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POPULAR SCIENCE SUMMARY OF THE THESIS

The primary function of the immune system is to distinguish self and non-self, allowing it to
protect the body from harmful bacteria, viruses, and other foreign pathogens while avoiding
damage to healthy own tissues. This process of discrimination is known as tolerance. When
tolerance is disrupted, the immune system can attack the body’s own tissues, leading to
autoimmune diseases. There are many different autoimmune diseases, each with its own set
of symptoms and target organs. The causes of them are not fully understood, but scientists
believe that a combination of certain genes and environmental triggers lead to their
development.

Research has shown that certain genes are associated with an increased risk of developing
numerous autoimmune diseases. One of these genes is NCF1, which stands for neutrophil
cytosolic factor 1. This gene codes for a component of a protein complex that plays an
important role in defending against pathogens by producing reactive oxygen species (ROS),
which are toxic to harmful organisms. When the NCF1 gene is defective, it can lead to a
malfunctioning of the ROS-producing complex, and this has been linked to an increased risk
of developing lupus and rheumatoid arthritis.

Lupus, a Latin word for wolf, was used to name the disease because of the characteristic
facial rash that can leave an imprint resembling a wolf bit. It is a chronic and complex
autoimmune disease that can affect multiple parts of the body, including the skin, joints,
kidneys, lungs, brain, and blood vessels. Rheumatoid arthritis, on the other hand, is
characterized by inflammation of joints, typically affecting the small joints of the hands and
feet, but capable of targeting almost any joint in the body. Lupus affects about 0.1% of the
global population, while rheumatoid arthritis affect about 1%. Both diseases can significantly
reduce quality of life and even be life-threatening, and unfortunately, there is currently no
cure. Therefore, it is crucial to continue studying the causes of these diseases to improve
therapeutic treatments.

As we mentioned earlier, defects in the NCF1 gene have been associated with the two typical
autoimmune diseases. In our research, we studied the underlying mechanisms using animal
models. In Study I, we found that NCF1 defects worsened lupus by causing the excessive
production and accumulation of a type of immune cells called plasmacytoid dendritic cells
(pDCs), which are involved in inflammation. The NCF1 defects also promoted the
proinflammatory functions of these cells. However, when we restored the function of NCF1
specifically in pDCs, we were able to improve the symptoms of lupus. In Study I, we
discovered that NCF1 defects had an impact on T cells, another type of immune cells that
should be trained to target foreign pathogens rather than the body’s own cells. Due to the
NCF1 defects, the training process was altered, leading to a break in tolerance and the
appearance of T cells that target one’s own cells. This resulted in arthritis in mice. Finally, in
Study 111, we investigated the role of NCF4, a protein closely related to NCF1. NCF4 led to a
low level of ROS inside the cells when carrying genetic defects. We found that
malfunctioning NCF4 promoted the formation of antibody-secreting cells that produce
antibodies to self. It also promoted migration of these cells to the joints, leading to joint
inflammation and eventually severe arthritis in mice.

In general, our findings provide insight into the protective role of well-functioning NCF1 and
NCF4, the two components critical for normal production of ROS, in lupus and arthritis. This
knowledge can help develop more targeted and less toxic therapeutic interventions for
patients with pertinent genetic abnormalities.



ABSTRACT

Autoimmune diseases, including systemic lupus erythematosus (SLE) and rheumatoid
arthritis (RA), pose a significant burden on society, affecting a considerable portion of the
global population. Both SLE and RA are known to have a strong genetic component, with
shared genetic predispositions such as neutrophil cytosolic factor 1 (NCF1), which encodes
for a subunit of NADPH oxidase 2 (NOX2) complex. Genetic variants of NCF1 that result in
low production of NOX2-derived reactive oxygen species (ROS) have been identified as a
significant risk factor for patients with SLE or RA, as well as animal models of these diseases.
This finding has challenged the traditional paradigm that ROS are proinflammatory and cause
tissue destruction in autoimmune diseases. In line with this, deficiency in another NOX2
subunit, NCF4, has also been linked to RA. However, the regulatory role of NCF1 and NCF4
in SLE and RA remains unclear. Here, we investigated the protective mechanisms of these
subunits using mice carrying Ncfl defects or Ncf4 mutation in lupus and arthritis models.

In the first study, we found that mouse Ncf1™ mutation and human NCF13% polymorphism
exacerbated disease in lupus models by enhancing the development, accumulation, and
function of plasmacytoid dendritic cells (pDCs) as the driver of the type I interferon system.
Restoration of NCF1-dependent ROS specifically in pDCs protected against lupus. These
findings explained the causative effect of dysfunctional NCF1 in lupus and highlighted the
protective role of pDC-derived ROS, providing insights for potential therapeutic strategies in
patients with relevant genetic defects.

In the second study, we revealed that the Ncf1™ mutation contributed to the development of
collagen-induced arthritis (CIA) driven by autoreactive T cells. This was due to a decrease in
the expression of autoimmune regulator in medullary thymic epithelial cells and B cells,
resulting in the release of potentially autoreactive T cells. These results suggested a
regulatory role of NCF1 in T cell tolerance and protection against autoimmunity.

In the third study, we discovered that the Ncf4®%A mutation, which results in decreased
production of NOX2-derived intracellular ROS, exacerbated CIA by promoting the formation
and migration of plasma cells. This led to elevated levels of pathogenic autoantibodies and
joint inflammation, ultimately resulting in severe disease. Our findings contribute to a better
understanding of the crucial involvement of intrinsically produced NOX2-derived ROS in
controlling the autoimmune responses.

Overall, our findings shed light on the mechanisms by which NOX2-derived ROS play a
regulatory role in autoimmune diseases.
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1 INTRODUCTION

1.1 AUTOIMMUNITY AND AUTOIMMUNE DISEASES

The immune system is a complex network of cells, tissues, and molecules that plays a crucial
role in protecting the body from pathogenic microorganisms and eliminating abnormal or
damaged cells. It consists of two main branches: the innate and adaptive immune system,
each with its specific functions, cells, and mechanisms.

The innate immune system mounts a rapid and non-specific response against invading
pathogens and damaged cells through a complex interplay of various components, including
epithelia, phagocytes, dendritic cells (DCs), natural Killer cells, cytokines, and complement
proteins. The pathogen-associated molecular patterns and the damage-associated molecular
patterns (DAMP) are recognized by a collection of germline-encoded pattern recognition
receptors, including Toll-like receptors (TLRs), NOD-like receptors, cytosolic DNA sensors,
and lectin receptors (1). Upon ligation of these receptors, the innate immune cells are
activated and proceed to engulf and destroy pathogens, coordinate the overall immune
response, and provide signals to the adaptive immune system.

The adaptive immune system is distinguished by its high specificity and long-lasting memory.
The specificity arises from the unique receptors on the surface of T and B lymphocytes,
which are formed through V(D)J recombination, a process where gene segments are
randomly combined during the development of T and B cells in the thymus and bone marrow,
respectively. This process generates a vast diversity of T-cell receptors (TCRs) and B-cell
receptors (BCRs), ensuring that at least a few T and B cells will have receptors capable of
binding to any given pathogen, increasing the chances of a successful defense response. T
cells are activated by recognizing cognate antigens presented on the surface of antigen-
presenting cells (APCs) in the context of a co-stimulatory signal. Activated T cells will
proliferate and differentiate into effector cells and memory cells that can carry out specific
functions and provide long-lasting protection. Similarly, the humoral immune response is
initiated by binding of antigens to specific BCRs on B cells. With the help of T cells, B cells
undergo isotype switching and affinity maturation, ultimately differentiating into long-lived
plasma cells and memory B cells.

Since the mechanisms for generating TCRs and BCRs do not exclude those specific for self-
antigens, the body relies on central and peripheral tolerance to control autoreactivity.
Developing T and B cells are screened for self-reactivity in the primary lymphoid organs
during negative selection. The cells with high affinity to self-antigens are clonally deleted,
receptor edited, or develop into subsets with regulatory properties before they enter the
circulation. Nevertheless, some self-reactive cells may escape the described process and reach
the periphery. In this case, peripheral tolerance ensures that they are either deleted,
suppressed, or become anergic. Such tolerance mechanisms, however, can fail under certain
circumstances, leading to autoimmunity in which self-reactive T and B cells are present and
autoantibodies are produced. Individuals within such condition may eventually develop
autoimmune diseases.

Contemporary theories suggest that autoimmunity arises from a combination of genetic and
environmental factors. Although monogenic autoimmune diseases have been identified with
mutations in genes such as AIRE (2) and FOXP3 (3), it is more common that multiple risk
variants, each explaining only a small portion, additively contribute to genetic susceptibility.
These include certain MHC haplotypes and variants of non-MHC genes such as PTPN22 and
CTLA4 (4). Nevertheless, the concordance of autoimmune diseases in monozygotic twins is
only 11-65% (5), suggesting involvement of environmental factors. Infections, exposure to



xenobiotics, and tissue injuries may provide sequestered, cryptic, or neo self-antigens, or
activate the immune system through molecular mimicry (4). Recently, the associations
between the microbiota, immunomodulation, and autoimmunity have also been proposed (6).

Till now, over 80 different autoimmune diseases are identified, affecting 7-9% global
population and causing significant morbidity and mortality (7). Depending on the tissues
involved, there are two main categories: organ-specific autoimmune diseases, with Type |
diabetes and inflammatory bowel diseases as the typical examples, and systemic autoimmune
diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and
Sjogren’s syndrome. Although autoimmune diseases are characterized in common by loss of
tolerance to self-antigens and tissue damage, they exhibit varied clinical, serological, and
histopathological features, on which diagnostic and clinical classifications are based.

Although there is currently no cure for autoimmune diseases, recent advancements in
understanding these diseases have led to successful management of symptoms and slowed
disease progression through the use of immunosuppressants and biological agents. Further
improvements in our knowledge are crucial for developing new predictive, preventive, and
therapeutic measures.

1.2 SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is a chronic, relapsing-remitting, systemic autoimmune disease with an overall global
incidence of 1.5-11 per 100,000 person-years and prevalence of 0.13-77.13%o (8). The annual
age-standardized mortality rate in SLE patients is around 2.7 per million inhabitants, 2-3
times higher than that in the general population (9). Considerable variation in incidence,
prevalence, and disease severity has been observed across different geographic areas, likely
due to a combination of factors such as ethnicity, environmental exposures, and
socioeconomic status (10). SLE disproportionately affects women of child-bearing age and is
a leading cause of death in young females (11). Given the widespread organ damage and high
morbidity and mortality, the disease causes vast economic burden on the society and
considerably impairs the quality of life of patients (10). Better treatments are therefore
urgently needed.

1.2.1 Clinical features and course of SLE

SLE is of vast clinical heterogeneity, ranging from mild fatigue to life-threatening organ
failure. The initial presentation of SLE, whether it is a new case or a recurrent flare, is
typically characterized by nonspecific symptoms such as low-grade fever, fatigue, weight loss,
and arthralgia (12). The musculoskeletal system is frequently involved in SLE, with arthritis
and arthralgias reported in almost 90% of patients (13), while cutaneous manifestations,
although less common, are more specific to SLE. The most commonly targeted visceral organ
in lupus is the kidney, where ICs and overactivated immune cells are accumulated. Up to 50%
of patients may develop lupus nephritis, potentially resulting in renal failure and even death.
Neurological involvement is reported in 25-75% of SLE patients (12), representing a large
variety of complications such as cognitive disorders, stroke, headache, mood disorders, and
neuropathies, with unclear cause. Cytopenia, including leukopenia, anaemia,
thrombocytopenia, and hypocomplementemia, is common in SLE patients, predisposing them
to frequent infections (14). Additionally, SLE can also cause pulmonary, gastrointestinal,
cardiac, vascular, ocular, obstetric, and endocrine manifestations (12).

Like other autoimmune diseases, SLE has a preclinical, asymptomatic phase where various
autoantibodies appear years before clinical manifestations occur (15). Proinflammatory
cytokines such as type | and Il interferons (IFNs), IL-6, and TNF may also emerge at this
stage (16). Due to the wide range of clinical manifestations, diagnosis is frequently delayed,



and individuals may have experienced joint and skin symptoms for several years. Established
SLE is characterized by periods of variable disease activity with unpredictable flares.
Prolonged remission and persistently active disease are less common, with the former being
associated with fewer and the latter with more severe vascular, renal, and hematological
manifestations (17). Over time and with treatment, SLE patients may develop comorbidities
such as infections, antiphospholipid syndrome, cardiovascular disease, and malignancies,
which increase the disease burden (17).

1.2.2 Immunopathogenesis of SLE

SLE is characterized by the loss of tolerance to ubiquitous self-antigens, high titers of
antinuclear autoantibodies, deposition of immune complexes (ICs), and involvement of
multiple organs (18). Organ damage can occur as a consequence of chronic and uncontrolled
autoimmune responses, or secondarily due to ischemia caused by vasculitis and thrombosis
(19).

Patients with SLE exhibit aberrations in their immune system, which include leukocyte
overactivation and cytokine overproduction. These abnormalities cause the upregulation of
adhesive molecules on the cell surface and the presence of local proinflammatory cytokines,
leading to the migration and infiltration of both innate and adaptive immune cells into target
organs (18). In active lupus, autoantigen-specific T and B cells are commonly observed at
high numbers, possibly due to compromised tolerance checkpoints (20,21). These cells may
have amplified antigen receptor signalling, enhancing T cell help and B cell differentiation
into plasma cells, subsequently leading to autoantibody production (22). Lupus B cells may
also show altered cytokine secretion profiles, increased capacity for antigen processing and
presentation, and impaired immunosuppressive function, further augmenting the immune
responses (23). Various cytokines and chemokines, such as type | IFNs, IL-6, IL-18, TNF,
CCL2, CXCL10, and CXCL16, are associated with lupus activity (22). Upregulation of IFN-
stimulated genes (ISGs), a type | IFN signature, is found in the majority of patients with SLE.
Plasmacytoid dendritic cells (pDCs), the main producer of type | IFNs, are therefore
considered critical in the development of the disease (24).

Tissue injury in lupus is caused by overactivated immune responses and the products of them.
ICs, which may accumulate in the kidney, skin, and central nervous system, are central
players in tissue injury, leading to lupus nephritis, skin lesions, and central nervous system
lupus, respectively (18). Autoantibodies, without forming ICs, can also contribute to tissue
injury by directly targeting self-antigens. These include anti-immune-cell antibodies, anti-
DNA antibodies that cross-react with antigens in the brain, antiphospholipid antibodies that
link to thrombotic events, and antinuclear antibodies (ANA) that bind to ischemic tissues and
exacerbate the injury (18,22). Inversible organ damage significantly increases morbidity and
mortality in SLE.

1.2.3 Predisposing factors in SLE

Although the cause of SLE remains uncertain, current research suggests that a combination of
genetic susceptibility and environmental factors may lead to dysregulation in the immune
system, ultimately resulting in the development of SLE. A family-based study estimated that
43.9% of SLE cases are due to genetics, while environmental factors account for the
remaining 56.1% (25). The X chromosome and gonadal hormones are also thought to play a
role in SLE pathogenesis, as the disease displays significant sex dimorphism with a female to
male incidence ratio of 9:1 (15). Estrogen, in particular, has been proposed as a factor that
can enhance autoimmunity by upregulating the expression of immunologically relevant
molecules, but the exact mechanism of hormone involvement in lupus is still unclear (7,22).



1.2.3.1 Genetic predisposition to SLE

SLE has the highest concordance rates among systemic autoimmune diseases, with
monozygotic twins showing pairwise concordance of up to 57% (26).

While deficiencies in complement pathways (e.g., C1QA, C1QB, C1QC), immune clearance
(e.g., DNASEL), apoptosis (e.g., FASLG), DNA damage repair (e.g., TREX1), the type I IFN
pathway (e.g., SAMHD1), and tolerance (e.g., PRKCD) can individually lead to SLE (27), the
disease is typically the result of a combination of multiple genetic risks, each with a relatively
small effect size. More than 60 loci for lupus susceptibility have been identified through
candidate gene studies and genome-wide association studies (28), with the HLA region being
the most polymorphic. Certain alleles at classical (e.g., HLA-DRB1, HLA-DQB1, HLA-DQAL1,
HLA-A, HLA-B, and HLA-C) and non-classical HLA loci have been clearly associated with
the risk of SLE, and HLA variants are estimated to account for 2.6% of the phenotypic
variance in the disease (29).

Non-HLA loci, on the other hand, explain approximately 28% of the phenotypic variance
(29). Using genetic association analysis, an increasing number of candidate genes have been
linked to SLE (Figure 1), with their involvement confirmed by functional and fine-mapping
studies. These genes regulate various pathways, such as NF-kB signaling (e.g., TNFAIP3),
type I IFN signaling (e.g., IRF5, IRF7, TYK2), apoptosis and immune clearance (e.g., ATG5),
ICs phagocytosis (e.g., FCGR2A, FCGR3B), myeloid cell function and signaling (e.g.,
ITGAM), T and B cell function and signaling (e.g., PTPN22, BLK, STAT4), metabolism (e.g.,
SMG7), and oxidative bursts (e.g., NCF1, NCF2) (28,30,31). Notably, a missense variant of
NCF1 is detected with the largest-ever effect size in the non-HLA loci, while the other loci
individually make relatively smaller contributions to the disease risk (Figure 1). To
understand the causal association between the NCF1 variant and the high risk of lupus was
the focus of Study I.
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Figure 1. Common SLE susceptibility loci outside the HLA region.

1.2.3.2 Environmental risk factors for SLE

As mentioned previously, a large portion of the risk of SLE is attributable to environmental
factors, with ultraviolet radiation being the most recognized. The majority of lupus patients
are photosensitive, and exposure to UV light exacerbates skin manifestations and promotes
systemic flares, most likely through activation of the type I IFN pathway and accumulation of
immune cells (32). However, the pathogenic link between UV light and lupus remains elusive.
One hypothesis is that it can cause DNA damage, cell death, and the release of nucleic-acid-
associated autoantigens.



Over a hundred drugs have been documented to induce lupus, possibly by altering the
functions of innate immune cells, particularly neutrophils, or disrupting T cell tolerance (33).
Some drugs, such as procainamide, hydralazine, and TNFa, have a high prevalence of clinical
manifestations as well as serological abnormalities. The symptoms of drug-induced lupus
tend to be less severe than those of idiopathic SLE and typically resolve after withdrawal of
the drug.

Smoking is another well-established environmental factor linked to SLE pathogenesis and
production of antiphospholipid (34) and anti-dsDNA autoantibodies (35). Compared to non-
smokers, smokers have been found to have a 67% higher risk of lupus, which may persist for
several years after smoking cessation (35).

Furthermore, Epstein-Barr virus infection, occupational exposure (e.g., silica), and lifestyle
factors (e.g., obesity and psychological stress) have also been linked to an increased risk of
lupus, although the association is weaker compared to smoking (15).

1.2.4 Therapeutic interventions of SLE

The overall objectives of SLE treatment are to reduce disease activity, prevent damage
accrual, and minimize drug adverse effects. Long-term treatment for SLE primarily involves
antimalarials, mainly hydroxychloroquine, while glucocorticoids provide prompt relief of
symptoms but may cause various detrimental effects, including irreversible organ damage, if
continuously used (36). Immunosuppressive drugs, such as methotrexate, azathioprine,
mycophenolate mofetil, and cyclophosphamide (17), are used to facilitate tapering of
glucocorticoids and are selected based on the prevailing disease activity and safety concerns.
Belimumab, a monoclonal antibody that inhibits BAFF, is effective in preventing organ
damage and is particularly considered for patients with persistent disease and general
symptoms when first-line treatments fail (37). Anifrolumab, an antagonistic antibody that
targets IFNAR1, has recently been approved for use in combination with standard therapy for
patients with moderate to severe SLE. More biologics targeting B cells, T cells, IFNs, and Fc
gamma receptors (FcyRs) are currently being tested in clinical trials (22).

In the past three decades, the management of SLE has undergone significant advancements,
resulting in improved survival rates and better quality of life for patients. However, the
heterogeneity of the disease, non-responsiveness to treatment, and the lack of strong scientific
evidence for selecting drug combinations have limited the effectiveness of existing therapies.
To address these limitations, a more precise characterization of disease phenotypes and a
comprehensive understanding of the cellular and molecular pathophysiology of lupus are
necessary. These initiatives will improve current therapeutic strategies and potentially lead to
more potent and less toxic medications.

1.2.5 Mouse models of lupus

Mouse models of lupus have played a crucial role in advancing our understanding of lupus
pathogenesis and have provided valuable preclinical tools for the development and proof of
concept of new therapies.

Spontaneous models, such as the NZBWF1 strain, the NZM strain and their congenic
derivatives, as well as the MRL-Ipr and BXSB strains, have been recognized for more than
two decades. These strains share common features, including autoantibody production and IC
glomerulonephritis development, but differ in gender bias, spectrum of autoantibodies, and
organ involvement. Although spontaneous models have the drawback of a long disease
incubation time, ranging from 6 to 9 months, they have been extensively used in studies
regarding mechanisms of loss of tolerance, impact of sex hormones, and genetics of lupus.



Moreover, they serve as preclinical models for testing various therapeutics that are being
taken to clinical trials in lupus, including candidate drugs targeting BAFF (38), IFNs (39), B
cells (40), T cells (41), and pDCs (42). However, efficacies in the mouse models do not
always translate to efficacy in patients with lupus, likely due to the heterogeneity of human
lupus and confounders present in clinics.

Mouse models of induced disease, such as the pristane-induced lupus (PIL) model, reveal the
involvement of environmental triggers in lupus. Balb/c mice intraperitoneally receiving
pristane, a natural saturated terpenoid alkane, develop lupus-associated autoantibodies, 1C
glomerulonephritis, and arthritis in a number of months, while pristane-treated B6 mice
develop only low-grade autoimmunity (43,44). The PIL model is highly dependent on
overproduction of type | IFNs and expression of TLR7 (45), which inspired the establishment
of another induced model with epicutaneous application of TLR7 agonists (46). Similar
manifestations as PIL are developed four weeks after the cutaneous administration, but less
characterization of disease in B6 mice limits the utility of the model. In addition, the graft-
versus-host disease is an induced mouse model of lupus specifically for defining the role of T
cell alloreactivity in driving B cell responses and 1C nephritis (47).

The advent of transgenic and knockin technology has allowed expression or overexpression
of certain gene products to define the roles of immunoregulatory factors in immune tolerance
and protection against autoimmune development in lupus. Similarly, the techniques of gene
knockout, especially conditional knockout, have been extensively used to investigate
pathogenic mechanisms in specific cell types and/or at a specific time point. The latest
genetic editing technology, CRISPR/Cas9, is useful for introducing specific lupus susceptible
single-nucleotide polymorphisms, allowing the study of the impact of the genetic change.
These techniques have been combined with spontaneous and induced models and have
provided important insights into the effects of lupus-susceptible genes and certain cells in the
disease.

1.3 RHEUMATOID ARTHRITIS

RA is a chronic autoimmune and inflammatory joint disease with an estimated incidence of
25-78 per 100,000 person-years and a global prevalence of 0.5-1% (48). Although current
treatment strategies have eliminated premature mortality (49), there is still an unmet need to
improve treatment outcomes. Effective management requires close monitoring of disease
activity and prompt treatment adjustments, which may be hindered by time and resource
constraints or patient noncompliance. Uncontrolled disease activity can result in progressive
RA, leading to considerable joint damage, dysfunction, work disability, and economic losses.
Even with controlled RA, physical performance and mental health may still be affected (50).
Therefore, improving the management of RA through a deeper understanding of its
pathogenesis and development is essential.

1.3.1 Immunopathogenesis of RA

RA is characterized by inflammation of peripheral joints and bone destruction, caused by
immune cell infiltration in synovial tissue, the secretion of proinflammatory cytokines, and
the involvement of matrix metalloproteinases. Approximately 40% of RA patients also
experience extra-articular manifestations affecting various organs, possibly due to vasculitis
(51). Cardiovascular disease is the most common and severe extra-articular manifestation.
Secondary Sjogren’s syndrome and lymphoma can also occur in some cases of RA. However,
such extra-articular manifestations and complications are associated with severe and active
RA with a poor prognosis. Nowadays, effective treatments have significantly reduced their
occurrence.



The natural course of RA is considered to begin with a susceptible stage, where genetic and
environmental factors interact. This progresses to preclinical RA, where neoepitopes are
formed through post-translational modifications and activate the adaptive immune system,
triggering the production of autoantibodies such as ACPA and rheumatoid factor (52).
Autoantibodies can be detectable in circulation several years before the clinical onset of RA
and are highly predictive of disease development.

Synovial inflammation, the characteristic of early RA, requires a second hit in addition to the
presence of ACPA, such as IC formation and complement activation. This triggers the
production of proinflammatory factors by fibroblasts and local APCs. At this stage, there is
increased vascular permeability in synovial tissues and an influx of inflammatory cells,
mainly CD4* T cells and macrophages. Synovial T cells receive support for their survival
from fibroblast-mediated pro-survival signals (53), potentially leading to prolonged
autoimmune responses. Additionally, high levels of matrix metalloproteinases and other
autoantibodies such as those against collagen type Il (COL2) and glucose-6-phosphate
isomerase (GPI) are frequently observed.

The persistence of activated fibroblasts and adaptive immune responses is a key contributor
to perpetuating synovitis, eventually leading to cartilage and bone damage, which are the
main hallmarks of established RA. Besides fibroblasts and adaptive immune cells,
chondrocytes and innate immune cells such as macrophages, neutrophils, and mast cells also
play a role in cartilage damage by releasing inflammatory mediators, especially matrix
metalloproteinases. Bone erosions are largely caused by osteoclasts, which are induced to
mature and activated by RANKL, TNF, and IL-6 secreted from T cells, B cells, macrophages,
chondrocytes, and fibroblasts.

Autoimmunity evolves over time during disease progression, from preclinical RA to
established RA. It is usually manifested by the expansion of autoreactive T and B cells,
epitope spreading, increased inflammation and production of inflammation-triggered antigens,
as well as alterations in the glycosylation pattern of autoantibodies (52).

1.3.2 Predisposing factors in RA

The development of RA, like other autoimmune diseases, is linked to a combination of
genetics and environmental risk factors. Epigenetic modifications, such as DNA methylation,
have also been identified as a potential mechanism by which genetics and environmental
factors interact to contribute to the disease. For example, high levels of methylation are
associated with seropositive RA in smokers who carry the HLA-DRBL1 risk alleles, but not in
non-smokers (54). In addition, RA is a sex-biased disease, with women being affected 2-3
times more often than men (55). While the reason for this bias is unclear, hormonal factors
have been proposed to play a role.

1.3.2.1 Genetic predisposition to RA

RA has a strong genetic component, as evidenced by the pairwise concordance of up to 21%
in monozygotic twins (26). More than 150 loci have been identified in the disease, with the
HLA loci showing the strongest association and conferring a 3-fold increased risk (56,57).
Specifically, certain HLA-DRBL1 alleles (e.g., DRB1*01, DRB1*04, DRB1*10) that encode a
conserved sequence at residues 70-74 in the third hypervariable region of HLA-DRBI,
known as the shared epitope, are linked to seropositive RA (58). Recent studies have also
uncovered an association between certain shared-epitope-negative HLA-DRB1 alleles or
alleles of other HLA genes and increased susceptibility (59,60).



In addition, genetic variants in non-HLA genes (e.g., PTPN22, PADI, TRAF1-C, TNFAIP3)
have been discovered in seropositive RA patients and are estimated to account for
approximately 5% of the heritability (57). However, genetic associations outside the HLA
loci with seronegative RA require further investigation, given the high prevalence of
seropositive RA and the limited discrimination by serology in most studies (56). It is worth
noting that although the individual contribution of non-HLA genes to the risk of RA
development is low, the combination of multiple genes may increase the overall risk up to 40-
fold (57).

1.3.2.2 Environmental risk factors for RA

The low concordance rate of 21% indicates that the development of RA is also strongly
influenced by the environment. The most recognized environmental factor with so far the
strongest association for seropositive RA is smoking, with an odds ratio (OR) of 2.35 (61).
Smoking has been shown to increase the production of antibodies targeting citrullinated
proteins (ACPA) in RA patients, particularly in current smokers (62). The effect of smoking
in RA is dose-dependent and long-term, as demonstrated by the high OR observed decades
after cessation in heavy smokers (63). Additionally, periodontitis has been suggested to be
associated with RA (64), likely due to microbial synergy and dysbiosis. Other possible risk
factors such as obesity and dietary factors are still under debate.

1.3.3 Therapeutic interventions of RA

Over the last twenty years, the prognosis for RA patients has shown significant improvement
due to early diagnosis, reliable clinical activity assessment, efficient use of
immunosuppressants such as methotrexate, and the availability of biological reagents in
medical treatment. The current focus of biological disease-modifying antirheumatic drugs is
on targeting antigen presentation events (e.g., CD80 and CD86 inhibitors), B cells (e.g., anti-
CD20 antibody), and the actions of proinflammatory cytokines (e.g., TNF inhibitors, IL-6R
inhibitors, and JAK inhibitors). However, their use still poses challenges such as insufficient
response and adverse effects. In addition, symptomatic agents such as pain mediators or non-
steroidal anti-inflammatory drugs can be used to improve signs and symptoms, while
glucocorticoids provide rapid anti-inflammatory activity but should be used for a limited
period to avoid toxicity.

As the diagnostic and therapeutic approaches for RA continue to evolve, it is becoming
evident that a more nuanced understanding of the underlying biological mechanisms is
needed. Our findings in Study Il and Il have uncovered the involvement of dysregulated T
cell tolerance and plasma cell formation by ROS deficiency in the development of the disease,
which provides potential targets for future treatments.

1.3.4 Murine models of RA

Murine models have greatly advanced our understanding of the mechanisms underlying
autoimmune arthritis and are valuable tools for validating therapeutic targets. These models
generally mirror many features of the human disease, such as lymphocytic autoreactivity,
autoantibody- and complement-mediated effects, accumulation and proinflammatory
functions of neutrophils, macrophage infiltration, and cartilage or bone injuries.

The most commonly used induced model is the collagen-induced arthritis (CIA) model,
where rats or mice develop an erosive polyarthritis after immunization with COL2, one of the
dominant collagen forms of articular cartilage, along with collagen type IX, type XI, and
cartilage oligomeric matrix protein. The CIA mouse model is typically induced in strains
carrying certain MHCII alleles such as H-29 and H-2" (65), and usually results in severe



arthritis with extensive cartilage and bone damage. Besides clinical phenotypes, CIA shares
many similarities in pathogenetic mechanisms with human RA, including MHCII restriction,
breach of tolerance, and generation of autoantibodies against self collagen, making it the gold
standard model for RA. Chronic inflammation in CIA depends on the use of oily adjuvant,
which itself may also induce similar inflammatory arthritis in rodents, leading to the
development of adjuvant-induced arthritis models. Examples of such models include
Complete Freund’s Adjuvant-induced arthritis and pristane-induced arthritis, where the
adjuvant is intradermally injected (66,67). In contrast to human RA, which is limited to bone
erosion, both CIA and adjuvant-induced models exhibit pronounced bone apposition at the
joint margins, possibly due to less involvement of TNF in these models (68).

The derivative of CIA, collagen antibody-induced arthritis model, is a passive immunization
model established by intravenous administration of arthritogenic antibodies (69). Its clinical
and histological characteristics, such as synovitis, formation of pannus, cartilage degradation,
and bone remodelling, are similar to those of CIA and mimic human RA. It is characterized
by macrophage and neutrophil activation via ICs, complements, and Fc receptors,
demonstrating a role of humoral immunity in the development of arthritis. However, it is
independent of T or B cell responses and therefore does not recapitulate the complexity of the
human disease. Despite this limitation, it is widely used because of rapid disease onset and
high prevalence. Another transfer model, the K/BxN serum-transfer arthritis model, relies on
pathogenic antibodies derived from K/BxN mice that spontaneously develop severe
inflammatory arthritis (70). This model involves antibodies targeting the ubiquitous self-
antigen GPl as well as innate components, including neutrophils, macrophages,
proinflammatory cytokines, and complement factors. Both transfer models are useful for
studying immune responses and potential therapeutics especially in genetically modified mice
on arthritis-unsusceptible backgrounds. The latter model inspired the establishment of the
GPl-induced arthritis model, in which mice are immunized with either human GPI protein or
the hGPlszs.339 peptide (71). This model is characterized by H-2%-restricted Thl and Th17
cells and B cells that cross-react with the mouse GPI protein.

In addition, proteoglycan-induced arthritis, antigen-induced arthritis, and spontaneous mouse
models (e.g., K/BxN, SKG, and human TNF transgenic mice) are also commonly used, each
mimicking different aspects of human RA, including the involvement of ICs, the presence of
rheumatoid factors, Thl or Th17 responses, and defective T cell negative selection. It is
worth noting that none of the arthritis models entirely recapitulate human RA, and there are
limitations to testing and drawing conclusions about the success of new therapeutic
approaches due to differences between the human and murine immune systems. However, a
variety of newly established humanized models are gradually overcoming this issue (72).
Despite these limitations, murine models are still useful for dissecting the processes involved
in disease development and providing valuable information regarding the pathogenesis of RA.

1.4 REDOX SIGNALING

1.4.1 Reactive oxygen species

Reactive oxygen species (ROS) refer to a group of reactive molecules derived from
molecular oxygen, including radicals such as superoxide and hydroxyl, as well as non-
radicals such as hydrogen peroxide. ROS play a crucial role in regulating normal cellular
functions, including cell differentiation, proliferation, and migration, and are strictly
controlled through antioxidant enzymes and various negative feedback mechanisms in
physiological conditions. They can be produced in a living organism on the plasma
membrane, in the cytosol, in peroxisomes, in lysosomes, or on the membrane of mitochondria
and endoplasmic reticulum, by a variety of systems, including electron transport chains and



ROS-generating enzymes, such as oxoglutarate dehydrogenase complex, NADPH oxidase
(NOX), and xanthine oxidase (73).

Mitochondrial respiratory chain is the primary cellular source of ROS. Although the major
biological function of mitochondria is ATP synthesis via electron transfer, superoxide and
hydrogen peroxide are generated as by-products during the process (74). When ROS
accumulate, they may target mitochondrial membranes, proteins, and mitochondrial DNA,
resulting in the inhibition of energy transduction and altered redox signalling (75). However,
these ROS also act as second messengers in many signalling pathways, such as the NF-xB
pathway (76).

In contrast, NOX is the only family of enzyme complexes with the sole function of
generating ROS (73). These complexes transfer electrons from NADPH to reduce molecular
oxygen to superoxide radicals. So far, seven members have been discovered in the family,
including NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2. They vary in their
regulation pathways, cellular localization, and biological functions.

1.4.2 NADPH oxidase 2

NOX2 is the first identified isoform of NOX family (77). Its structures and biochemical
features have been extensively studied, providing insights into the other isoforms. NOX2 is
present in endothelial and phagocytic cells, and it is critical for antimicrobial defence.
Patients with mutations in NOX2 develop chronic granulomatous disease (CGD), which is
characterized by recurrent and life-threatening bacterial and fungal infections.

The NOX2 complex comprises two transmembrane proteins, cytochrome b subunit alpha
(CYBA/ p22P") and beta (CYBB/gp91P"®), as well as cytosolic components NCF1/p4 7P,
NCF2/p67P", NCF4/p40P", and a small GTP binding protein Rac (Figure 2). The CYBA
and CYBB heterodimer serves as the core catalytic enzyme, with CYBA providing
stabilization and a docking site for NCF1, while CYBB contains all the elements necessary
for electron transfer. NCF2 is proposed to promote enzymatic activity, which relies on its
translocation to and interaction with CYBB, assisted by NCF1 and Rac (78). NCF4 may act
as a membrane anchor for the NOX2 complex via its N-terminal phox homology (PX)
domain, although its exact function remains unclear.

gp91phox  p22phox Figure 2. Assembly of the NOX2
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In a resting cell, the components of the NOX2 complex are distributed between the cytosol
and the plasma or phagosome membrane. GDP-bound Rac is sequestered by Rho GDP-
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dissociation inhibitor (79). NCF2 forms a complex with NCF1 through one of the Src
homology 3 (SH3) domains of NCF2 and the proline-rich domain of the NCF1 C-terminal
tail. Meanwhile, NCF4 is bound to and stabilized by NCF2 via their Phox and Bem1 domains.
NCF1 is kept in an inactive state by the interaction between its SH3A-SH3g tandem and the
auto-inhibitory region (AIR). Similar autoinhibited confirmation is present in NCF4 (80).

Upon stimulation, NCF1 is phosphorylated on several serine residues in the AIR, which
inhibits the SH3-AIR interaction and induces the binding of the SH3 tandem to the proline-
rich domain of CYBA (79). The conformational change also releases the NCF1 PX domain
and promotes its binding to the phospholipids on the membranes. NCF4 undergoes a similar
conformational switching process upon phosphorylation, but exhibits different lipid-binding
properties, which will be described in detail later. NCF1 and NCF4 thereby bring their linked
protein NCF2 in proximity to CYBB, where NCF2 enhances the catalytic activity via its
activation domain. The interaction between CYBB and NCF2 is further enhanced by GTP-
bound Rac disconnected from Rho GDP-dissociation inhibitor (78).

As previously mentioned, NCF1 and NCF4 exhibit different phospholipid-binding
specificities. While the NCF1 PX domain binds to phosphatidic acid, phosphatidylserine, and
phosphatidylinositol 3,4-bisphosphate, which are present in various biological membranes,
the NCF4 PX domain prefers phosphatidylinositol 3-phosphate (PtdIns3P), which
accumulates significantly in phagosomal membranes (81,82). NCF4 is therefore crucial for
NOX2 assembly on the membranes of endosomes and phagosomes, and subsequently, for the
production of intracellular ROS (83). In Study Ill, we focus on the regulatory function of
NCF4-dependent intracellular ROS specifically in relation to the development of CIA.

1.4.3 ROS-related pathologies

Maintaining homeostasis of ROS is critical for preventing oxidative damage while promoting
proper pathogen resistance, cellular signal transduction, and metabolism. This balance relies
on the interplay between ROS production and their clearance through various scavenging
mechanisms involving both enzymatic and non-enzymatic antioxidants, such as superoxide
dismutase, catalase, glutathione-ascorbate cycle, glutathione peroxidase cycle, a-tocopherol,
carotenoids, flavonoids, and proline (84).

However, excessive ROS production can result from genetic mutations in ROS-producing
enzymes or pathological conditions such as persistent infections, ischaemia-reperfusion, and
vascular inflammation (85). These conditions may induce cell death and tissue injuries in
vital organs, leading to organ failure if not managed. Moreover, excessive ROS levels can
cause oxidative damage to macromolecules, which is associated with carcinogenesis,
metastasis, and reproductive issues, as well as promote inflammation and insulin resistance
by affecting cellular signalling. Conversely, physiological levels of ROS play important roles
in immune responses, wound repair, and cell development. In general, imbalanced ROS
levels may contribute to inflammatory diseases and infections, cardiovascular and metabolic
diseases, cancers, neurological disorders, and autoimmune diseases (86,87). The following
text will focus on CGD and autoimmune diseases, the two main ROS-related pathological
conditions resulting from immune dysregulation.

1.4.3.1 Chronic granulomatous disease

CGD was firstly reported in four cases of children in 1950 who presented with life-
threatening bacterial or fungal infections and tissue granuloma formation (88). Later, CGD
was recognized as a rare primary immunodeficiency disease caused by defects in genes
encoding the subunits of the NOX2 complex (77) and EROS, a chaperone that assists in
CYBB-CYBA heterodimer expression (89).
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Since ROS generated by NOX2 are critical for microbial killing and contribute to neutrophil
extracellular traps (NETSs) formation, most CGD patients initially present with infections (90).
ROS production is the main factor that mediates the effect of genotype on the age of onset,
disease severity, and survival (91). Germline null mutations in CYBB lead to absent ROS
production in all types of phagocytes and result in X-linked CGD. NCF1 mutations, most
commonly the c.75_76del, are associated with decreased levels of ROS bursts (92) and are
responsible for two-thirds of autosomal recessive CGD (93). Patients with autosomal
recessive CGD tend to develop less severe infections and present with later onset than those
with X-linked CGD, due to residual production of ROS (90,91). Besides NCF1 mutations,
genetic defects in CYBA and NCF2 are also associated with autosomal recessive CGD but
with lower mutant allelic frequency (93). Defective NCF4, on the other hand, is rare and only
leads to a mild atypical form of CGD, manifested as hyperinflammation and peripheral
infections (94).

Given the involvement of NOX2 in programmed cell death (95) and suppression of
proinflammatory responses such as the NF-xB pathway (96), CGD patients who have defects
in NOX2 activation usually exhibit chronic inflammatory conditions, such as granulomatous
inflammation in the lungs and gastrointestinal and genitourinary tracts, as well as
hemophagocytic lymphohistiocytosis (93). In addition, a range of diverse autoimmune
conditions have been observed in CGD patients (97), which will be discussed in the next
section.

1.4.3.2 Autoimmune diseases

As a result of the imbalance between ROS generation and antioxidant systems, excessive
ROS may cause DNA, proteins, and lipid oxidation, leading to the formation of neoantigens
relevant to the development of autoimmune responses in SLE, RA, and Type 1 diabetes (98).
Under these autoinflammatory conditions, ROS also trigger tissue injury indirectly by
activating neutrophils, NETs, and NETosis (99). In SLE, patients’ neutrophils produce ROS
more rapidly and at higher concentrations than those of healthy individuals (100,101).
Likewise, RA patients exhibit a remarkable increase in ROS formation, accompanied by lipid
peroxidation, protein oxidation, DNA damage, and decreased antioxidant defence capacity
(102). Antioxidant supplements such as vitamin C for RA (103) and melatonin (104) for
lupus have been studied in preclinical or clinical settings, indicating a promising therapeutic
option for both diseases.

However, recent studies have challenged the traditional view that ROS play an exclusively
proinflammatory role. For example, besides infections, CGD patients also commonly suffer
from non-infectious inflammatory bowel disease (105), as well as other inflammatory and
autoimmune manifestations such as antiphospholipid syndrome, juvenile idiopathic arthritis,
IgA nephropathy, cutaneous lupus erythematosus, and autoimmune pulmonary disease (97),
indicating a link between autoimmunity and impaired NOX2 function. To date, numerous
murine models (86,106,107) and human cohorts (108-113) have shown an association
between ROS deficiency due to genetic variants in NOX2 subunits, including NCF1, NCF2,
NCF4, and RAC2, and multiple autoimmune diseases. In the following section, the
discussion will mainly focus on the role of NCF1 and NCF4 variants in lupus and arthritis.

1.4.4 NOX2 deficiency in autoimmune diseases

1.4.4.1 Defects in the NCF1 gene

Several genome-wide association studies have identified the genomic regions encoding some
of the NOX2 subunits as susceptible loci for autoimmune diseases (114,115). However, in
most of these loci, the causal polymorphisms have not been discovered. Ncfl was the first
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major gene identified within the quantitative-trait loci for arthritis through positional cloning
in rat models (116). The disease allele was surprisingly associated with lower production of
NOX2-derived ROS, suggesting a regulatory role of ROS in autoinflammatory conditions. It
was first found in rats that a naturally occurring polymorphism of Ncfl regulates the severity
of pristane-induced arthritis (116). Later, the finding was confirmed using a common mouse
strain with a spontaneous point mutation at the -2 position of exon 8 of the Ncfl gene,
denoted Ncf1™, which leads to a truncated protein and thereby deficiency in NOX2-derived
ROS production (117,118). Ncfl™ mice also develop exacerbated PIL (119), myelin
oligodendrocyte glycoprotein;.1zs-induced chronic experimental autoimmune
encephalomyelitis (120), and mannan-induced psoriatic arthritis (121), highlighting the causal
link between low ROS production due to dysfunctional NOX2 complex and the development
of autoimmunity.
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Figure 3. NCF1/Ncfl genetic organization in humans and mice. Adapted from Urbonaviciute,
Vilma, et al. 2019 (122).

The human NCF1 gene is much more complex compared to its orthologs in rodents (Figure
3). The mouse Ncfl gene, located on chromosome 5, shows high conservation throughout the
region, albeit in a reverse direction. In contrast, the human NCF1 gene is accompanied by
two pseudogenes, NCF1B and NCF1C, on chromosome 7. These pseudogenes are highly
similar to the functional NCF1 gene, except for a 2-bp GT deletion (AGT) in exon 2 (123).
The surrounding region of NCF1 in the human genome contains multiple large duplications,
known as low-copy repeats (LCRs), and several small inversions, duplications, and deletions
(124). The NCF1 genes are located in separate LCRs, with the pseudogenes in between. Due
to the high similarity among LCRs, unequal crossover events between the NCF1 gene and the
pseudogenes are prone to occur, leading to the formation of fusion genes that consist of
segments from both the NCF1 gene and NCF1B or NCF1C. This crossover has been
observed in NCF1-deficient CGD patients who carry a non-functional AGT NCF1 gene
because exon 2 of the functional NCF1 gene has been substituted with the reciprocal
sequence of the pseudogenes (125). These patients have two copies of AGT NCF1 genes
instead of normal NCF1 genes on two chromosomes, resulting in absent or extremely low
phagocyte NOX2 activity (92). The opposite outcome of this crossover event has also been
found, where the pseudogenes gain the GTGT sequence in exon 2 to become functional
NCF1 genes, known as NCF1-pseudo fusion genes (126). Although it remains unclear
whether these fusion genes have full functionality, a cohort study has shown that low ROS
production due to an NCF1 polymorphism can be restored by having a copy of the NCF1-
pseudo fusion gene (108). In addition to pseudogenes and fusion genes, the NCF1 gene itself
exists in various numbers of copies. Studies have shown that increased copy numbers of
functional NCF1 can protect against RA and SLE, while decreased copy numbers predispose
to the diseases (109,110). Due to the complexity of the NCF1 gene and its surrounding region,
it is generally excluded from genome-wide association studies and full sequencing analysis.
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With the help of nested PCR and pyrosequencing strategy, three single-nucleotide
polymorphisms in the functional NCF1 gene were identified in a Swedish RA cohort (110).
Among them, the missense variant p.Arg90His (rs201802880), showed significantly lower
ROS production and resembled the Ncfl polymorphism discovered in rats. Although no
association between the p.Arg90His variant and RA was found in the Swedish RA cohort, a
study of a Korean RA cohort reported that it predisposes individuals to RA with an OR of
1.65 (109,110). In a Swedish SLE cohort, the p.Arg90His variant was found to be more
frequent in patients (OR=3.0) and was also associated with a younger age at lupus diagnosis
(108). The p.Arg90His variant's association with SLE was confirmed in a separate study of
Asians (OR=3.47), European Americans (OR=2.61), and African Americans (OR=2.02)
(109). Compared to other genetic risk variants identified by genome-wide association studies
or candidate gene studies with a relatively low risk and OR usually <2 (Figure 1) (28,30,31),
the p.Arg90His variant has the strongest known genetic association with SLE. In addition to
RA and SLE, the p.Arg90His variant was also associated with another autoimmune disease,
primary Sjogren’s syndrome, with OR=2.45 in Chinese and OR=2.35 in European Americans
(109).

The NCF1 protein is highly conserved across species, comprising 390 amino acids and
weighing 47kDa. It consists of an PX domain, two SH3 domains (SH3a and SH3g), a C-
terminal AIR, and a proline-rich region (Figure 2). In rats, the natural polymorphism
substitutes Threonine with Methionine at position 153 located in the hinge region between
the PX and SH3a domain of the NCF1 protein, affecting the interaction of NCF1 with
phosphatidylinositol 3,4-bisphosphate (127), but not the expression of NCF1 (116). The
spontaneous mutation in Ncf1™ mice leads to a lack of 8 residues in the NCF1 SH3g domain,
which may affect the assembly of NCF1 with CYBA (128,129). The human p.Arg90His
variant, on the other hand, causes an amino acid shift from Arginine to Histidine at position
90 in the PX domain, affecting the binding of NCF1 to phospholipids (130). In general, the
identified polymorphisms or mutations in both human and rodents impair or fail the
translocation of NCF1 to the membrane, leading to lower NOX2-derived ROS production
and an association with autoimmunity (116,122,129,131).

1.4.4.2 Defects in the NCF4 gene

NCF4 is the most recently discovered protein among the NOX2 subunits (132). It has a
molecular weight of 40kDa, 339 amino acids, and consists of a PX domain, an SH3 domain,
and a Phox and Bem1 domain. Compared to NCF1, NCF4 is more conserved across humans,
mice, and rats. Although less studied, NCF4 has been associated with autosomal recessive
CGD (94), Crohn's disease (133), and RA (112,113). More than 200 variants of NCF4 have
been identified, including intron variants, splice-site variants, missense variants, in-frame
deletion, frameshift deletion, and nonsense variants. These variants may lead to undetectable
or truncated protein, resulting in no or low NOX2-derived ROS production (94,134).

The first single-nucleotide polymorphism of NCF4 be associated with RA is rs729749,
located in the middle of intron 4 of the NCF4 gene (112). However, its genetic effect remains
unclear, as no evidence of influence is shown on any transcription factor binding site or
known regulatory element. Another intronic single-nucleotide polymorphism, rs4821544,
was previously identified in Crohn's disease and later found to be associated with RA in a
Chinese cohort (113,135).

In the absence of NCF4, the expression of NCF1 and NCF2 is decreased by more than 50%
(83,136). Neutrophils from Ncf4” mice exhibit substantially decreased intracellular and
extracellular ROS responses, leading to severe, CGD-like defects in bacterial killing (136).
Moreover, the knockout enhances the susceptibility to CIA without affecting COL2-specific
T cell responses, antigen presentation of COL2, or the delayed-type hypersensitivity reaction
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(83). The development of CIA promoted by Ncf4” is accompanied by dramatic activation of
innate inflammatory pathways, including delayed neutrophil apoptosis and increased
secretion of proinflammatory cytokines.

Ncf4R%8A a single point mutation in the PX domain of NCF4, was initially induced in mice to
study the role of PtdIns3P-NCF4 binding in phagosomal NOX2 activity (137). In contrast to
Ncf4™, this mutation does not affect the expression of NCF1 or NCF2. It significantly
decreases intracellular but not extracellular ROS production in neutrophils in response to
various stimuli (83,137). Similarly, Ncf4R®A mice are deficient in bacteria killing and
susceptible to CIA, yet the diseases are much milder in these mice than in Ncf4” mice
(83,136,137). In addition, with relatively restricted deficiency in ROS production both
quantitatively and spatially, Ncf4R%®* mice exhibit less innate immune activation and
susceptibility to a T cell-independent mannan-induced psoriatic arthritis-like disease model
than Ncf4” mice and Ncf1™J mice (83).

1.4.4.3 NOX2-derived ROS in SLE

ROS deficiency has been suggested to contribute to the development of SLE by affecting
efferocytosis and NETs formation, which are the two main sources of proinflammatory
autoantigens. Efferocytosis, a process of dead cell clearance by phagocytes, is insufficient or
delayed in both mice and humans with low NOX2-derived ROS production, and in those with
lupus (138-140). This leads to the accumulation of cell debris in ROS-deficient phagocytes,
which promotes the production of inflammatory mediators and the development of
autoreactive memory to apoptotic-cell-derived self-antigens (139,141).

The role of NETs in SLE is still under debate. Although NETSs contain lupus autoantigens
such as histones and DNA (142) and have been suggested to promote the disease (143,144),
NOX2-derived-ROS-dependent NETs may also resolve inflammation by degrading
proinflammatory mediators with NET serine proteases (145,146), and ameliorate lupus (119).

Apoptotic-cell- and NETs-derived DAMPs are sensed by pattern recognition receptors on the
surface of APCs. Under ROS-deficient conditions, these APCs become overactivated, leading
to enhanced T cell responses and a break of tolerance in the adaptive immune system
(138,139,147). Autoreactive B cells secrete autoantibodies that bind to nuclear components to
form ICs, which are internalized by various innate immune cells and stimulate them upon
ligation of different receptors. The resulting secretion of proinflammatory cytokines further
promotes adaptive immune responses, leading to more autoantibody production and IC
formation (122). This vicious cycle ultimately results in chronic autoimmunity and organ
injuries. Although the exact mechanisms remain unclear, ROS deficiency has been proposed
to contribute to lupus development by altering the aforementioned processes (86,130,139). In
Study I, we investigated the role of NCF1-dependent ROS in protecting against lupus and the
potential redox-sensitive signalling pathways involved. In Study 111, we discussed the role of
NCF4-dependent ROS in lupus-associated autoantibody production.

1.4.4.4 NOX2-derived ROS in RA

In genetically susceptible individuals, autoimmunity may already be present before the
clinical onset of RA, as evidenced by the presence of circulating polyclonal autoantibodies,
including rheumatoid factor, ACPA, and anti-carbamylated protein antibodies (52,148).
These antibodies may arise from an immune response to neoantigens that are continuously
generated in the body due to inflammation or respiratory bursts. In sera, joint tissues, and
synovial fluids from RA patients, autoantibodies are usually detectable against ROS-modified
biomacromolecules (e.g., COL2, Clq, and IgG) or antigens formed through other post-
translational modification (149). Cysteine is the key amino acid in most redox reactions, and
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the functional groups of cysteine residues, the thiol groups, have been found decreased in RA
patients (150). Within an oxidative environment, thiol groups tend to form disulfide bonds,
which may influence the selective display of MHCII-restricted T cell epitopes during antigen
processing (151). In the GPI-induced arthritis model, the major immunogenic peptide carries
cysteines and is reported to be more efficiently processed under NOX2-derived-ROS-
deficient conditions, leading to enhanced antigen-specific T cell responses and exacerbated
arthritis (152).

Except for putative autoantigens that are presented directly by B cells, most antigens are
internalized by macrophages or DCs, proteolytically processed, and subsequently presented
on the surface of these cells by MHCII molecules or through the process of cross-presentation
via MHCI molecules. Both MHCII- and MHCI-restricted antigen presentation have been
suggested to play a role in autoreactive T cell priming, leading to later activation of synovial
migratory memory T cell and prolonging joint inflammation (153). NOX2 deficiency has
been shown to promote phagocytosis and proteolysis of antigens in APCs, possibly by
modulating phagosomal pH or the redox microenvironment, which leads to overactivation of
T cells (130,139,154).

In a healthy individual, CD4" T cell activation, differentiation, and proliferation in response
to antigen presentation and local cytokines can be inhibited by regulatory T cells during
resolution of inflammation. However, Treg-mediated suppression is defective in RA patients,
leading to expansion of proinflammatory T cell populations, such as Thl and Th17 (155).
These T cells secrete cytokines to recruit and activate other immune cells, in which multiple
signaling pathways, such as hematopoiesis, apoptosis, and innate immune responses, have
been suggested to be regulated by NOX2-derived ROS (83,156).

The source of ROS with the most significant impact on T cell regulation, whether from
intracellular NOX2, mitochondria, or bystander cells such as APCs, remains a topic of debate.
Nevertheless, numerous studies have documented the regulatory effects of ROS on T cell
function. Some redox-sensitive proteins, such as protein tyrosine phosphatases, that play
crucial roles in TCR (as well as BCR) signaling, are genetically associated with arthritis
(157,158). Insufficient NOX2-derived ROS production has been shown to increase the
number of reduced thiol groups on T cell surface, lowering the threshold for T cell reactivity
and proliferation, as well as driving T cell-dependent autoimmune responses (118,159). The
deficiency also impairs the induction and suppressive function of peripheral regulatory T
cells, which can be rescued by ROS from macrophages (147,160).

In addition to peripheral T cell malfunction, abnormalities in T cell selection have also been
suggested as contributing factors to the development of RA. For example, a mutation in
Zap70 in the SKG strain, which spontaneously develops chronic autoimmune arthritis, alters
TCR signaling, changing the thresholds of T cells to thymic selection and subsequently
maintaining the autoreactive T cell clones (161). Moreover, post-translational modifications
of autoantigens that affect T cell epitopes, such as glycosylated COL2259.273, present only in
peripheral tissues but not thymus, are correlated with a high frequency of autoreactive T cells
and autoantibodies, as well as susceptibility to RA (162,163). Despite increasing knowledge
of the cellular and molecular mechanisms of central tolerance, our understanding of how it is
maintained remains largely unknown. However, considering that changes in T cell surface
redox levels occur during T cell interaction with APCs (159), it is conceivable that ROS may
be especially important during thymic selection, where TCR-MHCII interaction is critical. In
Study II, we found that selection and activation of autoreactive T cells are regulated by
NOX2-derived ROS in an autoreactive-T-cell-driven arthritis model.

Similar to T cells, B cell disturbances in central and peripheral tolerance, activation, and
proliferation also contribute to RA pathogenesis, by promoting autoreactive B cell
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accumulation, ectopic germinal center formation, support for T cells, proinflammatory
cytokine secretion, and antibody production in the inflamed synovium. Increased levels of
autoantibodies have been observed in CGD patients and rodents carrying defective NOX2,
accompanied by altered 1gG subtype distribution (86,118,164,165). These could potentially
result from overactivation of innate immune cells and T cells due to ROS deficiency, while
direct effects of NOX2-derived ROS on B cells remain unclear (83,147). Study 1l focuses on
investigating the regulatory role of intrinsic ROS in B cells against autoimmune arthritis.
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2 RESEARCH AIMS

For several decades, ROS has been considered as a pathogenic factor in autoimmune diseases.
However, in the early 21% century, a polymorphic Ncf1 allele in rats was found to cause lower
oxygen bursts and result in severe arthritis, challenging the dominant paradigm. Since then,
genetic defects in Ncfl have been associated with multiple autoimmune models in rodents.
Studies on human cohorts have also revealed a strong association between NCF1 variants and
autoimmune diseases like SLE and RA. Similar observations have been reported on other
subunits in NOX2 complex, such as NCF4. Together, these findings suggest a regulatory
property of NOX2-derived ROS in autoimmunity, yet the underlying mechanism remains
incompletely understood. The overall aim of this study was to investigate the mechanisms
linking deficits in NOX2 subunits NCF1 and NCF4 to the development of autoimmune
diseases, specifically lupus and arthritis.

Research objectives were as follows:
Study I: Investigate the regulatory mechanisms of NCF1-dependent ROS in lupus;

Study II: Investigate the role of NCF1 in T cell tolerance and the development of arthritis
driven by autoreactive T cells;

Study I11: Investigate NCF4 regulation on B cell functions in autoimmune diseases.
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3 MATERIALS AND METHODS

3.1 MOUSE MODELS OF LUPUS

Pristane-induced lupus. Lupus is induced in mice by intraperitoneal injection of pristane.
Balb/c mice develop a lupus-like disease, characterized by IC glomerulonephritis, mild
erosive arthritis, and circulating lupus-associated antibodies several months after pristane
injection (166). Mice with C57 black backgrounds, such as B10 and B6, develop a lower
level of autoimmunity than Balb/c, accompanied by pulmonary vasculitis and pulmonary
hemorrhage. Some pathways in pristane-injected mice closely resemble those in patients with
SLE, such as overproduction of type I IFNs. PIL is the most widely used induced model of
lupus, serving as an example of how an environmental factor can trigger a lupus-like disease
in genetically unsusceptible strains.

Yaa-accelerated spontaneous lupus. In study I, we established a new mouse strain carrying
both the Ncf1™ mutation and the Y-linked autoimmune accelerating locus (Yaa). Yaa is a
translocated region from the X chromosome onto the Y chromosome of the BXSB strain,
responsible for the spontaneous development of lupus-like autoimmune abnormalities, which
have been confirmed to be driven by the duplicated TIr7 gene in the locus and the resultant
overexpression of TLR7 (167). The Yaa locus has been bred onto other lupus-prone
backgrounds, where it has been shown to promote disease progression.

3.2 MOUSE MODELS OF ARTHRITIS

Collagen-induced arthritis. Mice immunized intradermally with COL2 in Complete
Freund’s Adjuvant develop severe and progressive joint lesions, which are characterized by
synovitis, pannus formation, and damage to cartilage and bone. The model is dependent on
MHCII, T cells, and B cells, and demonstrates autoimmune responses driven by COL2-
reactive T cells (168) and the development of arthritogenic autoantibodies (169).
Autoreactive T-cell clones in both DRB1*04-positive RA patients and H-29 CIA mice
recognize the same immunodominant peptide COL22s9.273, predominantly in its glycosylated
form (163). The mouse peptide differs from that in other species, including bovine, rat, and
human, by only one amino acid at position 266, with Aspartic acid in the mouse self-peptide
and Glutamic acid in the heterologous peptide.

Glucose-6-phosphate isomerase-induced arthritis. Serum from K/BXN transgenic mice
which spontaneously develop severe inflammatory arthritis transfer the disease to a wide
range of mouse strains, due to autoantibodies against GPI (70). Intradermal immunization
with human GPI protein or the derived hGPlszs.339 peptide in Complete Freund’s Adjuvant
induces self-limiting arthritis in mice with certain MHCII haplotypes (71). This model is T
and B cell-dependent and driven by GPI autoreactive lymphocytes.

Collagen antibody-induced arthritis. Mice receiving a combination of monoclonal anti-
COL2 antibodies intravenously develop a rapidly-onset and short-term arthritis that is
independent of T or B cells. It is instead caused by neutrophil and macrophage infiltration,
which is activated by aggregated antibodies on the cartilage through Fc receptors and
complement pathways (170).

3.3 ETHICAL CONSIDERATIONS

The research included in the thesis involves animal experimentation, which raises ethical
concerns. However, due to the complex and systemic nature of SLE and RA, in vivo models
are currently necessary to gain a deeper understanding of these diseases. We justify our use of
animals by showing that the potential benefits to humans overweigh the harm caused to
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animals. The research provides insights into the pathogenesis of lupus and arthritis, which
may lead to the development of more effective treatment strategies and ultimately save lives
or increase the quality of life. We strictly adhere to the Three Rs principle — Replacement,
Reduction, and Refinement, to minimize animal suffering and sacrifice. While Replacement
is not currently possible, we make every effort to improve animal welfare. For example, we
carefully monitor the animals’ health and use humane endpoints to determine when
euthanasia is necessary. We also design our experiments to minimize the number of mice
used. Our trackable electronic animal medical record system at Kl (tickatlab.ki.se) ensures
full control of each mouse’s conditions, further reducing suffering and waste.
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4 RESULTS AND DISCUSSION

4.1 STUDY |: NCF1l-dependent production of ROS protects against lupus by
regulating plasmacytoid dendritic cell development and functions.

Lupus has been linked to deficient NCF1-dependent ROS production in both humans and
mouse models (86,108,109). Several mechanisms have been proposed to explain this
association, including impaired formation of NETs (119), insufficient efferocytosis of
apoptotic cells by macrophages due to reduced endosomal acidification (139,140), and
overactivation of TLR signalling caused by acidic pH in pDC endosomes (130). In this study,
we systemically screened and identified pDCs as the major immune cell type responsible for
lupus exacerbation due to NCF1 deficiency, using a set of cell-specific Cre-deleter, the
human p.Arg90His variant knockin, and transgenic mouse strains. We demonstrated that
restoring NCF1-dependent ROS specifically in pDCs can protect against PIL and Yaa-
accelerated spontaneous lupus by limiting AKT/mTOR-dependent pDC generation, CCR2-
mediated tissue accumulation, and type I IFN responses.

Overactivation of the type IFN system is a hallmark of SLE, and pDCs, the primary
producers of IFNa, have long been considered the main contributors to the pathogenesis and
development of lupus (171). However, the mechanisms behind the increased number of pDCs
in lupus tissues and their hyperactivity are still not fully understood (21,172,173). This study
showed that NCF1-dependent intrinsic ROS regulate pDC development and accumulation in
multiple organs, correlating with a local type I IFN signature. PDCs are known to produce
IFNa upon stimulation by nucleic-acid-containing materials, which are phagocytosed via Fc
receptors and sensed by endosomal pattern recognition receptors. Several receptors and
downstream factors involved in this process have been associated with lupus, including
FcyRlIla (174), TLR7 (175), TLR9 (176), STING (177), and ISGs such as IRF and STAT1
(178), among which TLR7/9 and STAT1 have been proven to be regulated by NCF1-derived
ROS (86,130). Our study added STING and JAK1, one of the upstream signals of STATL, to
the list of redox-regulated proteins and showed that hyperactivation of the
STING/IFNa/JAKL/STAT1 cascade in ROS-deficient pDCs contributes to disease
exacerbation.

Targeting pDCs has been considered a potential therapeutic strategy against lupus. Ablation
of pDCs with anti-BDCAZ2 antibody and downregulation of type | IFN signalling with JAK
inhibitors were both tested in clinical trials of SLE, where pDC depletion but not JAK
inhibitors successfully passed phase Il efficacy trials (179-182). Our study demonstrated that
injection of NCF1-defecient pDCs promoted PIL, and oral administration of baricitinib, a
JAK inhibitor, ameliorated spontaneous Ilupus. These findings suggest that the
aforementioned strategies may be more effective in subgroups of patients with insufficient
ROS production. The discovery of the protective role of pDC-derived ROS in lupus
exacerbated by NCF1 deficiency and the underlying mechanisms open up new possibilities
for the treatment of SLE, at least in patients carrying relevant genetic variants.

4.2 STUDY II: Two major genes associated with autoimmune arthritis, Ncfl
and Fcgr2b, additively protect mice by strengthening T cell tolerance.

Several adaptive T cell transfer experiments have confirmed the regulatory role of NCF1-
dependent ROS in T cell activity in rodent models of arthritis, such as pristane-induced
arthritis and CIA (159,183,184). However, classical CIA is not a model for autologous T cell
response, since the COL2-reactive T cells elicited by immunization with heterogenous COL2
do not recognize endogenous COL2 peptides (185). To investigate the role of ROS in T cell
autoreactivity and tolerance, a mouse strain expressing transgenic COL2 was established
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(186). The Col2%%F mutation in the transgene makes the immunodominant peptide COL 256
273 identical to the corresponding peptide in rat COL2, thus protecting the mice from CIA. By
inducing the Ncfl™ mutation, T cell tolerance is broken, resulting in the development of
chronic autoimmune arthritis (187). The shortcoming of this strain lies in the presence of
endogenous COL2, leading to the formation of heterotrimeric molecules, which confounds
the interpretation of the results. In this study, we established a knockin strain that completely
replaced Col2P%8 with Col2%5%€ in the immunodominant peptide. The BQ.Col2?%¢€ mice
exhibited more pronounced protection against CIA under ROS-deficient conditions when
compared to the transgenic mice. To confirm that Col22%°F does not affect T cell recognition
of the peptide COL2256.273, we established another strain carrying both the Col22%°F and the
Col2%%R mutation, which changes the major TCR recognition site by mutating Lysine at
position 264 (188). The BQ.Col2?“R mice elicited a strong non-self T cell response and
developed severe arthritis.

NCF1-dependent ROS have been proposed to regulate T cell activity by oxidizing antigenic
peptides (152), modulating APC responses (147), and directly affecting redox-sensitive T cell
signaling pathways (159,160). However, the regulation of thymic selection of T cells by ROS
has not been fully investigated. In this study, we showed that the Ncf1™ mutation decreased
the expression of AIRE in medullary thymic epithelial cells (mMTECs) and B cells. As a result,
potentially autoreactive T cells may escape negative selection and enter the periphery.

One of the upstream activators of NOX2 is the Fc receptor family, among which FCGR2B is
considered a critical inhibitory factor which plays a protective role against autoimmune
diseases (189,190). Deficiency in Fcgr2b has been reported to increase the susceptibility and
severity of CIA by dysregulating DCs and B cells, resulting in increased T cell responses and
autoantibody production (191). In this study, we showed that FCGR2B deficiency increases
COL2-specific autoreactive T cells and leads to the development of CIA in BQ.Col22%°F mice.
Interestingly, we observed that mice with deficiencies in both NCF1 and FCGR2B developed
more severe disease than those with either single defect, indicating that these two genes
regulate tolerance through different mechanisms.

In conclusion, our study establishes a new autologous model for RA, which enables tracking
of the autoreactive MHCII-restricted T cell response to COL2. Using this model, we
demonstrated the critical roles of NCF1 and FCGR2B in regulating T cell tolerance,
enhancing our understanding of their regulatory functions in the context of RA.

4.3 STUDY lll: NCF4-dependent intracellular reactive oxygen species regulate
plasma cell formation.

NCF4 is generally considered to be less critical than NCF1 for the function of the NOX2
complex, and its deficiency usually leads to milder symptoms of CGD and lower
proinflammatory responses (83,134). As a result, NCF4 has not received as much research
attention. Despite this, several NCF4 defects have been linked to RA, suggesting a unique
role of NCF4 in the development of autoimmunity (112,113).

To investigate the distinct role of NCF4, we analyzed the pattern of ROS production in cells
carrying the Ncf4?%%A mutation, which has been shown to cause severe CIA without affecting
the function of NCF1 or NCF2 (83). Consistently, we observed no alteration in the expression
of NCF1, NCF2, or NCF4 due to the mutation. Moreover, we found that NCF4-deficient
neutrophils and B cells exhibited decreased intracellular ROS production, while extracellular
ROS production remained unaffected. This contrasts with the Ncf1™ mutation, which leads
to both intracellular and extracellular ROS deficiencies. Therefore, the Ncf4R584 mutation
offers a useful tool for studying the regulatory effect of NCF4-dependent intracellular ROS
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specifically. We also found that the severity of CIA was dose-dependent, with one copy of
the mutation resulting in milder disease and less impact on ROS production.

In a previous study on Ncf1™ mice, enhanced antigen presentation and autoreactive T cell
activation were observed. In contrast, Ncf4%* mice, which had normal extracellular ROS
production, did not show similar effects. One possible explanation for this difference is that
the TCR signaling cascade may be regulated by extracellular ROS secreted by APCs into the
immunological synapse (157). Although the Ncf4%* mutation did not affect T cells, it did
promote the formation of antibody-secreting cells (ASCs), resulting in higher levels of
autoreactive COL2-specific antibodies in the immunized mice. These results suggest that
NCF4-dependent ROS primarily modulate arthritis by regulating the activation and
differentiation of B cells.

The NOX2 complex is activated in B cells upon antigen binding during two possible
occasions: extrafollicular activation and germinal center reaction. In the CIA mice, we
observed increased plasma cells two weeks after immunization, indicating that these plasma
cells were more likely to have been formed via a germinal center response. In contrast,
extrafollicular responses, which produce a relatively small number of short-lived
plasmablasts within 4-6 days post immunization, are less likely to be responsible (192,193).
The sustained higher levels of isotype-switched anti-COL2 antibodies and larger numbers of
ASCs in the synovium of Ncf4%8” mice in the chronic phase of CIA also suggest a regulatory
effect of NCF4-dependent ROS in the germinal center reaction, although only a minor
difference was observed in germinal center formation.

The anti-COL2 antibodies target a series of highly conserved epitopes in the triple-helical
part of COL2 in rodents and primates (194). Autoantibodies produced in response to certain
conformational COL2 epitopes, such as COL2359.369, have been proven to be arthritogenic in
CIA and RA (195). Interestingly, autoreactive anti-COL2359.350 B cells are not deleted or
anergized in healthy mice; instead, they are positively selected during development,
indicating a regulatory function (196). However, during B cell activation and differentiation,
dysregulated pathways may cause these regulatory B cells to transition into pathogenic ASCs,
which can be a process sensitive to redox regulation (197). Additionally, we have found that
the number of ASCs producing anti-nucleosome and anti-dsDNA antibodies was also higher
in Ncf4%A mice at the early stage of PIL, suggesting that ROS regulation is not limited to the
formation of cartilage-specific ASCs.

In addition to increased formation, the migration of plasma cells to inflamed joints also
contributes to the severity and chronicity of arthritis. In RA, alterations in the expression of
chemokine receptors on B cells and plasma cells have been noted (198), including CXCR3
and CXCR4, which drive ASCs to inflammatory sites and bone marrow, respectively
(199,200). Our study found that the expression pattern of CXCR3 and CXCR4 on B cells and
ASCs was modulated intrinsically by NCF4-dependent intracellular ROS, possibly through
the BCR and/or TLR4 pathway.

In summary, our findings highlight the regulatory role of intrinsically produced NCF4-
dependent ROS by B cells in plasma cell formation and migration. These results advance our
understanding of the contribution of ROS to autoimmune responses and the production of
autoantibodies.
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5 CONCLUSIONS

At a physiological level, NOX2-derived ROS act as second messengers, contributing to
multiple aspects of the complex immunoregulatory network. Deficiency in ROS production
due to genetic variants in the subunits of the NOX2 complex promotes the development of
autoimmune diseases by dysregulating innate and adaptive immune cells. Specifically, Study
I describes the regulatory role of intrinsic NCF1-dependent ROS in pDC development and
functions, as well as their protective effects against lupus. Study Il addresses the importance
of functional NCF1 in T cell tolerance, providing protection against arthritis. Study Il
focuses on the regulation of NCF4-dependent intracellular ROS in plasma cell formation in
the context of both arthritis and lupus. Together, these studies demonstrate the regulatory
roles of NOX2-derived ROS in a series of autoimmune events. Further insights into these
processes may provide additional opportunities for therapeutic intervention.
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