fibers in demyelinating GBS, along with the association 
between plasma complement levels and clinical outcome in patients with 
various subtypes, support that complement activation may contribute to 
pathology in multiple forms of human GBS (79,80).  

Macrophages may promote injury in axonal and demyelinating variants of 
GBS (81). Proinflammatory M1-like macrophages are recruited to lesions 
early in the acute phase, where they are assumed to contribute to nerve damage 
by releasing inflammatory cytokines, chemokines, and toxic mediators. This 
results in the recruitment of additional immune cells and direct tissue damage. 
In contrast, anti-inflammatory M2-like macrophages dominate in the recovery 
phase, where they are thought to limit excessive inflammation and support 
tissue repair and remyelination (82). Promoting the transition from pro-
inflammatory to anti-inflammatory macrophages reduced severity in an animal 
model of GBS, an effect reportedly dependent on activation of the antioxidant-
coordinating transcription factor nuclear factor erythroid 2-related factor 2 
(83). SNPs in genes related to increased inflammatory signaling and 
macrophage recruitment are associated with increased severity but not 
incidence of GBS (84,85). Lesion-infiltrating macrophages may be activated 
by immune complexes and DAMPs, leading to NOX2 activation and 
subsequent ROS formation (3,86). Markers of oxidative stress are elevated in 
patients with GBS compared with healthy controls, and some markers correlate 
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with disease severity (87-90). However, direct evidence of oxidative damage 
to neurons in GBS is lacking. NOX2 has been implicated in the 
pathophysiology of peripheral neuropathies, and the ROS neutralizing 
enzymes SOD and catalase were shown to alleviate symptoms in an animal 
model of GBS (91). Taken together, macrophage-driven inflammation and 
release of ROS through NOX2 may contribute to GBS pathology, but 
additional evidence is needed. 

Inflammation in Parkinson’s disease 
Although neuroinflammation has long been recognized in PD pathophysiology 
(92), research has primarily focused on elucidating the pathology of aggregated 
α-synuclein and strategies for its neutralization or clearance. However, 
increasing evidence suggests an interplay between inflammation, protein 
aggregation, dysfunctional cellular homeostasis, and other factors contributing 
to neurodegeneration (93). Peripheral immune cells may be involved in the 
pathophysiology of PD. T cells infiltrate the brain of patients with PD and 
contribute to neurodegeneration in animal models (92,94). Furthermore, 
circulating monocytes from patients with PD display increased activation in 
response to inflammatory insult, and fibrillar α-synuclein induces 
inflammatory activation of monocytes (95,96). 

Among immune cells, microglia are particularly implicated in the 
pathophysiology of PD. The number of activated microglia is markedly 
elevated in the brain of patients with PD, particularly at sites of 
neurodegeneration (97). Microglia may exhibit either a classically activated 
M1-like or an alternatively activated M2-like phenotype. Presence of 
alternatively activated microglia in PD may be protective through the release 
of neurotrophic factors or through the engulfment and degradation of 
aggregated α-synuclein (98,99). However, α-synuclein can also trigger 
microglial inflammatory activation. In vitro stimulation of microglia with α‐
synuclein induces the release of inflammatory cytokines. Cytokine formation 
is increased upon stimulation with fibrils formed from α‐synuclein containing 
PD-causing mutations compared with the wild-type protein (100). Additional 
studies report microglial inflammatory responses upon stimulation with α-
synuclein in vitro and in animal models of PD. Responses include 
morphological changes, release of inflammatory cytokines, and ROS 
formation. Multiple pathways have been implicated in microglial activation in 
PD animal models or following α-synuclein stimulation, including signaling 
through the surface receptors TLR1, TLR2, TLR4, CD11b, P2X7 receptor, as 



Introduction 

31 
 

well as mechanisms related to phagocytosis and leucine-rich repeat kinase 2-
dependent signaling (100-107). The large number of pathways implicated may 
depend on differences in microglial origin, the type of response measured, and 
the aggregation state of α-synuclein.  

There is ample evidence of oxidative stress in PD. Oxidized macromolecules 
are found in the nigrostriatal pathway of patients with PD, but also in other 
brain regions, and markers of oxidative stress are elevated in the periphery 
(108). The source of oxidative stress in PD is undetermined but may include 
dysregulated mitochondrial respiration and/or NOX2 activation. In 
accordance, aggregated α-synuclein induces microglial ROS formation in vitro 
through stimulation of CD11b, P2X7 receptor, and TLR4, potentially 
depending on aggregation state (101,104,105). Inflammatory microglia and 
aggregated α-synuclein may act bi-directionally, as NOX2-derived ROS 
contribute to α-synuclein aggregation (109). Furthermore, NOX2 promotes 
neurodegeneration in multiple animal models of PD (106,110-113). A model 
of chronic neuroinflammation induced by systemic LPS administration aims 
to mimic symptoms of PD by inducing progressive loss of dopaminergic 
neurons, α-synuclein pathology, and motor deficit (114,115). In this model, 
microglial NOX2 is drastically elevated early in the disease course followed 
by induction of neuronal NOX2, both of which remain elevated (111). Genetic 
NOX2 deficiency prevented loss of dopaminergic neurons, and treatment with 
a NOX2 inhibitor for two weeks before or after onset of motor deficit 
prevented further neurodegeneration for up to 17 months post LPS treatment 
(116,117). These findings suggest that NOX2 perpetrates progressive 
inflammatory neurodegeneration in a self-propagating vicious cycle that may 
be halted by NOX2 inhibition. Microglial and neuronal NOX2 activation is 
elevated in the brain of patients with PD, but whether NOX2 activation in PD 
is a cause or consequence of neurodegeneration is unknown (112). 
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Related neuroinflammatory diseases 
Inflammation is a salient feature of several additional progressive 
neurodegenerative diseases, including Alzheimer’s disease, amyotrophic 
lateral sclerosis (ALS), and Huntington’s disease (HD), as well as during 
neuroinflammatory events such as stroke and traumatic brain injury. Despite 
their distinct causes and clinical manifestations, these conditions may converge 
on the presence of oxidative stress and activated microglia at sites of nerve 
damage, with elevated levels of NOX2 (118).  

A model of cerebral ischemia revealed that NOX2 expression in neurons was 
elevated early after injury, while microglial NOX2 expression was increased 
at later time points (119,120). Inhibition or genetic depletion of NOX2 was 
neuroprotective in these models (119,121,122). Similarly, in a model of 
traumatic brain injury an early increase in NOX2 activity was observed in 
neurons, while a delayed and persistent increase was observed in pro-
inflammatory microglia up to one year after traumatic brain injury (123-127). 
Neuroprotection in these models was conferred by NOX2 inhibition or genetic 
depletion (124,126,128).  

NOX2 activation is markedly elevated in the brain of patients with Alzheimer’s 
disease, and increased NOX2 activity correlates with cognitive decline 
(129,130). Aggregates of the characteristic misfolding protein amyloid-β 
induce microglial NOX2 activation in vitro (131). Inhibition or genetic 
depletion of NOX2 ameliorated symptoms in in vivo models of Alzheimer’s 
disease (132,133). Similarly, evidence of oxidative stress was found in the 
brain, CSF, and plasma of patients with HD and correlated with estimates of 
cognitive decline (134-136). NOX2 inhibition in an animal model of HD 
reduced inflammatory signaling, increased antioxidant signaling, and 
improved motor function (137).  

Markers of oxidative stress are also elevated in the brain, spinal cord, and CSF 
in patients with ALS (138-142). Mice overexpressing SOD1 exhibit ALS-like 
symptoms, resembling those in humans with familial ALS caused by SOD1 
mutations. NOX2 expression is elevated in the spinal cord of patients with ALS 
and SOD1-overexpressing mice, and reduced NOX2 activity in peripheral 
blood neutrophils is associated with prolonged survival in ALS patients 
(143,144). In mice overexpressing SOD1, a genetic Nox2 deficiency led to 
reduced markers of oxidative stress, reduced neurodegeneration, and 
prolonged survival (143). Selective expression of mutant SOD1 in neurons is 
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reportedly insufficient to induce motor impairment in mice, while selective 
microglial expression causes neurotoxicity in vitro (145-147). 

BRUTON’S TYROSINE KINASE IN B CELL 
MALIGNANCIES AND IMMUNE REGULATION 

B cell malignancies 
B cell malignancies include B cell leukemias, B cell lymphomas, and plasma 
cell dyscrasias. These diseases arise from different stages of B cell 
differentiation and maturation (148). In most cases, B cell malignancies are 
caused by genetic aberrations although infections, environmental factors, and 
immune dysfunction, including dysregulated antigen responses, have been 
implicated (149-160). Among leukemias, chronic lymphocytic leukemia 
(CLL) is the most common variant, typically characterized by the uncontrolled 
expansion of mature malignant B cells in blood, lymph nodes, and bone 
marrow. The global incidence of new CLL cases 2019 was estimated at 1.3 per 
100,000 persons with slightly higher prevalence in males (149).  

B cell malignancies are treated with chemotherapy and, increasingly, with 
targeted therapies that selectively or specifically eliminate B cells. CD20 is 
commonly expressed by malignant B cells, especially in leukemias and 
lymphomas, which has translated into the use of anti-CD20 antibodies to 
facilitate engagement of innate immune cells. Opsonized cells are eliminated 
through NK cell-mediated antibody-dependent cellular cytotoxicity, antibody-
dependent cellular phagocytosis by phagocytic cells, and direct antibody-
induced apoptosis (161).  

Bruton’s tyrosine kinase in B cells 
BTK is required for B cell receptor signaling and plays a crucial role in B cell 
proliferation and survival. It is often dysregulated in malignant B cells, leading 
to uncontrolled proliferation (162). Inhibition of BTK induces apoptosis in B 
cells. Multiple BTK inhibitors (BTKi) are approved for treatment of B cell 
malignancies, and additional candidates are currently being evaluated in 
clinical trials (162). Second- and third-generation BTKi are modified for 
increased specificity to reduce off-target toxicity, and some are developed for 
reversible BTK-binding to limit the emergence of acquired resistance due to 
binding site mutations (162). 
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Bruton’s tyrosine kinase in myeloid cell activation 
BTK was first explored in B cells but is now recognized to play a role as an 
activating kinase also in other hematopoietic cells, including monocytes, 
macrophages, and MDSCs (163,164). Upon stimulation of myeloid cell 
surface receptors, BTK is phosphorylated to initiate the activation of multiple 
inflammatory mediators, including NF-κB, PI3K/Akt, and the NLRP3 
inflammasome. Downstream effector functions mediated by BTK activation 
include phagocytosis and secretion of inflammatory cytokines (165).  

Inflammation, including the dampening of lymphocyte-mediated immunity 
against malignant cells, is recognized as a hallmark of cancer. MDSCs and 
certain subsets of NOX2-expressing TAMs are frequently recruited to the 
tumor microenvironment. In addition, MDSCs are often present at high levels 
in the circulation of patients with hematological malignancies. These cells 
facilitate immune evasion of malignant cells in part by extracellular release of 
NOX2-derived ROS, which results in suppression of ROS-sensitive T and NK 
cells (50,166). A recent study reported that high levels of MDSCs in patients 
with CLL were associated with poor prognosis. Additionally, treatment with 
the BTKi ibrutinib reduced the numbers of MDSCs in CLL patients (167). The 
effects of BTK inhibition on myeloid cells have prompted efforts to repurpose 
BTKi as immunomodulatory therapies aimed at reducing myeloid-driven 
immunosuppression. In response to BTK inhibition, immunosuppression and 
tumor growth were reduced in pre-clinical models of solid tumors. BTKi 
therapy was particularly efficacious in combination with inhibition of the 
Programmed cell death protein 1/Programmed cell death ligand 1 immune 
checkpoint axis. No clear benefit has yet been established in patients, although 
clinical trials have mainly evaluated BTKi in difficult to treat 
relapsed/refractory or metastatic cancer (163,168-171). BTKi are also being 
evaluated for the treatment of autoimmune and autoinflammatory conditions, 
including MS (172-174). Beneficial non-B cell-dependent effects of BTK 
inhibition have been suggested to involve inhibition of Fc receptor and TLR 
signaling (168), but the exact mechanism by which BTK inhibition limits 
immunosuppression and autoinflammation remains unknown.  

As BTK mediates activation of Akt, which phosphorylates p47phox to initiate 
assembly and subsequent activation of NOX2, BTK may be involved in NOX2 
activation in response to surface receptor stimulation (50,165). Granulocytes 
isolated from CLL patients receiving ibrutinib displayed reduced formation of 
ROS in response to stimulation with bacteria and fungi ex vivo (175-178). 
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NOX2-derived ROS are crucial in the defense against extracellular pathogens. 
Thus, deficiency of inflammatory signaling in myeloid cells may partly explain 
the increased frequency of infections observed in patients treated with BTKi 
(179). However, the mechanisms underlying the interaction between BTK and 
NOX2 and its potential implications for anti-neoplastic immunity remain 
incompletely understood.  
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AIM 

The overarching goal of this work was to determine the impact of NOX2-
derived reactive oxygen species in inflammatory pathologies with a focus on 
identifying targetable mechanisms of relevance to long-term outcomes in 
neurological diseases. The aims for each paper are listed below: 

Paper I: To determine the impact of CYBA polymorphisms at rs1049254 
and rs4673 on reactive oxygen species formation from 
monocytes and rate of disease progression in multiple sclerosis. 

 Paper II: To determine the impact of CYBA polymorphisms at 
 rs1049254 and rs4673 on severity of and recovery from 
 Guillain-Barré syndrome. 

 Paper III: To determine the impact of CYBA polymorphisms at 
 rs1049254 and rs4673 on long-term disease progression in 
 Parkinson’s disease. 

Paper IV: To evaluate the effect of Bruton’s tyrosine kinase inhibition on 
NOX2 activation and thus provide conceivable NOX2-
reductive therapies. 
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METHODS 

STUDY PARTICIPANTS 

Paper I 
Paper I included two cohorts of patients with MS who were recruited at 
Sahlgrenska University Hospital. The first cohort comprised 43 patients 
examined between 1996–1997, with a second cohort of 60 patients examined 
after 2005. In addition, the study included 108 healthy individuals recruited as 
controls for the two MS cohorts. All patients fulfilled the Poser diagnostic 
criteria for MS (180). Review of medical records determined the year of MS 
onset, the type of MS (PPMS, RRMS, or SPMS) and the expanded disability 
status scale score at the time of evaluation, and the year of conversion from 
RRMS into SPMS in accordance with guidelines (181,182). The expanded 
disability status scale score was converted to the multiple sclerosis severity 
score to account for disease duration at the time of evaluation, as described 
(183). Detailed patient characteristics including use of DMTs are presented in 
Table 1 of paper I. Written informed consent was obtained from all 
participants. Ethical approval was attained from the regional ethical review 
board of Gothenburg (approval numbers S 196‐96, Ad 361‐96, and 222‐04).  

Paper II 
In paper II, 121 patients with GBS treated at the Department of Neurology, 
Sahlgrenska University Hospital from 1989 to 2014 were analyzed. Patients 
were subject to routine diagnostic evaluation at hospital admission, including 
screening for antecedent infection, nerve conduction studies, 
electromyography, and analysis of serum and CSF. All study patients fulfilled 
the Asbury criteria for GBS (184,185). Review of medical records confirmed 
GBS diagnosis and recorded requirement of assisted ventilation, acute phase 
motor dysfunction, severity scoring according to the Guillain-Barré disability 
scale, and time to regained motor function. Detailed patient characteristics 
including antecedent infection, GBS subtype, and treatment are presented in 
Table 1 of paper II. Patients or their relatives gave written or oral informed 
consent prior to study admission. The study was approved by the regional 
ethical review board of Gothenburg (Dnr 222-04, 650-16, and 2021-03471). 
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Paper III 
Paper III included 196 patients with iPD. The study participants were 
recruited between 2000–2012 among individuals with a diagnosis of PD who 
visited either of three outpatient clinics in Gothenburg, Falköping, or Skövde. 
At study inclusion, the participants gave a blood sample and provided 
demographic and disease-related information. Review of medical records 
determined the year of motor symptom onset. For an exploratory subset, 
constituting 95 of the 196 patients, the time from onset of motor symptoms to 
the occurrence of 21 clinical milestones characteristic of PD progression was 
determined through screening of medical records. The included milestones and 
their definitions are described in paper III. Detailed patient characteristics are 
presented in Table 1 of the same paper. Ethical approval was obtained from 
the regional ethical review board of Gothenburg (L011-99). The ethics 
approval was amended in 2023 to include review of medical records to 
determine clinical milestones (2023-04748-02). Study participants who were 
alive in 2023 were included in the extended medical records review upon 
additional written informed consent, while participants deceased at this point 
were included by default. 

Paper IV 
In paper IV blood samples collected from two patients with X-linked 
agammaglobulinemia, and from a patient with CLL, were included. The 
patients with X-linked agammaglobulinemia were receiving IgG 
supplementation at the time of sampling. The patient with CLL was 
asymptomatic, classified as Binet stage A, and was not receiving treatment for 
CLL. All patients provided written informed consent, and the study was 
approved by the regional ethical review board of Gothenburg (Dnr 312-13, 
737-17, 2023-06740-02). 

GENOTYPING 

For papers I–III, we utilized predesigned TaqMan genotyping assays to 
determine SNP genotype at rs4673 and rs1049254 within the CYBA gene in 
genomic DNA isolated from study participants. These assays utilize real-time 
quantitative PCR with probes conjugated to fluorescent molecules that bind 
the target sequence only if a specific SNP genotype is present. Probe binding 
during amplification facilitates fluorescence. The relative fluorescence 
between the probes in a sample after amplification is used to determine the 
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genotype (Figure 12). The PCR was run on a 7500 Fast Real-Time PCR 
machine (Applied Biosystems). Genotypes were determined using the 7500 
SDS software version 1.4 (Applied Biosystems). The genomic DNA used as a 
template was isolated from tissue samples using a high‐throughput DNA 
extraction device (MagnaPure LC, Roche Molecular Systems) with a Total NA 
(serum, plasma, blood) kit or a DNEasy Blood & Tissue Kit (Qiagen).  

CELL CULTURE ASSAYS 

Leukocyte isolation and purification 
Peripheral blood mononuclear cells (PBMCs) constitute T cells, B cells, NK 
cells, monocytes, and dendritic cells. This cell fraction is separated from 
granulocytes and erythrocytes in blood by utilizing differences in cell density. 
In papers I and IV, PBMCs were isolated from healthy blood donor buffy 
coats or peripheral blood collected from study participants by dextran 
sedimentation and density gradient centrifugation. In paper IV, specific cell 
types were further purified using methods that rely on targeted labeling of cells 
with magnetic beads, which allows separation by magnetic retention.  

Measurement of reactive oxygen species 
In papers I and IV, we utilized two assays to measure NOX2-derived ROS 
formation in myeloid cells. ROS were measured in response to surface 
receptor-dependent and receptor-independent stimuli. 

Figure 12. Allelic 
discrimination. Example of 
allelic discrimination data, 
including controls without DNA 
template. Each dot represents 
DNA from one individual. 
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CHEMILUMINESCENCE-BASED O2
•- MEASUREMENT 

The first ROS assay is based on measuring chemiluminescence emitted upon 
the reaction between isoluminol and O2

•-, which is catalyzed by horseradish 
peroxidase. Isoluminol cannot pass through lipid membranes and the assay 
therefore reflects formation of extracellularly generated NOX2-derived ROS 
(186). Chemiluminescence intensity indicates the current rate of ROS 
formation and is measured continuously during an experiment, after which the 
area under the chemiluminescence intensity curve over time determines the 
total ROS formed. 

AMPLEX ULTRA RED-BASED H2O2 MEASUREMENT 
The second assay measures H2O2, which is rapidly formed from generated O2

•- 
through spontaneous or enzymatic dismutation. In the presence of horseradish 
peroxidase, the Amplex Ultra Red reagent reacts with H2O2 to form a stable 
fluorescent molecule that can be detected by emission at 590 nm upon 
excitation at 540 nm. Fluorescence intensity indicates H2O2 concentration and 
is measured at an end point to determine the total H2O2 formed. The rate of 
H2O2 formation is determined by the change in fluorescence intensity over time 
when fluorescence is measured continuously. 

Flow cytometry 
Flow cytometry enables analysis of protein expression and other cell 
characteristics with single-cell resolution. Cells in suspension are aligned 
single file and exposed to one or more lasers. Characteristics of light scatter 
provide information about cell size and granularity, while multiple fluorescent 
probes are simultaneously detected by combinations of different wavelength 
lasers and filtered emission detectors. The probes are often fluorescent 
molecules conjugated to antibodies that target a protein of interest. Alternative 
probes include molecules that bind stressed or dying cells. Flow cytometry is 
extensively used in immunology research, where the expression pattern of 
proteins can specify cell type and function. In paper IV, flow cytometry was 
used to determine factors such as the fraction of dead target cells after co-
culture with effector cells, cell proliferation, and protein phosphorylation. A 
detailed description of panels and gating strategy is presented in paper IV. 
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MEASUREMENT OF NEUROFILAMENT LIGHT 
CHAIN 

Neurofilament light chain (NfL) has emerged as a biomarker for axonal decay. 
NfL is detectable in CSF and serum (sNfL) although serum levels are lower. 
Highly sensitive assays such as Single Molecule Array (Simoa) allow 
quantification of NfL even at the low concentrations found in serum. For paper 
II, 76 patients provided serum samples for analysis of sNfL. Samples were 
analyzed using the Simoa NF-light™ Advantage Kit on an HD-X Analyzer 
(Quanterix, Billerica,MA) as described (187).  

MELANOMA MOUSE MODEL 

In paper IV, the anti-neoplastic effect of NOX2 inhibition by ibrutinib was 
determined in a model of NK cell-sensitive metastatic melanoma. In this 
model, murine B16F10 melanoma cells are injected intravenously into the tail 
vein of mice. The malignant cells are allowed to engraft for three weeks, after 
which the mice are sacrificed and lungs are removed. The black color of 
melanoma cells allows for visual enumeration of metastatic foci on the lungs 
under a light microscope. Malignant cells in this model are highly controlled 
by NK cells, which have been shown to be sensitive to NOX2-mediated 
immunosuppression (188,189). Thus, the model is suitable to study effects of 
NOX2 inhibition on anti-neoplastic NK cell immunity in vivo. Mice were 
treated with the BTKi ibrutinib or vehicle daily for five days starting the day 
prior to tumor cell inoculation. Experiments were conducted in wild-type mice 
as well as in mice lacking the catalytic subunit of NOX2 or in mice depleted 
of NK cells to elucidate if observed effects were NOX2- and/or NK cell-
dependent. 

 

All illustrations were created with BioRender.com. 
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RESULTS & DISCUSSION 

Elucidating the cause of neuronal decay in neurodegenerative diseases may 
facilitate development of new therapies. The studies presented in this thesis 
aimed to identify targetable mechanisms that impact long-term progression of 
neurodegenerative diseases. NADPH oxidase 2 (NOX2)-derived reactive 
oxygen species (ROS) contribute to immunosuppression in cancer, preventing 
the immune-mediated elimination of malignant cells. Despite this, clinically 
approved, safe, and effective NOX2 inhibitors require further development. 
We therefore evaluated the NOX2 inhibitory properties of Bruton’s tyrosine 
kinase inhibitors (BTKi) and their potential efficacy in relieving 
immunosuppression. 

CYBA GENOTYPES INFLUENCE 
NEUROINFLAMMATION AND 
NEURODEGENERATION 

Oxidative stress has long been believed to contribute to neurodegeneration. 
However, the source of oxidative stress in neurodegeneration is not known and 
may include ROS produced enzymatically or as a byproduct of other cellular 
processes, including cellular respiration (59). Inflammatory activation of 
monocytes and macrophages, including microglia, entails activation of NOX2, 
leading to the extracellular release of ROS. Increased NOX2 activation is 
observed in experimental models of neurodegenerative diseases, wherein 
inhibition or genetic depletion of NOX2 is neuroprotective to suggest a 
possible causative role of NOX2. Elevated NOX2 activity is also assumed to 
contribute to neurodegeneration in patients. However, the inflammatory 
response and subsequent NOX2 activation observed in patients is also 
suggested to be a response to tissue injury and dying neurons rather than a 
cause of neurotoxicity (46,118,190). Cellular interactions within the central 
nervous system (CNS) are difficult to study over time in living patients. Thus, 
the role of NOX2 in human neurodegeneration may not be fully deciphered 
without studying the effects of pharmacological intervention.  

We aimed to determine the potential impact of NOX2 activity on 
neurodegeneration and neuroinflammation by analyzing single nucleotide 
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polymorphisms (SNPs) (rs1049254 and rs4673 in CYBA) that influence the 
capacity of myeloid cells to generate NOX2-derived ROS. This is 
advantageous for multiple reasons. First, the mechanism is relatively straight-
forward; the only known function of NOX enzymes is to generate ROS, 
meaning that there is no evidence of p22phox interacting with proteins or 
molecules unrelated to the formation of NOX-derived ROS. Thus, it is unlikely 
that other mechanisms are impacted by changes in the protein sequence, as 
opposed to, for example, kinases with a multitude of phosphorylation targets. 
Second, the functional effects of the SNPs under investigation have been 
documented by us and others in several studies (Figure 13). Lastly, SNPs are 
germline-encoded and therefore not a consequence of disease, unlike 
measurements of NOX2 activity in patients. Outstanding questions include 
whether observed effects reflect direct ROS-induced toxicity or alterations in 
ROS signaling.  

Multiple sclerosis 
Genetic influences on multiple sclerosis (MS) incidence have been extensively 
studied (191). Factors that determine disease progression may be unrelated to 
the cause of disease and have potentially been undervalued in the search for 
therapies that prevent progression of disability. Additionally, the primary 
endpoint of most clinical trials in MS was efficacy in terms of reducing the 
frequency of relapse, which may not reflect mechanisms that promote 
progressive neurodegeneration and ensuing disability (32). MS progression 
occurs over years to decades and long follow-up is therefore required to 
elucidate aspects of disease progression (25).  

Figure 13. CYBA genotype influences 
fMLF-induced ROS formation. ROS 
formation from human PBMCs was measured 
by chemiluminescence upon stimulation with 
the N-formylated peptide fMLF. Low-ROS 
alleles denote the number of rs4673 A and 
rs1049254 G alleles. Statistics by linear 
regression.  
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We studied the impact of variation at rs1049254 and rs4673 on outcome in two 
unique cohorts of patients with MS who were followed for up to 49 years from 
disease onset. The rate of disease progression was assessed by the disease 
duration-adjusted multiple sclerosis severity score (MSSS) and by the time 
from MS onset to the diagnosis of progression as defined by secondary 
progressive MS (SPMS). In the larger cohort alone (cohort 2, n=60) and in the 
two cohorts combined (n=103) we found a significant impact of CYBA 
genotype on MSSS and time to onset of SPMS. MSSS was lower among 
patients with genotypes at rs1049254 (G allele) and rs4673 (A allele) that were 
associated with reduced capacity to generate NOX2-derived ROS (low-ROS 
alleles) (Figure 14A). The low-ROS alleles were also associated with delayed 
time to develop SPMS. The effects were pronounced in cohort 2, where 
patients carrying at least one low-ROS allele at rs1049254 or rs4673 
experienced a delayed median time to SPMS by over 20 years compared with 
patients carrying no low-ROS alleles (Figure 14B).  

These effects remained significant when adjusting for potential confounding 
factors. We also found that MS patients were slightly but significantly less 
likely to carry low-ROS alleles compared with healthy controls. Although this 
has not been reported in previous genome-wide association studies of MS, one 
study found that two SNPs in other NOX2 subunits were significantly 
associated with MS risk (192-194). We did not find significant effects of CYBA 
genotype on MS progression in cohort 1 alone. This may be due to the smaller 

Figure 14. CYBA alleles associate with MS severity and progression. (A) MS 
severity determined by MSSS and (B) progression determined by transition to SPMS. 
Statistics by (A) linear regression and (B) log rank test for trend. 



48 
 

sample size but might also reflect that patients in cohort 1 were evaluated 
approximately ten years prior to those in cohort 2. Thus, patients in cohort 1 
generally experienced more severe disease and had not received DMT, 
although the impact of genotypes found in cohort 2 remained significant when 
only untreated patients were analyzed.  

Our findings support that NOX2+ microglia at the rim of slowly expanding 
lesions might contribute to neurotoxicity through release of ROS, thereby 
driving long-term progression. We did not find a correlation between CYBA 
genotypes and the frequency of relapses. This suggests that NOX2 activity 
might not contribute to the occurrence of relapses. However, NOX2-derived 
ROS generated by microglia or infiltrating macrophages and monocytes during 
relapses may promote nerve damage to increase residual disability.  

Our results should be validated in additional patient cohorts. However, studies 
of long-term disease progression in the modern era may be complicated by the 
wide range of disease-modifying therapies (DMTs) in use and the lack of a 
standardized treatment protocol. Although most approved DMTs have not 
demonstrated clinical efficacy in preventing progressive disease in individual 
clinical trials, the overall outcome for patients with MS has improved in recent 
years for partly unknown reasons (32,195). This could be due in part to the 
effects of DMTs on disease progression that are not captured in the short time 
frame of clinical trials. Taken together, our findings may, with due reservation, 
point to NOX2-inhibitory therapy in MS to halt disease progression. 

Guillain-Barré syndrome 
With current therapies, most patients who develop Guillain-Barré syndrome 
(GBS) recover fully, although the disease remains deadly for approximately 
5% of patients and a large portion live with lasting disability. The approved 
therapies, intravenous immunoglobulin and plasma exchange, improve 
outcome but GBS therapy has remained unchanged for decades (33). New 
therapies are required to further improve outcome, but little is known about the 
detailed mechanisms that cause GBS and propagate the destruction of nerves.  

GBS is considered an autoimmune disease, though the specific roles of 
immune cell subsets in the pathogenesis remain unknown and may vary by 
subtype. The presence of oxidative stress and potentially autoreactive myeloid 
cells in GBS coheres with results obtained in neurodegenerative diseases 
(59,62,81,87-90), despite that GBS does not involve the gradual, progressive 
nerve cell degeneration characteristic of neurodegenerative diseases, but rather 
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constitutes an acute condition that typically stabilizes within weeks followed 
by a recovery phase (33). Antioxidants were shown to improve the outcome of 
experimental autoimmune neuritis, which mimics GBS (196). However, little 
is known about the potential contribution of NOX2-derived ROS to GBS 
pathophysiology.  

We analyzed the potential impact of CYBA genotypes on clinical outcome. 
GBS severity was evaluated by need for assisted ventilation in the acute phase, 
while recovery was evaluated by the time from disease onset to regained motor 
function and by the normalization of elevated serum neurofilament light chain 
(sNfL) levels. GBS patients carrying low-ROS alleles were found to be at 
reduced risk of requiring assisted ventilation (Figure 15A). Furthermore, low-
ROS alleles were associated with faster recovery of motor function (Figure 
15B), reappearance of normal sNfL levels, and reduced risk of persisting 
disability.  

The impact of CYBA genotypes on motor function recovery was pronounced 
in older patients. This may be due in part to inflammaging, which encompasses 
dysregulated innate immunity that increases with age (197). Immune 
dysregulation might lead to the inability to resolve GBS-induced 
inflammation, leading to prolonged or increased activation of NOX2. The 
observed effect of CYBA genotype on acute severity suggests that patients 
carrying high-ROS alleles experience increased acute phase nerve damage. 
The impact on long-term recovery may thus result from increased early-phase 

Figure 15. CYBA genotype associates with severity of and recovery from GBS. 
(A) Requirement of assisted ventilation in the acute phase and (B) time to regained 
ability to walk 10 m independently among patients distinguished by CYBA genotype. 
Statistics by (A) Fisher’s exact test and (B) log rank test for trend. 
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damage since severity in the acute phase predicts incomplete recovery (33). 
However, delayed recovery may also reflect persistent neuroinflammation, 
which has previously been observed in GBS patients (72). Persistent 
inflammation could potentially contribute to continued tissue damage and 
impeded healing. Serum NfL levels remained elevated for several months in 
some patients, which supports ongoing nerve injury. However, the half-life of 
sNfL is estimated at several weeks (198). Thus, prolonged elevation might 
reflect decline from high levels during the acute phase without additional 
axonal degeneration. 

Our observations suggest that NOX2-derived ROS may contribute to GBS 
pathology. We speculate that NOX2+ myeloid cells infiltrate neural tissues in 
response to a triggering inflammatory event that releases damage-associated 
molecular patterns (DAMPs) and/or pathogen-associated molecular patterns 
(PAMPs). In the acute phase, NOX2-derived ROS released by activated 
infiltrating monocytes, classically activated M1-like macrophages, and 
neutrophils may contribute to nerve injury. During the recovery, persistent 
nerve damage might be contributed by NOX2-derived ROS generated by 
macrophages that are chronically activated by DAMPs released from damaged 
neurons. The impact of CYBA genotypes on GBS outcome requires validation 
in additional cohorts, and the exact mechanisms underlying the associations 
need investigation in experimental models of GBS. It is proposed that NOX2-
inhibitory therapy might benefit patients with GBS through improved recovery 
and by avoiding long-term disability. 

Parkinson’s disease 
Parkinson’s disease (PD) entails progressive loss of dopaminergic neurons 
with ensuing disability of motor and non-motor functions. Therapies such as 
levodopa efficiently alleviate symptoms in early stages, but no available 
therapy consensually prevents long-term disease progression (39). To uncover 
novel targets for treating long-term progression of PD, we aimed to determine 
the potential role of NOX2-derived ROS in promoting neurodegeneration and 
consequent disease progression. Overall survival was determined for 196 
patients with idiopathic PD (iPD), and disease progression was defined by the 
occurrence of 21 clinical milestones characteristic of PD in an exploratory 
subset of 95 patients. The milestones aimed to reflect multiple aspects of PD, 
such as motor fluctuations and dysfunction, autonomic dysfunction, 
psychiatric and cognitive issues, and requirement of physical or societal 
assistance.  
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We did not find differences in age at onset or death between patients 
discriminated by genotypes at rs1049254 or rs4673. The impact of CYBA 
genotypes on the time from diagnosis until occurrence of milestones was 
analyzed by individual milestones and by using a composite measure of all 
milestones. The composite measure was construed as the number of milestones 
reached over time from the onset of motor symptoms. All milestones, including 
death, were given equal weight.  

Most of the included milestones also occur with normal aging. Thus, we 
designed a refined composite measure to reduce the potential impact of normal 
aging, which excluded events after 75% of events had occurred within each 
milestone. This design retains the impact of each milestone including those 
occurring on average later during PD, as opposed to limiting the analysis by 
age or disease duration. Furthermore, this measure lessens the relative severity 
of slowly progressing patients who may inevitably reach commonly occurring 
milestones.  

We found that rs1049254 and a combined analysis of rs1049254 and rs4673 
significantly impacted a subset of individual milestones as well as the 
cumulation of all milestones over time (Figure 16). Patients carrying low-ROS 
CYBA alleles thus exhibited delayed occurrence of milestones compared with 
patients with a high-ROS genotype. The effect of CYBA genotype on 
cumulation of all milestones remained significant when analyzed by the 
refined composite measure and when adjusted for potential confounders.  

Figure 16. CYBA 
alleles associate with 
cumulation of PD 
milestones. Mean 
number of milestones 
reached each year from 
onset of motor 
symptoms. Statistics by 
mixed-effects model 
adjusted for potential 
confounders. 
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All milestones are not equally detrimental to the patient. Thus, weighing the 
milestones based on severity may better reflect disability and 
neurodegeneration. However, this measure has not been used or validated in 
other patient cohorts and weighing might introduce bias. The composite 
measure is sensitive to differences in follow-up as patients who are censored 
or die early will not cumulate additional milestones. In this cohort, 78/95 
patients were followed until death, and there were no differences in follow-up 
time, age at death, or age at onset between patient groups distinguished by 
CYBA genotypes. Additionally, patients who died early were more likely to 
experience a rapid cumulation of milestones in the early stages of disease.  

The impact of CYBA genotypes on progression of iPD aligns with effects of 
NOX2 inhibition or deletion in experimental models of PD and long-term 
neurodegeneration, and with the increased NOX2 activity seen in the brain of 
patients with PD (106,110-113,116,117). What triggers inflammation and 
increased NOX2 activity in PD is not known. Fibrillar, but not monomeric α-
synuclein, has been shown to cause activation of microglia in vitro, leading to 
release of inflammatory cytokines and ROS (100-107). Protein aggregates and 
DAPMs released from dying neurons may initiate inflammatory microglial 
activation, resulting in release of NOX2-derived ROS and subsequent 
neurotoxicity. Neurons subjected to oxidative damage may sustain protein 
folding deficiency, resulting in protein aggregation. Furthermore, direct 
oxidation of α-synuclein protein residues can promote misfolding and 
aggregation (109). Thus, NOX2-derived ROS might propagate a feed-forward 
mechanism by inflicting cell damage which releases DAMPs, and/or by 
promoting protein aggregation via oxidation, which further activates 
microglia.  

The results of the initial subset of PD patients will be validated by similar 
analyses in the remaining patients. Additional validation cohorts with pre-
determined end points, which could potentially allow the introduction of 
milestone weighing, are also warranted. Furthermore, the composite measure 
should be compared with existing disability scales such as the Movement 
Disorder Society-Unified Parkinson’s Disease Rating Scale. 
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Is NOX2 a generic contributor to neurodegeneration? 
In three neurodegenerative and neuroinflammatory diseases, we have found 
that patients carrying alleles at CYBA that associate with reduced capacity to 
generate NOX2-derived ROS experience benign disease compared with those 
carrying high-ROS genotypes. The etiologies of the studied diseases are 
unrelated, but a common denominator is the proposed involvement of 
oxidative stress and inflammatory monocytes, macrophages, and microglia in 
nerve injury.  

Oxidized macromolecules and ensuing nerve cell death may be a result of 
abnormal or persistent NOX2 activation. Myeloid NOX2 is activated upon 
recognition of DAMPs, which are likely abundant at sites of 
neurodegeneration. Hence, nerve injury may cause self-propagating NOX2 
activation (199). This mechanism is supported by observations in models of 
traumatic brain injury wherein NOX2 inhibition or deletion limits tissue 
damage and promotes recovery (124,126,128). Additionally, NOX2 is 
activated by PAMPs and aggregated proteins. Potential sources of PAMPs 
include virus-infected cells in MS (200) and bacterial or viral motifs in the 
pathogenesis of GBS (201). Aggregates of tau, α-synuclein, amyloid-β, and 
superoxide dismutase 1 are observed in neurodegenerative diseases such as 
Alzheimer’s disease, PD, and amyotrophic lateral sclerosis. The aggregates are 
commonly shown to initiate inflammatory activation of microglia, and 
presence of protein aggregates correlates with increased microglial activation 
in patients (22,202,203).  

Our studies of CYBA polymorphisms do not strictly reflect microglial NOX2 
activity alone. NOX2 is considered a dominant source of enzymatically 
derived ROS in the CNS under pathological conditions, and it is most highly 
expressed by myeloid cells (46,53). However, p22phox is a component of 
additional NOX enzymes (NOX1–4), and we cannot formally exclude 
contributions beyond NOX2 activity (204). NOX4 is also abundantly 
expressed in the CNS (46). The chemiluminescence-based assay that was 
employed to determine ROS formation from cells with different CYBA 
genotypes measures extracellular NOX2-derived ROS; thus, whether rs4673 
and rs1049254 impact ROS generated by other NOX enzymes is not 
completely determined (186). NOX2 is also expressed by cell types other than 
myeloid cells, including neurons. In fact, both neuronal and microglial NOX2 
activation is increased in the brain of patients with PD compared with healthy 
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controls. Hence, CYBA polymorphisms may also affect neuronal NOX2 
activity and potential subsequent neurodegeneration (112).  

For the observed significant associations between CYBA genotypes and clinical 
outcomes, patients with heterozygous or intermediate genotype groups 
consistently experienced intermediate clinical outcomes between the extreme 
genotypes. Furthermore, patients carrying rs4673 AA consistently experienced 
the most favorable clinical outcomes, while patients carrying rs1049254 AA 
experienced the most severe disease, which, due to linkage disequilibrium, 
coincides with presence of four and zero low-ROS alleles at both loci, 
respectively. Thus, our findings suggest that both rs4673 and rs1049254 
impact protein function, since the diametric clinical outcomes would more 
likely be confined to homozygous genotypes for one SNP if only one SNP 
impacted protein function. Our annotation is further supported by the fact that 
the results presented in this thesis show beneficial associations with low-ROS 
alleles in three diseases wherein oxidative stress and/or NOX2 activation is 
proposed to contribute to nerve death (65-71,101,104-106,110-
113,116,117,196). Still, some ambiguity remains in the scientific community 
regarding the effect of the rs4673 genotype (54-57). 

We propose that NOX2-inflicted oxidative stress might be a common feature 
of neurodegeneration. Persistent presence of inflammatory triggers may 
promote chronic inflammation of myeloid cells, initiate NOX2 activation, and 
prevent resolution of inflammation. Our findings warrant validating studies in 
MS, GBS, and PD and may point to extended studies of additional 
neurodegenerative diseases such as Alzheimer’s disease, amyotrophic lateral 
sclerosis, and Huntington’s disease. In addition, NOX2 should be further 
investigated in experimental models of neurodegenerative diseases to elucidate 
factors promoting NOX2 activation, which may include DAMPs, PAMPs, 
aggregated proteins, or other unidentified factors.  
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BRUTON’S TYROSINE KINASE MEDIATES 
TARGETABLE NOX2 ACTIVATION 

BTK mediates inflammatory activation of multiple immune cell types, 
including monocytes, macrophages, microglia, and neutrophils. BTK is 
required for B cell receptor signaling, which promotes B cell proliferation and 
survival (165). Thus, BTKi are used in B cell malignancies to control 
malignant B cells (173,205). The generation of NOX2-derived ROS has been 
suggested to promote immune evasion in hematological malignancies and in 
solid cancers (188,206-208). We hypothesized that BTKi may limit the 
activation of NOX2 in myeloid cells and consequently provide anti-neoplastic 
efficacy beyond direct targeting of malignant B cells.  

We found that BTKi reduced NOX2 activation in response to surface receptor 
stimulation of monocytes (Figure 17A) but not when cells were exposed to 
stimuli that bypass surface receptors. BTKi lacked NOX2-inhibitory efficacy 
in cells from individuals with genetic BTK deficiency. Additionally, receptor-
stimulated ROS-burst was blunted in BTK deficient cells. This suggests that 
BTK is required to mediate surface receptor-triggered NOX2 activation, and 
that BTKi limit NOX2 activation by on-target inhibition of BTK. In the 
presence of stimulated monocytes, BTKi improved natural killer (NK) cell 
viability by limiting ROS-inflicted toxicity (Figure 17B). 

Figure 17. The BTKi ibrutinib reduces IgG-induced ROS formation and rescues 
NK cells from monocytic immunosuppression. (A) ROS formation from human 
PBMCs was measured by chemiluminescence upon stimulation with immobilized 
IgG (Rituximab). (B) NK cell apoptosis in the presence of stimulated monocytes was 
determined by flow cytometry. Statistics by ANOVA with Holm-Šidák’s multiple 
comparisons test. ***P<0.001, ****P<0.0001. 
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BTKi-mediated inhibition of NOX2 also enhanced NK cell elimination of 
malignant cells in the presence of immunosuppressive myeloid cells in vitro 
and in vivo (Figure 18). In vitro, a similar effect was achieved with the NOX2 
inhibitor GSK-2795039 (GSK) and the ROS neutralizer catalase, suggesting 
an effect dependent on NOX2-derived ROS (Figure 18A). Furthermore, the 
anti-metastatic effect of BTK inhibition was seemingly dependent on NK cells 
and NOX2, as ibrutinib lacked therapeutic efficacy in mice depleted of NK 
cells or lacking functional NOX2 (Figure 18B). These results thus reveal a 
potential novel anti-neoplastic effect of BTKi that relies on immune regulation 
rather than direct targeting of malignant cells. In line with our findings, 
previous studies have demonstrated that granulocytes from patients treated 
with BTKi generate less ROS in response to stimulation with bacteria and 
fungi (175-178). Reduced NOX2 activity may additionally explain the 
increased risk of severe bacterial and fungal infections observed in patients 
receiving BTKi (179).  

BTKi have been studied in both hematological malignancies and solid tumors 
aiming at remodeling myeloid-derived suppressor cells to reduce 
immunosuppression. These studies demonstrated that BTKi improved tumor 
clearance in experimental models, particularly in combination with therapy 
targeting the Programmed cell death protein 1/Programmed cell death ligand 1 
immune checkpoint axis (163,168-171), although the exact mechanism 

Figure 18. The BTKi ibrutinib reduces myeloid immunosuppression to enhance 
NK cell elimination of malignant cells in vitro and in vivo. (A) Elimination of CLL 
cells in co-culture with NK cells and activated monocytes was determined by flow 
cytometry. (B) Lung metastatic foci were counted after inoculating mice with 
B16F10 melanoma cells. Statistics by (A) mixed-effects model with Holm-Šidák’s 
multiple comparisons test or (B) Mann-Whitney U-test. ***P<0.001, ****P<0.0001. 
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promoting tumor clearance has not been fully elucidated. Our results suggest 
that BTKi may improve tumor clearance in malignancies where NOX2-
induced immunosuppression has been demonstrated. The potential efficacy of 
BTKi has also been assessed in clinical trials of other inflammatory 
pathologies. The BTKi tolebrutinib caused a reduction of lesions related to 
long-term progression in a phase 2 trial of MS (209). In two recent press 
releases, tolebrutinib was claimed to delay disease progression in SPMS 
patients in a phase 3 clinical trial (Sanofi, 2024-09-02 and 2024-09-20) 
(210,211). The mechanism behind the clinical benefit has not been revealed, 
but may include targeting of inflammatory microglia as these cells are thought 
to contribute to long-term progression in MS.  
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CONCLUDING REMARKS 

Neurodegenerative diseases lack effective therapies, resulting in an immense 
burden for the patient, their loved ones, and for society. Despite extensive 
research, the exact mechanisms that propagate progressive neuronal death have 
remained elusive. We have demonstrated that patients carrying a CYBA 
genotype entailing reduced capacity to form NOX2-derived ROS were more 
likely to experience benign disease and/or delayed progression in three 
neuroinflammatory and neurodegenerative diseases: MS, GBS, and PD. A 
growing body of research implies a pathological role of NOX2 in models of 
multiple neurodegenerative diseases. Previous studies also report signs of 
oxidative damage and aberrant NOX2 activation at sites of neurodegeneration 
in afflicted patients.  

Considering this evidence, we propose that myeloid NOX2 activation under 
chronic inflammatory conditions might constitute a generic mechanism 
inflicting oxidative damage upon neurons to promote neurodegeneration. We 
hypothesize that the initiating factor and localization vary between 
neurodegenerative diseases, but continued neurodegeneration may be partly 
propagated by NOX2-derived ROS in all settings. NOX2 activation could be 
triggered by DAMPs released from injured neurons, PAMPs released from 
virus-infected cells, or protein aggregates formed in the extracellular space or 
released from dying neurons. In this environment, NOX2 activation may create 
a feed-forward mechanism by causing additional oxidative damage to neurons, 
which leads to further release of DAMPs and oxidation of aggregation-prone 
proteins. 

Notably, there are limitations to this hypothesis, including that results achieved 
in experimental models might not reflect human disease and that the 
association between CYBA genotypes and neurodegeneration does not prove 
that ROS are neurotoxic mediators. Further, we cannot exclude the 
participation by other NOX isoforms for the observed impact on the course of 
neurodegenerative diseases. 

With these reservations, it is proposed that release of NOX2-derived ROS may 
cause neuronal death in neuroinflammatory and neurodegenerative diseases, as 
evidenced by associations between CYBA SNP alleles and clinical parameters 
reflecting neuronal death in MS, GBS, and PD. Inhibitors of NOX2, including 
BTKi, should be further evaluated to halt or reduce neurodegeneration. 
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FUTURE PERSPECTIVES 

The findings presented in this thesis pose several new and exciting questions. 
The observed impact of CYBA genotypes on outcomes in MS, GBS, and PD 
can be considered to partly support the accuracy of the findings. Nonetheless, 
validation in independent cohorts within each disease is necessary to cement 
the associations. A key strength of the present studies is the long and detailed 
patient follow-up. Such longitudinal datasets are uncommon and highlight the 
importance of collecting long-term clinical data in slowly progressing diseases, 
a practice that should be more frequently implemented.  

In addition to replicating the clinical observations, the triggers of NOX2 
activation in patients suffering from neurodegenerative diseases should be 
further elucidated. Potential contributors include DAMPs, PAMPs, aggregated 
proteins, and other yet to be identified factors. For example, aggregated α-
synuclein has been suggested to induce microglial NOX2 activation. However, 
the molecular pathways underlying α-synuclein-induced NOX2 activation, as 
well as its contribution to neurodegeneration in vivo, remain to be fully 
characterized. 

Our demonstration of the impact of BTKi on NOX2-derived ROS formation, 
along with their clinical efficacy in MS, provides a rationale for evaluating 
BTKi in additional neurodegenerative diseases. Their long-standing clinical 
use supports their safety, and the therapeutic efficacy in MS suggests that 
sufficient CNS concentrations are achievable. Selectively limiting NOX2 
activity in response to inflammatory stimuli, rather than broadly inhibiting 
NOX2, may preserve physiological ROS signaling pathways that are not 
directly implicated in disease pathology. The striking impact of the relatively 
minor differences in ROS formation caused by differences in CYBA genotype 
suggests that complete NOX2 inhibition may not be necessary to achieve 
meaningful neuroprotection. Retaining some degree of NOX2 activity might 
be preferable to promote defense against infection, especially in 
neurodegenerative diseases that mainly affect older people who are more 
susceptible to severe infections. Future clinical trials of BTKi in 
neurodegenerative diseases may provide critical evidence of a potential 
causative role of NOX2 in neurodegeneration. 

Immunotherapy holds a great promise in the treatment of cancer. However, 
immunosuppression by both cancer cells and host cells often limits the full 
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anti-tumor potential of the immune system. NOX2 is a well-established 
mediator of immunosuppression by myeloid cells. Therefore, the observed 
NOX2-inhibitory effect of BTKi suggests that these agents could provide 
therapeutic benefits by reducing immunosuppression, in particular in 
combination with therapies that enhance anti-tumor immunity. 
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