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rHeUmAtoiD ArtHritis
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease, affecting the 
synovial joints. In the early phase of the disease, the synovial tissue is infiltrated by immune 
cells and increases in thickness which causes pain, warmth, stiffness, redness and swelling 
of the joint. The synovial cell infiltrate contains large numbers of lymphocytes, plasma cells, 
and macrophages 1. The immune cells produce cytokines that also activate stromal cells 
such as fibroblast-like synoviocytes and endothelial cells (EC) 2. From the earliest stage 
of the disease, increased neoangiogenesis can be observed, facilitating the migration of 
immune cells to the site of inflammation. Eventually, the loss of articular cartilage and bone, 
along with damage to the joint capsule and peri-articular structures, causes deformities 
resulting in disability (reviewed in 3). 

During the last 20 years the treatment of RA has markedly improved. Patients are 
nowadays not only treated with conventional disease-modifying antirheumatic drugs 
(DMARDs), but also with targeted therapies such as biologics that either target the effect of 
a specific cytokine (tumor necrosis factor (TNF)-blockers and antiIL-6-receptor antibody 
treatment), block immune cell interaction (CTLA4-Ig) or deplete a specific subset of 
immune cells (anti-CD20 B cell therapy), or a small molecule Jak inhibitor 3.

Histopathological research using synovial biopsies of RA patients has been valuable for 
expanding the knowledge about the pathogenesis of the disease and may be used to discover 
new therapeutic targets as well as to evaluate the effects of novel treatments 4,5. Synovial 
tissue analysis revealed that in RA many signal transduction pathways are activated. One 
of the most important ones is the nuclear factor-κB (NF-κB) pathway (reviewed in 6,7). In 
this thesis we investigate the role of the alternative or non-canonical NF-κB pathway in RA 
synovial inflammation.

nUcLeAr FActor-ΚB ActiVAtion PAtHWAYs
NF-κB was first discovered in 1986 in the nucleus of B cells as an enhancer of the κB 
immunoglobulin chain 8. It has since been shown to be expressed ubiquitously in the cytoplasm 
of almost all cell types 8,9. Many diseases, including cancer and immunoinflammatory diseases, 
are characterized by dysregulation of NF-κB (reviewed in 10). NF-κB can be activated via two 
distinct pathways, the classical or canonical NF-κB pathway, and the alternative or non-
canonical NF-κB pathway. 

The canonical NF-κB pathway (See Figure 1 of chapter 2) can be activated by stimulation 
of a variety of cell membrane receptors including TNF-receptor, IL-1 receptor, and Toll-like 
receptors in response to pro-inflammatory stimuli like LPS, IL-1 and TNF. In this pathway, 
inhibitor of κB (IκB) kinase (IKK)β is required for NF-κB activation by pro-inflammatory 
stimuli, whereas in most cell types IKKa is redundant for the activation of this pathway 
(reviewed in 11). It is well known that the canonical NF-κB pathway is essential both in acute 
inflammatory responses and in chronic inflammation. Activation of this pathway results 
in transcription of genes that are important in the innate immune response, such as genes 
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encoding chemokines, cytokines, matrix metalloproteinases (MMPs), adhesion molecules 
and inhibitors of apoptosis 12. RA synovial inflammation is driven by NF-κB dependent 
inflammatory cytokines like TNF, IL-1 and IL-6 that are predominantly produced by 
synovial fibroblasts and macrophages 13. Consequently, targeting this pathway in (pre)
clinical models of arthritis has been proven beneficial 14-16. The canonical NF-κB pathway 
also plays an important role in other inflammatory diseases, such as inflammatory bowel 
disease and asthma, and cancer 6,17,18. 

The alternative or non-canonical NF-κB activation pathway stimulates the degradation 
of the p100 precursor protein to the NF-κB subunit p52 19 (See Figure 1. of Chapter 2). This 
pathway can be triggered by the activation of members of the TNF-receptor superfamily 
including the lymphotoxin β receptor (LTβ-R), CD40, B cell activating factor belonging 
to the TNF family (BAFF) receptor, and receptor activator of NF-κB (RANK)  20,21. 
Interestingly, these receptors not only trigger the non-canonical NF-κB pathway, but 
simultaneously also the canonical pathway, which somewhat complicates studying this 
pathway. The non-canonical NF-κB pathway is strictly dependent on IKKa homodimers 
and, unlike the canonical pathway, does not involve IKKβ or IKKγ 11,22. In the steady state, 
NF-κB inducing kinase (NIK), the most important kinase of the non-canonical pathway, 
is continuously degraded. TRAF3 mediates recruitment of NIK to TRAF2, which recruits 
the E3 ligases cIAP1 and cIAP2, and ubiquitination of NIK by these cIAPs then promotes 
its proteosomal degradation 23,24. Consequently, endogenous levels of NIK are very low 25,26 
and the NF-κB complex is retained in the cytoplasm and kept inactive. Recently, a second 
level of regulation has been identified via the deubiquitinase OTUD7B. Upon activation of 
the non-canonical NF-κB pathway, OTUD7B binds and deubiquitinates TRAF3, thereby 
inhibiting TRAF3 proteolysis and preventing aberrant non-canonical NF-κB activation 27. 
The importance of tightly regulated NIK is illustrated by the lethality of TRAF3-
deficient mice 23. 

Upon signal-induced activation of the non-canonical NF-κB pathway, TRAF2 
ubiquitinates and activates cIAP1-cIAP2 to induce proteolysis of TRAF3. Degradation 
of TRAF3 prevents targeting of newly synthesized NIK, with accumulation of NIK as a 
result. Subsequently, NIK induces processing of the NF- κB precursor protein p100 by 
activated IKKα homodimers, leading to partial degradation into p52. Next, the p52-RelB 
heterodimers translocate to the nucleus, resulting in target gene transcription (reviewed 
in 10,28). 

All stimuli that are able to induce non-canonical NF-κB signaling are abundantly 
present in RA synovial tissue 29-31, suggesting that activators of the non-canonical NF-κB 
pathway play an important role in RA synovial inflammation, although direct involvement 
of the non-canonical NF-κB pathway is hitherto lacking. The non-canonical NF-κB pathway 
appears to play different roles in different cell types 32. Since many cell types are involved 
in the pathogenesis of RA, it is very difficult to predict the net overall contribution of non-
canonical NF-κB signaling to synovial inflammation. The importance of this pathway in the 
pathogenesis of RA is discussed more extensively in chapter 2.
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AnGioGenesis
Angiogenesis is the formation of new blood vessels from the pre-existing vasculature. 
Eventually, a robust mature new blood vessel is formed which is capable of supplying 
blood and oxygen to tissues. It is a highly coordinated process occurring both during 
normal development and under pathological conditions like chronic (synovial) 
inflammation and cancer progression. Complex interactions are involved between 
non-vascular and microvascular cells, such as EC and pericytes, via several angiogenic 
growth factors and inhibitors. Of these growth factors, vascular endothelial growth factor 
(VEGF) has emerged as the most important stimulator of angiogenesis in health and 
disease (reviewed in 33). Consequently, targeted therapies that block angiogenesis such 
as anti-VEGF monoclonal antibodies have been developed and have shown efficacy 
in animal models of RA (reviewed in 34,35) and in cancer treatment 36. However, other 
pathways including IKKβ-mediated canonical NF-κB signaling contribute to angiogenesis 
as well 37. Proinflammatory cytokines like TNF and IL-6, inducers of the canonical NF-κB 
pathway, have been implicated in synovial angiogenesis 38. Also other factors such as 
MMPs are strongly increased in activated EC during inflammation and tumor growth, 
and contribute to angiogenesis. Sprouting angiogenesis is an invasive process, and 
proteolytic activitiy is required to create space for the sprouting vessels. Furthermore, 
inactive growth factors like VEGF can be activated after proteolytic cleavage by MMPs 
(reviewed in 39). In the angiogenic process, integrins are also involved, as they directly 
bind components of the extracellular matrix and provide the traction necessary for cell 
motility and invasion (reviewed in 40). Both MMPs and integrins are at least in part 
regulated via canonical NF-κB signaling 41,42. In contrast, the role of non-canonical NF-κB 
signaling in angiogenesis is currently unknown.

ectoPic LYmPHoiD neoGenesis 
In RA synovial tissue, the formation of tertiary lymphoid structures (TLS), also known as 
ectopic lymphoid neogenesis (ELN), has been well established (reviewed in 43). The extent 
and pattern varies widely among RA patients 29,44. TLS can have microscopic characteristics 
that resemble germinal centers 29, in which B and T cells cluster in aggregates with 
surrounding fields of plasma cells. In approximately 20-30% of RA patients aggregates 
of immune cells containing follicular dendritic cells (FDC) can be found. It has been 
demonstrated that the formation of TLS is associated with more severe synovial and 
systemic inflammation in RA 45, but it does not define a specific subset of disease 46. It is still 
not fully understood how TLS are induced and what their exact function is. However, it has 
been shown that LTβ plays an important role in the formation of ELN in RA synovitis 22,47. 
Furthemore, LTβ-LTβR interaction is known to activate non-canonical NF-κB signaling, 
which controls the expression of genes involved in B-cell function, cell proliferation and 
survival 48 and lymphoid organogenesis 49. In lymphoid organogenesis well-defined group 3 
innate lympoid cells (ILC3), the so-called lymphoid tissue inducer (LTi) cells, are the main 
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producers of LTβ 49,50. In addition, LTβR signaling in EC has been shown to be important in 
organizing lymphoid tissue 51. Together, these data suggest that the non-canonical NF-κB 
pathway could also play a role in the formation and orchestration of TLS.

immUnoreGULAtorY Processes 
in rA sYnoViAL inFLAmmAtion
In RA synovial inflammation not only pro-inflammatory cells and mediators are 
expressed, but also suppressive cytokines like IL-10, interferon-β, and IL-1Ra, as well as 
anti-inflammatory cytokine signalling mechanisms, such as the suppressor of cytokine 
signalling-3 (SOCS3), and immunoregulatory cellular machinery such as IDO+ DC and 
regulatory T cells (Treg) that dampen but not completely block inflammation (reviewed 
in  7,52,53). It has previously been demonstrated that the non-canonical NF-κB pathway 
is required for regulatory functions in dendritic cells (DC), including the induction 
of regulatory T cells (Tregs) and the immunoregulatory enzyme indoleamine-2,3-
dioxygenase (IDO) 21,54. We and others have found that IDO is expressed in RA synovial 
tissue 55. Therefore, the non-canonical NF-κB signaling may play an important role in 
the regulation of immune responses 56, also in synovial inflammation. Interestingly, it has 
been suggested that non-canonical NF-κB signaling is required for autoimmune regulator 
(AIRE) expression in the thymus 57-59. AIRE is a transcription factor that is involved in the 
negative selection of self-reactive thymocytes via the expression of tissue-specific antigens 
by medullary thymic epithelial cells and the absence of even one AIRE-induced tissue-
specific antigen in the thymus can lead to autoimmunity in the antigen-expressing target 
organ (reviewed in 60). Recently, AIRE protein has been detected in human peripheral 
lymphoid organs as well 61,62, but the reported nature of these extrathymic AIRE expressing 
cells (eTACs) is substantially different. Several studies demonstrated that AIRE is 
predominantly expressed by DC  61,63,64 that often also express tolerogenic molecules like 
IL-10 and IDO 61, suggesting that peripheral AIRE may play a complementary role in 
tolerance induction 65. Interestingly, these human AIRE+ DC have been demonstrated 
to express IDO 61 that can be upregulated via stimulation of non- canonical NF-κB 
signaling 21,66. However, another study reported that eTACs found in human lymph nodes 
are a distinct bone marrow-derived population that induce functional inactivation of 
CD4+ T cells through a mechanism that does not require regulatory T cells and is resistant 
to innate inflammatory stimuli 62. Nevertheless, the data consistently suggest that eTACs 
contribute to peripheral tolerance, but the immunological relevance of AIRE-dependent, 
endogenous tissue-specific antigen expression in peripheral tissues under pathological 
conditions such as synovial inflammation in RA and the role of non-canonical NF-κB 
signaling in extrathymic AIRE expression are as yet still unknown.
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Aim AnD oUtLine oF tHis tHesis
We set out to investigate the role of non-canonical NF-κB signaling in synovial inflammation 
with a strong focus on:
1. The role of this pathway in EC biology and angiogenesis, primarily in the context of RA 

and other types of synovial inflammation, as well as in tumor-associated angiogenesis
2. The contribution of non-canonical NF-κB signaling to ectopic lymphoid neogenesis in 

synovial inflammation
3. The importance of the non-canonical NF-κB pathway in immunoregulatory processes, 

including (extrathymic) AIRE expression 

In chapter 2, we summarize the current knowledge on the role of the non-canonical 
NF-κB pathway in different cell types involved in the pathogenesis of RA and discuss 
the overall contribution of non-canonical NF-κB signaling to synovial inflammation. 
Furthermore, we discuss drugs aimed at inhibiting the non-canonical pathway that are 
currently tested in clinical trials, including potential future therapeutic compounds.

In chapter 3, we demonstrate that the non-canonical NF-κB pathway, with its key 
mediator NIK, plays an important role in inflammation-induced and tumor-associated 
angiogenesis.

Since angiogenesis can already be observed in the earliest phase of disease in RA, in 
chapter 4 we investigated the expression of NIK in synovial tissue of early arthritis patients 
and in autoantibody-positive individuals, and correlated this with both systemic markers 
of disease activity (ESR and CRP) and with local disease activity in DMARD-naive early 
arthritis patients. In addition, we evaluated the correlation with MRI inflammation scores 
of the biopsied joint.

It has been shown that EC-specific LTβR signaling is critical for lymph node and HEV 
formation in mice 51. In addition, NIK is essential in normal lymphoid organogenesis 
and is expressed in RA synovial inflammation. Therefore, we hypothesized that NIK+ EC 
contribute to the formation of TLS in RA synovial tissue. Therefore, in chapter 5 we studied 
the presence and relationship between NIK+ EC, (pre)FDC and ILC3 with TLS in RA 
synovial tissue. 

The objective of chapter 6 was to determine whether the non-canonical NF-κB pathway 
plays a role in the induction of thymic and extrathymic AIRE. Additionally, we investigated 
if eTACs are present in RA synovial inflammation.

In chapter 7 the main findings of the studies presented in this thesis are summarized 
and discussed in light of recent literature. 
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