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POPULAR SCIENCE SUMMARY OF THE THESIS 

 

Our immune system has over the ages evolved to not just protect us from outside threats, but 

also from ourselves. It is a fine-tuned machinery of astounding complexity that has learned to 

distinguish “good” from “bad” and to tolerate our own body’s organs, cells, and proteins, 

while ferociously attacking intruders. Troubles arise when this decision-making process goes 

awry, leading to a state of “autoimmunity” where an attack is mistakenly mounted toward 

harmless self-proteins. This is the basic tenet behind autoimmune diseases such as type 1 

diabetes, rheumatoid arthritis, or multiple sclerosis. The list of such diseases is long. Their 

incidence is steadily rising in the western world and they can, in general, not be cured.  

It is therefore of importance to study the underlying mechanisms of such conditions to be able 

to better address them clinically and this thesis is an attempt to do just that. Here we focus on 

rheumatoid arthritis (RA), an autoimmune disease affecting 0.5-1% of the population that 

results in the destruction of joints and bones. As is common for autoimmune diseases, RA is 

dependent on an individual’s genetic background as well as their environment. To address 

our questions we use mice, as their immune systems are fairly similar to ours and as they can, 

under the right conditions, develop a human-like arthritis.  

Two of the studies presented here identify genes that regulate arthritis severity: Study III 

identified a potential new target for therapeutic interference while Study IV highlights the 

role of vitamin D in the immune system.  

The focus of this work falls under the umbrella term “redox regulation” which encompasses 

the regulation of cellular processes by derivatives of oxygen. The related term “antioxidant” 

has made it into mainstream parlance, particularly in the world of dietary supplements, where 

reactive oxygen species (ROS) are portrayed as a foe that must be eliminated. However, our 

view on ROS has shifted tremendously over the past decades and they are now regarded as 

essential signaling molecules regulating a wide array of processes. In Studies I and II we 

show that ROS-mediated signaling effects impact inflammatory processes and arthritis 

development via regulation of two proteins: PTPN22 and LAT. This work adds to our 

understanding of important cellular pathways and highlights the importance of redox 

regulation.   

 

 

 

 

 

  



 

 

ABSTRACT 

Autoimmune disorders affect a significant part of the population and therefore present a 

serious health and economic burden. One of the most common autoimmune diseases is 

rheumatoid arthritis (RA), affecting 0.5-1% of the population which is mediated by both 

genetic and environmental risk factors. A common thread throughout this thesis is the impact 

of various proteins on T cell signaling and how this affects autoimmune inflammation in 

rodents.  

Studies I and II investigate the role of redox regulation on two major players in TCR 

signaling: PTPN22 and LAT. We targeted known redox-sensitive cysteine residues in these 

proteins and could thereby investigate their importance in vivo. Study I shows that PTPN22 

function can be regulated by its non-catalytic cysteine 129 (C129) residue by forming a 

disulfide bond which protects the active site from irreversible oxidation; impaired redox 

regulation leads to enhanced T cell and inflammatory responses. In a similar vein, we found 

in Study II that cysteines 120 and 172 mediate redox regulation of LAT by affecting its 

phosphorylation and localization. Redox insensitivity of the LAT protein worsens T-cell 

dependent inflammation.  

In the last two studies we have used a forward genetics approach to identify genetic 

determinants of RA susceptibility: In Study III we were the first to identify that loss of Sh3gl1 

leads to protection from autoimmunity due to alterations in the T cell signaling pathway, 

thereby providing an attractive new therapeutic target. Study IV shows that polymorphisms 

regulating vitamin D receptor expression affect T cell activation and T cell mediated 

inflammation.  

Collectively, our results show the importance of physiological redox effects and expand the 

knowledge on RA genetics.  
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1 INTRODUCTION 

1.1 AUTOIMMUNITY 

A key function of our immune system is to discriminate self from non-self. Self-tolerance 

describes the unresponsiveness of the immune system towards substances or tissues that 

could otherwise evoke an immune response. It is mediated by two processes: central and 

peripheral tolerance. Central tolerance eliminates autoreactive B and T lymphocytes in the 

bone marrow and thymus, respectively. During T cell development many of the randomly 

arranged T cell receptors are unusable, as they cannot bind to self-MHC. Positive selection 

ensures that only T cell progenitors that can interact with MHC-peptide complexes receive 

survival signals and proceed in their development (MHC restriction). Negative selection then 

eliminates the majority of high-affinity autoreactive T cells through the processes of clonal 

deletion, and to a lesser extent through anergy and receptor editing. During this stage, tissue-

restricted antigens are presented by medullary thymic epithelial cells (mTECs), tolerizing 

maturing thymocytes to peripheral organs [1][2]. As central tolerance is not perfect and self-

reactive cells “leak” through, peripheral mechanisms exist to curb autoreactivity. Disruption 

of either of these mechanisms can trigger autoimmunity.  

Many chronic, inflammatory diseases are of autoimmune nature, such as rheumatoid arthritis 

(RA), Hashimoto's thyroiditis, type 1 diabetes, or multiple sclerosis. Previous decades have 

seen a sharp increase in the incidence of autoimmune diseases in the West with a prevalence 

of around 5% and a female preponderance. They cause great individual suffering, represent 

an enormous socio-economic burden, and are among the leading causes of death [3]–[5].  

1.2 RHEUMATOID ARTHRITIS 

One of the most prevalent autoimmune diseases is rheumatoid arthritis (RA), affecting 

around 0.5-1% of Caucasian individuals [6]. RA is a chronic, complex, and heterogeneous 

disease with variable clinical presentation and pathogenic mechanisms. Roughly described, 

environmental factors trigger loss of tolerance in genetically susceptible individuals [7]. An 

often decades long asymptomatic phase precedes the acute onset of inflammation culminating 

in synovitis and a faulty wound healing response leading to irreversible damage to cartilage 

and bone (see Fig.1) [8]. As it can also affect cardiovascular and respiratory systems, RA is 

considered a systemic disease.  

Figure 1: Clinical manifestation of RA: a) early RA with mild swelling of second (red arrow) and 

third (white arrow) metacarpophalangeal joints and proximal interphalangeal joints (black arrows) b) 

advanced RA with dislocation of metacarpophalangeal joints as well as swan-neck deformities (most 

prominent on the fifth digit c) late-stage RA with severe deformities of the ankle and foot joints. 

Adapted from [7] with permission from Springer Nature.  
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RA classification is based on clinical manifestations (joint involvement, symptom duration) 

and serological assays to measure rheumatoid factor (RF), anti-citrullinated protein antibodies 

(ACPAs) and acute-phase reactants (ACR/EULAR criteria in [9]). There is no cure and the 

current goal for disease management is remission, with initial treatment strategies combining 

disease-modifying antirheumatic drugs (DMARDs) such as methotrexate with 

glucocorticoids (e.g prednisolone). Should this approach be insufficient, biological DMARDs 

such as etanercept (targeting TNFα) or rituximab (targeting CD20) may be prescribed [7].  

1.2.1 Risk factors 

RA is multifactorial in nature where disease risk is conferred by genetics, environmental 

triggers, and the female sex. The latter is ascribed to the effects of hormones on the immune 

system [10] leading to a 2 to 3-fold increased likelihood for women to develop RA.  

1.2.1.1 Genetic factors 

RA has a strong genetic component, with an estimated heritability of around 60% according 

to twin studies [11]. Detailed studies have mapped the genetic landscape of RA and identified 

around 100 loci conferring disease susceptibility [12]–[16]. The strongest association by far is 

with the HLA region where all associated HLA-DRB1 alleles share a conserved five amino 

acid sequence referred to as the “shared epitope”. These amino acids are located in the HLA 

peptide-binding grove, possibly favoring the presentation of arthritogenic peptides and 

altering the T cell repertoire [17]. In the context of study I it should be pointed out that the 

single most important contributor to disease risk outside of HLA is a missense variant of 

Ptpn22; all other alleles show relatively small effect sizes [18]. Most markers of genetic 

heritability remain to be studied in detail. Of note, multiple genes map to signaling pathways 

downstream of the TCR, CD40 and TNF. The presence of various T cell related genes such 

as Ptpn22, Ctla4, PKC-θ, Tnfaip3, and Traf6 indicate the importance of TCR signaling in the 

pathogenesis of this disease [18][19].  

1.2.1.2 Environmental factors 

The high discordance rate between monozygotic twins argues for a substantial role for 

environmental triggers in RA risk [20]. The strongest environmental risk factor to date is 

tobacco smoking where disease association is highest in seropositive individuals with at least 

one copy of the shared epitope [21]. While the underlying mechanisms are still up for debate, 

possible explanations include systemic inflammation, enhanced oxidative stress and altered 

DNA methylation patterns [22]. With regards to Study IV, it is interesting to note that low 

levels of serum vitamin D are associated with increased incidence of RA [23][24]. Finally, it 

is well known that infections can trigger autoimmune pathologies through molecular 

mimicry. One example is the Epstein–Barr virus (EBV), which shows sequence similarity to 

antigens relevant for RA [25]. Similarly, infections by the periodontitis-causing bacteria P. 

gingivalis, which expresses a PAD enzyme that citrullinates bacterial antigens, are proposed 

to lead to cross-reactivity to citrullinated self-antigens [26].  
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While the exact cause of RA is unknown, it is likely that genetic and environmental factors 

converge to ultimately result in the inflammatory response.  

1.2.2 Disease mechanism 

The initial stage is characterized by the production of RF and ACPAs, with the high 

specificity of the latter to RA implicating them in disease pathogenesis. ACPAs constitute a 

heterogeneous set of antibodies reacting to a wide array of citrullinated antigens including 

type II collagen, vimentin and α-enolase [27]. Stratification of RA patients by ACPA-

positivity allows classification into two disease subsets with distinct risk allele frequencies 

[28], pathogenetic mechanisms and disease outcomes [29]. The detection of ACPAs near 7 

years before clinical onset [30] argues for a break in tolerance outside of the joint, possibly at 

mucosal sites such as the gut or lungs [31][32]. Here, environmental risk factors may trigger 

autoimmunity on a susceptible genetic background. 

In the secondary stage autoantibody titers rise, change affinity and epitope spreading occurs 

until the final stage is reached, joint inflammation. Here, the synovium is a key player; it 

serves to lubricate cartilage surfaces and provide nutrients to cartilage which lacks its own 

blood supply and is composed of macrophage-like synoviocytes, fibroblast-like synoviocytes 

(FLS) and a sublining composed of fibroblasts, adipocytes, blood vessels and scattered 

immune cells. In the RA synovium both synoviocyte populations greatly expand and are 

activated, producing a wide array of proinflammatory cytokines such as IL-1, IL-6 and TNF-

α. Central to synovitis is macrophage infiltration which acts through cytokines, ROS, 

phagocytosis and antigen presentation. Other innate effector cells such as neutrophils, mast 

cells and NK cells also contribute to the proinflammatory environment in the synovium. 

Importantly, adaptive immune cells infiltrate the synovial lining, either diffusely invading the 

tissue or forming ectopic germinal centers where mature B cells undergo class-switching and 

somatic hypermutation [7][33]. The efficacy of rituximab confirms the pathogenic role of 

CD20+ B cells [34]. Ultimately, FLS production of matrix metalloproteases (MMPs) 

degrades type II collagen leading to cartilage destruction and TNF-α/ IL-1/IL-6 promote 

osteoclast differentiation and activation leading to bone erosion [32].  

1.2.3 Effector T cells in RA 

It has long been suggested that proinflammatory Th1 cells mediate inflammation in RA. 

However, IFNγ receptor knock-out mice show accelerated disease progression and targeting 

IFNγ has failed in yielding significant results, possibly due to the pleiotropic nature of the 

cytokine [35]. It should be noted, however, that targeting TNF, a Th1 cytokine, has yielded a 

successful therapy for RA [36].  

Similarly, Th17 cells have been implicated in RA pathogenesis. Th17-inducing cytokines 

such as IL6, IL1β and IL21 are present in the synovial joint. IL17 production was observed in 

synovial fluid and tissues, and IL17-/- mice demonstrated less inflammation in collagen-

induced arthritis. Disappointingly, targeting IL17 [37] or IL17R [38] has shown limited 

clinical effects when compared to the outcome on psoriasis.  
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An increased number of regulatory T cells is found in synovial fluids and tissues from RA 

patients which display sufficient suppressive capacity [39] and anti-TNF treatment leads to a 

significant increase in CD4+CD25+ T cell in peripheral blood of RA patients. Another 

affected effector function is T cell help to B cells. Studies have reported increased 

frequencies of CXCR5+ICOS+CD4+ T follicular helper cells (Tfh) specialized in promoting B 

cell maturation in the peripheral blood of RA patients [40].  

1.3 REDOX SIGNALING 

1.3.1 Reactive oxygen species (ROS) 

Reactive oxygen species comprise a family of oxygen derivatives which are produced in 

response to a wide variety of stimuli such as growth factors, immune challenges, or exercise. 

The view on ROS has become more nuanced over the past decades. Traditionally known for 

their role in host defense and overall detrimental effects on macromolecules, ROS’ role as 

physiological signaling mediators is, by now, indisputable. While the term ‘ROS’ 

encompasses several molecules with vastly differing reactivities (e.g. 1O2, ROOH, …), H202 

is recognized as the major ROS in the redox regulation of biological activities due to its 

relative stability and ability to diffuse freely through membranes [41]. Low-level H202 

functions as a pleiotropic signaling agent which through reversible protein oxidation, acts 

upon a plethora of biological activities ranging from transcription, inflammation to autophagy 

and metabolic adaptation (see Fig.3 for an overview of redox-mediated processes). 

Supraphysiological levels, however, cause irreversible damage to all macromolecules, with 

oxidative damage to DNA particularly well studied in the field of cancer mutagenesis [42]. 

Therefore, intracellular H202 concentrations in the low nanomolar range are kept tightly in 

check by efficient reducing systems, the major ones being the thioredoxin and glutathione 

systems.    

Redox signaling mediates its 

effects by reversible oxidative 

modifications of susceptible thiol 

residues with estimates showing 

that 10-20% of thiols in the 

cellular cysteine proteome are 

oxidized under aerobic conditions 

[43]. Cysteine residues that exist 

as thiolate anions under 

physiological pH values are 

particularly good targets for the 

oxidizing action of H202. 

Oxidation of cysteine thiols leads to the formation of sulfenic acid which can react with 

another thiol to form a disulfide bond. While these reactions are reversible, further oxidation 

to sulfinic and sulfonic acid is considered to be irreversible [44] (Fig.2).  

Figure 2: Oxidation states of protein (P) cysteines. 

Hydrogen peroxide induced oxidation and DTT-induced 

reduction of protein cysteines. Reprinted under CC BY4.0 

license from [157]. 
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Only certain molecules carry such a cysteine at a critical position which allows for a specific 

mechanism at these redox switches. The targets of redox signaling are manifold including 

transcription factors [45][46], heat shock proteins [47], and especially relevant to this thesis, 

protein tyrosine phosphatases [48] and scaffold proteins [49].  

Well-studied systems of redox biology are the NRF2-KEAP1 and NF-KB pathways. The 

complexity of redox regulation is illustrated in the latter where H202, in a context-dependent 

manner, plays both stimulatory and inhibitory roles. Whilst cytosolic H202 can activate the 

pathway via oxidation and thereby inhibition of the inhibitor ikb [50], increased nuclear H202 

can oxidize cysteines in the DNA-binding region of NF-Kb, reducing its transcriptional 

activity [51].   

Figure 3: Redox signaling pathways. Exogenous stimuli (in yellow) generate the production of 

O2
- and H202 which act on cellular targets (blue) and thereby regulate various biological 

activities (purple). Reprinted from [42] with permission from Springer Nature. 
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1.3.2 NADPH oxidases 

The major source of endogenous ROS are the mitochondrial electron transport chain and 

transmembrane NADPH oxidases (NOXs) which through their varying cellular localizations 

allow for compartmentalization of redox effects. Particularly relevant to the inducible 

production of H202 are the multidomain NADPH oxidases comprising of seven proteins, 

NOX 1-5 and DUOX 1-2 which transport electrons across the membrane to reduce oxygen 

into superoxide [52]. Cell activation translocates the cytosolic components p47phox (Ncf1), 

p67phox (Ncf2) and p40phox (Ncf4) to the membrane where it associates with cytochrome b558 

to form an active oxidase [53].  

Deficiency in Ncf1-produced ROS in rodents increases susceptibility to a wide array of 

autoimmune models such as collagen-induced arthritis (CIA), collagen antibody-induced 

arthritis (CAIA) [54], experimental autoimmune encephalomyelitis (EAE) [55] and pristane-

induced lupus [56]. Additionally, conditional expression of Ncf1 in both priming and effector 

phases of CIA ameliorates disease symptoms [57].  

The NOXs are also relevant for human disease: Loss of function mutations in any of their 

components result in defective ROS production causing chronic granulomatous disease 

(CGD) characterized by increased risk of infections and inflammatory autoimmune diseases 

[58]. Furthermore, a SNP in Ncf1 leading to reduced oxidative burst is highly associated with 

systemic lupus erythematosus (SLE) [59].  

1.3.3 ROS in the adaptive immune response 

While the role of ROS in neutrophils and macrophages is well studied in terms of NOX-

dependent oxidative burst, redox regulation of lymphocytes is less well defined. B cells 

express all components of the NADPH oxidase and BCR engagement stimulates H202 

production [60]–[62]. Additionally, treatment of B cells with pervanadate leads to BCR-

independent phosphorylation of downstream molecules, mimicking antigen exposure [63]. In 

T cells, low concentrations of ROS are needed to sustain signaling by modulation of redox-

sensitive targets [64]. Interestingly, primary human and mouse T cell blasts express a 

functional phagocyte type NADPH oxidase and absence of NADPH oxidase components 

leads to deficiency in TCR-induced ROS and altered T cell responses [65].  

There are multiple lines of evidence for the importance of redox effects in T cell function and 

inflammation. Previous studies have shown that the suppressive functions of human CD8+ T 

regs are dependent on NOX2-derived ROS and aging-related cell dysfunction is caused by 

failure to upregulate NOX2 [66]. Macrophage-only expression of Ncf1 suppresses T cell 

responses and mediates protection against arthritis in mice [67]. Furthermore, increasing the 

number of reduced thiols on the surface of T cells increases T cell reactivity, proliferation, 

and arthritis susceptibility [68]. In addition, RA T cells have a distinct metabolic signature 

that is linked to their pathogenic potential [69]–[71]. This is characterized by decreased 

glycolytic activity, thereby shunting glucose into the pentose phosphate pathway leading to 

increased production of NADPH, favoring reductive conditions in these cells.  
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Defective oxidative signaling prevents the activation of the redox-sensitive kinase ataxia 

telangiectasia mutated (ATM) creating an increased pool of inflammatory T cells [72].   

Where and how ROS 

exerts its effects is still 

a matter of 

investigation. Its 

relatively long half-life 

and uncharged nature 

afford H202 greater 

stability and the ability 

to freely diffuse through 

membranes. However, 

the scavenging 

functions of reducing 

enzymes most likely 

limit the reaction radius 

of H202, thereby 

compartmentalizing the 

oxidative effect. This 

allows for transient, 

localized accumulation of H202 around membranes, particularly within signaling domains 

[73]. An attractive place where this could occur is the immune synapse, the interphase 

between antigen-presenting cell and lymphocyte. Here, locally produced H202 may regulate 

key membrane proximal targets such as PTPN22 and LAT which are the subject of this thesis 

(Fig.4).    

1.4 PTPN22  

An attractive target for redox regulation is Ptpn22 (Protein tyrosine phosphatase, non-

receptor type 22), a cytoplasmic tyrosine phosphatase that is expressed in all hematopoietic 

cells. Interest in this protein has exploded since the discovery that a single-nucleotide 

polymorphism in Ptpn22 (C1858T) predisposes to a variety of autoimmune diseases such as 

type 1 diabetes, rheumatoid arthritis, and SLE [74]–[76]. Minor allele frequencies vary 

greatly among populations: Northern Europeans of Caucasian descent show the highest 

frequency (15% in Finland) with prevalence following a north-to-south gradient (2% in Italy; 

very rare in African and Asian populations) [77][78].  

1.4.1 PTPN22 signaling  

Generally, C1858T shows higher association with autoantibody-associated diseases such as 

RA, T1D, lupus, with no effect observed on MS or psoriasis, hinting at anomalies in B cell 

signaling or T cell help [79]–[81].  

Figure 4: ROS effects at the intersection between antigen 

presenting cell and T cell. Reprinted from [54] with permission 

from John Wiley and Sons.  
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While the autoimmune variant of PTPN22 has been shown to impair binding to the kinase 

CSK [82], it is still hotly debated how this translates into a pathophysiological mechanism 

with a wealth of evidence behind both loss-of-function and gain-of-function hypotheses 

[83][84]. 

 Much effort has been invested in discovering the pathways underlying aberrant immune cell 

activation and delineating the relative contribution of various cells to the immune response 

using systems where the protein has been either knocked out or mutated into the autoimmune 

variant (R620W). 

1.4.1.1 T cells 

PTPN22 is well established as a negative regulator of TCR signaling. Ptpn22 -/-  mice show 

enhanced TCR-induced signaling and calcium mobilization after TCR triggering leading to 

increased positive selection and expansion of effector/ memory T cells [85]. Knockdown of 

Ptpn22 in human peripheral T cells shows increased phosphorylation of TCR-CD3ζ, Zap-70 

and Slp-76 [82]. The Ptpn22 promoter is a target of Foxp3 [86], and knocking out the gene 

expands peripheral Treg numbers and improves their suppressive qualities [87][88]. PTPN22 

also aids in the discrimination of weak versus strong ligands, restraining damaging 

inflammatory responses to weaker agents such as autoantigens [89]. Substrate-trapping 

experiments have identified the primary substrates of PTPN22: Fyn, LCK, Zap70, Vav, TCR-

CD3ɛ and CD3ζ [90][91].  

1.4.1.2 B cells and myeloid cells 

Ptpn22 appears to be dispensable for B cell signaling and development as Ptpn22 -/-  mice 

show no differences in BCR signaling and B cell compartments [85][92]. However, this 

contrasts sharply with findings related to mice and humans expressing the autoimmune 

variant where the T allele allows the escape of autoreactive B cell clones due to defective 

central tolerance preceding the onset of symptoms [93]. Inhibition of Ptpn22 succeeded in 

resetting central tolerance in a mouse model [94]. In myeloid cells, Ptpn22 functions 

independently of its phosphatase function: PTPN22-TRAF3 interaction potentiates type I 

interferon signaling whilst PTPN22-PAD4 binding inhibits citrullination; both functions are 

disturbed by the R620W variant [95]–[98].  

1.4.1.3 Autoimmunity 

Ptpn22 -/-  mice do not develop spontaneous autoimmunity, and the various pathogenic/ 

protective effects on inflammation depend on genetic context and experimental model. 

PTPN22 deficiency on the arthritis-susceptible KBxN background worsens disease [99], but 

decreases disease severity in the EAE model [88]. Both silencing and overexpression of 

Ptpn22 lead to protection in T1D models [92][100].  
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Figure 5: LAT as central mediator of T cell signaling. Binding of the TCR to peptide-MHC 

complexes triggers T cell signaling transduction. LCK phosphorylates ITAM motifs on the 

CD3 chain, allowing the binding and activation of ZAP70 which in turn phosphorylates LAT. 

Various effector proteins are recruited to LAT forming the LAT signalosome which mediates 

Ca2+–calcineurin, mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) 

signaling pathways. Reprinted with permission from Springer Nature from  [156].  

1.4.1.4 Oxidative regulation of PTPs:  

The activity of PTPs such as PTPN22 can be regulated through the reversible oxidation of 

their catalytic cysteine. The unique environment of the PTP active site renders the pKα value 

of the sulfhydryl group extremely low which makes it susceptible to oxidation. Treatment of 

various PTPs with H202 in vitro has shown to abrogate their activity as the modified Cys 

residue can no longer function as a phosphate acceptor [101][102]. A crystal structure of 

PTPN22 revealed a disulfide bond formation between the catalytic cysteine (C227) and a 

“back-door” cysteine at position 129 [103]. This presented a possibility for redox regulation 

of PTPN22 which was the starting point for study I.  

1.5 LAT  

LAT (Linker for Activation of T cells) is a transmembrane protein that is rapidly 

phosphorylated upon TCR activation. It nucleates the assembly of a multiprotein signaling 

complex, serving as a molecular scaffold that propagates the TCR signal [104]. Important 

interactors include PLC-γ1, Grb2, Gads and SLP-76 which associate to LAT via SH2/SH3 

domain binding of phosphorylated tyrosine residues (see Fig.5 for an overview of the LAT 

signaling complex).  
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1.5.1 LAT signaling 

The role of LAT in T cells is well established. LAT deficient Jurkat T cells show reduced 

phosphorylation of PLC-γ1 and SLP-76 and fail to activate the IL2 transcriptional machinery. 

Importantly, reintroduction of LAT rescues TCR signaling [105].  

Extensive work has been performed to identify the role of various amino acid residues on the 

cytoplasmic tail of LAT. By mutating distal tyrosines to phenylalanine, Zhang et al., could 

pinpoint the binding preferences of various LAT interactors to different tyrosine residues 

[106]. Palmitoylation of the membrane-proximal cysteine residues C26 and C29 is essential 

for LAT insertion into the plasma membrane and anergic T cells show defective immune 

synapse localization of LAT due to defective palmitoylation [107][108].  

LAT is involved in pre-BCR signaling [109] and LAT-deficient mast cells show defects in 

the phosphorylation cascade downstream of FcɛR1 [110]. Interestingly, the cytoplasmic 

region of LAT has intrinsically disordered properties which is characteristic of signaling hubs 

as the unstructured nature improves accessibility for its binding partners [111].  

1.5.1.1 Autoimmunity 

LAT is essential to the functioning of the pre-TCR: LAT-/- mice show thymocyte 

development arrest at the double positive stage, with no mature T cells present in the 

periphery [112][113]. In humans, a loss-of-function mutation in LAT leads to a severe 

combined immunodeficiency phenotype characterized by a significant lack in T cell 

development [114]. Targeted loss-of-function mutations of Lat in mice have resulted in a 

series of phenotypes collectively termed the “LAT signaling pathology” which are 

characterized by aggressive hyperproliferation of Th2 effector cells [115].  

In cells that were made deficient in LAT, LCK- and ZAP70- induced phosphorylation 

patterns were nearly comparable with LAT-sufficient signaling [116]. This seemingly 

paradoxical result can be attributed to the lack of the negative feedback loop that keeps the 

TCR signaling module and LAT independent signaling pathways in check [117].  

1.5.1.2 Oxidative regulation of LAT in RA 

CD4+ T cells from RA patients exhibit a peculiar phenotype: while they are hyporesponsive 

to TCR engagement when stimulated ex vivo as evidenced by IL2 production and Ca2+ 

mobilization [118], they hyper-proliferate and differentiate into effector T cells that drive the 

disease [119][120]. Interestingly, synovial fluid T cells from RA patients have been proposed 

to exhibit an oxidative milieu due to significant reduction of the anti-oxidant glutathione 

[121]. The observation that this changes LAT localization [122][123] sparked the idea for 

study II.  
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2 RESEARCH AIMS 

The overarching theme of this thesis is: mechanisms contributing to T-cell dependent 

autoimmunity. Specifically, Studies I and II focused on the role of redox regulation on T cell 

signaling proteins whilst Studies III and IV investigated arthritis-regulating quantitative trait 

loci (QTL) and thereby discovered two important regulators of T cell function in 

autoimmunity. Thus, our aims were as follows: 

- Identify if and how redox regulation of PTPN22/LAT affects T cell function and 

arthritis development. 

- Investigate the mechanisms behind the Cia37 [124] and Pia43 [125] QTLs.   

 

3 METHODS 

3.1 MOUSE MODELS OF INFLAMMATION 

Delayed-type hypersensitivity (DTH): This model is essentially an in-vivo recall assay that 

is dependent on Th1 responses by CD4+ T cells. In the sensitization phase, animals are 

subcutaneously immunized with antigen emulsified with an adjuvant and 5-14 days later are 

re-exposed to the antigen by dermal injection into the skin, leading to expansion of antigen-

specific T cells as well as production of inflammatory cytokines. The model can be evaluated 

by assessing localized swelling, immune cell infiltration as well as cytokine profiling [126].   

Collagen-induced arthritis (CIA): Considered the gold standard model for RA, CIA is 

induced by immunization with heterologous collagen type II (CII) emulsified in Complete 

Freund’s Adjuvant. This elicits autoreactive T cell responses [127] and production of 

arthritogenic autoantibodies [128] leading to synovitis, pannus formation, and finally 

culminating in cartilage and bone destruction [129]. Enhanced reactivity against CII is also 

detected in RA patients, in terms of both autoreactive T cell and antibody responses 

[130][131]. 

Glucose-6-phosphate isomerase-induced arthritis (GIA): This murine model of arthritis is 

based on the observation that chronic, spontaneous polyarthritis in K/BxN T cell receptor 

(TCR) transgenic mice is mediated and can be transferred by antibodies specific to the 

ubiquitously expressed glucose-6-phosphate isomerase (GPI). GPI may also be an important 

autoantigen in RA as anti-GPI IgGs are elevated in serum and synovial fluid of RA patients 

as compared to controls [132]. Here we immunize mice with the immunodominant T cell 

epitope of human GPI (hGPI 325-339) which has been shown to induce disease with high 

severity and incidence on the MHC II q haplotype [133]–[135].  
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4 RESULTS AND DISCUSSION 

4.1 STUDY I - REDOX REGULATION OF PTPN22 AFFECTS THE SEVERITY 
OF T CELL DEPENDENT AUTOIMMUNE INFLAMMATION. 

PTPN22 is a regulator of T cell receptor signaling and major susceptibility factor for a wide 

array of autoimmune conditions [81]. It belongs to the class of PTPs which are well-known to 

be regulated by oxidation of their catalytic cysteines [136]. However, this had hitherto not 

been studied in vivo. By mutating the redox-sensitive cysteine residue C129 in mice we could 

analyze the impact of altered sensitivity to redox changes on PTPN22 effector functions. We 

show here that PTPN22 can indeed be oxidatively regulated via this non-catalytic residue and 

that lower resistance to oxidation promotes downstream signaling and arthritis development.  

Though the relevance of PTPN22 in autoimmunity and therefore as a therapeutic target is 

undisputed, the nature of the PTP active site makes it notoriously difficult to target 

[84][137]–[139]. An alternative approach may be to focus on redox-sensitive effects. Recent 

advances in the field of PTP1B, a promising target for the treatment of Type 2 diabetes, may 

serve as an example: conformation-sensing antibodies have been shown to successfully 

stabilize the oxidized form thereby targeting phosphatase function [140][141].  

4.2 STUDY II - REDOX REGULATION OF LAT ENHANCES T CELL MEDIATED 
INFLAMMATION. 

In a similar vein to the prior project, Study II investigated redox regulation of another key T 

cell protein, LAT. Previous evidence suggested the presence of redox-sensitive cysteines 

[122][123] which we mutated to generate a mouse model that is insensitive to redox changes. 

Using this in vivo approach, we show that redox insensitivity affects LAT 

phosphorylation/localization and further impacts thymic selection, peripheral T cell 

populations and autoimmune inflammation.  

Dysregulation of LAT function is heavily associated with autoimmune phenotypes in mice 

[115][142][143] and the hypoactive behavior of synovial fluid T cells from RA patients is 

attributed to the effects of redox imbalance on LAT [123]. As LAT surface levels correlate 

with the magnitude of the T cell response this study provides further insight into fine-tuning 

LAT expression through redox regulation and thereby altering downstream signaling and the 

autoimmune response. 
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4.3 STUDY III - ENDOPHILIN A2 DEFICIENCY PROTECTS RODENTS FROM 
AUTOIMMUNE ARTHRITIS BY MODULATING T CELL ACTIVATION. 

This study was based on the observation that a subset of DA rats which are usually 

highly susceptible to chronic inflammatory diseases [144], was suddenly resistant to 

arthritis. Further analysis revealed a spontaneous mutation in the Sh3gl1 gene leading to 

a loss of Sh3gl1-encoded EA2 expression. Indeed, knock-out mice confirmed that 

resistance to arthritis could be attributed to loss of Sh3gl1 which in turn impacted TCR 

internalization and T cell signaling. Additionally, Sh3gl1 expression was upregulated in 

RA patients, implicating a role for Sh3gl1 in RA disease pathogenesis [125].  

Curbing the expansion of autoreactive T cells is key in targeting autoimmune diseases. 

However, most efforts in restraining T cell activation have, with mixed results, focused 

upon modulation of co-stimulators or cytokine pathways rather than the TCR signal itself 

[145]–[147]. Therefore, targeting and fine-tuning important elements of the TCR 

machinery may represent a novel treatment approach. Here we have characterized 

Sh3gl1 as a key signaling molecule in the TCR signaling cascade and thus identified an 

attractive new target for the treatment of RA and other T-cell mediated diseases.  

4.4 STUDY IV - VITAMIN D3 RECEPTOR POLYMORPHISMS REGULATE T 
CELLS AND T CELL-DEPENDENT INFLAMMATORY DISEASES. 

In this study we identified polymorphisms in the vitamin D receptor (Vdr) promoter 

controlling Vdr expression and T cell activation. Overexpression of Vdr in activated T 

cells led to increased susceptibility to T-cell dependent autoimmunity. We also found 

increased Vdr expression in synovial tissues of RA patients suggesting a crucial function 

for Vdr in human disease pathology [148].  

The importance of vitamin D as a dietary supplement has attracted a great deal of 

attention in popular culture. However, whether and how vitamin D exerts its 

immunoregulatory functions is contested. Whilst vitamin D itself has been reported to 

have anti-inflammatory properties [149][150] and vitamin D deficiency has been 

associated with several autoimmune conditions [151][152], clinical trials have not 

revealed convincing benefits [153]–[155]. Here we have made use of naturally occurring 

genetic variants to further elucidate the mechanisms behind vitamin D signaling in a 

physiological context and identified the Vdr as a proinflammatory mediator of T cell 

effector function.   
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5 CONCLUDING REMARKS 

 

In conclusion, Studies I and II highlight the physiological importance of ROS regulation 

veering away from the prevalent view of ROS as mere mediators of cell damage and 

exemplifying their rather subtle workings within signaling systems. They provide a glimpse 

into how redox pathways impact immunoregulation. Further insight into these processes may 

reveal additional opportunities for therapeutic intervention.  

Studies III and IV demonstrate the power and elegance of mouse models in identifying and 

functionally characterizing causal variants of complex traits. Both add to the understanding of 

the complex genetic makeup of autoimmune diseases. Study IV addresses the importance of 

vitamin D receptor polymorphisms and Study III identified a novel immune regulator. The 

latter may even be of therapeutical interest, not just for RA, but also for autoimmune diseases 

in general. 





 

 23 

6 ACKNOWLEDGEMENTS 

 

 

 

 

 

 

 

 

A lot of people have shaped my time at MIR and KI over the past years, and the following list 

is far from exhaustive. With that said, here goes: 

Thanks to you Rikard for your optimism, curiosity, and thought-provoking questions over 

the years, they have taught me a great deal. Thanks to my co-supervisors at AstraZeneca, 

Annika and Raj, for securing the funding and giving me the opportunity to do a PhD. 

My thanks to: Ulle, for the amazing banter, Gonzalo, for setting an example, Amit, for 

introducing me to the ways of the lab and asking the right questions, Mike, for the countless 

laughs, Ana, for being “fresh like a lettuce”, Laura, for your flair and vivacity, Xiaojie, for 

your fascination with a certain part of me, Yibo, for selling me your PlayStation at an insane 

discount, Michael, for being a fellow aspiring Stoic, Erik, för ditt tålamod med min svenska, 

Taotao, for your picture-taking skills and our trips together, Alex, for knowing the deets, 

Edit, for introducing me to the joys and pains of running, Christian and Pierre, for being 

honorary MIR members and good lunch companions, Amir and Hassan, for proteomics 

help, Markus and Yifei, for the very fruitful collaboration, Zhongwei, for always smiling, 

Vilma, for giving excellent advice and for the photo-shoots, Bingze, for being the 

embodiment of positivity and productivity, Clara, for your upbeat personality and your 

fantastic wedding, Katrin, for your amazing baking, Dani, for introducing me to Jacob 

Banks, John, for your work ethic, Min, for your straight-talking efficiency, Zeynep, for your 

healthy outlook on life, Weiwei, for always having a kind word to say, Qijing, for your 

openness, Chang, for keeping me fed, Huqiao, for your helping hand, Rajan, for bringing in 

funding, Meng, Guanzhi, Carolin and Tamas, for being the fresh new faces of MIR, Lei, 

for help with Luminex, Angel, for running MIR so smoothly, Outi, for allowing me to 

interview you, Liselotte, for your patience in dealing with the AH, Carlos and Kristina, for 

taking excellent care of the mice. 

From the Wasp days and onwards, Silke, Vanessa, Johanna, Mariana, and Shareshta 

thank you for sharing the highs and lows of PhD life. 

Sadhya, Sofie, Fatima, Meixian, Yenni, Anu, Ninio, Alejandro, I have such fond 

memories of our times in Strix and after, you have kept me balanced over the years. 

Caro, Louise, Julia, ihr kennt mich schon so lange, danke für alles, ihr gebt mir Perspektive.  

To my family, എന്നെ ഇത്രയ ും ദൂരും എത്തിച്ചരിന് നന്ദി.  

 

 

MIR 2021  





 

 25 

7 REFERENCES 

 

[1] K. Chemin, L. Klareskog, and V. Malmström, “Is rheumatoid arthritis an 

autoimmune disease?,” Current Opinion in Rheumatology, vol. 28, no. 2, pp. 

181–188, Mar. 2016, doi: 10.1097/BOR.0000000000000253. 

[2] K. A. Hogquist, T. A. Baldwin, and S. C. Jameson, “Central tolerance: learning 

self-control in the thymus,” Nature Reviews Immunology, vol. 5, no. 10, pp. 

772–782, 2005, doi: 10.1038/nri1707. 

[3] L. Moroni, I. Bianchi, and A. Lleo, “Geoepidemiology, gender and autoimmune 

disease,” Autoimmunity Reviews, vol. 11, no. 6–7, pp. A386–A392, May 2012, 

doi: 10.1016/J.AUTREV.2011.11.012. 

[4] L. Wang, F.-S. Wang, and M. E. Gershwin, “Human autoimmune diseases: a 

comprehensive update,” Journal of Internal Medicine, vol. 278, no. 4, pp. 369–

395, Oct. 2015, doi: 10.1111/JOIM.12395. 

[5] J. H. Cho and M. Feldman, “Heterogeneity of autoimmune diseases: 

pathophysiologic insights from genetics and implications for new therapies,” 

Nature Medicine 2015 21:7, vol. 21, no. 7, pp. 730–738, Jun. 2015, doi: 

10.1038/nm.3897. 

[6] T. GJ, Y. P, and S. A, “The environment, geo-epidemiology, and autoimmune 

disease: Rheumatoid arthritis,” Journal of autoimmunity, vol. 35, no. 1, pp. 10–

14, Aug. 2010, doi: 10.1016/J.JAUT.2009.12.009. 

[7] J. S. Smolen et al., “Rheumatoid arthritis,” Nature Reviews Disease Primers, 

vol. 4, Feb. 2018, doi: 10.1038/nrdp.2018.1. 

[8] C. M. Weyand and J. J. Goronzy, “The immunology of rheumatoid arthritis,” 

Nature Immunology 2020 22:1, vol. 22, no. 1, pp. 10–18, Nov. 2020, doi: 

10.1038/s41590-020-00816-x. 

[9] K. J and U. KS, “ACR/EULAR 2010 rheumatoid arthritis classification 

criteria,” Rheumatology (Oxford, England), vol. 51 Suppl 6, no. SUPPL. 6, Dec. 

2012, doi: 10.1093/RHEUMATOLOGY/KES279. 

[10] C. CS et al., “The lifetime risk of adult-onset rheumatoid arthritis and other 

inflammatory autoimmune rheumatic diseases,” Arthritis and rheumatism, vol. 

63, no. 3, pp. 633–639, Mar. 2011, doi: 10.1002/ART.30155. 

[11] A. J. Macgregor et al., “CHARACTERIZING THE QUANTITATIVE 

GENETIC CONTRIBUTION TO RHEUMATOID ARTHRITIS USING 

DATA FROM TWINS,” ARTHRITIS & RHEUMATISM, vol. 43, no. 1, pp. 30–

37, 2000, doi: 10.1002/1529-0131. 

[12] B. A et al., “Rheumatoid arthritis susceptibility loci at chromosomes 10p15, 

12q13 and 22q13,” Nature genetics, vol. 40, no. 10, pp. 1156–1159, Oct. 2008, 

doi: 10.1038/NG.218. 

[13] E. S et al., “High-density genetic mapping identifies new susceptibility loci for 

rheumatoid arthritis,” Nature genetics, vol. 44, no. 12, pp. 1336–1340, Dec. 

2012, doi: 10.1038/NG.2462. 

[14] E. A. Stahl et al., “Genome-wide association study meta-analysis identifies 

seven new rheumatoid arthritis risk loci,” Nature Genetics 2010 42:6, vol. 42, 

no. 6, pp. 508–514, May 2010, doi: 10.1038/ng.582. 

[15] P. R. Burton et al., “Genome-wide association study of 14,000 cases of seven 

common diseases and 3,000 shared controls,” Nature 2007 447:7145, vol. 447, 

no. 7145, pp. 661–678, Jun. 2007, doi: 10.1038/nature05911. 



 

26 

[16] O. Y et al., “Genetics of rheumatoid arthritis contributes to biology and drug 

discovery,” Nature, vol. 506, no. 7488, pp. 376–381, 2014, doi: 

10.1038/NATURE12873. 

[17] J. Holoshitz, “The Rheumatoid Arthritis HLA-DRB1 Shared Epitope,” Current 

opinion in rheumatology, vol. 22, no. 3, p. 293, May 2010, doi: 

10.1097/BOR.0B013E328336BA63. 

[18] S. Viatte and A. Barton, “Genetics of rheumatoid arthritis susceptibility, 

severity, and treatment response,” Seminars in Immunopathology 2017 39:4, 

vol. 39, no. 4, pp. 395–408, May 2017, doi: 10.1007/S00281-017-0630-4. 

[19] Y. Okada, S. Eyre, A. Suzuki, Y. Kochi, and K. Yamamoto, “Genetics of 

rheumatoid arthritis: 2018 status,” Ann Rheum Dis, vol. 78, pp. 446–453, 2019, 

doi: 10.1136/annrheumdis-2018-213678. 

[20] A. J. Macgregor et al., “CHARACTERIZING THE QUANTITATIVE 

GENETIC CONTRIBUTION TO RHEUMATOID ARTHRITIS USING 

DATA FROM TWINS,” ARTHRITIS & RHEUMATISM, vol. 43, no. 1, pp. 30–

37, 2000, doi: 10.1002/1529-0131(200001)43:1. 

[21] K. H et al., “Smoking is a major preventable risk factor for rheumatoid arthritis: 

estimations of risks after various exposures to cigarette smoke,” Annals of the 

rheumatic diseases, vol. 70, no. 3, pp. 508–511, Mar. 2011, doi: 

10.1136/ARD.2009.120899. 

[22] K. Chang, S. M. Yang, S. H. Kim, K. H. Han, S. J. Park, and J. il Shin, 

“Smoking and Rheumatoid Arthritis,” International Journal of Molecular 

Sciences, vol. 15, no. 12, p. 22279, Dec. 2014, doi: 10.3390/IJMS151222279. 

[23] K.-A. I, A. P, L. A, R. I, and A. C, “Vitamin D and rheumatoid arthritis,” 

Therapeutic advances in endocrinology and metabolism, vol. 3, no. 6, pp. 181–

187, 2012, doi: 10.1177/2042018812471070. 

[24] G. G. Song, S. C. Bae, and Y. H. Lee, “Association between vitamin D intake 

and the risk of rheumatoid arthritis: A meta-analysis,” Clinical Rheumatology, 

vol. 31, no. 12, pp. 1733–1739, Dec. 2012, doi: 10.1007/S10067-012-2080-7. 

[25] N. Balandraud and J. Roudier, “Epstein-Barr virus and rheumatoid arthritis,” 

Joint Bone Spine, vol. 85, no. 2, pp. 165–170, Mar. 2018, doi: 

10.1016/J.JBSPIN.2017.04.011. 

[26] E. Gómez-Bañuelos, A. Mukherjee, E. Darrah, and F. Andrade, “Rheumatoid 

Arthritis-Associated Mechanisms of Porphyromonas gingivalis and 

Aggregatibacter actinomycetemcomitans,” Journal of Clinical Medicine, vol. 8, 

no. 9, p. 1309, Aug. 2019, doi: 10.3390/JCM8091309. 

[27] Q. Guo, Y. Wang, D. Xu, J. Nossent, N. J. Pavlos, and J. Xu, “Rheumatoid 

arthritis: pathological mechanisms and modern pharmacologic therapies,” Bone 

Research, vol. 6, no. 1, Dec. 2018, doi: 10.1038/S41413-018-0016-9. 

[28] L. Padyukov et al., “A genome-wide association study suggests contrasting 

associations in ACPA-positive versus ACPA-negative rheumatoid arthritis,” 

Annals of the Rheumatic Diseases, vol. 70, no. 2, pp. 259–265, Feb. 2011, doi: 

10.1136/ARD.2009.126821. 

[29] M. M. J. Nielen et al., “Specific autoantibodies precede the symptoms of 

rheumatoid arthritis: A study of serial measurements in blood donors,” Arthritis 

& Rheumatism, vol. 50, no. 2, pp. 380–386, Feb. 2004, doi: 

10.1002/ART.20018. 

[30] B. M et al., “Multiplex analyses of antibodies against citrullinated peptides in 

individuals prior to development of rheumatoid arthritis,” Arthritis and 

rheumatism, vol. 65, no. 4, pp. 899–910, Apr. 2013, doi: 10.1002/ART.37835. 



 

 27 

[31] V. M. Holers et al., “Rheumatoid arthritis and the mucosal origins hypothesis: 

protection turns to destruction,” Nature Reviews Rheumatology 2018 14:9, vol. 

14, no. 9, pp. 542–557, Aug. 2018, doi: 10.1038/s41584-018-0070-0. 

[32] I. B. McInnes and G. Schett, “The Pathogenesis of Rheumatoid Arthritis,” 

http://dx.doi.org/10.1056/NEJMra1004965, vol. 365, no. 23, pp. 2205–2219, 

Dec. 2011, doi: 10.1056/NEJMRA1004965. 

[33] Q. Guo, Y. Wang, D. Xu, J. Nossent, N. J. Pavlos, and J. Xu, “Rheumatoid 

arthritis: pathological mechanisms and modern pharmacologic therapies,” Bone 

Research, vol. 6, no. 1, Dec. 2018, doi: 10.1038/S41413-018-0016-9. 

[34] E. JC et al., “Efficacy of B-cell-targeted therapy with rituximab in patients with 

rheumatoid arthritis,” The New England journal of medicine, vol. 350, no. 25, 

pp. 2572–2581, Jun. 2004, doi: 10.1056/NEJMOA032534. 

[35] K. Chemin, C. Gerstner, and V. Malmström, “Effector Functions of CD4+ T 

Cells at the Site of Local Autoimmune Inflammation—Lessons From 

Rheumatoid Arthritis,” Frontiers in Immunology, vol. 0, p. 353, 2019, doi: 

10.3389/FIMMU.2019.00353. 

[36] F. M, “Development of anti-TNF therapy for rheumatoid arthritis,” Nature 

reviews. Immunology, vol. 2, no. 5, pp. 364–371, 2002, doi: 10.1038/NRI802. 

[37] G. MC et al., “Efficacy and safety of secukinumab in patients with rheumatoid 

arthritis: a phase II, dose-finding, double-blind, randomised, placebo controlled 

study,” Annals of the rheumatic diseases, vol. 72, no. 6, pp. 863–869, Jun. 2013, 

doi: 10.1136/ANNRHEUMDIS-2012-201601. 

[38] M. DA et al., “A phase Ib multiple ascending dose study evaluating safety, 

pharmacokinetics, and early clinical response of brodalumab, a human anti-IL-

17R antibody, in methotrexate-resistant rheumatoid arthritis,” Arthritis research 

& therapy, vol. 15, no. 5, Oct. 2013, doi: 10.1186/AR4347. 

[39] H. J et al., “The inflammatory milieu in the rheumatic joint reduces regulatory 

T-cell function,” European journal of immunology, vol. 41, no. 8, pp. 2279–

2290, Aug. 2011, doi: 10.1002/EJI.201041004. 

[40] J. Wang et al., “High frequencies of activated B cells and T follicular helper 

cells are correlated with disease activity in patients with new-onset rheumatoid 

arthritis,” Clinical & Experimental Immunology, vol. 174, no. 2, pp. 212–220, 

Nov. 2013, doi: 10.1111/CEI.12162. 

[41] M. Reth, “Hydrogen peroxide as second messenger in lymphocyte activation,” 

Nat Immunol, vol. 3, no. 12, pp. 1129–1134, 2002, doi: 10.1038/ni1202-

1129\rni1202-1129 [pii]. 

[42] H. Sies and D. P. Jones, “Reactive oxygen species (ROS) as pleiotropic 

physiological signalling agents,” Nature Reviews Molecular Cell Biology 2020 

21:7, vol. 21, no. 7, pp. 363–383, Mar. 2020, doi: 10.1038/s41580-020-0230-3. 

[43] H. Xiao, M. P. Jedrychowski, D. K. Schweppe, N. S. Gray, S. P. Gygi, and E. 

T. Chouchani Correspondence, “A Quantitative Tissue-Specific Landscape of 

Protein Redox Regulation during Aging,” 2020, doi: 

10.1016/j.cell.2020.02.012. 

[44] C. M. Cremers and U. Jakob, “Oxidant Sensing by Reversible Disulfide Bond 

Formation,” The Journal of Biological Chemistry, vol. 288, no. 37, p. 26489, 

Sep. 2013, doi: 10.1074/JBC.R113.462929. 

[45] K. M. Holmström and T. Finkel, “Cellular mechanisms and physiological 

consequences of redox-dependent signalling,” Nature Reviews Molecular Cell 

Biology 2014 15:6, vol. 15, no. 6, pp. 411–421, May 2014, doi: 

10.1038/nrm3801. 



 

28 

[46] M. HS, R. C, C. L, S. H, and A. F, “Hydrogen peroxide sensing, signaling and 

regulation of transcription factors,” Redox biology, vol. 2, no. 1, pp. 535–562, 

2014, doi: 10.1016/J.REDOX.2014.02.006. 

[47] M. NR, L. S, P. C, and R. MS, “Reactive oxygen species regulate heat-shock 

protein 70 via the JAK/STAT pathway,” Arteriosclerosis, thrombosis, and 

vascular biology, vol. 21, no. 3, pp. 321–326, 2001, doi: 

10.1161/01.ATV.21.3.321. 

[48] A. Östman, J. Frijhoff, Å. Sandin, and F.-D. Böhmer, “Regulation of protein 

tyrosine phosphatases by reversible oxidation,” The Journal of Biochemistry, 

vol. 150, no. 4, pp. 345–356, 2011, doi: 10.1093/jb/mvr104. 

[49] YoungDavid et al., “Protein Promiscuity in H2O2 Signaling,” 

https://home.liebertpub.com/ars, vol. 30, no. 10, pp. 1285–1324, Feb. 2019, doi: 

10.1089/ARS.2017.7013. 

[50] R. Schreck, P. Rieber, and P. A. Baeuerle, “Reactive oxygen intermediates as 

apparently widely used messengers in the activation of the NF-kappa B 

transcription factor and HIV-1.,” The EMBO Journal, vol. 10, no. 8, p. 2247, 

1991, Accessed: Aug. 06, 2021. [Online]. Available: 

/pmc/articles/PMC452914/?report=abstract 

[51] P. J. Halvey, J. M. Hansen, J. M. Johnson, Y.-M. Go, A. Samali, and D. P. 

Jones, “Selective Oxidative Stress in Cell Nuclei by Nuclear-Targeted D-Amino 

Acid Oxidase,” https://home.liebertpub.com/ars, vol. 9, no. 7, pp. 807–816, 

May 2007, doi: 10.1089/ARS.2007.1526. 

[52] A. Panday, M. K. Sahoo, D. Osorio, and S. Batra, “NADPH oxidases: an 

overview from structure to innate immunity-associated pathologies,” Cellular & 

Molecular Immunology, vol. 12, no. 10, pp. 5–23, 2015, doi: 

10.1038/cmi.2014.89. 

[53] J. Zhong, L. M. Olsson, V. Urbonaviciute, M. Yang, L. Bäckdahl, and R. 

Holmdahl, “Association of NOX2 subunits genetic variants with autoimmune 

diseases,” Free Radical Biology and Medicine, vol. 125, no. March, pp. 72–80, 

2018, doi: 10.1016/j.freeradbiomed.2018.03.005. 

[54] R. Holmdahl, O. Sareila, L. M. Olsson, L. Bäckdahl, and K. Wing, “Ncf1 

polymorphism reveals oxidative regulation of autoimmune chronic 

inflammation,” Immunological Reviews, vol. 269, no. 1, pp. 228–247, 2016, 

doi: 10.1111/imr.12378. 

[55] M. Hultqvist, P. Olofsson, J. Holmberg, B. T. Bäckström, J. Tordsson, and R. 

Holmdahl, “Enhanced autoimmunity, arthritis, and encephalomyelitis in mice 

with a reduced oxidative burst due to a mutation in the Ncf1 gene,” Proceedings 

of the National Academy of Sciences of the United States of America, vol. 101, 

no. 34, pp. 12646–12651, Aug. 2004, doi: 10.1073/pnas.0403831101. 

[56] D. Kienhöfer et al., “Experimental lupus is aggravated in mouse strains with 

impaired induction of neutrophil extracellular traps,” JCI Insight, vol. 2, no. 10, 

May 2017, doi: 10.1172/JCI.INSIGHT.92920. 

[57] SareilaOuti et al., “Reactive Oxygen Species Regulate Both Priming and 

Established Arthritis, but with Different Mechanisms,” https://home-liebertpub-

com.proxy.kib.ki.se/ars, vol. 27, no. 18, pp. 1473–1490, Dec. 2017, doi: 

10.1089/ARS.2016.6981. 

[58] R. Holmdahl et al., “Hydrogen Peroxide As an Immunological Transmitter 

Regulating Autoreactive T Cells,” https://home.liebertpub.com/ars, vol. 18, no. 

12, pp. 1463–1474, Mar. 2013, doi: 10.1089/ARS.2012.4734. 

[59] O. LM et al., “A single nucleotide polymorphism in the NCF1 gene leading to 

reduced oxidative burst is associated with systemic lupus erythematosus,” 



 

 29 

Annals of the rheumatic diseases, vol. 76, no. 9, pp. 1607–1613, Sep. 2017, doi: 

10.1136/ANNRHEUMDIS-2017-211287. 

[60] F. K et al., “B lymphoblasts show oxidase activity in response to cross-linking 

of surface IgM and HLA-DR,” Scandinavian journal of immunology, vol. 35, 

no. 5, pp. 561–567, 1992, doi: 10.1111/J.1365-3083.1992.TB03255.X. 

[61] G. Leca, G. Benichou, A. Bensussan, F. Mitenne, P. Galanaud, and A. Vazquez, 

“Respiratory burst in human B lymphocytes. Triggering of surface Ig receptors 

induces modulation of chemiluminescence signal.,” The Journal of 

Immunology, vol. 146, no. 10, 1991. 

[62] M. Capasso et al., “HVCN1 modulates BCR signal strength via regulation of 

BCR-dependent generation of reactive oxygen species.,” Nature immunology, 

vol. 11, no. 3, pp. 265–72, 2010, doi: 10.1038/ni.1843. 

[63] J. Wienands, O. Larbolette, and M. Reth, “Evidence for a preformed transducer 

complex organized by the B cell antigen receptor,” Proceedings of the National 

Academy of Sciences, vol. 93, no. 15, pp. 7865–7870, Jul. 1996, doi: 

10.1073/PNAS.93.15.7865. 

[64] J. Muri and M. Kopf, “Redox regulation of immunometabolism,” Nature 

Reviews Immunology 2020 21:6, vol. 21, no. 6, pp. 363–381, Dec. 2020, doi: 

10.1038/s41577-020-00478-8. 

[65] S. H. Jackson, S. Devadas, J. Kwon, L. A. Pinto, and M. S. Williams, “T cells 

express a phagocyte-type NADPH oxidase that is activated after T cell receptor 

stimulation,” Nature Immunology, vol. 5, no. 8, pp. 818–827, Aug. 2004, doi: 

10.1038/ni1096. 

[66] Z. Wen et al., “NADPH oxidase deficiency underlies dysfunction of aged 

CD8+ Tregs,” The Journal of Clinical Investigation, vol. 126, no. 5, p. 1953, 

May 2016, doi: 10.1172/JCI84181. 

[67] K. A. Gelderman et al., “Macrophages suppress T cell responses and arthritis 

development in mice by producing reactive oxygen species,” The Journal of 

Clinical Investigation, vol. 117, no. 10, p. 3020, Oct. 2007, doi: 

10.1172/JCI31935. 

[68] K. A. Gelderman, M. Hultqvist, J. Holmberg, P. Olofsson, and R. Holmdahl, “T 

cell surface redox levels determine T cell reactivity and arthritis susceptibility,” 

Proceedings of the National Academy of Sciences of the United States of 

America, vol. 103, no. 34, pp. 12831–12836, Aug. 2006, doi: 

10.1073/pnas.0604571103. 

[69] C. M. Weyand, Y. Shen, and J. J. Goronzy, “Redox-sensitive signaling in 

inflammatory T cells and in autoimmune disease,” Free Radical Biology and 

Medicine, vol. 125, pp. 36–43, Sep. 2018, doi: 

10.1016/J.FREERADBIOMED.2018.03.004. 

[70] Z. Yang, E. L. Matteson, J. J. Goronzy, and C. M. Weyand, “T-cell metabolism 

in autoimmune disease,” Arthritis Research & Therapy, vol. 17, no. 1, Feb. 

2015, doi: 10.1186/S13075-015-0542-4. 

[71] C. M. Weyand and J. J. Goronzy, “Immunometabolism in early and late stages 

of rheumatoid arthritis,” Nature Reviews Rheumatology 2017 13:5, vol. 13, no. 

5, pp. 291–301, Mar. 2017, doi: 10.1038/nrrheum.2017.49. 

[72] Z. Yang et al., “Restoring oxidant signaling suppresses proarthritogenic T cell 

effector functions in rheumatoid arthritis,” Science Translational Medicine, vol. 

8, no. 331, pp. 331ra38-331ra38, Mar. 2016, doi: 

10.1126/SCITRANSLMED.AAD7151. 

[73] H. A. Woo, S. H. Yim, D. H. Shin, D. Kang, D. Y. Yu, and S. G. Rhee, 

“Inactivation of Peroxiredoxin I by Phosphorylation Allows Localized H2O2 



 

30 

Accumulation for Cell Signaling,” Cell, vol. 140, no. 4, pp. 517–528, Feb. 

2010, doi: 10.1016/J.CELL.2010.01.009. 

[74] N. Bottini et al., “A functional variant of lymphoid tyrosine phosphatase is 

associated with type I diabetes,” Nature Genetics, vol. 36, no. 4, pp. 337–338, 

Apr. 2004, doi: 10.1038/ng1323. 

[75] B. AB et al., “A missense single-nucleotide polymorphism in a gene encoding a 

protein tyrosine phosphatase (PTPN22) is associated with rheumatoid arthritis,” 

American journal of human genetics, vol. 75, no. 2, pp. 330–337, 2004, doi: 

10.1086/422827. 

[76] C. Kyogoku et al., “Genetic Association of the R620W Polymorphism of 

Protein Tyrosine Phosphatase PTPN22 with Human SLE,” The American 

Journal of Human Genetics, vol. 75, no. 3, pp. 504–507, Sep. 2004, doi: 

10.1086/423790. 

[77] J. Zheng, S. Ibrahim, F. Petersen, and X. Yu, “Meta-analysis reveals an 

association of PTPN22 C1858T with autoimmune diseases, which depends on 

the localization of the affected tissue,” Genes and Immunity, vol. 13, no. 8, pp. 

641–652, Dec. 2012, doi: 10.1038/gene.2012.46. 

[78] P. K. Gregersen, H. S. Lee, F. Batliwalla, and A. B. Begovich, “PTPN22: 

Setting thresholds for autoimmunity,” Seminars in Immunology, vol. 18, no. 4. 

pp. 214–223, Aug. 2006. doi: 10.1016/j.smim.2006.03.009. 

[79] R. J. Salmond, R. J. Brownlie, and R. Zamoyska, “Multifunctional roles of the 

autoimmune disease-associated tyrosine phosphatase PTPN22 in regulating T 

cell homeostasis,” pp. 705–711, 2015. 

[80] G. L. Burn, L. Svensson, C. Sanchez-Blanco, M. Saini, and A. P. Cope, “Why 

is PTPN22 a good candidate susceptibility gene for autoimmune disease?,” 

FEBS Letters, vol. 585, no. 23, pp. 3689–3698, 2011, doi: 

10.1016/j.febslet.2011.04.032. 

[81] S. M. Stanford and N. Bottini, “PTPN22: the archetypal non-HLA 

autoimmunity gene.,” Nature reviews. Rheumatology, vol. 10, no. 10, pp. 602–

611, 2014, doi: 10.1038/nrrheum.2014.109. 

[82] T. Vang et al., “LYP inhibits T-cell activation when dissociated from CSK.,” 

Nature chemical biology, vol. 8, no. 5, pp. 437–46, 2012, doi: 

10.1038/nchembio.916. 

[83] N. Bottini and E. J. Peterson, “Tyrosine Phosphatase PTPN22: Multifunctional 

Regulator of Immune Signaling, Development, and Disease,” Annual Review of 

Immunology, vol. 32, no. 1, pp. 83–119, Mar. 2014, doi: 10.1146/annurev-

immunol-032713-120249. 

[84] F. D. Carmona and J. Martín, “The potential of PTPN22 as a therapeutic target 

for rheumatoid arthritis,” Expert Opinion on Therapeutic Targets, vol. 22, no. 

10, pp. 879–891, Oct. 2018, doi: 10.1080/14728222.2018.1526924. 

[85] K. Hasegawa, F. Martin, G. Huang, D. Tumas, L. Diehl, and A. C. Chan, 

“PEST Domain-Enriched Tyrosine Phosphatase (PEP) Regulation of 

Effector/Memory T Cells,” Science, vol. 303, no. 5658, pp. 685–689, Jan. 2004, 

doi: 10.1126/science.1092138. 

[86] A. Marson et al., “Foxp3 occupancy and regulation of key target genes during 

T-cell stimulation,” Nature 2006 445:7130, vol. 445, no. 7130, pp. 931–935, 

Jan. 2007, doi: 10.1038/nature05478. 

[87] R. J. Brownlie, L. A. Miosge, D. Vassilakos, L. M. Svensson, A. Cope, and R. 

Zamoyska, “Lack of the phosphatase PTPN22 increases adhesion of murine 

regulatory T cells to improve their immunosuppressive function,” Science 

Signaling, vol. 5, no. 252, Nov. 2012, doi: 10.1126/scisignal.2003365. 



 

 31 

[88] C. J. Maine et al., “PTPN22 Alters the Development of Regulatory T Cells in 

the Thymus,” The Journal of Immunology, vol. 188, no. 11, pp. 5267–5275, 

Jun. 2012, doi: 10.4049/jimmunol.1200150. 

[89] R. J. Salmond, R. J. Brownlie, V. L. Morrison, and R. Zamoyska, “The tyrosine 

phosphatase PTPN22 discriminates weak self peptides from strong agonist TCR 

signals,” Nat Immunol, vol. 15, no. 9, pp. 875–883, 2014, doi: 10.1038/ni.2958. 

[90] J.-F. Cloutier and A. Veillette, “Cooperative Inhibition of  T-Cell Antigen 

Receptor Signaling by a Complex between a Kinase and a Phosphatase,” The 

Journal of Experimental Medicine, vol. 189, no. 1, p. 111, Jan. 1999, doi: 

10.1084/JEM.189.1.111. 

[91] W. J et al., “Identification of substrates of human protein-tyrosine phosphatase 

PTPN22,” The Journal of biological chemistry, vol. 281, no. 16, pp. 11002–

11010, Apr. 2006, doi: 10.1074/JBC.M600498200. 

[92] J. Zikherman, M. Hermiston, D. Steiner, K. Hasegawa, A. Chan, and A. Weiss, 

“ PTPN22 Deficiency Cooperates with the CD45 E613R Allele to Break 

Tolerance on a Non-Autoimmune Background ,” The Journal of Immunology, 

vol. 182, no. 7, pp. 4093–4106, Apr. 2009, doi: 10.4049/jimmunol.0803317. 

[93] L. Menard et al., “The PTPN22 allele encoding an R620W variant interferes 

with the removal of developing autoreactive B cells in humans,” Journal of 

Clinical Investigation, vol. 121, no. 9, pp. 3635–3644, 2011, doi: 

10.1172/JCI45790. 

[94] J. Schickel et al., “PTPN22 inhibition resets defective human central B cell 

tolerance,” vol. 7153, no. July, pp. 1–8, 2016, doi: 

10.1126/sciimmunol.aaf7153. 

[95] L. B. Ivashkiv, “PTPN22 in Autoimmunity: Different Cell and Different Way,” 

Immunity, vol. 39, no. 1. NIH Public Access, pp. 91–93, Jul. 25, 2013. doi: 

10.1016/j.immuni.2013.07.007. 

[96] Y. Wang et al., “The Autoimmunity-Associated Gene PTPN22 Potentiates 

Toll-like Receptor-Driven, Type 1 Interferon-Dependent Immunity,” Immunity, 

vol. 39, no. 1, pp. 111–122, 2013, doi: 10.1016/j.immuni.2013.06.013. 

[97] C. HH, D. N, N. AP, and H. IC, “The W620 Polymorphism in PTPN22 

Disrupts Its Interaction With Peptidylarginine Deiminase Type 4 and Enhances 

Citrullination and NETosis,” Arthritis & rheumatology (Hoboken, N.J.), vol. 67, 

no. 9, pp. 2323–2334, Sep. 2015, doi: 10.1002/ART.39215. 

[98] T. Mustelin, N. Bottini, and S. M. Stanford, “The Contribution of PTPN22 to 

Rheumatic Disease,” Arthritis and Rheumatology, vol. 71, no. 4, pp. 486–495, 

Apr. 2019, doi: 10.1002/art.40790. 

[99] C. J. Maine, K. Marquardt, J. Cheung, and L. a Sherman, “PTPN22 controls the 

germinal center by influencing the numbers and activity of T follicular helper 

cells.,” Journal of immunology (Baltimore, Md. : 1950), vol. 192, pp. 1415–24, 

2014, doi: 10.4049/jimmunol.1302418. 

[100] L.-T. Yeh et al., “Different Modulation of Ptpn22 in Effector and Regulatory T 

Cells Leads to Attenuation of Autoimmune Diabetes in Transgenic Nonobese 

Diabetic Mice,” The Journal of Immunology, vol. 191, no. 2, pp. 594–607, Jul. 

2013, doi: 10.4049/JIMMUNOL.1203380. 

[101] M. TC, F. T, and T. NK, “Reversible oxidation and inactivation of protein 

tyrosine phosphatases in vivo,” Molecular cell, vol. 9, no. 2, pp. 387–399, 2002, 

doi: 10.1016/S1097-2765(02)00445-8. 

[102] S. R. Lee, K. S. Kwont, S. R. Kim, and S. G. Rhee, “Reversible Inactivation of 

Protein-tyrosine Phosphatase 1B in A431 Cells Stimulated with Epidermal 

Growth Factor,” Journal of Biological Chemistry, vol. 273, no. 25, pp. 15366–

15372, Jun. 1998, doi: 10.1074/JBC.273.25.15366. 



 

32 

[103] S. J. Tsai et al., “Crystal structure of the human lymphoid tyrosine phosphatase 

catalytic domain: Insights into redox regulation,” Biochemistry, vol. 48, no. 22, 

pp. 4838–4845, 2009, doi: 10.1021/bi900166y. 

[104] B. Malissen, E. Aguado, and M. Malissen, “Role of the LAT adaptor in T-cell 

development and Th2 differentiation,” Advances in Immunology, vol. 87. pp. 1–

25, 2005. doi: 10.1016/S0065-2776(05)87001-4. 

[105] F. TS, K. T, Z. W, S. LE, and W. A, “LAT is required for TCR-mediated 

activation of PLCgamma1 and the Ras pathway,” Immunity, vol. 9, no. 5, pp. 

617–626, 1998, doi: 10.1016/S1074-7613(00)80659-7. 

[106] Z. W, T. RP, Z. M, L. SK, M. CJ, and S. LE, “Association of Grb2, Gads, and 

phospholipase C-gamma 1 with phosphorylated LAT tyrosine residues. Effect 

of LAT tyrosine mutations on T cell angigen receptor-mediated signaling,” The 

Journal of biological chemistry, vol. 275, no. 30, pp. 23355–23361, Jul. 2000, 

doi: 10.1074/JBC.M000404200. 

[107] M. Hundt, Y. Harada, L. de Giorgio, N. Tanimura, W. Zhang, and A. Altman, 

“Palmitoylation-Dependent Plasma Membrane Transport but Lipid Raft-

Independent Signaling by Linker for Activation of T Cells,” The Journal of 

Immunology, vol. 183, no. 3, pp. 1685–1694, Aug. 2009, doi: 

10.4049/jimmunol.0803921. 

[108] M. Hundt et al., “Impaired Activation and Localization of LAT in Anergic T 

Cells as a Consequence of a Selective Palmitoylation Defect,” Immunity, vol. 

24, no. 5, pp. 513–522, May 2006, doi: 10.1016/j.immuni.2006.03.011. 

[109] Y. W. Su and H. Jumaa, “LAT Links the Pre-BCR to Calcium Signaling,” 

Immunity, vol. 19, no. 2, pp. 295–305, Aug. 2003, doi: 10.1016/S1074-

7613(03)00202-4. 

[110] S. Saitoh et al., “LAT Is Essential for FcεRI-Mediated Mast Cell Activation,” 

Immunity, vol. 12, no. 5, pp. 525–535, May 2000, doi: 10.1016/S1074-

7613(00)80204-6. 

[111] L. Balagopalan, R. L. Kortum, N. P. Coussens, V. A. Barr, and L. E. Samelson, 

“The linker for activation of T Cells (LAT) signaling hub: From signaling 

complexes to microclusters,” Journal of Biological Chemistry, vol. 290, no. 44. 

American Society for Biochemistry and Molecular Biology Inc., pp. 26422–

26429, Oct. 30, 2015. doi: 10.1074/jbc.R115.665869. 

[112] W. Zhang et al., “Essential role of LAT in T cell development,” Immunity, vol. 

10, no. 3, pp. 323–332, 1999, doi: 10.1016/S1074-7613(00)80032-1. 

[113] S. Shen, M. Zhu, J. Lau, M. Chuck, and W. Zhang, “The Essential Role of LAT 

in Thymocyte Development during Transition from the Double-Positive to 

Single-Positive Stage,” The Journal of Immunology, vol. 182, no. 9, pp. 5596–

5604, May 2009, doi: 10.4049/jimmunol.0803170. 

[114] C. Bacchelli et al., “Mutations in linker for activation of T cells (LAT) lead to a 

novel form of severe combined immunodeficiency,” Journal of Allergy and 

Clinical Immunology, vol. 139, no. 2, pp. 634-642.e5, Feb. 2017, doi: 

10.1016/j.jaci.2016.05.036. 

[115] S. CL et al., “A LAT mutation that inhibits T cell development yet induces 

lymphoproliferation,” Science (New York, N.Y.), vol. 296, no. 5575, pp. 2040–

2043, Jun. 2002, doi: 10.1126/SCIENCE.1069066. 

[116] M. Mingueneau et al., “Loss of the LAT Adaptor Converts Antigen-Responsive 

T Cells into Pathogenic Effectors that Function Independently of the T Cell 

Receptor,” Immunity, vol. 31, no. 2, pp. 197–208, Aug. 2009, doi: 

10.1016/j.immuni.2009.05.013. 

[117] R. Roncagalli, M. Mingueneau, C. Grégoire, C. Langlet, B. Malissen, and M. 

Malissen, “Lymphoproliferative disorders involving T helper effector cells with 



 

 33 

defective LAT signalosomes,” Seminars in Immunopathology, vol. 32, no. 2. 

Semin Immunopathol, pp. 117–125, Jun. 2010. doi: 10.1007/s00281-009-0195-

y. 

[118] A. ME, Y. SP, M. RH, and B. PA, “Altered T lymphocyte signaling in 

rheumatoid arthritis,” European journal of immunology, vol. 25, no. 6, pp. 

1547–1554, 1995, doi: 10.1002/EJI.1830250612. 

[119] G. JJ, B.-B. P, H. W, J. MC, W.-K. DR, and W. CM, “Dominant clonotypes in 

the repertoire of peripheral CD4+ T cells in rheumatoid arthritis,” The Journal 

of clinical investigation, vol. 94, no. 5, pp. 2068–2076, 1994, doi: 

10.1172/JCI117561. 

[120] D. Schmidt, J. J. Goronzy, and C. M. Weyand, “CD4+ CD7- CD28- T cells are 

expanded in rheumatoid arthritis and are characterized by autoreactivity.,” 

Journal of Clinical Investigation, vol. 97, no. 9, p. 2027, May 1996, doi: 

10.1172/JCI118638. 

[121] M. M. Maurice et al., “Evidence for the role of an altered redox state in 

hyporesponsiveness of synovial T cells in rheumatoid arthritis.,” Journal of 

immunology (Baltimore, Md. : 1950), vol. 158, no. 3, pp. 1458–65, Feb. 1997, 

Accessed: Sep. 20, 2019. [Online]. Available: 

http://www.ncbi.nlm.nih.gov/pubmed/9013992 

[122] S. I. Gringhuis, E. A. M. Papendrecht-van der Voort, A. Leow, E. W. N. 

Levarht, F. C. Breedveld, and C. L. Verweij, “Effect of Redox Balance 

Alterations on Cellular Localization of LAT and Downstream T-Cell Receptor 

Signaling Pathways,” Molecular and Cellular Biology, vol. 22, no. 2, pp. 400–

411, Jan. 2002, doi: 10.1128/mcb.22.2.400-411.2002. 

[123] S. I. Gringhuis, A. Leow, E. A. M. Papendrecht-van der Voort, P. H. J. Remans, 

F. C. Breedveld, and C. L. Verweij, “Displacement of Linker for Activation of 

T Cells from the Plasma Membrane Due to Redox Balance Alterations Results 

in Hyporesponsiveness of Synovial Fluid T Lymphocytes in Rheumatoid 

Arthritis,” The Journal of Immunology, vol. 164, no. 4, pp. 2170–2179, Feb. 

2000, doi: 10.4049/jimmunol.164.4.2170. 

[124] E. Ahlqvist, R. Bockermann, and R. Holmdahl, “Fragmentation of Two 

Quantitative Trait Loci Controlling Collagen-Induced Arthritis Reveals a New 

Set of Interacting Subloci,” The Journal of Immunology, vol. 178, no. 5, pp. 

3084–3090, Mar. 2007, doi: 10.4049/JIMMUNOL.178.5.3084. 

[125] U. Norin et al., “Endophilin A2 deficiency protects rodents from autoimmune 

arthritis by modulating T cell activation,” Nature Communications 2021 12:1, 

vol. 12, no. 1, pp. 1–11, Jan. 2021, doi: 10.1038/s41467-020-20586-2. 

[126] I. C. Allen, “Delayed-type hypersensitivity models in mice,” Methods in 

Molecular Biology, vol. 1031, pp. 101–107, 2013, doi: 10.1007/978-1-62703-

481-4_13. 

[127] L. Klareskog, R. Holmdahl, E. Larsson, and H. Wigzell, “Role of T 

lymphocytes in collagen II-induced arthritis in rats,” Clinical and Experimental 

Immunology, vol. 51, no. 1, p. 117, 1983, Accessed: Aug. 03, 2021. [Online]. 

Available: /pmc/articles/PMC1536759/?report=abstract 

[128] K. S. Nandakumar, J. Bäcklund, M. Vestberg, and R. Holmdahl, “Collagen type 

II (CII)-specific antibodies induce arthritis in the absence of T or B cells but the 

arthritis progression is enhanced by CII-reactive T cells,” Arthritis Research & 

Therapy, vol. 6, no. 6, p. R544, 2004, doi: 10.1186/AR1217. 

[129] P. Caplazi et al., “Mouse Models of Rheumatoid Arthritis,” Veterinary 

Pathology, vol. 52, no. 5, pp. 819–826, Sep. 2015, doi: 

10.1177/0300985815588612. 



 

34 

[130] S. O et al., “Multifunctional T cell reactivity with native and glycosylated type 

II collagen in rheumatoid arthritis,” Arthritis and rheumatism, vol. 64, no. 8, pp. 

2482–2488, Aug. 2012, doi: 10.1002/ART.34459. 

[131] I. Lindh et al., “Type II collagen antibody response is enriched in the synovial 

fluid of rheumatoid joints and directed to the same major epitopes as in collagen 

induced arthritis in primates and mice,” Arthritis Research & Therapy 2014 

16:4, vol. 16, no. 4, pp. 1–10, Jul. 2014, doi: 10.1186/AR4605. 

[132] M. Schaller, D. R. Burton, and H. J. Ditzel, “Autoantibodies to GPI in 

rheumatoid arthritis: Linkage between an animal model and human disease,” 

Nature Immunology, vol. 2, no. 8, pp. 746–753, 2001, doi: 10.1038/90696. 

[133] K. Iwanami et al., “Arthritogenic T cell epitope in glucose-6-phosphate 

isomerase-induced arthritis,” Arthritis Research & Therapy, vol. 10, no. 6, p. 

R130, Nov. 2008, doi: 10.1186/AR2545. 

[134] A. Pizzolla, F. Laulund, K. Wing, and R. Holmdahl, “A new model of arthritis 

induced by a glucose-6-phosphate isomerase peptide: immunological 

requirements and peptide characterisation,” Annals of the Rheumatic Diseases, 

vol. 71, no. Suppl 1, p. A83.2-A83, Feb. 2012, doi: 10.1136/annrheumdis-2011-

201238.26. 

[135] A. Pizzolla, K. Wing, and R. Holmdahl, “A glucose-6-phosphate isomerase 

peptide induces T and B cell-dependent chronic arthritis in C57bl/10 mice: 

Arthritis without reactive oxygen species and complement,” American Journal 

of Pathology, vol. 183, no. 4, pp. 1144–1155, Oct. 2013, doi: 

10.1016/j.ajpath.2013.06.019. 

[136] N. K. Tonks, “Protein tyrosine phosphatases: from genes, to function, to 

disease,” Nature Reviews Molecular Cell Biology 2006 7:11, vol. 7, no. 11, pp. 

833–846, Nov. 2006, doi: 10.1038/nrm2039. 

[137] L. Tautz, M. Pellecchia, and T. Mustelin, “Targeting the PTPome in human 

disease,” http://dx.doi.org/10.1517/14728222.10.1.157, vol. 10, no. 1, pp. 157–

177, Feb. 2006, doi: 10.1517/14728222.10.1.157. 

[138] B. Boivin, M. Yang, and N. K. Tonks, “Targeting the reversibly oxidized 

protein tyrosine phosphatase superfamily,” Science Signaling, vol. 3, no. 137. 

American Association for the Advancement of Science, pp. pl2–pl2, Aug. 31, 

2010. doi: 10.1126/scisignal.3137pl2. 

[139] S. M. Stanford and N. Bottini, “Targeting Tyrosine Phosphatases: Time to End 

the Stigma,” Trends in Pharmacological Sciences, vol. 38, no. 6, 2017, doi: 

10.1016/j.tips.2017.03.004. 

[140] A. Haque, J. N. Andersen, A. Salmeen, D. Barford, and N. K. Tonks, 

“Conformation-Sensing Antibodies Stabilize the Oxidized Form of PTP1B and 

Inhibit Its Phosphatase Activity,” Cell, vol. 147, no. 1, p. 185, Sep. 2011, doi: 

10.1016/J.CELL.2011.08.036. 

[141] N. Krishnan et al., “Harnessing insulin-and leptin-induced oxidation of PTP1B 

for therapeutic development,” Nature Communications, vol. 9, no. 1, pp. 1–17, 

Dec. 2018, doi: 10.1038/s41467-017-02252-2. 

[142] A. E et al., “Induction of T helper type 2 immunity by a point mutation in the 

LAT adaptor,” Science (New York, N.Y.), vol. 296, no. 5575, pp. 2036–2040, 

Jun. 2002, doi: 10.1126/SCIENCE.1069057. 

[143] R. R, M. M, G. C, M. M, and M. B, “LAT signaling pathology: an 

‘autoimmune’ condition without T cell self-reactivity,” Trends in immunology, 

vol. 31, no. 7, pp. 253–259, Jul. 2010, doi: 10.1016/J.IT.2010.05.001. 

[144] B. L, E. D, J. M, O. T, and H. R, “Identification of candidate risk gene 

variations by whole-genome sequence analysis of four rat strains commonly 



 

 35 

used in inflammation research,” BMC genomics, vol. 15, no. 1, May 2014, doi: 

10.1186/1471-2164-15-391. 

[145] L. Fugger, L. T. Jensen, and J. Rossjohn, “Challenges, Progress, and Prospects 

of Developing Therapies to Treat Autoimmune Diseases,” Cell, vol. 181, no. 1, 

pp. 63–80, Apr. 2020, doi: 10.1016/J.CELL.2020.03.007. 

[146] M. D. Rosenblum, I. K. Gratz, J. S. Paw, and A. K. Abbas, “Treating Human 

Autoimmunity: Current Practice and Future Prospects,” Science Translational 

Medicine, vol. 4, no. 125, pp. 125sr1-125sr1, Mar. 2012, doi: 

10.1126/SCITRANSLMED.3003504. 

[147] A. Borroto et al., “First-in-class inhibitor of the T cell receptor for the treatment 

of autoimmune diseases,” Science Translational Medicine, vol. 8, no. 370, pp. 

370ra184-370ra184, Dec. 2016, doi: 10.1126/SCITRANSLMED.AAF2140. 

[148] F. L. G et al., “Vitamin D3 receptor polymorphisms regulate T cells and T cell-

dependent inflammatory diseases,” Proceedings of the National Academy of 

Sciences of the United States of America, vol. 117, no. 40, pp. 24986–24997, 

Oct. 2020, doi: 10.1073/PNAS.2001966117. 

[149] G. B. Ferreira et al., “1,25-Dihydroxyvitamin D3 Promotes Tolerogenic 

Dendritic Cells with Functional Migratory Properties in NOD Mice,” The 

Journal of Immunology, vol. 192, no. 9, pp. 4210–4220, May 2014, doi: 

10.4049/JIMMUNOL.1302350. 

[150] L. E. Jeffery et al., “1,25-dihydroxyvitamin D3 and interleukin-2 combine to 

inhibit T cell production of inflammatory cytokines and promote development 

of regulatory T cells expressing CTLA-4 and FoxP3,” Journal of immunology 

(Baltimore, Md. : 1950), vol. 183, no. 9, p. 5458, Nov. 2009, doi: 

10.4049/JIMMUNOL.0803217. 

[151] L. YH, B. SC, C. SJ, J. JD, and S. GG, “Associations between vitamin D 

receptor polymorphisms and susceptibility to rheumatoid arthritis and systemic 

lupus erythematosus: a meta-analysis,” Molecular biology reports, vol. 38, no. 

6, pp. 3643–3651, Aug. 2011, doi: 10.1007/S11033-010-0477-4. 

[152] S. T, H. LL, T. BH, and L. A, “Prospective population-based study of the 

association between vitamin D status and incidence of autoimmune disease,” 

Endocrine, vol. 50, no. 1, pp. 231–238, Sep. 2015, doi: 10.1007/S12020-015-

0547-4. 

[153] D. W, C. EM, van H. JP, and L. E, “Vitamin D in Autoimmunity: Molecular 

Mechanisms and Therapeutic Potential,” Frontiers in immunology, vol. 7, no. 

JAN, Jan. 2017, doi: 10.3389/FIMMU.2016.00697. 

[154] M. Salesi and Z. Farajzadegan, “Efficacy of Vitamin D in patients with active 

rheumatoid arthritis receiving methotrexate therapy,” Rheumatology 

International 2011 32:7, vol. 32, no. 7, pp. 2129–2133, Apr. 2011, doi: 

10.1007/S00296-011-1944-5. 

[155] K. E. Hansen, C. M. Bartels, R. E. Gangnon, A. N. Jones, and J. Gogineni, “An 

Evaluation of High-Dose Vitamin D for Rheumatoid Arthritis,” Journal of 

clinical rheumatology : practical reports on rheumatic & musculoskeletal 

diseases, vol. 20, no. 2, p. 112, Mar. 2014, doi: 

10.1097/RHU.0000000000000072. 

[156] G. Gaud, R. Lesourne, and P. E. Love, “Regulatory mechanisms in T cell 

receptor signalling,” Nature Reviews Immunology, vol. 18, no. 8. Nature 

Publishing Group, pp. 485–497, Aug. 01, 2018. doi: 10.1038/s41577-018-0020-

8. 

[157] L. S, van den B. WA, van den H. RH, H. AJ, van M. CP, and van B. WJ, 

“Cofactor binding protects flavodoxin against oxidative stress,” PloS one, vol. 

7, no. 7, Jul. 2012, doi: 10.1371/JOURNAL.PONE.0041363. 


