
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Non-canonical NF-κB signaling in rheumatoid arthritis and beyond

Noort, A.R.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Noort, A. R. (2015). Non-canonical NF-κB signaling in rheumatoid arthritis and beyond.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/noncanonical-nfb-signaling-in-rheumatoid-arthritis-and-beyond(ce2eff66-a389-4761-9f38-2f202c9777bb).html


Non-canonical NF-κB signaling 
in rheumatoid arthritis and beyond

Ae-Ri Noort

Non-canonical NF-κB signaling 
in rheumatoid arthritis and beyond

Ae-Ri Noort

Non-canonical NF-κB signaling in rheumatoid arthritis and beyond
Ae-Ri Noort

2015



Non-canonical NF-κB signaling 
in rheumatoid arthritis and beyond

Ae-Ri Noort



This thesis was financially supported by: Pfizer, Abbvie, The Dutch Arthritis Foundation, AstraZeneca

ISBN: 978-94-6182-422-6 
Cover photo: snow falling from branches of trees at night (shutterstock.com)
Cover design: Teun Kraaij, Cristo Ortega
Layout and printing: Off Page, www.offpage.nl
Copyright © 2015 by Ae-Ri Noort



Non-canonical NF-κB signaling 
in rheumatoid arthritis and beyond

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom

ten overstaan van een door het college voor promoties ingestelde

commissie, in het openbaar te verdedigen in de Agnietenkapel

op vrijdag 23 oktober 2015, te 14:00 uur

door 

Ae Ri Noort

geboren te  Seoul, Zuid-Korea



Promotiecommissie: 

Promotor: Prof. dr. P.P. Tak Universiteit van Amsterdam
 
Copromotor: Dr. S.W. Tas Universiteit van Amsterdam

Overige leden: Prof. dr. A.W. Griffioen Vrije Universiteit Amsterdam

 Prof. dr. W.J. de Jonge Universiteit van Amsterdam

 Prof. dr. J.M. van Laar Universiteit Utrecht

 Prof. dr. H.W.M. van Laarhoven Universiteit van Amsterdam

 Prof. dr. C.J.M. de Vries Universiteit van Amsterdam
 
 Prof. dr. M.P.J. de Winther Universiteit van Amsterdam

Faculteit der Geneeskunde



contents

Chapter 1 General introduction 7

Chapter 2 Non-canonical NF-κB signaling in rheumatoid arthritis: 
Dr. Jekyll and Mr. Hyde? 19

Chapter 3 NF-κB inducing kinase is a key regulator of inflammation-induced  
and tumor-associated angiogenesis  47

Chapter 4 NF-κB-inducing kinase (NIK) is expressed in synovial endothelial cells 
in early arthritis patients and correlates with markers of inflammation:  
a prospective cohort study 75

Chapter 5 Tertiary lymphoid structures in rheumatoid arthritis: NIK+ endothelial  
cells as central players 97

Chapter 6 Extrathymic Autoimmune Regulator (AIRE) in rheumatoid arthritis 
synovial inflammation and the contribution of non-canonical NF-κB 
signaling to (extra)thymic AIRE 117

Chapter 7 General discussion & summary 135

Nederlandse samenvatting 149

Dankwoord 157

Appendix Abbreviations 165

Bibliography 167

Curriculum vitae 169

Phd portfolio 171

5





General introduction1





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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ABstrAct
The nuclear factor-kappaB (NF-κB) family of transcription factors is essential for the 
expression of pro-inflammatory cytokines, but can also induce regulatory pathways. 
NF-κB can be activated via two distinct pathways: the classical or canonical pathway, and 
the alternative or non-canonical pathway. It is well established that the canonical NF-κB 
pathway is essential both in acute inflammatory responses and in chronic inflammatory 
diseases, including rheumatoid arthritis (RA). Although less extensively studied, the non-
canonical NF-κB pathway is not only central in lymphoid organ development and adaptive 
immune responses, but is also thought to play an important role in the pathogenesis of 
RA. Importantly, this pathway appears to have cell type-specific functions and since many 
different cell types are involved in the pathogenesis of RA, it is difficult to predict the net 
overall contribution of the non-canonical NF-κB pathway to synovial inflammation. In this 
review, we describe the current understanding of non-canonical NF-κB signaling in various 
important cell types in the context of RA and consider the relevance to the pathogenesis of 
the disease. In addition, we discuss current drugs targeting this pathway, as well as future 
therapeutic prospects.
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introDUction
Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a disabling chronic inflammatory autoimmune disease, 
affecting the synovial joints. Most patients have considerably raised levels of serum 
immunoglobulins and have characteristic auto-antibodies against autologous 
immunoglobulin, called IgM-rheumatoid factor (RF), and anti-citrullinated protein 
antibodies (ACPA). In the early phase of the disease, the synovial tissue is infiltrated by 
immune cells and increases in thickness which causes pain, stiffness and swelling of the 
joint. The synovial cell infiltrate contains various lymphocytes, plasma cells, macrophages, 
and other cells 1. T-helper lymphocyte populations in the joints are oligoclonal and have 
been demonstrated to be autoreactive 2,3. The immune cells produce cytokines that also 
activate stromal cells such as fibroblast-like synoviocytes and endothelial cells. These cells 
contribute to the inflammatory process via the production of matrix metalloproteinases 
(MMPs), cytokines and chemokines, followed by the influx and activation of more immune 
cells into the synovial tissue 4. From the earliest stage of the disease, neoangiogenesis can 
be observed which contributes to chronicity. In chronically inflamed joints, osteoclasts are 
activated that contribute to erosion of bone. The debris resulting from bone and cartilage 
degradation may be a further source of synovial inflammation, leading to a vicious cycle. 
Eventually, the loss of articular cartilage, along with damage to the joint capsule and peri-
articular structures, causes deformities (reviewed in 5).

In RA synovial tissue many signal transduction pathways are activated 6. One of the 
most important signaling pathways involved in the pathogenesis of RA is the nuclear 
factor-κB (NF-κB) pathway (reviewed in 4,6,7). 

Nuclear Factor-κB
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 8-10 and NF-κB appeared to be a major regulator of innate 
and adaptive immunity and inflammatory responses 11. Many diseases, including cancer, 
inflammatory and autoimmune diseases, are associated with dysregulation of NF-κB 
(reviewed in 12). 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
The most extensively studied NF-κB activation pathway is the canonical pathway 
(Figure 1), which can be activated by stimulation of a variety of cell membrane receptors, 
including tumor necrosis factor (TNF) receptor, IL-1 receptor, and Toll-like receptors, in 
response to pro-inflammatory stimuli like LPS, IL-1 and TNF, as well as via triggering of 
the T-cell receptor or B-cell receptor. In this pathway, inhibitor of κB (IκB) kinase (IKK)
β is required for NF-κB activation, whereas IKKa is redundant for the activation and 
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induction of NF-κB DNA-binding activity 12. The canonical NF-κB pathway is essential 
both in acute inflammatory responses and in chronic inflammatory diseases such as RA and 
inflammatory bowel disease. Activation of this pathway results in transcription of genes 
encoding important components of the innate immune response, such as chemokines, 
cytokines, MMPs, adhesion molecules and inhibitors of apoptosis 13. The importance of 
this pathway is supported by a number of studies that showed a significant increase in 
susceptibility to bacterial infections in RelA- and IKKβ-deficient mice 14,15. The canonical 
NF-κB pathway is also essential for the expression of pro-inflammatory cytokines in many 
immune cells, including dendritic cells (DC) 16,17. Moreover, this pathway is important in cell 
proliferation and survival, demonstrated by constitutively active NF-κB signaling in many 
tumor tissues 18 15,18-20. In RA IKKβ is a key regulator of synovial inflammation 19 In line with 
this, the canonical pathway plays an important role in the development and perpetuation 
of inflammation in RA. Canonical NF-κB subunits RelA/p50, are observed in RA synovial 
tissue 20,21. In RA, inflammation is driven by NF-κB dependent inflammatory cytokines like 
TNF, IL-1 and IL-6 that are produced by synovial fibroblasts and macrophages 22. DC in RA 
synovial tissue have an activated phenotype, associated with expression of costimulatory 
molecules and production of pro-inflammatory cytokines  23,24. In addition, leukocyte 
migration into the inflamed tissues is controlled through activation of the classical NF-κB 
pathway and upregulation of adhesion molecules, such as ICAM-1 4,7,25. 

Consequently, targeting this pathway in (pre)clinical models of arthritis has been proven 
very beneficial 26,27 . The importance of the canonical NF-κB pathway in RA is underlined 
by the common and successful use of anti-TNF therapy, one of the main target genes of the 
canonical NF-κB pathway 28,29. The canonical NF-κB pathway not only plays an important 
role in the initiation and progression of RA, but also in other inflammatory diseases, such as 
inflammatory bowel disease and asthma, and cancer. However, this is outside the scope of 
the current review, but discussed in more detail in previous reviews 6,7. Here, we will focus 
on the alternative or non-canonical NF-κB pathway.

The non-canonical NF-κB pathway
In the last decade, a second, alternative NF-κB activation pathway has been identified, the 
so-called non-canonical NF-κB pathway 30 (Figure 1). 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) 31,32. Of note, ligands of the TNF-receptor 
superfamily simultaneously also activate the canonical pathway and regulated cross-talk 
between both pathways exists at different levels. The non-canonical NF-κB pathway is strictly 
dependent on IKKa homodimers and unlike the canonical pathway does not involve IKKβ 
or IKKγ 11,33,34. 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 35,36. Consequently, endogenous 
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levels of NIK are very low 37,38 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 39. The importance of tightly regulated NIK is illustrated 
by the lethality of TRAF3-deficient mice 35. 

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, resulting in accumulation of NIK. 
Subsequently, NIK induces processing of p100 by IKKα homodimers, resulting in partial 
degradation into p52. Next, mainly p52-RelB heterodimers translocate to the nucleus, 
leading to target gene transcription (reviewed in 12,33). Whereas canonical NF-κB activation 
is rapid and independent of protein synthesis, non-canonical NF-κB activation requires NIK 
synthesis and accumulation. Consequently, the kinetics of this pathway are considerable 
slower (reviewed in 12,33). 

Figure 1. Schematic overview of NF-κB activation pathways. Schematic representation of the canonical 
and non-canonical NF-κB pathways. The canonical NF-κB pathway can be activated by a variety of 
different stimuli, like TNF-α and lipopolysaccharide (LPS). Activation of the canonical pathway via 
Toll-like receptor (TLR) or cytokine receptor signaling depends on the IKK complex, which is composed of 
the kinases IKKα and IKKβ, and the regulatory subunit IKKγ (NEMO). Activated IKK phosphorylates the 
inhibitory subunit IκBα to induce its degradation, allowing NF-κB dimers (p50-p65) to translocate to the 
nucleus and bind to DNA to induce NF-κB target gene transcription. The non-canonical pathway (right) 
is activated by specific stimuli like BAFF, LTβ, LIGHT and CD40L. NIK is stabilized and activates and 
recruits IKKα into the p100 complex to phosphorylate p100, leading to p100 ubiquitination. Processing 
of p100 generates the p52/RelB NF-κB complex, that is able to translocate to the nucleus and induce 
gene expression.

Figure 1. 

target genes
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Of note, ligands of TNF-receptor superfamily member simultaneously also activate the 
canonical pathway and regulated cross-talk between both pathways exists at different levels. 
IKKα has for instance been described to also have nuclear functions and serves as a regulator 
of canonical NF-κB dependent gene expression through control of promoter-associated 
histone phosphorylation after cytokine exposure 40,41. However, in macrophages IKKα 
also terminates canonical NF-κB dependent transcription of target genes by accelerating 
both the turnover of the NF-κB subunits RelA and c-Rel, and their removal from pro-
inflammatory gene promoters 42. Reciprocally, canonical NF-κB activity suppresses basal 
non-canonical NF-κB signaling in immune cells 43. Interestingly, it has been shown that 
under certain circumstances also other stimuli, including TNF, can to some extent activate 
non-canonical NF-κB signaling in specific cell types 44, and IKKα is critical for interferon-α 
production induced by Toll-like receptors 7 and 9 45. 

The functional role of the non-canonical NF-κB pathway in vivo has been established 
by the identification of phenotypic abnormalities shared by knockout mice or mutants 
of specific signaling molecules involved in this pathway. TRAF2-deficient mice die 
prematurely and show elevated serum levels of TNF 46. Loss of TRAF3 results in constitutive 
processing of p100, leading to constitutive non-canonical NF-κB activation. This results 
in early postnatal lethality in TRAF3-deficient mice 47. Nik-/- mice and aly/aly mice that 
are homozygous for a spontaneous recessive point mutation in the gene encoding NIK, 
both lack lymph nodes. Furthermore, these mice have reduced humoral and cell-mediated 
immune functions, and are more susceptible to infections, although they do have mature 
T and B cells 48,49. IKKα-/- mice are lethal, or die within 30 minutes after birth. Loss of 
IKKα results in severe defects in limb, skeletal and Peyers’ patches development in the 
embryo 50-52. In p100-/- mice that lack p100 but still containing a functional p52 protein, the 
non-canonical NF-κB pathway is constitutively activated. These mice have enlarged lymph 
nodes, abnormal lymphocyte proliferation, and suffer from gastric hyperplasia resulting in 
early postnatal death 53. Furthermore, these mice show severe defects in B-cell function, and 
impairment in the formation of proper architecture in peripheral lymphoid organs 54. RelB-/- 
mice develop normally until 4 - 10 weeks after birth, but then skin lesions and hair loss 
start to occur. These mice exhibit a complex inflammatory phenotype, myeloid hyperplasia, 
and splenomegaly 55,56. These studies demonstrate that the non-canonical NF-κB pathway 
controls the expression of genes involved in B-cell function and lymphoid organogenesis, 
as well as cell proliferation and survival. Recently, a role for the non-canonical NF-κB 
pathway in the regulation of immune responses has been proposed. IKKa is implicated 
in the negative regulation of inflammatory responses in macrophages and DC 32,42. Also, 
NIK has a role in the development of regulatory T cells (Tregs) 31,36 and contributes to the 
expression of the immunoregulatory enzyme indoleamine-2,3-dioxygenase in DC 32,57.

Overall, this pathway is crucially involved in lymphoid organ development and adaptive 
immune responses 33. The role of non-canonical NF-κB signaling in (synovial) inflammation 
is addressed below.
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Non-canonical NF-κB signaling in rheumatoid arthritis
In the inflamed RA synovial tissue, all stimuli that are able to induce non-canonical NF-κB 
signaling are abundantly present. Lymphotoxin β (LTβ) plays an essential role in lymphoid 
organ development and it has been demonstrated that this is dependent on LTβR induced 
non-canonical NF-κB activation (reviewed in 58). In RA synovial tissue, tertiary lymphoid 
structures (TLS) can be formed that often resemble germinal centers 59, in which B and 
T  cells cluster in aggregates with surrounding fields of plasma cells. In approximately 
20-30% of RA patients even larger aggregates of immune cells containing FDC can be 
found. In line with this, LTβ is also important in the formation of TLS in RA synovitis 34,60.59. 
Signaling through the LTβR can also be induced by LIGHT and high levels of LIGHT have 
been observed in serum 61, synovial tissue 62, as well as in synovial fluid of RA patients 62 61. 
In addition, LIGHT is upregulated on B cells and monocytes in RA peripheral blood and 
synovial fluid 63.

Activation of the non-canonical NF-κB pathway can also be induced via BAFF/
BAFF-R or CD40L/CD40 triggering. CD40L is highly expressed in RA synovial tissue 64, 
and elevated in serum and peripheral blood of RA patients 65. CD40L forms trimers and 
therefore promotes trimerization of the receptor 66. Furthermore, CD40L and CD40 are 
highly expressed by T lymphocytes and macrophages in the synovial fluid of RA patients 67. 
In patients with RA, SLE and Sjogren’s syndrome, elevated serum levels of BAFF have been 
observed (reviewed in 68,69). Also, BAFF/BAFF-R are widely expressed in RA synovium 70 
and BAFF is present in synovial fluid of RA patients 71.

Interaction of RANK and RANK ligand (RANKL) has been extensively studied in RA 
because of the important role in osteoclast biology. RANKL is highly expressed in synovial 
tissue of RA patients with active disease 72 not only in the synovial sublining and within 
areas of lymphocyte infiltration 72, but also at the pannus-bone interface at sites of articular 
bone erosion 73. In addition, increased levels of soluble RANKL are found both in serum 74 
and synovial fluid from RA patients 75,76.

Together, these studies suggest 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. Nik-/- mice and aly/aly mice that are 
homozygous for a spontaneous recessive point mutation in the gene encoding NIK, both 
lack lymph nodes and have a disturbed microarchitecture of the spleen. Furthermore, these 
mice have reduced humoral and cell-mediated immune functions, and are more susceptible 
to infections, although they do have mature T and B cells 48,49. Relb-/- mice develop a complex 
phenotype, including an autoimmune-like inflammatory syndrome, myeloid hyperplasia, 
multifocal defects in immune responses, and impaired development of lymphoid 
organs  56,77,78. These studies demonstrate that the non-canonical NF-κB pathway controls 
the expression of genes involved in B-cell function and lymphoid organogenesis, as well as 
cell proliferation and survival. NIK has also been shown to be critical for inflammation-
induced osteoclastogenesis, as NIK-deficient mice were largely resistant to arthritis with 
less osteoclastogenesis and less bone erosion 79. Importantly, the non-canonical NF-κB 
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pathway appears to play different roles in different cell types. 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. Therefore, the role of the 
non-canonical NF-κB pathway in the most important cell types involved in RA synovial 
inflammation is discussed below. 

Macrophages
In the inflamed RA synovial tissue a large number of macrophages is present that contributes 
to inflammation, which is substantiated by our observation that the number of CD68+ 
synovial sublining macrophages correlates with clinical improvement independently of 
the therapeutic strategy 80,81 82. However, macrophages are phenotypically heterogeneous, 
which is dictated by the microenvironment 83. They are not only the main producers of 
proinflammatory cytokines like TNF, IL-1, IL-15, IL-18, IL-23, and IL-27 that play an 
important role in the persistence of inflammation, but also generate inhibitory mediators 
such as IL-10, transforming growth factor-β, and soluble TNF receptor (reviewed in 84). We 
and others have demonstrated that the canonical NF-κB pathway plays an important role in 
macrophage production of TNF-α and destructive matrix metalloproteinases 85 27, whereas 
the production of the anti-inflammatory cytokines IL-10 and IL-1RA is independent of 
canonical NF-κB signaling 86. 

Several groups have studied the role of the non-canonical NF-κB pathway in 
macrophages. The non-canonical NF-κB pathway is activated during human monocyte-
macrophage differentiation and the increase in IKKα may act as a brake preventing 
hyperactivation of the new macrophage 87. IKKα accelerates turnover of classical NF-κB 
subunits RelA and c-Rel in macrophages, and their removal from pro-inflammatory gene 
promotors, thereby negatively regulating its own activation. Consequently, inactivation 
of IKKα in mice resulted in enhanced inflammation and bacterial clearance  42. These 
data strongly suggest that the non-canonical NF-κB pathway plays a regulatory role 
in macrophages. In contrast to these findings, NIK has also been shown to induce 
phosphorylation of IKKα and subsequently induce phosphorylation of histone H3 88. In a 
previous study these authors showed that histone modification in macrophages is important 
for COX-2 expression, which is responsible for the production of prostaglandins that are 
involved in inflammation 89. These data imply that the non-canonical NF-κB pathway plays 
an important role in the modification of nucleosomal structure and via this mechanism 
contributes positively to inflammation. In addition, a similar role for NIK was proposed 
in regulating COX-2 gene expression in macrophages. Binding of NIK to the transcription 
factor PU.1, which is located in the nucleus and is activated by phosphorylation to bind 
to cognate DNA elements, resulted in increased binding of activated PU.1 to the COX-2 
promoter in response to treatment with endotoxin. Together, these findings suggest a role 
for NIK in mediating pro-inflammatory COX-2 gene expression in macrophages 90. Another, 
indirect pro-inflammatory role for the non-canonical NF-κB pathway was established in 
mouse bone marrow-derived macrophages. Here, the non-canonical NF-κB pathway was 
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critical for production of the chemokine CXCL12 that is required for cells to migrate toward 
HMGB1, a proinflammatory cytokine and chemoattractant for immune effector cells 91.

In RA synovial tissue, the abundant presence of non-canonical NF-κB ligands is likely 
to induce signaling in macrophages as well. LIGHT is expressed in CD68+ macrophages 
and in vitro stimulation of these cells with LIGHT induced expression of MMP-9 
and pro-inflammatory cytokines TNF-α,IL-6, and IL-8 92. Synovial fluid macrophages 
express increased levels of CD40 and produce both IL-12p40, TNF-α and IL-10 after 
CD40 ligation  93. However, the contribution of the non-canonical NF-κB pathway to 
these LIGHT- and CD40L-induced processes remains to be tested. In contrast to other 
leukocytes, macrophages are more long-lived cells and also persist at inflammatory lesions 
during the resolution of inflammation 94 95. Therefore, the non-canonical NF-κB pathway 
may play a dual role in macrophages and can act both as a pro-inflammatory and as an 
anti-inflammatory pathway. Consequently, when targeting this pathway in macrophages it 
is hard to predict what the net effect would be in RA.

Dendritic cells
In RA synovial tissue, immature and mature dendritic cell (DC) subsets can be observed 
in close association with T cells and B cell follicles 23 96,97. These {Thomas, 1999 #1365}
DC may contribute to ongoing inflammation through presentation of autoantigens or 
production of pro-inflammatory cytokines. ACPA and IgM-RF are presumed to bind to 
Fc receptors on macrophages and DC, inducing their activation and production of pro-
inflammatory cytokines 98. NF-κB is essential for normal DC differentiation, activation and 
survival 17. CD40-ligation on DC induces early production of inflammatory cytokines via 
the canonical NF-κB pathway, as well as late expression of the anti-inflammatory enzyme 
indoleamine 2,3-dioxygenase (IDO) via non-canonical NF-κB signaling, which is able to 
suppress T cell activation and to promote T cells with regulatory functions 32. Interestingly, 
both synovial fluid and synovial tissues of RA patients contain DC that express functional 
IDO 99, pointing towards a possible mechanism of tolerance in RA synovial inflammation. 
In addition, Grohmann et al. demonstrated that plasmacytoid DC possess GITRL and that 
reverse signaling through GITRL results in non-canonical NF-κB activation and IDO-
dependent protection in an allergic airway inflammation mouse model 57. These results are 
consistent with in vivo experiments performed in mice lacking functional NIK that have 
a decreased number of DC which also have lower expression of costimulatory molecules 
and exhibit reduced antigen presentation. Consequently, these DC have a decreased ability 
to induce expansion of CD25+CD4+ regulatory T cells 100. This would suggest that NIK 
expression in DC is important to maintain CD25+CD4+ regulatory T cell numbers 100. At 
the same time, it was demonstrated that DC require non-canonical NF-κB signaling to 
cross-prime CD8+ T cells 101 to exogenous antigen, whereas MHC class II presentation 
and migration occurs independently of NIK. These experiments point to a role for NIK in 
DC in cross-priming of soluble antigen 101. Furthermore, in mice NIK expression in DC is 
also important for supplying co-stimulatory signals to CD4+ T cells 102 and non-canonical 
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NF-κB signaling is required in DC to generate effector T cells 102. However, in human DC 
NIK was not essential for effective antigen presentation 103. Interestingly, NF-κB2/p100 has 
a crucial role in the negative regulation of RelB-induced DC maturation and may function 
to prevent DC hyperactivation, which indicates that the non-canonical pathway can also 
negatively regulate CD4+ T cell mediated adaptive immune responses 104. 

Taken together, the non-canonical NF-κB pathway regulates both pro-inflammatory 
and anti-inflammatory processes in DC. The net result is likely to rely heavily on additional 
stimuli and the microenvironment in which the cells are present.

B cells and plasma cells
B cells are present in the inflamed RA synovial tissue in close contact with T cells. The efficacy 
of anti-CD20 treatment has confirmed the pivotal role of B cells in the pathogenesis of RA, 
both in mice 105 and in patients 81 106. The canonical NF-κB pathway was originally described 
in B cells and is crucial for B cell development, maintenance, and function (reviewed in 107). 
However, the non-canonical pathway also plays an important role in B cell biology. TRAF3-/- 
B cells show increased expression of ICAM-1 and protection from spontaneous apoptosis 
during in vitro culture 47. IKKα in B cells is crucial for germinal center formation, and 
long-lived immunoglobin titers, but not for primary antibody production 108. However, aly/
aly mice that display a functional defect in NIK do have reduced serum Ig levels and do not 
show class switching to IgA, which may in part be due to failure of lymphocytes to migrate to 
the proper microenvironment where B cells proliferate and differentiate into Ig-producing 
cells 109. Studies in NIK-deficient mice showed that B cells were defective in inducing class 
switching to IgA after anti-CD40 and BAFF stimulation, as measured by the frequency 
of IgA+ B cells, but were capable of TGF-β-induced class switching to IgA 110. Additional 
studies in Nfkb2Lym1/Lym1mice, a mutant mouse strain that due to a Lym1 mutation in the 
gene encoding p52 produce a nonprocessible form of p100 resulting in a blockade of non-
canonical NF-κB activation, confirmed these findings. These results further underline that 
the non-canonical NF-κB pathway has an important role in regulating antibody production 
and class switching to IgA. Importantly, NIK also regulates BAFF-mediated expression 
of inducible costimulator ligand (ICOSL), a molecule required for follicular helper T cell 
generation 111. In addition, NIK provides survival signals in B cells , which is illustrated 
by the fact that B cell-specific ablation of TRAF2 and TRAF3 (negative regulators of NIK) 
markedly enhanced the survival and proliferation of B cells 112. Furthermore, non-canonical 
NF-κB signaling also regulates plasma cell generation, proliferation and survival 113. Under 
normal, physiological conditions, signal transduction events activated through CD40 
and BAFF-R are necessary for the induction of p100 proteolysis and for the promotion 
of B-cell survival 114,115. Consistent with this notion, B-cell specific ablation of TRAF2 and 
TRAF3 (negative regulators of NIK) markedly enhances the survival and proliferation of 
B-cells 112,116,117. This was confirmed by another study that also demonstrated that inhibition 
of both cIAP1 and cIAP2 was required for the non-canonical NF-κB mediated increased 
survival and proliferation of primary B lymphocytes 35. In addition, non-canonical NF-κB 
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signaling also regulates plasma cell generation, proliferation and survival 113. In B cells 
LIGHT stimulation results in enhanced CD40L-induced proliferation and enhances Ig 
secretion 118. However, it was not formally tested whether these effects were dependent on 
LTβR triggering and subsequent (non-)canonical NF-κB signaling or HVEM signaling.

In conclusion, the non-canonical pathway plays an important role in B cells and plasma 
cells by promoting survival, differentiation and antibody production, which is likely to 
contribute to the persistence of inflammation in RA. 

T cells
In RA synovial tissue many T cell subsets can be found, including Th1, Th17 and Tregs 
(reviewed in 119). They express an array of molecules on their surface that are involved in 
effector function (IL1R, TNF, RANKL), costimulation (CD28), antigen recognition (TCR), 
memory effector function and several chemokines and chemokine receptors. The canonical 
NF-κB pathway is well-known for its role in the activation and differentiation of T cells 120. 
In contrast, the role of the non-canonical NF-κB pathway in T cell function is less well 
studied. It has been shown that NIK and RelB are essential for T cell activation via the 
TCR/CD3 pathway 121. NIK and IKKα have a T-cell intrinsic function in the regulation of 
Th17 cells, a subset of CD4+ effector T cells that produce IL-17 family of cytokines, which 
are intimately involved in autoimmunity, including RA 122,123. Nik-/- mice are resistant to 
experimental autoimmune encephalomyelitis (EAE), a disease model that involves Th17 
cells. This function of NIK in mediating EAE was demonstrated to be T-cell intrinsic and 
implicates NIK as a critical signaling molecule that regulates Th17 differentiation and EAE 
induction 124. Another study also found that NIK is essential for T cell function in vivo and 
that its tight regulation in T cells is crucial to prevent autoimmunity in mice 125. The non-
canonical NF-κB pathway is also required for the generation of CD4+ T-follicular helper 
cells mediating B-cell activation and antibody responses 111. In contrast, NIK is essential 
for the generation of regulatory T cells that dampen inflammatory responses as well 126. 
However, NIK is not required for the suppressive function of these CD4+CD25+ T cells. In 
another study it has been shown that regulatory T cells from NIK-deficient mice display 
hyperproliferative activities upon GITR stimulation, while their suppressive capacities 
remain intact. These data suggest a novel role of NIK in controling the development and 
expansion of CD4+CD25+ regulatory T cells. 127.

In summary, in T cells a dual role for the non-canonical NF-κB pathway exists, which is 
not only important in T cell activation and the induction of Th17 cells, but is also required 
for the generation of regulatory T cells. 

Osteoclasts
Maintenance of healthy bone requires the balanced activities of osteoclasts that resorb 
bone and osteoblasts that build bone. In RA synovial tissue, osteoclasts that resorb bone 
are found at sites adjacent to bone, causing local bone destruction 128. Interestingly, aly/
aly mice that lack functional NIK have an increased bone mineral density and bone 
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volume. In addition, these mice and Nik-/- mice have a significant defect in RANKL-
induced osteoclastogenesis in vitro and in vivo 129,130 129,131. Similar effects were observed 
in osteoclasts derived from bonafide Nik-/- mice 130. Also, Nik-/- mice exhibit significantly 
less periarticular osteoclastogenesis and less bone erosion in the serum transfer arthritis 
model 79. In antigen-induced arthritis, development of disease was completely impaired 79. 
Interestingly, overexpression of constitutively active IKKα or p52 restored osteoclastogenesis 
in aly/aly cells 129 and re-introduction of RelB, but not p65 in relB-/- cells rescued osteoclast 
formation 132. Interestingly, deletion of RelB in mice results in significantly increased bone 
mass due to decreased osteoclast activity and increased osteoblast numbers, indicating 
that RelB may also have a role in bone formation 131. Activated osteoclasts are responsible 
for the bone loss associated with RA. Constitutive activation of NIK drives enhanced 
osteoclastogenesis and bone resorption, both in basal conditions and in response to 
inflammatory stimuli  133. p100-/-mice that specifically lack the p100 inhibitor, but still 
express p52 resulting in increased non-canonical NF-κB signaling, also exhibit an 
osteopenic phenotype due to increased osteoclast and decreased osteoblast numbers 131. 
In humans, RANKL expressed by synovial fibroblasts 134 or T cells 135, effectively induces 
osteoclastogenesis. Also, IKKα is required for RANKL-induced osteoclast formation in 
vitro 136. Interestingly, LIGHT not only promotes RANKL-dependent osteoclast formation, 
but also can independently induce a significant amount of osteoclast formation and bone 
resorption 61,137. These findings suggest that LIGHT may also be involved in the progression 
of inflammatory bone destruction in RA. 

In conclusion, non-canonical NF-κB signaling in osteoclasts unambiguously contributes 
to bone destruction in RA, suggesting that this pathway may be an interesting target in 
these cells.

Synovial fibroblasts
Fibroblasts are connective tissue cells that show a remarkable plasticity to differentiate into 
other celltypes like cartilage, adipocytes or smooth muscle cells. RA synovial fibroblasts 
(RASF) create an abnormal stromal microenvironment that is thought to be crucial for 
the persistence of inflammation, not only by architecture, but also by secreting pro-
inflammatory cytokines or by producing growth factors that stimulate neovascularization 
(reviewed in 138 139). In addition, it has been demonstrated that RASF display certain 
unique features, such as an invasive, tumor-like behavior that is normally not observed in 
fibroblasts (reviewed in 140). Canonical NF-κB signaling contributes to IL-6, IL-8, ICAM-1, 
and MMP production by RA synovial fibroblasts and provides an important survival signal 
that suppresses apoptosis in these cells 141-143. Interestingly, non-canonical NF-κB signaling 
has been demonstrated to contribute to inflammation in RASF, since NIK is essential for 
LTβ-R activation of NF-κB in these cells 144. Also, stromal cells from mice lacking functional 
NIK showed decreased levels of adhesion molecules and increased CXCL13 expression. 
These findings suggest that NIK activity in stromal cells may play an important role in 
regulating the migration of immune cells 145. Stimulation of RASF with LIGHT results in 
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upregulation of adhesion molecules and MMPs 63. Also, CD40 ligation of RASF induces 
RANKL expression resulting in enhanced osteoclast formation 134. In RASF stimulation 
with CD40L also induces the non-canonical pathway target gene CXCL12 that may promote 
angiogenesis and the migration of T cells, B cells, and monocyte/macrophages into the 
inflamed synovium 146. 

In summary, non-canonical NF-κB signaling in RASF contributes to the pathological 
behavior of these cells, leading to persistence of inflammation.

Endothelial cells 
Endothelial cells (EC) play a crucial role in the pathogenesis of RA. First, they express 
adhesion molecules and produce chemokines thereby acting as the site of entry for 
immune cells such as lymphocytes, neutrophils and dendritic cells into the synovial 
tissue. In addition, EC proliferate and give rise to neovascularization that contributes 
to the persistence of inflammation (reviewed in 147). In synovial tissue containing TLS, 
also highly differentiated EC such as high endothelial venules (HEV) can be observed 59. 
Consequently, the signaling pathways that control activation of EC have been extensively 
studied and the canonical NF-κB pathway was demonstrated to play an important role 
in the expression of many of the pro-inflammatory genes 148 149. Madge et al. reported 
that LIGHT and LTa1β2, but not TNF, induce CXCL12 expression in EC, which required 
non-canonical NF-κB signaling 149. CXCL12 expression in EC has been demonstrated in 
RA synovial tissue as well 150. In addition, CXCL12 colocalized with αvβ3, a marker for 
neoangiogenesis, in RA EC, which would suggest that CXCL12 may be involved in RA 
synovial tissue angiogenesis 150. We have observed that CXCL12 is expressed by NIK+ blood 
vessels in RA synovial tissue. Subsequently, we established that non-canonical NF-κB 
signaling in EC stimulates pathological angiogenesis 151. Recently, it was demonstrated 
that EC-specific LTβR signaling is crucial for lymph node and HEV formation in mice, 
designating EC as an important player in organizing lymphoid tissue 152. Results from 
our group further support these data, as we observed high numbers of NIK+ EC in TLS in 
RA synovial tissue and correlated this with the presence of perivascular (pre-) follicular 
dendritic cells. This suggests that these cells may be important in the formation of TLSs in 
chronic inflammation 153. 

In summary, non-canonical NF-κB signaling in EC is likely to contribute to angiogenesis 
and the influx of immune cells into the inflamed RA synovial tissue, thereby perpetuating 
the inflammatory response. Therefore, blocking this pathway in EC is probably beneficial 
in RA.

Mast cells
In RA the few mast cells in the normal synovium expand to constitute 5% or more of all 
synovial cells 154. Mast cells are mostly found around blood vessels and in the sublining 
area, but also in sites of cartilage erosions and in the synovial fluid 154,155. They are involved 
in the inflammatory process and mast cell-derived mediators can induce edema, destroy 
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connective tissue, and are involved in lymphocyte chemotaxis and in pathological fibrosis 
of RA joints. Moreover, mast cells are involved in angiogenesis, and their proteolytic 
activity results in cartilage destruction and bone remodeling. The production of some of 
these mediators such as IL-6, IL-8, TNF and MMPs is at least in part mediated by the 
canonical NF-κB pathway. In addition, IKKβ is involved in IgE-mediated degranulation of 
mast cells 156. The role of non-canonical NF-κB signaling in mast cells has not been studied 
extensively. Interestingly, LTβR triggering in mast cells by LIGHT produced by activated 
T  cells induces pro-inflammatory cytokine and chemokine release 157. Therefore, stimuli 
that induce non-canonical NF-κB signaling in mast cells may augment inflammatory 
cascades by the enhanced secretion of cytokines and chemokines with paracrine and/or 
autocrine functions.

Targeting the non-canonical NF-κB pathway in rheumatoid 
arthritis
Despite the diverse roles of the non-canonical NF-κB pathway in different cell types, overall 
this pathway is likely to contribute to the persistence of inflammation in RA. As alluded 
to earlier, non-canonical NF-κB signaling can be induced via triggering of various TNF-
receptor superfamily members, such as LTβR, CD40, BAFF-R, and RANK by their respective 
ligands. The important role of these ligand-receptor pairs in (synovial) inflammation is 
illustrated by the numerous attempts of pharmaceutical companies to target these pathways 
not only in RA, but also other disease like cancer 158. Below, we will discuss compounds that 
have been tested in RA patients or preclinical models of RA (table 1).

Table 1. Biologics targeting ligand-receptor pairs involved in non-canonical NF-κB signaling in RA. 

Ligand Receptor Biologic Type of agent Activity of 
biologic

Stage of 
development

BAFF BAFF-receptor Belimumab (Benlysta; 
Human Genome Sciences/
GlaxoSmithKline)

Human BAFF-
specific antibody

antagonist Phase II

Tabalumab/LY2127399 Human BAFF-
specific antibody 

antagonist Phase II

CD40L CD40 BI 655064 Humanized CD40-
specific antibody

antagonist Phase I  
in progress

- LTβR Baminercept Human LTβR-IgG1 
fusion protein 

antagonist Phase II

LTα LTβR Patecluzimab Humanized LTα-
specific antibody

Depleting  
and 
antagonist 

Phase II  
in progress

RANKL RANK Denosumab (Prolia/Xgeva; 
Amgen)

Human RANKL-
specific antibody 

antagonist Phase II

BAFF, B cell activating factor; BAFFR, BAFF receptor; CD40L, CD40 ligand; Ig, immunoglobulin; LTα, 
lymphotoxin-α; LTβR, LTβ receptor; RANK, receptor activator of NF-κB; RANKL, RANK ligand.
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Anti-BAFF/BAFF-R treatment
Belimumab, a fully human IgG1 monoclonal antibody to BAFF was tested in RA in a phase 
II placebo-controlled dose-ranging trial. Due to the modest clinical response in this trial, it 
was not further tested for RA 159. However, belimumab has been proven to have a beneficial 
clinical effect in systemic lupus erythematosus (SLE) patients 160,161, and is licensed for use in 
SLE in the United States, Canada, and Europe. A different anti-BAFF monoclonal antibody, 
tabalumab, has also been tested in patients with active RA. This drug showed modest 
efficacy 162, but nevertheless clinical development in RA was discontinued 163.

Anti-CD40/CD40L treatment
Clinical trials targeting the CD40/CD40L interaction in RA are currently ongoing, but so far 
have not been published. However, animal models have demonstrated encouraging results. 
In the CIA model, treatment with agonistic CD40 antibodies at the time of CIA induction 
exacerbates disease 164. In contrast, treatment with anti-CD40L antibodies prior to CIA 
induction ameliorated development of disease 165, resulting in less synovial inflammation, 
and less bone erosion 166. In addition, anti-CD40L treatment in the K/BxN arthritis model 
diminished arthritis development when administered a week before the onset of disease 167. Of 
note, no effect on disease activity was observed when animals were treated after clinical onset of 
disease. In humans, two clinical studies investigating the effects of anti-CD40L treatment have 
been conducted in patients with SLE. Both ruplizumab and toralizumab showed promising 
clinical and laboratory responses in some SLE patients 168,169. However, one of these studies 
was discontinued prematurely because of thromboembolic events 168. Since then, new reagents 
inhibiting CD40L-mediated events that are less likely to increase the risk of thromboembolic 
complications have been developed and clinical trials in RA patients are in progress 170. 

Anti-LTβ/LTβR treatment
In the collagen-induced arthritis model, treatment with a LTβR-Ig fusion protein, severity 
of disease and joint tissue damage was reduced 171. 

The efficacy and safety of baminercept, a LTβR-IgG1 fusion protein, was evaluated in 
patients with RA, in a placebo-controlled, phase IIb trial 172. However, baminercept did 
not exhibit measurable clinical effects in RA patients. Pateclizumab, a humanized mouse 
antibody, specifically binds LTα in both the soluble LTα3 homotrimeric form and the 
surface-expressed LTα1β2 heterotrimer, thereby interfering with binding of LT trimers to 
their cognate receptors, was tested for safety and efficacy in a phase I study. Preliminary 
beneficial effects were observed in RA patients 173 and a phase II trial to further test 
pateclizumab is now in progress.

Anti-RANK/RANKL treatment 
In mice, treatment with a neutralizing anti-RANKL monoclonal antibody in collagen-
induced arthritis resulted in amelioration of bone loss 174. Phase II clinical trials suggest that 
denosumab-mediated inhibition of RANKL in RA patients prevents bone loss at the site of 
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inflammation, but has no apparent effect on inflammation 175. Nevertheless, denosumab 
could be used as an adjunctive therapy next to established (biologic) DMARDS to prevent 
structural joint damage in RA.

One has to bear in mind that virtually all stimuli that activate TNF receptor superfamily-
members and induce non-canonical pathway signaling, simultaneously also activate the 
canonical pathway. Hence, determining whether the observed therapeutic effects of blocking 
these receptor-ligand pairs are mediated via inhibition of the non-canonical pathway or can 
also be attributed to effects on canonical NF-κB signaling is difficult and requires further 
investigation.

Future perspective: direct targeting of intracellular signaling 
molecules
Rather than indirect inhibition of non-canonical NF-κB signaling using the compounds 
described above, direct inhibition of NIK or IKKα may be more effective. In RA synovial 
inflammation, NIK can be targeted using intra-articular gene therapy (Noort et al., 
unpublished, ongoing studies in preclinical models of arthritis) or using small molecule 
inhibitors. Since NIK levels in normal cells are usually low, it is anticipated that therapeutics 
designed to limit the amount of NIK will not cause serious side effects. Consequently, NIK 
inhibition using specific small molecule inhibitors could perhaps be an effective treatment 
option not only for RA, but also for other chronic inflammatory diseases. Staurosporine 
is a pan-kinase inhibitor that has been demonstrated to inhibit NIK. However, due to its 
promiscuous nature it is unsuitable for clinical applications (reviewed in 176). Recently, 
a report was published, in which the discovery, structure-based design, synthesis, and 
optimization of several selective NIK inhibitors are described 177. The recent description of 
the crystal structure of the catalytic domain of NIK may further facilitate the development of 
new potent and selective NIK inhibitors 178,179. So far, only one specific IKKα inhibitor, BAY32-
5915, has been reported 180. We expect that preclinical studies will soon answer the question 
whether selective targeting of NIK or IKKα and consecutive non-canonical NF-κB signaling 
may be beneficial in (rheumatoid) arthritis as well. Alternatively, in some cell types it may be 
beneficial to actually stimulate non-canonical NF-κB activity to obtain a therapeutic effect. 
Smac mimetics or inhibitor of apoptosis protein (IAP) antagonists that promote degradation 
of cIAP1 and cIAP2 are not only able to induce apoptosis in cancer cells, but also promote 
stabilization of NIK and consequent activation of the non-canonical NF-κB pathway in resting 
cells 181,182. Currently, one of these smac mimetic compounds called Birinapant is undergoing 
clinical development for the treatment of solid tumors and hematological malignancies 183,184.

concLUsions
The studies reviewed above support the role of the non-canonical NF-κB pathway as a 
major participant in inflammatory responses in general and the pathogenesis of RA in 
particular. NIK and downstream non-canonical NF-κB signaling has diverse functions, 
depending on the cell types in which this pathway is activated. Roughly, in synovial 
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fibroblasts, osteoclasts, endothelial cells, and B cells/plasma cells non-canonical NF-κB 
signaling contributes to the inflammatory process by triggering the secretion of critical 
inflammatory mediators and matrix degrading enzymes involved in tissue degradation, 
whereas in macrophages, dendritic cells and T cells this pathway has more pleiotropic 
functions and can also play a more regulatory, anti-inflammatory role (Figure 2). In these 
cells non-canonical NF-κB signaling shows clear resemblance with “The Strange Case of 
Dr Jekyll and Mr Hyde” (Robert Louis Stevenson): there is a good and an evil side. Further 
elucidation of the precise function of this pathway in individual cell types will result in a 
better understanding of the overall contribution role of the non-canonical NF-κB pathway 
to the complex cellular networks involved in RA synovial inflammation. This will allow 
the design of better therapeutic strategies for the management of this disease, including 
cell type-specific inhibitors or selective targeting of inhibitors to certain cell types. For 
this application anti-DEC-205 antibodies may be used to target compounds specifically 
to dendritic cells 185 or to selectively target endothelial cells, (peptide) inhibitors can 
be coupled to a multimodular recombinant protein that specifically binds to cytokine-
activated endothelium, which has been demonstrated to work very elegantly under 
inflammatory conditions in vivo 186.

Figure 2.  

Dr. Jekyll Mr. Hyde

Treg macrophage

dendritic cell
endothelial cell

osteoclast
B cell

T cell

synovial fibroblast

Figure 2. Non-canonical NF-κB signaling in different cell types in RA: Dr. Jekyll or Mr. Hyde? Schematic 
overview of the role of the non-canonical NF-κB pathway in cell types involved in the pathogenesis of RA. 
On the left side (Dr. Jekyll), cells in which non-canonical NF-κB signaling plays an anti-inflammatory role. 
In the middle (on dashed line), cells in which this pathway plays a dual role which is largely dependent on 
the microenvironment. On the right side (Mr. Hyde), cells in which non-canonical NF-κB signaling acts 
pro-inflammatory.
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Although the non-canonical NF-κB pathway has anti-inflammatory effects in some cell 
types, we believe that in chronic inflammation the positive effects of targeting the non-
canonical NF-κB pathway will surpass the possible negative effects. We anticipate that the 
advent of several selective NIK inhibitors will aid in further establishing the non-canonical 
NF-κB pathway as a promising new therapeutic target, not only in RA, but also in other 
immune-mediated inflammatory diseases. 
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ABstrAct
Angiogenesis is essential during development and in pathological conditions such as 
chronic inflammation and cancer progression. Inhibition of angiogenesis by targeting 
vascular endothelial growth factor (VEGF) blocks disease progression, but most patients 
eventually develop resistance which may result from compensatory signaling pathways. In 
endothelial cells (EC) expression of the pro-angiogenic chemokine CXCL12 is regulated 
by non-canonical nuclear factor (NF)-κB signaling. Here, we report that NF-κB-inducing 
kinase (NIK) and subsequent non-canonical NF-κB signaling regulates both inflammation-
induced and tumor-associated angiogenesis. NIK is highly expressed in endothelial cells 
(EC) in tumor tissues and inflamed rheumatoid arthritis synovial tissue. Furthermore, non-
canonical NF-κB signaling in human microvascular EC significantly enhanced vascular 
tube formation, which was completely blocked by siRNA targeting NIK. Interestingly, Nik-/- 
mice exhibited normal angiogenesis during development and unaltererd TNFα- or VEGF-
induced angiogenic responses, whereas angiogenesis induced by non-canonical NF-κB 
stimuli was significantly reduced. In addition, angiogenesis in experimental arthritis and a 
murine tumor model was severely impaired in these mice. These studies provide evidence 
for an important role of non-canonical NF-kB signaling in pathological angiogenesis, 
and identify NIK as a potential therapeutic target in chronic inflammatory diseases and 
tumor neoangiogenesis. 

Keywords
NF-κB, endothelial cells, angiogenesis, inflammation, NIK
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introDUction
Angiogenesis is defined as the formation of new blood vessels from the pre-existing 
vasculature. It is a highly coordinated process occurring both during normal development 
and in pathological conditions such as atherosclerosis, chronic inflammation and cancer 1. 
Activation of endothelial cells (EC) is pivotal in this process and can result in the formation 
of new blood vessels, most notably via vascular endothelial growth factor (VEGF) receptor 
stimulation 2. In chronic inflammation, including rheumatoid arthritis (RA), and in tumors, 
pathological angiogenesis occurs when activated stromal cells and inflammatory cells 
secrete pro-angiogenic factors like VEGF 2-4 that trigger quiescent EC to differentiate and 
form new blood vessels 1. Importantly, inhibition of angiogenesis by targeting VEGF blocks 
disease progression in (pre-)clinical models of arthritis 5,6 and various cancers 7. Anti-VEGF 
monoclonal antibodies are used in clinical practice for eye diseases with neovascularization 
and metastatic cancer. However, most patients develop resistance 8,9, which may result from 
compensatory signaling pathways 7. These pathways can for instance induce inflammatory 
cytokines and proteases that contribute to enhanced angiogenesis in chronic inflammation 
and tumors 1. 

Nuclear factor-κB (NF-κB) transcription factors can be activated via two distinct signaling 
pathways. The canonical NF-κB pathway is activated by pro-inflammatory stimuli such as 
TNFα, and requires inhibitor of κB (IκB) kinase (IKK)β, whereas IKKα is dispensable 10. In 
contrast, the non-canonical pathway is strictly dependent on NF-κB-inducing kinase (NIK) 
and IKKα, but does not require IKKβ 11. This pathway can be activated via TNF-receptor 
superfamily members such as the lymphotoxin β receptor (LTβR) and CD40 10. All known 
inducers of the non-canonical NF-κB pathway also stimulate canonical NF-κB activity 12.

In EC, the canonical NF-κB pathway is critical for pro-inflammatory gene expression, 
including TNFα 13,14. Furthermore, VEGF-receptor signaling induces canonical NF-κB 
signaling in EC and VEGF gene expression is regulated in part via the canonical NF-κB 
pathway 15. In contrast, the function of non-canonical NF-κB signaling in EC is largely 
unknown. CXCL12, an important chemokine for lymphocyte transendothelial migration 
with pro-angiogenic properties 16, is regulated by non-canonical NF-κB signaling in EC 17, 
and is expressed both in RA synovial tissue EC 18 and in cancer EC (reviewed in 19). In 
lymphoid tissues, lymphotoxin (LT)β receptor dependent non-canonical NF-κB signaling is 
required for high endothelial venule (HEV) differentiation and function 20,21. Interestingly, 
HEVs are also present in chronically inflamed tissues such as RA synovial tissue 22, and are 
also induced in tumors after antibody-LT fusion protein treatment 23. In addition, LTβ and 
LIGHT (homologous to Lymphotoxins, exhibits Inducible expression, and competes with 
HSV Glycoprotein D for HVEM, a receptor expressed by T-lymphocytes), both ligands 
of the LTβR, and CD40L are expressed in RA synovial tissue 24-26. Furthermore, LTβ and 
LIGHT are produced by host immune cells in tumors 27,28 and promote tumor growth 28,29. 
Non-canonical NF-κB signaling in tumor cells is involved in tumor progression30, but its 
contribution to angiogenesis has not been investigated yet. 
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Therefore, we investigated the role of non-canonical NF-κB signaling in inflammation-
induced and tumor-associated angiogenesis, and compared this with its requirement 
for angiogenesis during development. In our studies we used human RA synovial tissue 
biopsies and various human cancer tissues, complemented with murine disease models 
in Nik-/- mice. Here, we report that NIK and subsequent non-canonical NF-κB signaling 
regulates both inflammation-induced and tumor-associated angiogenesis independently 
of VEGF. This may ultimately lead to the development of novel specific anti-angiogenic 
strategies in chronic inflammatory conditions and cancer. 

metHoDs
Human tissues 
Synovial tissue biopsies were taken from knee joints of active RA patients or from healthy 
individuals. Early RA was defined as a disease duration of < 1 year and established RA 
as a disease duration of >2 years 31. Tumor tissues were obtained from the department of 
pathology of the Academic Medical Center (AMC). All tissue collection was done at the 
AMC and approved by the Medical Ethical Commission. 

Mice 
Nik-/- mice (C57/Bl6 background) and Wt littermate controls were kindly provided by 
D.V. Novack (Washington University, St. Louis, MO) 32. All experimental procedures were 
reviewed and approved by the experimental animal committee of the AMC.

Immunohistochemical staining
Frozen human tissue sections (synovial tissues, tumor tissues, or normal healthy 
tissues) were cut (5 μm) and mounted on Star Frost adhesive glass slides (Knittelgläser, 
Braunschweig, Germany). Sections were fixed with acetone and endogenous peroxidase 
activity was blocked with 0.3% H2O2 in 0.1% sodium azide in PBS. Sections were stained 
with monoclonal primary antibodies against NIK (sc-8417, Santa Cruz Biotechnology, Santa 
Cruz, CA), p52 (#4882, Cell Signaling technology, Danvers, MA) and CXCL12 (MAB350, 
R&D Systems, Abingdon, United Kingdom) and secondary antibodies goat-anti-mouse 
(p0447, DAKO, Glostrup, Denmark) or swine-anti-rabbit (p0399, DAKO) and streptavidin 
labeled with horseradish peroxidase. Biotinylated tyramine was used for amplification, as 
previously described 33. As negative controls, sections were incubated with isotype control 
antibodies (all R&D Systems).

Immunofluorescence staining
Tissue sections were fixed with acetone and incubated with the following monoclonal 
mouse antibodies: anti-NIK (sc-8417, Santa Cruz Biotechnology); polyclonal goat 
antibodies: anti-CD31 (sc-1505, Santa Cruz Biotechnology), anti-CD34 (sc-7045, 
Santa Cruz Biotechnology); polyclonal rabbit antibodies: anti-IKKα (ab17943, Abcam, 
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Cambridge, United Kingdom). For doublefluorescence stainings of NIK with CD31/34, 
slides were incubated with goat anti-mouse-HRP (p0447, DAKO), and subsequently 
incubated with streptavidine-Alexa-594 (S-32356, Molecular Probes Europe, Leiden, 
The Netherlands), Alexa-488-conjugated goat-anti-rabbit (A-11008, Molecular Probes 
Europe) and Alexa 488-conjugated rabbit-anti-goat (A-11034, Molecular Probes 
Europe). For doublefluorescence stainings of NIK with IKKα, slides were incubated 
with Alexa 594-conjugated goat-anti-Mouse (A-11005, Molecular Probes Europe) and 
Alexa-488-conjugated donkey-anti-rabbit (A-21206, Molecular Probes Europe). Slides 
were mounted with Vectashield containing DAPI (VC-H-1500, Brunschwig Chemie, 
Amsterdam, The Netherlands). Isotype control antibodies were used as negative control 
(all R&D Systems). Slides were analyzed using a Leica DMRA fluorescence microscope 
(Leica, Wetzlar, Germany) coupled to a CCD camera and Image-Pro Plus software 
(Dutch Vision Components, Breda, The Netherlands). A ratio of NIK pixel values to 
CD31/CD34 pixel values was calculated for each image (n=10) for determination of 
double-positive areas.

Human microvascular endothelial cell culture
Human microvascular endothelial cells (HMVEC) from foreskin were isolated and 
characterized as described previously 34. HMVEC were cultured on gelatin-coated culture 
plates in Medium 199 supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin 
(p/s), 2 mM L-glutamin (all Lonza, Verviers, Belgium), 5 U/ml heparin, 3.75 μg/ml EC 
growth factor (ECGF, crude extract from bovine brain), 10% heat-inactivated human serum 
(HSi, PAA Laboratories, Pasching, Austria) and 10% heat-inactivated newborn calf serum 
(NBCSi, Lonza). Confluent cells were trypsinized (0.05% trypsin in HBSS, both Lonza) and 
replated in a 1:3 density. Cells were used until passage 10.

In vitro tube formation assay
In vitro angiogenesis was determined with HMVEC in three-dimensional fibrin matrices, 
as described before 14. Fibrin matrices were prepared by addition of thrombin (0.1 U/ml) 
to a 2 mg/ml fibrinogen solution (Kordia, Leiden, The Netherlands) in M199 medium 
(Invitrogen, Carlsbad, CA). After polymerization, thrombin was inactivated by adding 
M199 supplemented with p/s, 10% HSi and 10% NBCSi. HMVEC were seeded in confluent 
density on the fibrin matrices and after 24h, and subsequently at 48h intervals, HMVEC 
were incubated with M199, p/s, 10% HSi, 10% NBCSi, 10 ng/ml TNFa (Sigma-Aldrich, 
St Louis, MO) and 10 ng/ml fibroblast growth factor-2 (FGF-2, Preprotech, London, UK) in 
the presence or absence of 30 ng/ml lymphotoxin α1β2 (LT; R&D Systems, Abingdon, United 
Kingdom), 30 ng/ml LIGHT (R&D Systems) or 30 ng/ml CD40L (Enzo Life Sciences, 
Antwerp, Belgium). The total length of formed tube-like structures from HMVEC into the 
fibrin matrices was analyzed by phase contrast microscopy and Optimas image analysis 
software 35. Tube formation of HMVEC isolated from various donors was determined in 
quadruplicate wells. HMVEC were transfected with siRNAs targeting NIK, IKKα, IKKβ, 
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or a non-targeting siRNA (siGENOME SMARTpool, Dharmacon, Lafayette, CO) by using 
the AMAXA basic nucleofector kit for primary EC (Lonza), according to manufacturers 
protocols. Transfection efficiency was determined by gene expression analysis with QPCR 
(see Supplementary information). 

Retinal whole mounts
Mice were sacrificed on postnatal day 28 36. Mouse eyes were collected and fixed in 4% 
paraformaldehyde (PFA). Retinas were dissected, fixed in 4% PFA, dehydrated and stored in 
methanol at -20°C. Before analysis, retinal whole-mounts were rehydrated, permeabilized 
in PBS, 1% BSA, 0.5% Triton X-100 and washed with PBS. Retinal whole-mounts were 
blocked in PBlec (PBS, pH 6.8, 1% Triton X-100, 0.1 mM CaCl2, 0.1 mM MgCl2, 0.1 mM 
MnCl2), and incubated in Alexa 488-labeled isolectin B4 (Sigma-Aldrich) in PBlec. After 
extensive washing in PBS, the retinas were flat mounted in Vectashield (Vector Laboratories, 
Burlingame, CA). Images were taken using a wide-field fluorescence microscope (Leica) or 
confocal microscope (Leica). For vascular quantification, the total number of branch points 
in the superficial, intermediate and outer plexus was counted per microscopic field 36, or 
the number of radial veins and arteries in the superficial plexus was counted per retina (see 
Supplementary information). 

Aortic ring assay
After sacrificing the mice, thoracic aortae were dissected, adipose tissue/fat removed, 
washed and cut into 1-mm rings 37. Next, the aortic rings were embedded in Matrigel 
(growth factor reduced, BD Biosciences, Oxford, United Kingdom) and cultured in 
M199 medium (Invitrogen) containing 2% FCS, 12% ECGS (Sigma-Aldrich), 200µl/ml 
gentamycin (Invitrogen), 2.5 µl/ml Amphotericin (Lonza) in the presence or absence of LT 
(30ng/ml), LIGHT (30 ng/ml), TNF (100 ng/ml) or VEGF (100 ng/ml) (all R&D Systems). 
After 8 days, microvessel outgrowth was analyzed using Leica imaging software.

Antigen Induced Arthritis
Antigen-induced arthritis was performed previously 38. In brief, Wt (n=5) and Nik–/– (n=5) 
mice were immunized with 100 μg methylated (m)BSA (Sigma-Aldrich) emulsified in 
0.1 ml complete Freund’s adjuvant (BD) intradermally at the base of the tail. Simultaneously, 
1 μg pertussis toxin (List Biological Laboratories Inc., Campbell, CA) was injected 
intraperitoneally as an additional adjuvant. Arthritis was induced at day 21 by intra-articular 
injection of 100 μg of mBSA into the right knee joint, while the left knee joint was injected 
with PBS alone. Mice were sacrificed on day 32. For histological grading of the arthritis, 
hind paws were dissected and fixed in 10% buffered formalin. Fixed tissues were decalcified 
in EDTA, dehydrated, and embedded in paraffin. Sagittal sections (5 μm) were stained with 
H&E, anti-CD31 (sc-1505, Santa Cruz Biotechnology), or anti-CXCL12 (MAB350, R&D 
Systems). Next, slides were incubated with secondary antibody rabbit-anti-goat (sc-2922, 
Santa Cruz Biotechnology) or goat anti-mouse (P044701, DAKO), and streptavidin labeled 
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with horseradish peroxidase. Biotinylated tyramine was used for amplification. Slides were 
scored blindly by 2 independent researchers. Inflammation was scored semiquantitatively 
on a scale of 0 to 4, and synovial blood vessels were counted. 

B16 melanoma bone metastasis model
The melanoma bone metastasis model was performed as described previously 39. In brief, 
Wt mice (n=6) and Nik-/- mice (n=6) at 38–46 days of age were anesthetized and inoculated 
intra-arterially with 105 B16-FL murine melanoma cells in 50 μl of PBS. Mice were sacrificed 
on day 12 after tumor cell injection. For histological analysis, hind paws were dissected and 
fixed in 10% buffered formalin. Fixed tissues were decalcified in EDTA, dehydrated, and 
embedded in paraffin. Sagittal sections (5 μm) were stained with H&E, anti-CD31 (sc-1505, 
Santa Cruz Biotechnology) or anti-CXCL12 (MAB350, R&D Systems). Next, slides were 
incubated with secondary antibody rabbit-anti-goat (sc-2922, Santa Cruz Biotechnology) or 
goat anti-mouse (P044701, DAKO), and streptavidin labeled with horseradish peroxidase. 
Biotinylated tyramine was used for amplification. Tumor blood vessels were counted by 
2 independent researchers. 

Statistical analysis
All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was 
carried out using Prism Software (GraphPad). For statistical comparison, mean values per 
group were compared by unpaired Mann-Whitney U test. P-values <0.05 were considered 
statistically significant (*P<0.05, **P<0.01).

resULts
NIK is highly expressed in endothelial cells of inflamed RA 
synovial tissue
The non-canonical NF-κB stimuli CD40L, LT and LIGHT are highly expressed in RA 
synovial tissue 24-26. Therefore, we investigated whether the non-canonical NF-κB pathway 
is activated in RA synovial tissue by studying the expression and distribution of NIK 
using immunohistochemistry (IHC). Interestingly, NIK was mainly expressed by vascular 
structures, both in early and in established RA (Fig. 1A,B), whereas normal healthy 
synovial tissue did not contain NIK-positive vessels (Fig. S1A). Subsequent double-
immunofluorescence microscopy analysis revealed that NIK strongly co-localized with the 
EC marker CD31/34 in small blood vessels (Fig. 1D). Quantification of each NIK+ and 
CD31/34+ area in double-stained tissue sections showed that approximately three-quarters 
(74.4 + 5.5%; n=10) of EC in RA synovial tissue were NIK-positive. These results fuel the 
hypothesis that NIK may be of importance in either activation of EC or inflammation-
induced neovascularization. 
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Figure 1. NIK expression in synovial tissue endothelial cells of rheumatoid arthritis patients. Synovial 
tissue sections from early and established RA patients showing A,B IHC staining of NIK and C, the isotype 
control (scale bar A,C 100 μm, scale bar B 200 μm). D, IF staining of NIK (red), CD31/34 (green) and nuclei 
(blue) (scale bar, 100 μm). E. IF staining of NIK (red), phospho-IKKα (green) and nuclei (blue) (scale bar 
12.4 μm), and F isotype control of E (scale bar 27.9 μm). Representative pictures are shown (n=10 different 
RA synovial tissues/staining). 

Figure 1. 

A D

NIK, CD31/34, DAPI

B

NIK, phospho-IKKα, DAPI

EC

F

Functional non-canonical NF-κB signaling in RA synovial tissue 
endothelial cells
Non-canonical NF-κB signaling in EC induces the pro-angiogenic chemokine CXCL12 
that also mediates lymphocyte transendothelial migration 16,17. To investigate whether non-
canonical NF-κB signaling is functional in NIK-expressing EC in RA synovial tissue, we 
performed additional stainings for T-loop activated phospho-IKKα, the non-canonical 
NF-κB subunit p52 and CXCL12. NIK expression (Fig 1) colocalized with T-loop activated 
phospho-IKKα (Fig. 1E), strongly suggesting that the non-canonical NF-κB pathway is 
activated in synovial EC. In addition, both p52 (Fig. S1B) and CXCL12 (Fig. S1C) were 
expressed in blood vessels, further strengthening the hypothesis that the non-canonical 
NF-κB pathway is functionally active in EC in RA synovial tissue. The NF-κB subunit RelB 
was also expressed in RA synovial tissue, but not exclusively in EC (Fig. S1D), which is in 
line with previous reports 40.

NIK is also expressed by endothelial cells in tumor tissues
The non-canonical NF-κB pathway has been demonstrated to play an important role in 
tumor development 28,29,41. However, these studies did not focus on EC or angiogenesis. 
To investigate whether NIK expression in newly formed blood vessels is specific for RA 
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synovial tissue or also occurs in tumor neovascularization, we evaluated NIK expression 
in human melanoma, renal cell carcinoma, breast cancer, colorectal cancer, and pancreatic 
cancer. In these tissues we detected NIK in vascular structures as well (Fig. 2A-E). Double-
immunofluorescence microscopy demonstrated that NIK and T-loop activated phospho-
IKKα were highly expressed by essentially all blood vessel EC in cancer tissues, as depicted 
for breast cancer (Fig. 2F,G). Since both inflammation-induced angiogenesis and tumor-
associated angiogenesis are in many aspects different from normal angiogenesis 1, we also 
studied the expression of NIK in blood vessels of healthy human tissues. Interestingly, EC 
in blood vessels of normal human skin (Fig. 2H) and other normal healthy tissues did 
not exhibit NIK expression (Fig. S2). Collectively, these data show that both in chronic 
(synovial) inflammation and in tumors, NIK expression is exclusively vascular and 
increased selectively during neovascular growth.

NIK, CD31/34, DAPI

Figure 2.

D

BA

C

E

NIK, CD31/CD34, DAPI

F

H
NIK, phospo-IKKα, DAPI

G

Figure 2. NIK is expressed in endothelial cells in tumor tissues. NIK expression in A, renal carcinoma 
tissue B, breast cancer tissue C, pancreatic cancer tissue D, melanoma tissue E, colorectal cancer tissue and 
F, IF staining on NIK (red) and CD31/CD34 (green) and nuclei (blue), in breast cancer tissue. G, IF staining 
on NIK (red) and phospho-IKKα (green) and nuclei (blue) in breast cancer tissue. H, IF on NIK (red) and 
CD31/CD34 (green) and nuclei (blue) in normal skin. Representative pictures are shown (n=5-6 patients or 
healthy donors, 2 independent experiments) (scale bars A-F, H, 100 μm; scale bar G 11.2 μm).
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Non-canonical NF-κB signaling induces in vitro sprouting of 
endothelial cells
Next, we evaluated the role of the non-canonical NF-κB pathway in vitro. HMVEC were 
seeded on fibrin matrices in the presence of bFGF/TNFα to facilitate outgrowth of tube-like 
structures, as a model for pathological sprout formation 14. A significantly increased tube 
formation was observed when LT, LIGHT or CD40L was added to bFGF/TNFα (Fig. 3A,B). 
This pro-angiogenic effect of the non-canonical NF-κB stimuli was dose-dependent 
as shown for LT (Fig. S3A). To investigate whether the enhanced tube formation was 
dependent on canonical or non-canonical NF-κB signaling, we used siRNAs specifically 
targeting IKKβ, the essential kinase in canonical NF-κB signaling, or NIK or IKKα, the 
main kinases of the non-canonical NF-κB pathway (siIKKβ, siNIK or siIKKα). QPCR 
analysis demonstrated that target genes were all specifically knocked down 80-90% by the 
corresponding siRNAs (Fig. S3B-D). Additional protein data confirmed that gene knock-
down of NIK also prevented p100/p52 processing as assessed by western blot (Fig. S3E). 
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Figure 3. Non-canonical NF-κB signaling induces in vitro sprouting of endothelial cells. A, Representative 
pictures of tube formation by HMVEC under basal conditions or after LT-, LIGHT- and CD40L- stimulation 
(scale bar all panels, 500 μm). B, Quantification of LT-, LIGHT- and CD40L-enhanced tube formation. n=7 
per group, 3 independent experiments. C-F, HMVEC were transfected by the indicated siRNAs. Scrambled 
non-targeting siRNA (= siC) was used as a control. C, Basal tube formation. D, LT-enhanced tube formation. 
E, LIGHT-enhanced tube formation. F, CD40L-enhanced tube formation. n=6 per group, 3 independent 
experiments. All panels mean+SEM: *P<0.05 **P<0.01 Specific knockdown of the genes targeted by the 
siRNAs is shown in suppl. figure 4.
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Specific siRNA-mediated gene silencing of NIK or IKKα blocked LT, LIGHT and CD40L-
enhanced tube formation significantly (Fig. 3C-F). In contrast, siIKKβ blocked tube 
formation only partially. Furthermore, we also observed an effect of siNIK and siIKKα on 
basal tube formation, suggesting that the non-canonical pathway also contributed to basal 
sprouting in this model, although to a lesser extent. Altogether, it can be concluded that 
LT, LIGHT and CD40L-induced tube formation relies mostly on non-canonical NF-κB 
signaling, a hitherto unknown function of this pathway in EC. We confirmed that non-
canonical NF-κB signaling in HMVECs results in nuclear translocation of p52 and DNA-
binding activity, which significantly decreased in siNIK treated cells (Fig. S3F). To further 
unravel the underlying mechanisms of NIK-induced angiogenesis in EC we performed 
PCR arrays of angiogenesis related genes. Interestingly, knock-down of NIK in EC resulted 
in significantly reduced expression levels of ANGPT2, BTG1, CD55, CSF3, CXCL4, CXCL5, 
CXCL6, CXCL9, CXCL11, CXCL12, FGF13, FN1, IFNB1, IL-6, IL-8, KITLG, PDGFB, PDGF, 
PGF, STAB1, and TGFA after LIGHT stimulation (Table S1). 

Normal developmental angiogenesis, but reduced pathological 
angiogenic responses after genetic deletion of NIK
We made use of Nik-/- mice to further investigate the importance of NIK in angiogenesis 
in vivo. Nik-/- mice lack peripheral lymph nodes and have altered T and B cell responses 32. 
Despite these defects, Nik-/- mice are viable and appear to have a normal vasculature, 
suggesting that developmental angiogenesis is not impaired. To confirm this, we studied 
the vascular network in the retina of Nik-/- mice compared to Wt mice on postnatal day 28, 
when all three vascular layers are fully mature 36. No differences were detected in the 
number of branch points in the superficial, intermediate and outer plexus between Nik-/- 
and Wt mice (Fig. 4A,B). Also, no abnormalities in the mean number of arteries and veins 
were observed (Fig. S4). To further study the importance of non-canonical NF-κB signaling 
in angiogenesis, we tested the angiogenic potential of Wt and Nik-/- mice in the aortic ring 
assay. Aortic rings from Wt and Nik-/- mice exhibited normal microvessel outgrowth after 
VEGF and TNFα stimulation, indicating that both VEGF- and TNFα-induced (canonical 
NF-κB dependent) angiogenesis are unaffected (Fig. 4C,D), which is in line with the 
normal developmental angiogenesis of these mice. In contrast, whereas the non-canonical 
NF-κB stimuli LT and LIGHT significantly induced microvessel outgrowth in Wt mice, 
no microvessel outgrowth was observed in Nik-/- mice after LT or LIGHT stimulation 
(Fig. 4E,F). This strongly suggests that angiogenesis under pathological conditions, in the 
presence of stimuli such as LT and LIGHT, is dependent on NIK and subsequent non-
canonical NF-κB signaling.
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Figure 4. Genetic deletion of NIK results in reduced pathological angiogenic responses. A, Representative 
retinas from Wt and Nik-/ mice, stained with isolectin B4 (green) (scale bar for both panels, 100 μm). B, 
Quantification of vessel branching in the superficial, intermediate and outer vascular plexus. C, Aortic 
rings of Wt and Nik-/- mice cultured in medium alone, TNF-α or VEGF. Representative pictures are shown 
(scale bar all panels, 500 μm). D, Quantification of TNF-α and VEGF-induced aortic vessel outgrowth. 
E, Representative pictures of unstimulated, LT- or LIGHT-stimulated aortic rings (scale bar all panels, 
500 μm). F, Quantification of LT- and LIGHT-induced aortic vessel outgrowth. Panels B,C,D n=4 per group, 
2 independent experiments. Panels A,E,F n=5 per group, 2 independent experiments. Panels B,D,F, represent 
mean+SEM *<P0.05. 
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Nik-/- mice exhibit reduced inflammation-induced and tumor-
associated angiogenesis
Finally, we investigated whether pathological angiogenesis is dependent on non-canonical 
NF-κB signaling in vivo. To study inflammation-induced angiogenesis, we made use of an 
experimental arthritis model. Previously, we reported that NIK is important in the immune 
and bone-destructive components of inflammatory arthritis in antigen-induced arthritis 38. 
Histology of the arthritic hind paws of Nik-/- mice revealed less synovial inflammation 
(Fig. 5A). Quantification of the total number of synovial blood vessels demonstrated a 50% 
reduction in Nik-/- mice compared to Wt mice (Wt 20.00 ± 5.07 vs. Nik-/- 10.20 ± 3.02; 
P=0.1354) (Fig. 5B). In addition, we found that the number of CXCL12+ blood vessels was 
significantly decreased in the synovial tissue of Nik-/- mice (Wt 26.60 ± 1.63 vs Nik-/- 13.00 
± 1.23; P=0.007)(Fig. 5C). This was accompanied by significantly reduced inflammation 
scores (Wt 3.40 ± 0.20 vs. Nik-/- 1.67 ± 0.33; P=0.008)(Fig. 5D). These findings suggest 
that non-canonical NF-κB signaling contributes to pathological, inflammation-induced 
angiogenesis. 

Next, we investigated the contribution of NIK to tumor-associated angiogenesis using 
the B16 melanoma model. In this model we have previously established that genetic deletion 
of NIK blocks tumor-induced loss of trabecular bone 39. Here, we demonstrate that Nik-/- 
mice have a significantly reduced total number of blood vessels inside the tumor compared 
to wild type mice (Wt 8,33 ± 6,36 vs. Nik-/- 0,50 ± 0,34; P=0.05) (Fig. 5E, F). In addition, the 
number of CXCL12+ blood vessels was significantly decreased in the tumor tissue of Nik-/- 
mice (Wt 12.5 ± 1.29 vs Nik-/- 2.33 ± 0.33; P=0.005)(Fig. 5G), underlining the important 
role of non-canonical NF-κB signaling in pathological angiogenesis. 

DiscUssion 
Our data provide compelling evidence that NIK and subsequent non-canonical NF-κB 
signaling regulate inflammation-induced and tumor-associated angiogenesis, whereas 
NIK is dispensable for angiogenesis during development. Therefore, we propose that non-
canonical NF-κB signaling specifically regulates pathological angiogenesis. 

The non-canonical NF-κB pathway has been demonstrated to play an important role 
in tumor development 28,29,41. However, these studies mainly focused on the intrinsic role 
of non-canonical NF-κB signaling in tumor cells. Our study shows for the first time that 
NIK is expressed and active in EC in inflamed RA synovial tissue as well as in a variety of 
tumor tissues, whereas the vasculature in normal healthy tissues does not express NIK. 
Importantly, our findings also identify NIK as a potential new therapeutic target in chronic 
inflammatory diseases, in particular arthritis, and cancer, since targeting components of 
the non-canonical NF-κB pathway efficiently blocked angiogenic responses. Previously, 
IKKβ-mediated canonical NF-κB signaling has been implicated in angiogenesis 42. 
However, knock-down of NIK or IKKα abrogated tube formation far more effectively than 
knock-down of IKKβ in our sprouting assay. Therefore, we conclude that LT, LIGHT and 
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Figure 5. Nik-/- mice exhibit reduced inflammation-induced angiogenesis in arthritis and reduced tumor-
associated angiogenesis in a melanoma model. A, Representative picture of a mBSA-injected Wt mouse 
knee joint showing a severe inflammatory infiltrate (between arrows), in contrast to a mBSA-injected 
Nik–/– knee joint showing a reduced inflammatory infiltrate and intact cartilage (between arrows; scale bar 
500 μm). Sagittal sections of knee joint with H&E staining and CD31 or CXCL12 IHC staining (insets; 
scale bars 100 μm). B, Quantification of the total number of synovial blood vessels in Wt and Nik-/- mice. 
C, Quantification of CXCL12+ blood vessels in synovial tissue of Wt and Nik-/- mice. D, Quantification of 
synovial inflammation on a semiquantitative scale of 0 to 4. E, Representative pictures of tibial sections from 
Wt and Nik-/- mice, with B16 melanoma tumor tissue in trabecular bone. H&E-stained sections of tibias show 
marrow replacement by tumor cells beneath the growth plate (scale bar 500 μm), and insets show CD31 and 
CXCL12 IHC staining on tumor tissue (scale bar insets, 100 μm). F, Quantification of the total number of 
blood vessels in melanoma tumor tissue in Wt and Nik-/- mice. G, Quantification of CXCL12+ blood vessels in 
melanoma tumor tissue of Wt and Nik-/- mice. Panels A-D: n=5 per group; Panels E-G: n=6 per group. Panels 
B-D,F,G represent mean+SEM *P<0.05, **P<0.001. 
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CD40L-induced tube formation relies mostly on non-canonical NF-κB signaling, a hitherto 
unknown function of this pathway in EC. Interestingly, knock-down of NIK or IKKα also 
blocked tube formation under basal conditions in the presence of low amounts of TNF 
and bFGF. This suggests that the non-canonical pathway is already somewhat activated 
in EC in these conditions. A likely explanation for this is that EC express both CD40 and 
CD40L 43, which could induce non-canonical NF-κB signaling in EC due to cell-cell contact 
of adjacent EC. The angiogenesis PCR array data point towards a pleiotropic role of non-
canonical NF-κB signaling in chemokine expression and several other pro-angiogenic 
pathways in EC, as subsequent gene ontology analysis did not reveal involvement of one 
specific established angiogenesis pathway.

Our studies in Nik-/- mice demonstrate that both developmental retinal angiogenesis 
and VEGF-induced or TNFα-induced angiogenic responses are unaffected. In contrast, we 
observed significantly reduced non-canonical NF-κB-dependent microvessel outgrowth in 
the aortic ring assay, and clearly impaired pathological, inflammation-induced angiogenesis 
in the antigen-induced arthritis model in Nik-/- mice. Of note, the observed reduction in 
arthritis and histological inflammation scores in Nik-/- mice may at least in part be due 
to impaired angiogenesis, since the number of CXCL12+ blood vessels was significantly 
reduced in Nik-/- mice. 

Interestingly, genetic ablation of NIK resulted in an almost complete block in 
pathological, tumor-associated angiogenesis in the B16 melanoma model. Scattered 
evidence from the literature underscores our findings that one of the signaling pathways 
of importance in tumor neoangiogenesis, and possibly also in anti-VEGF treatment 
resistance, may be the non-canonical NF-κB signaling pathway. Colorectal cancer EC have 
been demonstrated to exhibit significantly increased IKKα expression compared to EC in 
adjacent normal tissue  30. Furthermore, in EC expression of CXCL12, a chemokine that 
plays an important role in angiogenesis and the homing of CXCR4 expressing endothelial 
progenitor cells (EPC) 16, is regulated by non-canonical NF-κB signaling 17. EPC have been 
demonstrated to contribute to pathological angiogenesis both in developing tumors 44 and 
in lethal macrometastasis 45, as well as in the inflamed RA synovium 46,47. Therefore, non-
canonical NF-κB-induced CXCL12 in cancer EC 19 and synovial tissue EC 18 may serve as 
a focal point modulating vasculogenesis, angiogenesis, and the attraction of immune cells. 

Current strategies aimed at inhibition of angiogenesis in patients affect both pathological 
and physiological angiogenesis, resulting in unwanted side-effects. We hypothesize that 
targeting of NIK and subsequent non-canonical NF-κB signaling in EC may overcome this 
problem. In addition, targeting of NIK could be combined with current anti-angiogenic 
cancer treatments to prevent or rescue resistance. In RA, pathological angiogenesis drives 
chronic inflammation and therefore also is an attractive therapeutic target 46. The recent 
description of the crystal structure of NIK may facilitate the development of new potent 
inhibitors 48,49. These inhibitors could be directed specifically to EC using a multimodular 
recombinant protein that specifically binds to cytokine-activated endothelium, which has 
been demonstrated to work very elegantly under inflammatory conditions in vivo 50. 
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In conclusion, these studies point towards an important role of the non-canonical NF-κB 
pathway in pathological angiogenesis. Therefore, selective inhibition of non-canonical 
NF-kB signaling in EC could be used as a novel therapeutic strategy, which may not only 
be beneficial in chronic inflammatory diseases such as RA and cancer, but potentially 
also other diseases characterized by aberrant neovascularization, like ocular diseases and 
atherosclerosis.
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sUPPLementArY metHoDs
Quantitative PCR
Knockdown of the genes targeted by the siRNAs was measured in LIGHT-stimulated 
HMVEC. Total RNA was isolated using RNeasy mini kit (Qiagen, Venlo, The 
Netherlands) and cDNA was synthesized using the Cloned AMV First Strand cDNA 
Synthesis Kit from Invitrogen, using poly(T) primers. Oligonuclotides were designed 
using the computer software Primer Express 3.0 and synthesized by Invitrogen. Primer 
specificity was tested by homology search with the human genome (BLAST) and 
confirmed by dissociation curve analysis. QPCR was performed using the following 
primer pairs: human NIK 5’-tccactcacgaaggattctgc-3’ and 5’-tgagcaaggactttcccagg-3’, 
human IKKα 5’-caaatgaggaacagggcaat-3’ and 5’-tcatgggggaaaaacacatt-3’, human IKKβ 
5’-agcatgaatgcctctcgact-3’ and 5’-gcttcagccaccagttcttc-3’. Human β2-microglobulin was used 
as the endogenous reference gene 5’-tttcatccatccgacattg-3’ and 5’-cggcaggcatactcatcttt-3’. 
Quantitative Real-Time Polymerase Chain Reactions (QPCR) were performed using SYBR 
Green detection in an ABI 7500 sequence detection system (Applied Biosystems, Foster 
City, CA). Briefly, 10 μl mix was prepared using 20 ng cDNA, 100 nM forward primer, 
100 nM reverse primer and MESA Green QPCR Mastermix Plus for Sybr Assay (Eurogentec, 
Seraing, Belgium). Protocol: 2 min 50°C, 10 min 95°C and 40 cycles (0:15 min 95°C, 1:00 
min 60°C) and dissociation curve. Relative expression levels of target genes were calculated 
with the housekeeping gene β2-microglobulin, expressed as the ratio between the gene of 
interest and β2-microglobulin.

Immunoblotting
HMVEC were lysed in Laemli’s 1× sample buffer. Cellular extracts were resolved by 
electrophoresis on NuPage 4 to 12% Bis-Tris gradient gels (Invitrogen, Verviers, Belgium). 
Proteins were then transferred to polyvinylidene fluoride membranes (Invitrogen), followed 
by blocking of membranes with 1% milk (BioRad, Hercules, CA) in Tris-buffered saline, pH 
8.0 containing 0.05% Tween-20 (BioRad). Membranes were then incubated overnight at 4°C 
with anti-actin (Santa Cruz Biotechnology ) or p100/p52 (05-361, Millipore, Billerica, MA) 
in Tris-buffered saline, pH 8.0 containing 0.05% Tween-20. Immunoblots were developed 
with secondary HRP-conjugated rabbit anti-mouse antibodies (P016102, DAKO, Glostrup, 
Denmark) and exposed using Lumi Light Substrate Buffer (Roche, Basel, Switzerland). For 
analysis of protein expression, chemiluminescence was detected using a LAS3000 according 
to the manufacturer’s instructions.

Nuclear Protein Extraction and analysis of p52 DNA-binding 
activity
HMVECs were transfected with siRNAs against NIK, IKKα, IKKβ, or a non-targeting 
siRNA. HMVECs were incubated with bFGF and TNF-α (both 10 ng/ml), in the presence 
or absence of LIGHT (30 ng/ml) for 24 hours. Cells were harvested, placed on ice and 
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washed with PBS. Nuclear extracts were obtained using the Nuclear Extract Kit (Active 
Motif, Carlsbad, CA). DNA-binding activity of p52 was measured by the TransAM™ NF-κB 
family ELISA kit (Active Motif, Carlsbad, CA) using the manufacturers instructions.

PCR array
HMVEC were seeded in confluent density and cultured with M199, p/s, 10% HSi, 10% 
NBCSi, 10 ng/ml TNFa (Sigma-Aldrich) and 10 ng/ml bFGF (Preprotech) in the presence 
or absence of LIGHT (30 ng/ml). After 24h of stimulation, total RNA was extracted using 
an RNeasy kit (Qiagen, Venlo, the Netherlands). The concentration and purity of RNA 
was determined with a spectrophotometer (Nanodrop Technologies, Wilmington, DE). 
cDNA was synthesized from 800 ng of RNA using an RT2 First Strand Kit (SABiosciences, 
Foster City, CA) and the expression of genes involved in angiogenesis was analyzed using 
RT2 ProfilerTM PCR array sets (PAHS-072, SABiosciences) according to manufacturers 
instructions. After PCR amplification, threshold values were manually equalized for all 
samples and the threshold cycle (Ct) determined for each analyzed gene. Relative expression 
of each gene was calculated using StepOne Software v2.1 (Applied Biosystems) and 
corrected for the expression of housekeeping gene RPL13A. Genes that were significantly 
down-regulated (p<0.05) after siNIK treatment in independent experiments with 3 different 
donors are listed in Table S1.
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Supplementary figure 1.

B

C
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D

Supplementary Figure 1. Absence of NIK staining in healthy synovial tissue, and positive p52, CXCL12 
and RelB staining in RA synovial tissue. Representative picture of synovial tissue from a knee joint of A, 
healthy individual with IHC staining of NIK. Arrows indicate NIK-negative blood vessels. B, RA patient with 
IHC staining of the non-canonical NF-κB subunit p52 in blood vessels, C, RA patient with IHC staining of 
CXCL12 in blood vessels, D, RA patient with IHC staining of RelB. Representative pictures are shown (n=5 
different RA synovial tissues/staining). All panels: scale bar 200 μm.

Supplementary figure 2.
DBA C

E

Supplementary Figure 2. NIK is not expressed in blood vessels of normal healthy tissues. NIK expression 
in normal healthy A, kidney tissue B, breast tissue C, pancreas tissue D, skin tissue E, colon tissue. Arrows 
indicate NIK negative vascular structures (scale bar A-E, 200 μm). Representative pictures are shown (n=3).
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Supplementary figure 3.
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Supplementary Figure 3. Enhanced tube formation by HMVEC in 3D fibrin matrices is dose-dependent, 
and non-canonical NF-κB pathway-specific. A, HMVEC were seeded confluently on fibrin matrices 
in the presence of low-dose TNF-α and bFGF (= basal condition), and subsequently incubated with the 
non-canonical stimulus LT. LT enhanced the bFGF/TNFα-induced tube formation in a concentration-
dependent manner. n=6 per group. Data represent mean+SEM of quadruplicate cultures from 3 independent 
experiments, P<0.05. B,C,D Target genes are specifically knocked down by individual siRNA’s. Knockdown of 
the genes targeted by the siRNAs was measured in LIGHT-stimulated HMVEC using quantitative RT-PCR. 
Specific primers against the target genes NIK, IKKα, IKKβ, and the housekeeping gene β2-microglobulin 
were used. Results were normalized to β2-microglobulin expression. Target genes were all knocked down 
80-90% by siRNAs; n=4 per group. Panels represent mean+SEM. E, Western blot analysis of p100/p52 
protein expression after LIGHT stimulation in siNIK treated HMVEC compared to controls. Representative 
picture of different donors of multiple experiments (n=4). F, LIGHT-induced nuclear translocation of p52 
is blocked by siRNA-mediated knock-down of NIK. DNA-binding activity of p52 was measured in nuclear 
extracts of LIGHT-stimulated HMVEC using the NF-κB transAM™ ELISA kit. Data represent mean±SD of 
different donors of multiple experiments (n=4), *P<0.05, **P<0.01.
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Supplementary figure 4.
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Supplementary Figure 4. The retina of Wt and Nik-/- mice shows comparable numbers of arteries and 
veins. Retinas from Wt and Nik-/ mice were flat-mounted and vessels stained for Isolectin B4 (green). 
Quantification demonstrated no significant differences in the mean number of arteries and veins (n=5 per 
group). Data represent mean+SEM of 2 independent experiments.
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Supplementary table 1. List of significantly downregulated genes by NIK siRNA in HMVEC. 

Gene symbol Refseq # Fold change

Growth factors and receptors:

PGF NM_001207012.1 -11,69

TGFA NM_001099691.2 -7,66

ANGPT2 NM_001147.2 -7,37

PDGFB NM_002608.2 -3,86

PDGFD NM_025208.4 -3,58

FGF13 NM_004114.3 -3,41

KITLG NM_003994.5 -3,07

Cytokines and chemokines:

CSF3 NM_172220.2 -10,63

CXCL6 NM_002993.3 -9,37

IL6 NM_000600.3 -4,28

CXCL11 NM_005409.4 -3,90

CXCL5 NM_002994.3 -3,85

CXCL4 NM_002619 -3,61

CXCL9 NM_002416 -5,60

IFNB1 NM_002176 -2,58

CXCL12 NM_000609.5 -3,75

IL8 NM_000584.3 -3,33

Other regulators of angiogenesis:

CD55 NM_000574.3 -5,89

BTG1 NM_001731 -2,23

STAB1 NM_015136.2 -3,80

FN1 NM_212476.1 -3,04

HMVEC were transfected by scrambled non-targeting siRNA or NIK siRNA. Cells were cultured for 24h in the 
presence of low-dose TNF-α and bFGF (= basal condition), in combination with the non-canonical stimulus 
LT. The expression of genes involved angiogenesis was analyzed using PCR array. Differential gene expression 
after NIK siRNA treatment was calculated as fold change compared to scrambled non-targeting siRNA. Data are 
expressed as mean fold change from 3 different donors, with experimental procedures performed in duplicates.
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ABstrAct
Objectives: The NF-κB family of transcription factors is strongly involved in synovial 
inflammation. We have previously shown that NF-κB-inducing kinase (NIK) is a key 
regulator of inflammation-induced angiogenesis in rheumatoid arthritis (RA) synovial 
tissue (ST). Here, we investigated synovial NIK expression in early arthritis patients and in 
autoantibody-positive individuals at risk for developing RA.

Methods: ST biopsies were obtained via arthroscopy from 154 early arthritis patients 
(arthritis duration<1 year) with various diagnoses and 54 IgM-RF and/or ACPA-positive 
individuals, without evidence of arthritis. ST was stained for NIK and endothelial cell (EC) 
markers. Additionally, measures of disease activity were collected and contrast-enhanced 
MRI was performed in a subset of these patients. 

Results: In early arthritis patients, NIK was predominantly expressed in EC of small 
blood vessels. Furthermore, NIK expression correlated with ESR (r=0.184; p=0.024), CRP 
(r=0.194; p=0.017), joint swelling (r=0.297; p<0.001), synovial immune cell markers (lining 
r=0.585; p<0.001 and sublining macrophages r=0.728; p<0.001, T cells r=0.733; p<0.001 
and B cells r=0.264; p=0.040), MRI effusion (r=0.665; p<0.001), MRI synovitis (r=0.632; 
p<0.001) and MRI total score (r=0.569; p<0.001). In 18.5% of autoantibody-positive 
individuals ST NIK+EC were present, but this was not predictive of the development of 
arthritis.

Conclusions: NIK+EC are present in the earliest phase of synovial inflammation and 
may be indicative of high angiogenic activity in the inflamed ST. Therefore, NIK+EC may 
play an important role in the persistence of synovitis. Collectively, our data underscore 
the importance of angiogenesis in synovial inflammation and identify NIK as a potential 
therapeutic target in arthritis.

Key words 
NF-κB, NIK, RA, synovium, early arthritis

77

4

NIK+ endothelial cells in early arthritis patients



introDUction
Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease characterized 
by synovial inflammation, which may lead to joint destruction. In RA synovial tissue, 
angiogenesis can be observed already in the earliest phase of the disease. Angiogenesis 
is defined as the formation of new blood vessels from the pre-existing vasculature 1. The 
number of blood vessels is already significantly increased in patients with early disease, 
and the vasculature is clearly activated as shown by increased expression of adhesion 
molecules 2,3. Also, dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) 
in early arthritis patients demonstrate increased vascularity and suggest that angiogenesis 
plays a key role in the pathogenesis of RA 4. Interestingly, anti-TNF antibody therapy and 
other anti-rheumatic therapies result in deactivation of vascular endothelium, providing 
indirect experimental evidence that targeting vascular endothelium may lead to decreased 
cell trafficking towards the synovial compartment 5,6. This notion is supported by 
experimental studies in animal models: angiogenesis is involved in the switch from acute to 
chronic synovial inflammation and specific targeting of neovasculature results in reduced 
synovial inflammation 7,8. Taken together, angiogenesis is considered an important factor in 
the pathogenesis of RA and may be a good target 1,9. 

The nuclear factor-κB (NF-κB) family of transcription factors is crucially important in the 
development and perpetuation of (synovial) inflammation 10,11. NF-κB can be activated via 
two signal transduction pathways that have distinct roles 12. The canonical NF-κB pathway is 
activated in response to pro-inflammatory stimuli. In this pathway, inhibitor of κB (IκB) kinase 
(IKK)β is essential for NF-κB activation, whereas inhibitor of κB kinase α (IKKα) is dispensable. 
In contrast, the non-canonical pathway is strictly dependent on NF-κB-inducing kinase (NIK) 
and IKKα homodimers and can be activated via triggering of TNF-receptor superfamily 
members such as the lymphotoxin ß receptor (LTßR), B-cell activating factor belonging to the 
TNF family (BAFF)-receptor and CD40. Activation of the non-canonical pathway results in 
stabilization of NIK, the most important activating kinase of this pathway, which results in the 
activation of IKKα, followed by nuclear translocation of mainly p52-RelB dimers that target 
specific genes. In RA ST, the non-canonical NF-κB stimuli LTβ and LIGHT (homologous to 
Lymphotoxins, exhibits inducible expression, and competes with HSV Glycoprotein D for 
herpes virus entry mediator (HVEM), a receptor expressed by T-lymphocytes), both ligands 
of the LTβR, and CD40L are widely expressed, mainly by B cells and T cells 13-15. We have 
recently demonstrated that non-canonical NF-κB signaling in endothelial cells (EC) regulates 
pathological angiogenesis in (pre)clinical models of arthritis, independent of VEGF 16.

Currently, little is known about the contribution of non-canonical NF-κB signaling to the 
onset and perpetuation of RA. The function of NIK and downstream non-canonical NF-κB 
signaling is to a large extent cell type-specific: in synovial fibroblasts, osteoclasts, EC, and 
B cells non-canonical NF-κB signaling contributes to the inflammatory process, whereas 
in macrophages, dendritic cells and T cells this pathway probably has a regulatory role 17. 
Detailed knowledge on the role of non-canonical NF-κB signaling in angiogenesis and its 
contribution to chronic inflammation may provide more insight into the pathogenesis of RA 
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and could lead to the development of novel targeted therapeutic interventions. Therefore, 
we investigated synovial NIK+EC in the earliest phases of RA compared to other forms of 
arthritis in a prospective cohort of DMARD naïve patients with early arthritis, as well as in 
a cohort of autoantibody-positive individuals at risk of developing RA.

metHoDs
Study subjects
First, 154 early arthritis patients who were included in the prospective early arthritis cohort 
‘Synoviomics’ at the Academic Medical Center (AMC) were enrolled 18. At inclusion, all 
patients had less than 1 year disease duration, as measured from the first clinical evidence of 
joint swelling. All patients had an active arthritis of at least a wrist, ankle or knee joint and 
were DMARD naive. These patients are collectively referred to as “early arthritis patients”. 
The second group consisted of 54 individuals from the prospective observational cohort 
‘PreSynoviomics’ at the AMC. This cohort included individuals with either arthralgia and/
or a positive family history for RA, but without (a history of) arthritis (as determined by an 
experienced rheumatologist), who were positive for IgM rheumatoid factor (IgM-RF) and/
or anti-citrullinated peptide antibodies (ACPA). These individuals can be classified as phase 
c (systemic autoimmunity associated with RA) with/without phase a (genetic risk factors 
for RA) and/or phase d (symptoms without clinical arthritis) according to the EULAR 
Study Group for Risk Factors for Rheumatoid Arthritis 19, and are collectively referred to 
as “autoantibody-positive individuals”. Both studies were approved by the Medical Ethics 
Committee of the AMC and performed according to the Declaration of Helsinki. All 
patients gave written informed consent.

Study design
At baseline, demographics were collected and the following clinical and laboratory 
parameters were obtained: patient’s visual analogue scale ((VAS) range 0-100 mm) for pain 
in the biopsied joint; Disease Activity Score in 28 joints (DAS(28)); the severity of swelling 
of the biopsied joint as assessed by the investigator (range of 0 (no swelling) to 3 (severe 
swelling)) 19; IgM-RF levels using IgM-RF ELISA (Sanquin, Amsterdam, the Netherlands 
(upper limit of normal (ULN) 12.5 IU/ml)) until December 2009 and thereafter using 
IgM-RF ELISA (Hycor Biomedical, Indianapolis, IN (ULN 49 IU/ml)); ACPA using 
anti-citrullinated cyclic peptide (CCP)2 ELISA CCPlus (Eurodiagnostica, Nijmegen, the 
Netherlands (ULN 25 kAU/l)); erythrocyte sedimentation rate (ESR); serum levels of 
C-reactive protein (CRP); and radiographs of hands and feet. 

For the early arthritis patients, a diagnosis was made at baseline and after follow-up 
patients were re-classified based on the 2 year clinical diagnosis (cumulative), based on 
fulfillment of standard classification criteria for established rheumatic diseases or the 
absence of these criteria (unclassified arthritis/UA, phase e according to the EULAR Study 
Group for Risk Factors for RA) 19. Furthermore, UA patients at baseline were categorised 

79

4

NIK+ endothelial cells in early arthritis patients



as ‘UA-RA’ if they converted to RA during this follow-up, or as ‘UA-UA’ if their arthritis 
remained unclassified. All patients diagnosed with RA at baseline were categorized as 
‘RA-RA’. Finally, after 2 years of follow-up, early arthritis patients fulfilling the 2010 ACR/
EULAR criteria for RA were classified for arthritis outcome: self-limiting disease, defined 
as no arthritis on examination and no use of DMARDs or steroids in the preceding three 
months, persistent non-erosive disease, defined as presence of arthritis in at least 1 joint and/
or requirement of DMARDs or steroids in the preceding three months, or erosive disease, 
defined as presence of joint erosions on radiographs of the hands and/or feet 20. 

In the autoantibody-positive individuals, yearly study visits were performed and, 
for individuals who developed arthritis, an additional visit was performed at which the 
presence of arthritis was independently assessed by two investigators.

Synovial tissue biopsy sampling, immunohistochemical/
immunofluorescence stainings and quantification
At baseline, all study subjects underwent arthroscopic ST biopsy sampling as previously 
described 21-23. In early arthritis patients ST biopsy sampling was performed in either 
inflamed wrist, ankle, knee or other (metacarpophalangeal or metatarsalphalangeal) joints. 
Autoantibody-positive individuals underwent ST biopsy sampling from a knee joint 23. ST 
of all patients was stained using an anti-NIK monoclonal mouse antibody (sc-8417, Santa 
Cruz Biotechnology, Santa Cruz, CA) and/or a monoclonal anti-von Willebrand factor 
antibody (vWF; F8/86; DAKO) as described previously 24.

In a random subset of the early arthritis patients (based on availability) sections were 
stained for CD68 to detect macrophages (n=51), CD3 to detect T cells (n=51), and CD22 to 
detect B cells (n=61), and analyzed by SQA, as described before 24. In 10 randomly selected 
early arthritis patients from this subset we performed double-immunofluorescence stainings 
on NIK (sc-8417, Santa Cruz Biotechnology) with vWF (0082, DAKO). See supplementary 
methods for staining protocols and quantification.

Magnetic Resonance Imaging
At baseline, prior to the arthroscopy, a contrast-enhanced MRI (CE-MRI) of the knee was 
performed in a subset of both early arthritis patients (n=36) and autoantibody-positive 
individuals (n=40) 4. Subsets were selected based on presentation with a knee arthritis 
(for early arthritis patients only), the absence of contraindications for CE-MRI, such as 
claustrophobia, metal implants or elevated serum creatinine and was only performed 
during a specific timespan in these studies. Images were acquired on a 1.5 T MRI scanner 
(GE Signa Horizon Echospeed, LX9.0, General Electric Medical Systems, Milwaukee, WI), 
as described previously 4. The MRI was scored for effusion in 4 compartments (Lateral, 
Medial, Central and Suprapatellar), a Bakers cyst was scored as an extra compartment. 
Synovitis was scored in 4 compartments. For bydrops and synovitis, a score of 0 (normal) 
to 3 (large volume) for each compartment was given. Edema, cartilage defects and erosions 
were scored as being present (1) or absent (0) in 6 joint compartments (lateral/medial 
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femoral surface, lateral/medial tibial plateau, patellar surface and trochlea. A total MRI 
score was calculated (0–45). Scoring was done by two musculoskeletal radiologists (CvdL 
and MM), who were blinded to the patients’ diagnoses.

Statistical analysis
Categorical data were depicted as number (%) and differences between study groups 
analyzed using Chi-square test. Not normally distributed variables were depicted as 
median (interquartile range, IQR). To compare baseline characteristics and NIK expression 
between the different classification groups, the Kruskal-Wallis test was used when more 
than 2 groups were compared: subsequently the Mann-Whitney U test was used to compare 
differences between two subgroups. Bivariate correlations of not normally distributed 
variables were analyzed using Spearman’s rank correlation test. All statistical analyses were 
performed using SPSS v19.0 software (IBM Corp., Armonk, NY). A P-value of <0.05 was 
considered statistically significant.

resULts
Early arthritis patients
Baseline characteristics of the early arthritis patients are shown in Table 1. Of the 154 
included early arthritis patients, 64 were classified as RA at baseline, 61 as UA, 11 as crystal 
arthropathy (CA), 4 as inflammatory osteoarthritis (OA) and 14 as spondyloarthritis (SpA). 

Table 1. Baseline characteristics of early arthritis patients. 

Early Arthritis patients

Characteristic N = 154

Sex, female (n (%)) 90 (58)

Age, years (mean (SD)) 49 (14)

IgM-RF positive (n (%))* 39 (25)

Anti-CCP positive (n (%)) ** 35 (23)

IgM-RF and anti-CCP both positive (n (%)) 28 (18)

ESR, mm/hr (median (IQR)) 25 (11-43)

CRP, mg/L (median (IQR)) 9,3 (3,0-28,3)

VAS pain biopsied joint, mm (median (IQR)) 59 (27-81)

Swelling biopsied joint, score 0-3 (median (IQR)) 2 (1-2)

DAS28 (median (IQR)) 4,4 (3,2-5,4)

Dis. duration months (median (IQR)) 3 (1-8)

Parameters are described as number (n (%)), mean (standard deviation) or median (interquartile range) as 
appropiate. IgM-RF = immunoglobulin M rheumatoid factor; anti-CCP = anti-cyclic citrullinated peptide; 
ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; VAS = visual analoque scale (range 0-100 mm); 
DAS28 = disease activity score in 28 joints; Dis. duration = disease duration in months.* missing for 2 patients 
** missing for 3 patients
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Overall median (IQR) disease duration at baseline was 3 (1-8) months. Of the 61 patients 
who were initially classified as UA, 18 fulfilled the 2010 ACR/EULAR criteria after 2 years of 
follow-up (UA-RA), 31 remained unclassified after follow-up (UA-UA) and 12 were lost to 
follow-up and therefore excluded from the diagnostic outcome analysis. Of the 82 patients 
fulfilling the RA criteria after 2 years of follow-up, 12 had self-limiting disease, 38 had 
persistent non-erosive disease, 11 had erosive disease. For 21 patients the arthritis outcome 
data were not available and therefore these patients were excluded from these analyses.

NIK is expressed in synovial blood vessel endothelial cells in 
early arthritis patients 
In this exploratory study we found that NIK was almost exclusively expressed in EC of 
synovial blood vessels of early arthritis patients (Figure 1A, B). This is substantiated by the 
significant positive correlation between NIK and vWF in these patients (r=0.628; p<0.001) 
(Figure 1C). This is in line with previous results, showing that approximately 70% of ECs 
in established RA ST were NIK-positive 16. NIK was expressed in all different diagnostic 
groups (RA, UA, CA, OA, SpA) and no significant difference was observed in the number 
of NIK+EC between these different diagnoses at baseline (Figure 2A). When patients were 
re-classified based on the 2 year clinical diagnosis, the number of NIK+EC at baseline was 
significantly higher in UA patients compared to RA patients (p=0.003) (Figure 2B). In UA 
patients that were re-classified as RA after 2 years of follow-up the number of NIK+EC at 
baseline was in the same range as RA patients that fulfilled the 2010 ACR/EULAR criteria 
for RA already at baseline (Figure 2C).

Interestingly, NIK was significantly differentially expressed in the various biopsied 
joints (p<0.001). NIK expression (median (IQR)) was highest in the knee joint (154.9 (24.6-
444.9); n=100), lowest in the wrist joint (0.0 (0.0-18.7); n=19) and intermediate in the ankle 
joint (4.7 (0.0-56.0); n=33) and in the other joints (32.4 (30.2-34.5); n=2) (Supplementary 
table 1). 

Baseline expression of NIK is not related to arthritis outcome 
We next investigated synovial NIK expression in relationship to arthritis outcome (self-
limiting, persistent non-erosive or erosive disease) in patients fulfilling the 2010 ACR/EULAR 
criteria for RA after 2 years of follow-up. However, NIK expression (median (IQR)) did not 
differ between the different arthritis outcome groups (self-limiting: 14.7 (1.0-69.9), persistent 
non-erosive disease: 11.6 (0.0-203.9), and erosive disease: 11.9 (0.0-59.3); p=0.850).

NIK expression correlates with markers of disease activity in 
early arthritis patients
NIK expression correlated positively with systemic markers of disease activity, such as ESR 
(r=0.184; p=0.024) and CRP (r=0.194; p=0.017, and with local assessment of swelling of the 
biopsied joint (r=0.297; p<0.001) (Figure 3A), but not with the VAS pain for the biopsied 
joint and DAS28 (data not shown).
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NIK expression also correlated positively with cellular markers of inflammation in 
the ST; NIK correlated highly significantly with CD68+ lining and sublining macrophages 
(r=0.585; p<0.001, and r=0.728; p<0.001, respectively), CD3+ T cells (r=0.733; p<0.001) and 
B cells (r=0.264; p=0.040) (Supplementary table 1).Figure 1. 
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Figure 1. Baseline synovial NF-κB-inducing kinase (NIK) expression in early arthritis patients. In A, 
representative immunohistochemical staining of a NIK positive early arthritis patient (left) and of a NIK 
negative early arthritis patient (right). Magnification 400x, scale bar 50µm. In B, immunofluorescence staining 
of NIK (red) with vWF (green) and nuclei (blue) in a NIK positive early arthritis patient. Magnification 250x, 
scale bar 100µm. In C, the correlation between NIK expression and vWF (n=52) (left) as analyzed using 
Spearman’s rank correlation test and a representative immunohistochemical staining of a vWF positive early 
arthritis patient (right), scale bar 200µm. 
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NIK expression also correlated significantly with MRI effusion (r=0.665; p<0.001), 
MRI synovitis (r=0.632; p<0.001) and MRI total score (r=0.569; p<0.001) in a subset of the 
early arthritis patients (n=36) (Figure 3B-D). NIK expression did not significantly correlate 
with MRI edema (r=-0.012; p=0.946), MRI cartilage damage (r=-0.032; p=0.855), and MRI 
erosion scores (r=-0.026; p=0.882). 

Figure 2. Synovial tissue (ST) NIK expression in relation to different classification groups. A, NIK 
ST expression of early arthritis patients diagnosed at baseline with rheumatoid arthritis (RA; n=64), 
inflammatory osteoarthritis (OA; n=4), crystal arthropathy (CA; n=11), unclassified arthritis (UA; n=61) 
and spondyloarthritis (SpA; n=14). B, NIK ST expression after re-classifying patients based on the 2 year 
clinical diagnosis with RA (n=82), OA (n=4), CA (n=11), UA (n=31) and SpA (n=14). C, UA patients at 
baseline were categorized as ‘UA-RA’ (n=18) if they converted to RA during follow-up, or as ‘UA-UA’ (n=31) 
if their arthritis remained unclassified. RA patients at baseline were categorized as ‘RA-RA’ (n=64). The 
Kruskal-Wallis test was used and data are presented as box plots (25th to 75th percentiles), lines within the 
box mark the median value, lines outside the boxes denote the 10th and 90th percentiles. Lines connecting 
data sets indicate statistically significant differences between groups. 12 UA patients were lost to follow-up 
after 2 years. *p<0.01.
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Figure 3. Correlations between baseline synovial NIK expression and local markers for disease activity in 
early arthritis patients. In A, comparison of NIK expression and the amount of swelling of the biopsied joint 
as assessed by the doctor (score of 0 (no swelling) – 3 (severe swelling))(n=145). The MRI (n=36) was scored 
for effusion in 5 compartments, for synovitis in 4 compartments and for edema, cartilage degeneration 
and erosions in 6 compartments. A total MRI score was calculated (0-45). In B, the correlation between 
NIK expression and MRI effusion. In C, the correlation between NIK expression and MRI synovitis. In D, 
the correlation between NIK expression and total MRI score. Spearman’s rank correlation test was used to 
analyze all correlations.

Figure 3.

BA

DC

Subjects at risk of developing RA
Baseline characteristics of autoantibody-positive individuals are depicted in Table 2. 
Twenty individuals were solely IgM-RF positive, 22 were solely ACPA-positive and 12 were 
positive for both autoantibodies. Thirteen of the 54 individuals (24%) developed arthritis 
during follow-up after a median duration of 18 (IQR 6-40) months. Of the 13 patients who 
developed arthritis, 9 fulfilled the 2010 ACR/EULAR criteria for RA 25 at arthritis onset and 
3 were initially diagnosed as having UA but fulfilled the RA classification criteria later on. 
One patient fulfilled the ACR classification criteria for osteoarthritis of the hand, but not 
for RA 26. 
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The median follow-up time of the 41 (76%) individuals who did not develop an arthritis 
was 42 (IQR 18-59) months. In the individuals that developed arthritis after follow-up, 
significantly more individuals were both IgM-RF and ACPA positive.

NIK is expressed in synovial EC in certain autoantibody-positive 
individuals, but this is not predictive of the development of 
arthritis 
In autoantibody-positive individuals NIK expression was very low in general and NIK+EC 
were only present in 10 out of the 54 autoantibody-positive individuals (Figure 4 and 
Supplementary table 2). 

Synovial NIK expression in the 13 patients who developed arthritis was in the same 
range as in the autoantibody-positive individuals, who did not develop arthritis during 
follow-up (Supplementary table 2). Therefore, the presence of NIK+EC is not predictive of 
the development of arthritis in autoantibody-positive individuals.

NIK expression is not associated with markers of inflammation 
in autoantibody-positive individuals
The autoantibody-positive individuals had normal inflammatory parameters (median 
(IQR)), such as ESR (8 (2-15) and CRP (2.1 (1.0-7.5). Synovial NIK expression was not 
associated with these systemic markers of inflammation (ESR (p=0.544) and CRP (p=0.227)), 
or with the VAS pain of the biopsied joint (p=0.526). Previously, we have demonstrated that 
the ST in these autoantibody-positive individuals contains very low numbers of immune 
cells, comparable to healthy controls 27. In line with this, we did not observe a correlation 
between NIK+EC and CD68+ macrophages, CD3+ T cells, or B cells in these tissues (data 
not shown). Furthermore, the presence of NIK+EC also did not correlate with the MRI data 
(MRI effusion (p=0.881), MRI synovitis (p=0.475), MRI cartilage damage (p=0.293), MRI 
edema (p=0.415) and MRI erosion scores (p=0.804)) in autoantibody-positive individuals 
(data not shown).

Figure 4. Baseline synovial NIK expression in auto-antibody positive individuals. In A, representative 
immunohistochemical staining of a NIK positive individual and in B, of a NIK negative individual. 
Magnification 400x, scale bar 50µm. See Supplementary data table 1 for quantification of these data. 
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DiscUssion
We demonstrated that NIK is highly expressed in synovial blood vessels of patients with 
various forms of early arthritis. Additionally, we showed that synovial NIK expression is 
associated both with systemic and local markers of disease activity in early arthritis patients. 
Interestingly, NIK+EC could also be found in some individuals at risk of developing RA. 
Taken together, we demonstrate that NIK is expressed in synovial blood vessels already in 
the earliest phases of inflammatory joint disease. 

NIK was not differentially expressed between the different diagnoses at baseline. 
Nevertheless, re-classification of patients based on the 2 year clinical diagnosis showed that 
ST from UA patients contained significantly more NIK+EC at baseline compared to the 
other types of arthritis. Although this could be an intrinsic feature of UA, another perhaps 
more likely explanation for this is the fact that the mean swelling of the biopsied joint was 
also higher in this group (data not shown). Also, the variation in NIK expression was high, 
which makes it unsuitable in clinical practice as a prognostic marker for individual UA 
patients. Therefore, we do not advocate the routine use of synovial biopsy to establish the 
final diagnosis in UA patients, except in specific cases to rule out infectious causes, crystal 
induced arthritis or neoplasms, or in early drug development studies 28. 

We also observed differential NIK expression in the various joint types. Although 
this could be a specific characteristic of the individual joints, a more likely explanation 
is again the increased mean swelling and cellular inflammation scores in the joints that 
contained the highest NIK expression irrespective of the joint type (Supplementary table 1). 
Nevertheless, we cannot completely rule out that joint specific features, such as positional 
gene expression patterns, can affect synovial NIK expression or predispose joints to 
development of arthritis 29. The presence of NIK+EC may be indicative of high angiogenic 
activity in the inflamed ST, which is in line with previous work from our group and others 
demonstrating that NIK is a key regulator of pathological angiogenesis and is requisite for 
pathology in animal models of arthritis 16,30. In light of the importance of angiogenesis in 
the progression from acute to chronic inflammation and the fact that NIK also regulates 
endothelial expression of CXCL12, an important chemokine in the attraction of immune 
cells, NIK+EC may contribute to the persistence of synovial inflammation 7,31.

Of interest, we also showed that NIK+EC are present in ST in 18.5% of autoantibody-
positive individuals. However, NIK expression was very low compared to the expression in 
early arthritis patients and did not correlate with cellular or other local and systemic markers 
for (subclinical) disease activity. Also, the presence of NIK+EC at baseline did not predict 
development of arthritis in this relatively small cohort. Previously, we have demonstrated 
that features of the synovium are similar between autoantibody-positive individuals and 
healthy controls, all showing very low scores for phenotypic cellular markers, adhesion 
molecules and vascularity 27. This may explain the lack of an association between synovial 
NIK+EC and (subclinical) inflammation or development of arthritis. Nonetheless, NIK+EC 
are sometimes present already before the onset of clinical arthritis and therefore targeting 
these cells in the earliest phases of the disease may be beneficial.
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With respect to arthritis outcome (self-limiting, persistent non-erosive or erosive disease) 
we did not find a correlation with synovial NIK expression. This may seem surprising given 
the important role of NIK and the downstream NF-κB subunit RelB in osteoclast biology 
and the bone-destructive components of inflammatory arthritis 30,32. In a human study, 
genetic association analysis showed that single nucleotide polymorphisms in MAP3K14, 
the gene encoding for NIK, affect bone mineral density and bone turnover 33. However, 
we did not study the synovial tissue-bone interphase (pannus), but regular ST biopsies in 
which NIK was predominantly expressed in EC. Therefore, we cannot exclude the possibility 
that any potential expression of NIK in osteoclasts in pannus tissue may be predictive of 
development of erosive disease, but this was outside the scope of the present study.

Our study had some limitations; there was a limited number of UA patients that 
progressed to RA (n=18), and multiple subsets were used for various analysis, which was 
largely based on the availability of ST sections. Nevertheless, we provide clear evidence that 
NIK+ EC correlate positively with markers of local inflammation, such as ST B and T cells 
and MRI scores. Given the important role of angiogenesis in the perpetuation of arthritis, 
targeting this process has been proven to be beneficial in (pre-)clinical disease models 34,35. 
Importantly, targeting angiogenesis will probably not result in the severe immune 
suppression that is induced by treatment with biologics that target cytokines or specific 
immune cells, and may cause infectious complications. We have recently established that 
NIK is only involved in pathological angiogenesis in a preclinical model of arthritis and not 
in normal developmental angiogenesis 16. Therefore, selective targeting of NIK in EC may 
have several advantages over targeting other well-known pro-angiogenic pathways such 
as VEGF, which also blocks physiological angiogenesis and can have adverse effects like 
hypertension and thrombo-embolic events 36. 

Collectively, our combined data identify NIK as a potential therapeutic target in arthritis 
16. To target NIK selectively in EC a multi-modular recombinant protein that specifically 
binds to cytokine-activated endothelium under inflammatory conditions, including 
arthritis, could be employed 37. Since we demonstrate that NIK+EC can already be observed 
in the earliest phase of the disease, targeting NIK in patients with early arthritis may block 
pathological angiogenesis and prevent the switch from acute to chronic inflammation. 
This could be done via local intra-articular treatment (e.g. via gene therapy) or using small 
molecule inhibitors 38. Recently, the crystal structure of the catalytic domain NIK has been 
identified 39,40, which may facilitate the development of new potent NIK inhibitors. This 
may lead to new treatment strategies that could be beneficial in RA, and in other types of 
arthritis and other inflammatory diseases.
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SUPPLEMENTARY METHODS
Synovial tissue biopsy sampling, immunohistochemical/
immunofluorescence stainings and quantification
At baseline, all study subjects underwent arthroscopic synovial tissue (ST) biopsy sampling 
as previously described 1-3. In early arthritis patients ST biopsy sampling was performed 
in an inflamed wrist, ankle, knee or other (metacarpophalangeal or metatarsalphalangeal) 
joints. Autoantibody-positive individuals underwent ST biopsy sampling from a knee 
joint3. No major complications of the arthroscopy were reported. At least six specimens 
were collected for immunohistochemistry, as described before 4, to correct for sampling 
error. The ST biopsy samples were snap-frozen en bloc in Tissue-Tek OCT (Sakura Finetek 
Europe B.V., Alphen aan de Rijn, the Netherlands) immediately after collection. Cryostat 
sections were cut (5 μm each) and mounted on Star Frost adhesive glass slides (Knittelglass, 
Braunschweig, Germany). Sealed slides were stored at -80 oC until further use. 

ST sections were stained in two sessions for the early arthritis patients and in one 
session for the autoantibody-positive individuals. The sections were fixed with acetone, 
and endogenous peroxidase activity was blocked by immersion in 0.3% hydrogen peroxide 
and 0.1% sodium azide in phosphate-buffered saline (PBS) for 20 minutes. Slides were 
incubated overnight at 4°C with primary antibody diluted in 1% bovine serum albumin/
PBS. The primary antibody used in this study was monoclonal mouse antibody specific 
for NIK (sc-8417, Santa Cruz Biotechnology, Santa Cruz, CA). Sections were washed with 
PBS and incubated with goat anti-mouse antibodies (p0447, DAKO, Glostrup, Denmark), 
followed by incubation with biotinylated tyramide and streptavidin-HRP. Biotinylated 
tyramide was used for amplification, as previously described 5, and development with the 
AEC peroxidase substrate kit (SK-4200, Vector Laboratories, Burlingame, CA). In a subset 
of the early arthritis patients (n=52), depending on the availability of the tissue, ST sections 
were stained in one session using a monoclonal anti-von Willebrand factor (vWF; F8/86; 
DAKO) antibody for blood vessels 6. A three-step immunoperoxidase protocol was used 
to detect specific staining for vWF, as described previously 7. Slides were counterstained 
with Mayer’s hematoxylin (Merck, Darmstadt, Germany) and mounted in Kaisers glycerol 
gelatin (Merck). As a negative control, isotype-matched immunoglobulins were applied to 
the sections instead of the primary antibody. 

ST was only further used for analysis if the quality of the tissue sections were sufficient 
according to the strict quality control system based on the presence of an intimal lining 
layer. In the early arthritis cohort the expression of synovial NIK and vWF was quantified 
by digital image analysis within one week after staining, as previously described 8. For each 
slide 18 representative high power fields (2.2 mm2) were analyzed. To correct for between-
session variation, the factor correction program was used 9. In the autoantibody-positive 
individuals the expression of synovial NIK was much lower and therefore analyzed by semi-
quantitative analysis (SQA) by two independent observers (KIM and KvZ), as previously 
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described 10. Minor differences in assessment between the two observers were resolved by 
mutual agreement. The expression of synovial NIK was scored as either positive or negative. 

In a random subset of the early arthritis patients, sections were stained for CD68 to 
detect macrophages (n=51), CD3 to detect T cells (n=51), and CD22 to detect B cells 
(n=61), and analyzed by SQA, as described before 11. 

In 10 randomly selected early arthritis patients from the previously mentioned subset we 
performed double-immunofluorecence stainings on NIK and vWF using the same mouse 
monoclonal anti-NIK antibody (sc-8417, Santa Cruz Biotechnology) and a polyclonal 
rabbit anti-vWF antibody (0082, DAKO). After incubation with goat anti-mouse-HRP 
(p0447, DAKO), the slides were incubated with streptavidine-Alexa-594 (S-32356, 
Molecular Probes Europe, Leiden, the Netherlands) and Alexa-488-conjugated goat anti-
rabbit (A-11008, Molecular Probes Europe). The slides were mounted with Vectashield 
containing DAPI (Brunschwig VC-H-1500, Amsterdam, the Netherlands). As a negative 
control, sections were incubated with isotype controls. The slides were analyzed using a 
Leica DMRA fluorescence microscope (Leica, Wetzlar, Germany) coupled to a CCD camera 
and Image-Pro Plus software (Dutch Vision Components, Breda, the Netherlands).
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Supplementary table 1. Baseline characteristics of auto-antibody positive individuals. 

Joint NIK 
expression 
median (IQR)

Swelling 
biopsied joint 
median (IQR)

CD68  
lining median 
(IQR)

CD68 
sublining 
median (IQR)

CD3+ T cells 
median (IQR)

CD22+ B cells 
median (IQR)

Knee
(n=100)

154.9  
(24.6-444.9) 

2 (1-2) 464.1  
(174.5-652.2)

1595.5  
(526.7-1789.3)

392.9  
(188.9-989.8)

305.5  
(118.6-812.4)

Ankle
(n=33)

4.7  
(0.0-56.0)

1 (1-2) 56.8  
(12.2-226.7)

126.9  
(38.0-396.4)

88.5  
(33.7-273.2)

252.9  
(25.6-607.9)

Wrist
(n=19)

0.0  
(0.0-18.7)

1 (1-1) 50.0  
(13.7-132.2)

30.1  
(8.7-135.0)

41.1  
(6.7-109.4)

190.1  
(87.0-301.8)

Other
(n=2)

32.4  
(30.2-32.4)

3 (2-3) 179.0  
(108.4-179.0)

432.9  
(295.1-432.9)

165.8  
(79.0-165.8)

374.8  
(34.9-374.8)

Parameters are described as number (n (%)) or median (interquartile range) as appropiate. IgM-RF = 
immunoglobulin M rheumatoid factor; anti-CCP = anti-cyclic citrullinated peptide; ESR = erythrocyte 
sedimentation rate; CRP = C-reactive protein; VAS = visual analoque scale (range 0-100 mm. * missing for 
8 individuals * missing for 4 individuals

Supplementary table 2. Development of arthritis in autoantibody individuals in relation to baseline NIK 
expression. 

Autoantibody-positive individuals

Characteristic No arthritis developed
N= 41

Arthritis developed
N=13

Total

NIK negative individuals (n(%)) 33 (80,5) 11 (84,6) 44 (81,5)

NIK positive individuals (n(%)) 8 (19,5) 2 (15,4) 10 (18,5)

Parameters are described as number (n (%)). For the frequencies of NIK negative individuals and NIK positive 
individuals in the two outcome groups, Pearson χ2 test was used (P=0,739).
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ABstrAct
Tertiary lymphoid structures (TLS) in chronic inflammation, including rheumatoid arthritis 
(RA) synovial tissue (ST), often contain high endothelial venules and follicular dendritic 
cells (FDC). Endothelial cell (EC)-specific lymphotoxin β (LTβ) receptor signaling is critical 
for the formation of lymph node and high endothelial venules. FDC arise from perivascular 
platelet-derived growth factor receptor β+ precursor cells (preFDC) that require specific 
group 3 innate lymphoid cells (ILC3) and LTβ for their expansion. Previously, we showed 
that RA ST contains EC that express NF-κB inducing kinase (NIK), which is pivotal in 
LTβ-induced non-canonical NF-κB signaling. We studied the relation between NIK+ EC, 
(pre)FDC and ILC3 with respect to TLS in RA ST. TLS+ tissues exhibited a significantly 
increased expression of genes involved in non-canonical NF-κB signaling, including NIK, 
and immunohistochemical analysis revealed that NIK was almost exclusively expressed by 
EC. ILC3 were present in human RA ST in very low numbers, but not differentially in TLS+ 
tissues. In contrast, TLS+ tissues contained significantly more NIK+ EC and perivascular 
platelet-derived growth factor receptor β+ preFDC, which correlated significantly with 
the quantity of FDC. We established a strong link between NIK+ EC, (pre)FDC and the 
presence of TLS, indicating that NIK+ EC may not only be important orchestrators of lymph 
node development, but also contribute to the formation of TLS in chronic inflammation.

Keywords
Tertiary lymphoid structures, NF-κB inducing kinase, endothelial cells, rheumatoid 
arthritis, ILC3, FDC 
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introDUction
Tertiary lymphoid structures (TLS) can be formed in peripheral tissues in various 
pathological conditions such as chronic inflammation, tumors, and graft rejection 1. TLS 
occur perivascular and sometimes resemble lymph node germinal centers, suggesting a 
link between TLS and autoimmune responses 2-4. Previously, our group has demonstrated 
that TLS are associated with more severe synovial and systemic inflammation in RA 3, but 
does not define a specific subset of disease 5. It is still not fully understood how TLS are 
induced and what their exact function is. The extent and pattern of lymphocyte infiltration 
in the chronically inflamed synovial tissue (ST) varies widely among RA patients 6. Small 
aggregates contain few PNAd+ HEV and B cells, but lack defined T-B compartmentalization 
and networks of follicular dendritic cells (FDC). Larger aggregates contain increased 
numbers of PNAd+ HEV and B cells, clear T-B compartmentalization and FDC networks 7. 
However, unlike germinal centers in lymph nodes, TLS are in direct contact with antigens and 
cytokines in the inflamed tissue 8. Normal lymphoid organogenesis requires lymphotoxin-β 
receptor (LTβR) signaling (reviewed in 9), which induces the expression of adhesion 
molecules, and subsequent production of chemokines such as CXCL12, CXCL13, CCL21, 
and CCL19 that are important in the formation of organized lymphoid structures 10,11. LTβR 
signaling is also thought to play a role in TLS, and involves both activation of the canonical 
and the non-canonical nuclear factor (NF)-κB pathways 12. The non-canonical pathway is 
dependent on stabilization and accumulation of NF-κB-inducing kinase (NIK), subsequent 
phosphorylation of IKKα, followed by processing of p100 to p52 13. Importantly, NIK- and 
IKKα-mediated non-canonical NF-κB signaling contributes significantly to lymphoid 
organ development 14,15, but has not yet been formally investigated in the context of TLS. In 
lymphoid organ development the main cell type responsible for the production of LTβ is the 
so-called lymphoid tissue inducer (LTi) cell 16. LTi cells are group 3 innate lymphoid cells 
(ILC3) 17 that have been demonstrated to induce the expression of adhesion molecules and 
chemokines in stromal cells (reviewed in 18), which results in the attraction of lymphocytes 
and DCs during lymphoid organogenesis 19. In humans, ILC3 are characterized as lineage-
negative cells that require the transcription factor RORC, both for development and 
function 17. In line with this, LTβ-expressing ILC3 would be good candidates responsible 
for the induction of TLS in chronic inflammation. However, in mouse models LTi cells/
ILC3 are dispensable for the induction of TLS 20-22 and data in humans are lacking. Also, 
in chronic (synovial) inflammation other well-documented sources of LTβ such as B cells, 
T cells, NK cells and DCs are present 6,23.

FDC not only play a key role in organizing the architecture of lymphoid organs, but 
they are also present in TLS in chronic inflammation 24. Recently, it was demonstrated 
that FDC arise from platelet-derived growth factor receptor beta (PDGFRβ)+ perivascular 
precursor cells (preFDC) whose expansion required both ILC3 and LTβ 25. This strategic 
location of preFDC near blood vessels may explain the perivascular formation of TLS at sites 
of inflammation. Interestingly, endothelial cell (EC)-specific LTβR signaling is critical for 
lymph node and HEV formation in mice 26, designating EC as important players in organizing 
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lymphoid tissue as well. Previous work from our group has established a clear link between 
TLS and synovial tissue vascularity 5. Furthermore, we have previously established that NIK-
mediated non-canonical NF-κB signaling in human EC promotes pathological angiogenesis 
and induces the expression of CXCL12, an important chemokine for the attraction of 
immune cells 27. Based on these data, we hypothesize that NIK+ EC may play a key role in 
orchestrating TLS. Therefore, we set out to investigate the relation between the presence of 
TLS and NIK+ EC, (pre)FDC and ILC3 in the context of chronic inflammation, using RA 
as a prototype chronic inflammatory disease with localized (synovial) tissue inflammation. 

metHoDs
Arthroscopic synovial biopsy and assessment of TLS
Synovial tissue specimens were collected by arthroscopy, as previously described 28. All 
patients had active RA [DAS evaluated in 28 joints (DAS28) ≥3.2] and had not received 
previous treatment with biologics (see Table 1). The study was approved by the Medical Ethics 
Committee of the Academic Medical Center, University of Amsterdam; all patients gave 
written informed consent obtained according to the Declaration of Helsinki. Aggregates in 
the synovial tissue were counted and graded by size (score 1–3) by two blinded independent 

Table 1. Patient Characteristics.

TLS+ (n=15) TLS- (n=25)

Demographics

Sex, female* 8 (53) 16 (64)

Age, years# 49 (39-54) 55 (44-67)

Disease status

Disease duration, years# 3.5 (1-11) 3.0 (1-9)

IgM-RF positive* 11 (73) 14 (56)

ACPA positive* 7 (47) 13 (52)

IgM-RF and ACPA both positive* 7 (47) 10 (40)

ESR, mm/hr# 30 (22-55) 25 (15-39)

CRP, mg/L# 11 (6-28) 12 (3-23)

DAS28# 5.8 (4.7-6.8) 5.5 (4.7-6.3)

Drug treatments

Methotrexate use* 8 (53) 16 (64)

Corticosteroid use* 3 (20) 6 (24)

NSAID use* 10 (67) 11 (44)

*Data are expressed as number (%). #Data are expressed as median (interquartile range). Parameters are described 
as mean (SD), median (range) or number (n (%), as appropriate. ACPA, anticitrullinated protein antibodies; CRP, 
C-reactive protein; DAS28, disease activity score evaluated in 28 joints; TLS, Tertiary lymphoid structures; ESR, 
erythrocyte sedimentation rate; IgM-RF, IgM rheumatoid factor; NSAID, nonsteroidal anti-inflammatory drug.
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observers in consensus (ARN, KPMvZ), as previously described 3,7. TLS+ tissues were 
defined as the presence of grade >2 aggregates and subclassified as described previously 5. 
Briefly, subclassification was based on the presence of CD21L+ FDC, which were counted in 
two different tissue sections 50μm apart to further minimize sampling error. 

Human lymph nodes
Use of human lymph node tissue was approved by the Medical Ethics Committee of the 
Erasmus University Medical Center Rotterdam and was contingent on informed consent. 
Fetal lymph nodes were obtained from elective abortions and gestational age was determined 
by ultrasonic measurement of the skull or femur. Adult hepatic lymph nodes were obtained 
during multi organ donation procedures.

Microarray
Previously published microarray data was used to explore the gene expression levels of genes 
involved in the non-canonical NF-κB signaling cascade in TLS+ and TLS- synovial tissues of 
RA patients 29. In these studies we focused on the non-canonical pathway associated genes 
encoding NIK, p100/p52, and RelB, in relation to the canonical pathway associated genes 
encoding IKKβ, p65, p105/p50, and c-Rel. Data were either expressed as log2 mean or as 
ratio of mean non-canonical genes/canonical gene expression to determine relative non-
canonical NF-κB activity. 

Immunohistochemical staining
Frozen synovial tissue biopsies were cut in 5 μm sections and mounted on Star Frost 
adhesive glass slides (Knittelgläser, Braunschweig, Germany). Sections were fixed with 
acetone. Endogenous peroxidase activity was blocked with 0.3% H2O2 in 0.1% sodium 
azide in PBS for 20 minutes. Sections were stained with mouse monoclonal primary 
antibodies against NIK (sc-8417, Santa Cruz Biotechnology, Santa Cruz, CA), FDC-M1 
(14-9968-80, Ebioscience, San Diego, CA), rabbit polyclonal primary antibodies against 
PDGFRβ (Sc-432, Santa Cruz Biotechnology), and the secondary antibodies goat-anti-
mouse (p0447, DAKO, Glostrup, Denmark) or swine-anti-rabbit (p0399, DAKO, Glostrup, 
Denmark) and streptavidin labeled with horseradish peroxidase. Biotinylated tyramide was 
used for amplification, as previously described 30. As a negative control, isotype-matched 
immunoglobulins were applied to the sections instead of the primary antibody. Expression 
was scored semiquantitatively on a scale of 0 to 4 by 2 blinded researchers independently 
(ARN, KPMvZ). Semiquantitative scoring was employed since digital image analysis is less 
suitable for comparing tissue with TLS versus tissues without TLS, because information on 
the location of the cells in the tissue is lost. 

Immunofluorescence staining
Frozen synovial tissue biopsies or lymph node tissues were cut in 5µm sections, fixed 
with acetone and incubated with the following: goat anti-CD31 (sc-1505, Santa Cruz 
Biotechnology) and anti-CD34 (sc-7045, Santa Cruz Biotechnology); mouse monoclonal 
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anti-NIK (sc-8417, Santa Cruz Biotechnology), FDC-M1 (14-9968-80, Ebioscience, San 
Diego, CA), rabbit polyclonal primary antibodies against PDGFRβ (Sc-432, Santa Cruz 
Biotechnology), rabbit anti-CD3 (1501-1, Epitomics, Burlingame, CA), rabbit anti-CD20 
(1632-1, Epitomics), rat anti-ROR gamma (t) (14-6981, eBioscience, San Diego, CA), rat 
anti-PNAd (clone MECA-79, Biolegend, San Diego, CA), goat anti-CXCL13 (AF801, R&D 
systems). After incubation with Alexa-594-conjugated goat anti-mouse or Alexa-488-
conjugated goat anti-rabbit (a-11008, Molecular Probes Europe, Leiden, The Netherlands) 
or Alexa-488-conjugated swine anti-goat (ACI3404, Invitrogen, Breda, The Netherlands) 
or Alexa-488-conjugated rabbit anti-goat (11078, Molecular Probes Europe) or goat anti-
rat-HRP (p0450, DAKO) followed with streptavidine-Alexa-594 (S-32356, Molecular 
Probes Europe) the slides were mounted with Vectashield containing DAPI (Brunschwig 
VC-H-1500, Amsterdam, The Netherlands). As a negative control, sections were incubated 
with isotype controls or PBS. The slides were analyzed using a Leica DMRA fluorescence 
microscope (Leica, Wetzlar, Germany) coupled to a CCD camera and Image-Pro Plus 
software (Version 7, Dutch Vision Components, Breda, The Netherlands).

Statistical analysis
Statistical analysis was performed by using Prism (Version 5, GraphPad Software, La 
Jolla, CA). The Mann-Whitney test was used (for IHC FDC-M1 and NIK) or an unpaired 
Student’s t-test was used (for IHC PDGFRβ). Data are shown as mean±SEM or median±IQR. 
Differences were considered statistically significant when P<0.05. Correlations were 
determined by Spearman correlation coefficient. 

resULts
Increased non-canonical NF-κB signaling in RA synovial tissue 
containing TLS
First, we investigated whether non-canonical NF-κB signaling is differentially expressed in 
tissues containing TLS compared to tissues not containing TLS. TLS were defined as the 
presence of grade 2 or 3 aggregates, as described previously 3,7. For this, we used microarray 
data of synovial tissue biopsies from RA patients with established disease 29. Interestingly, 
gene expression of NIK, the main kinase of the non-canonical pathway, was significantly 
higher in RA ST with TLS (Fig. 1A). Furthermore, we investigated the expression of other 
non-canonical NF-κB pathway associated genes (p100/p52, RelB) compared to canonical 
NF-κB pathway associated genes (p65, IKKβ, p105/p50, c-Rel) in tissues with or without 
TLS. The calculated ratio of non-canonical NF-κB/canonical NF-κB pathway associated 
genes was significantly higher in tissues containing TLS (Fig. 1B), suggesting that non-
canonical NF-κB signaling is more prevalent in RA ST containing TLS. 

To confirm the microarray data, we performed immunohistochemistry with a specific 
NIK-antibody on RA ST without TLS (n=25) and with TLS (n=15) (Table 1). In all tissues 
NIK was highly expressed in the vasculature, both inside the TLS and in the adjacent tissue 
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(Fig. 1C), which is in line with our previous observations that NIK and activated phospho-
IKKα are mainly expressed by EC in RA synovial tissue 27. Importantly, NIK protein 
expression was also significantly higher in tissues with TLS (TLS- 0,54 ± 0,19 vs. TLS+ 1,53 
± 0,32; P=0,0027) (Fig. 1D). 

NIK is expressed in HEV in RA synovial tissue and in lymph nodes
Since NIK was highly expressed in vessels within the TLS, we performed double 
immunofluorescence (IF) stainings to investigate whether NIK+ vessels also comprised 
HEV. First, we demonstrated that NIK is expressed by CD31/CD34+ blood vessels (Fig. 2A). 
Furthermore, NIK co-localized with the HEV-marker peripheral node addressin (PNAd) 

in RA ST. Of note, all PNAd+ HEV expressed NIK, but NIK was also expressed by PNAd- 
blood vessels (Fig. 2B). Quantification of double-stained tissue sections demonstrated that 
approximately 10% (9,4 + 5.4%; n=7) of NIK+ EC in RA synovial tissue were also PNAd-
positive and thus regarded to be HEV.
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Figure 1. Expression of (non-)canonical NF-κB pathway genes and NIK protein in RA synovial tissue. 
Microarray analysis of synovial tissue from RA patients with established disease, with or without TLS. A, 
relative gene expression of NIK B, the ratio of non-canonical/canonical NF-κB associated genes. Data are 
shown as mean of canonical (IKKβ, RelA/p65, p105/50, c-rel) vs. non-canonical NF-κB (NIK, p100/p52, 
RelB) associated genes TLS+ (n=4) and TLS- (n=8) RA synovial tissues. Data are shown as mean+SEM: 
*P<0.05. C, IHC staining of NIK in TLS+ (left panel, dotted line indicates TLS) and TLS- (right panel) RA 
synovial tissues. Original magnification left panel x100, right panel x200. D, Semiquantitative scoring 
(scale 0-4) of IHC NIK in TLS+ (n=15) and TLS- (n=25) RA synovial tissues, 2 independent experiments. 
Representative pictures are shown. Data are shown as mean+SEM: **P<0.01.
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Figure 2. NIK expression by endothelial cells and high endothelial venules in RA synovial tissue and 
normal lymph nodes. Immunofluorescence staining on RA synovial tissue containing TLS. A, NIK (red) with 
blood vessel markers CD31/CD34 (green) and nuclei (blue) in RA synovial tissue. Original magnification 
x250 B, NIK (red) with PNAd/MECA-79 (green) and nuclei (blue) in RA synovial tissue containing TLS. 
Original magnification x250. C, CXCL13 (red) and CD20 (blue). Original magnification x250. D, CXCL13 
(red) with NIK (green) and nuclei (blue) in RA synovial tissue. Original magnification x250. Representative 
pictures of RA synovial tissue (n=15) are shown. E, Immunofluorescence staining of NIK (red) in mesenteric 
lymph nodes of 20 weeks gestation (left panel) and in adult hepatic lymph nodes (right panel). Original 
magnification x250. F, Immunofluorescence staining of NIK (red) with PNAd (green) and nuclei (blue) in 
adult hepatic lymph node. Original magnification x250. Representative pictures of mesenteric (n=3) and 
hepatic lymph nodes (n=3) are shown. 

The non-canonical NF-κB pathway induces production of chemokines such as CXCL13, 
CCL21, and CCL19 in normal lymphoid neogenesis 14. CXCL13 is also expressed by EC 
in salivary glands of patients with Sjögren’s syndrome 31, indicating that CXCL13 can also 
be expressed by EC under inflammatory conditions. Therefore, we investigated whether 
the non-canonical NF-κB regulated chemokine CXCL13 is also expressed in EC in RA ST 
containing TLS. CXCL13 was highly expressed in NIK+ EC in RA ST (Fig. 2C-D), supporting 
our hypothesis that NIK+ ECs may be important orchestrators of TLS, for instance via 
expression of CXCL13 or other chemokines that may attract B cells. 

LTβR signaling is crucial for lymphoid organogenesis 9 and EC have been demonstrated 
to be instrumental in this process as well 26. However, it has not been investigated before if 
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stabilized NIK is also selectively present in EC in lymph nodes. Therefore, we investigated 
NIK expression in lymph nodes using IF microscopy (Fig. 2E). Interestingly, NIK is highly 
expressed in vascular structures in human lymph nodes, both in mesenteric lymph nodes 
of 20 weeks gestation and in adult hepatic lymph nodes. In addition, double IF microscopy 
demonstrated that NIK is expressed both in all PNAd+ HEV and in PNAd- blood vessels in 
these lymph nodes (Fig. 2F).

ILC3 are present in RA synovial tissue, but in very low numbers 
In RA synovial tissue a subset of B cells and T cells, mainly located in the aggregates, 
express LTβ 6. We confirmed this and established that synovial tissues with TLS indeed 
contain significantly more LTβ expressing B and T cells in our cohorts 3,29. However, LTi 
cells (ILC3), key regulators of lymph node development (reviewed in 32), are also a potential 
source of LTβ 19 that may induce non-canonical NF-κB signaling in stromal cells, including 
EC. Therefore, we visualized ILC3 in RA ST by performing IF microscopy and quantified 
the number of ILC3 as determined by CD3-RORC+ cells. Interestingly, we could for the 
first time detect ILC3 in RA ST (Fig. 3A). However, these cells were only present in very 
small numbers and we did not observe a clear correlation with TLS, since TLS+ tissues 
contained only very low numbers of ILC3 in a few patients (3 of 15 patients; 1-2 ILC3/slide), 
whereas TLS- tissues only contained ILC3 in 1 of 25 patients, in similar sized biopsies. Also, 
these cells did not have a close spatial relationship to NIK+ HEV. In contrast, developing 
lymph nodes contained a very high number of ILC3 (Fig. 3B). The very low number of 
ILC3 in RA ST suggests that these cells are probably not the main orchestrators of TLS in 
chronic inflammation.

Figure 3. ILC3 are present in RA synovial tissue and developing lymph nodes. 
IF staining on ILC3 in A, RA synovial tissue containing TLS. CD3-RORC+ 
ILC3 are indicated by the white arrows. CD3 (red) RORC (green) and nuclei 
(blue). Original magnification x200. As a control, B, IF staining on ILC3 in 
adult popliteal lymph node. CD3-RORC+ ILC3 are indicated by the white 
arrows. CD3 (red) RORC (green) and nuclei (blue). Original magnification 
x200. Representative pictures of all analysed RA synovial tissues (n=40) and 
developing popliteal lymph nodes (n=3).are shown, 2 independent experiments. 
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PDGFRβ+ preFDC and FDC are preferentially present in TLS+ 
tissues
Recently, it was demonstrated that FDC arise from PDGFRβ+ perivascular precursor cells 
(preFDC) 25. Furthermore, FDC and their precursors produce FDC-M1 that may opsonize 
apoptotic B cells and link these cells to phagocytes 25,33. We have previously demonstrated 
that FDC are present in synovial tissues of some of the RA patients (mainly TLS+ tissues) 5. 
Therefore, we investigated the expression of the FDC marker FDC-M1 and PDGFRβ in TLS+ 
and TLS- RA ST. Interestingly, PDGFRβ expression was mainly observed in a perivascular 
pattern, suggesting that these PDGFRβ+ cells are indeed preFDC (Fig. 4A). Furthermore, 
FDC-M1 expression was mainly observed inside the TLS in RA ST containing TLS (Fig. 
4B). PDGFRβ+ cells were significantly more present in TLS+ tissues (TLS- 1,44 ± 0,24 vs. 
TLS+ 2,53 ± 0,26; P=0.005) (Fig. 4C) and FDC-M1 expression was also significantly higher 
in these tissues (TLS- 0,96 ± 0,20 vs. TLS+ 2,6 ± 0,03; P=0,0002) (Fig. 4D). Of note, TLS+ 
tissues that contained CD21L+ FDC (3 out of 15; 20% of TLS+ ST) exhibited the highest 
FDC-M1 expression (see Fig 4G; light grey circles). 

Double immunofluorescence stainings for NIK with PDGFRβ and PDGFRβ with 
FDC-M1 confirmed that PDGFRβ+ cells are localized around NIK+ EC and that some of 
these cells already start to express FDC-M1 (Figure 4E). However, the majority of FDC-M1+ 
cells has downregulated PDGFRβ (Figure 4F), which is in line with previous findings that 
describe loss of PDGFRβ expression as perivascular preFDC progress and develop into 
mature FDC 25. Finally, we examined whether NIK+ EC, perivascular PDGFRβ+ preFDC and 
FDC in RA ST showed a clear correlation. We observed a significant positive correlation 
between all markers; NIK vs. PDGFRβ (r=0,4177; P=0,0073) (Fig 4G), NIK vs. FDC-M1 
(r=0,5406; P=0,0003) (Fig. 4H), FDC-M1 vs. PDGFRβ (r=0,5989; P<0,0001) (Fig. 4I). This 
may indicate that NIK+ EC, perivascular preFDC and FDC are all important mediators in 
the orchestration of TLS in chronic inflammation.

DiscUssion
TLS occur in many types of chronic inflammation, but the exact role of these structures 
and the factors that initiate or orchestrate this process are largely unknown. Increasing 
evidence suggests that activated stromal cells are critically involved in the formation of 
TLS (reviewed in 34). Given the crucial role of non-canonical NF-κB signaling in stromal 
cells in normal lymphoid organogenesis 9,12, we hypothesized that the non-canonical NF-κB 
pathway, with its key regulator NIK, also plays an important role in the formation of TLS 
in RA ST. We investigated whether active non-canonical NF-κB signaling in EC and the 
presence of certain cell types such as LTβ-producing ILC3 and perivascular (pre)FDC that 
may orchestrate TLS are related to the presence of TLS in chronic inflammation, using 
RA as a prototype immune-mediated inflammatory disease. First, we demonstrated that 
NIK and non-canonical NF-κB-associated genes are higher expressed in RA ST with TLS, 
compared to RA ST without TLS. Next, we confirmed by IHC that NIK is highly expressed 
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Figure 4. FDC and PDGFRβ+ preFDC are present in RA synovial tissue and correlate with TLS. IHC 
staining on RA synovial tissue with and without TLS. A, PDGFRβ, and B, FDC-M1. Representative pictures of 
TLS+ (n=15; left panels) and TLS- (n=25; right panels) RA synovial tissues are shown. Original magnification 
x100. Semiquantitative scoring on a scale of 0-4 of IHC stainings of C, PDGFRβ, and D, FDC-M1. Immuno-
fluorescence staining on RA synovial tissue E, PDGFRβ (red) with NIK (green) and nuclei (blue). Original 
magnification x630. F, PDGFRβ (red) with FDC-M1 (green) and nuclei (blue). Original magnification x630. 
Correlation of semiquantitative IHC scores between G, NIK and PDGFRβ (r=0.4177; P=0.0073) H, NIK and 
FDC-M1 (r=0.5406; P=0.0003) and I, PDGFRβ and FDC-M1 (r=0.5989; P<0.0001). CD21L+ FDC containing 
TLS+ ST are depicted in light grey circles. For panels C-D data are shown as mean±SEM: **P<0.01, ***P<0.001. 
For panels G-I correlations were determined by Spearman correlation coefficient. 
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in TLS+ tissues and established that NIK is mainly expressed by EC. A subset of these NIK+ 
EC can be classified as PNAd+ HEV. Interestingly, we showed that all PNAd+ HEV express 
NIK, not only in RA ST but also in developing and adult lymph nodes, which has not 
been demonstrated before. These results are in line with a recent report demonstrating 
that EC-restricted LTβR signaling is required for normal lymph node and HEV formation 
and function 26. Importantly, our data also indicate that LTβ-induced non-canonical 
NF-κB signaling in EC may be involved in the formation of TLS. However, to date the 
most important source of LTβ in the context of TLS remained enigmatic. LTi cells (ILC3), 
that orchestrate lymphoid organ development (reviewed in 32) are able to produce high 
amounts of LTβ 19 and would therefore be good candidates for inducing TLS in chronic 
inflammatory conditions. We demonstrate for the first time that ILC3 are present in human 
RA ST. To our knowledge, this is also the first time that LTi cells or ILC3 are described in 
human chronically inflamed tissue containing TLS. However, we could only detect very 
small numbers of these cells in the inflamed synovial tissue. Since TLS formation in RA 
ST probably is a very dynamic process and may vary over time in the same patient 5, we 
investigated whether ILC3 are present both in tissues with TLS and tissues without TLS 
to exclude the possibility that the presence of ILC3 precedes TLS formation, as the exact 
kinetics of this process are still largely unknown 35. We did not observe a clear correlation of 
these cells with the presence or absence of TLS. Therefore, it seems unlikely that these cells 
play an important role in TLS formation. This finding is consistent with the observation 
that LTi cells or ILC3 are not required for the development of TLS in the inflamed colon 
and thyroid 22,36. This does not exclude the possibility that other LTβ producing ILC 
populations 17, which may also be present in the inflamed synovial tissue, contribute to TLS. 
Yet, in the inflamed synovium the abundantly present B and T cells are more likely to be the 
source of LTβ to induce TLS formation 3,6,29, whereas in lymph node development LTi cells 
are the main providers of LTβ 9. Also, in analogy to lymph nodes, dendritic cells (DC) that 
produce LTβ may induce non-canonical NF-κB signaling in HEV to control lymphocyte 
entry to the chronically inflamed tissue 37 and may thus contribute to TLS formation. 
Alternatively, non-canonical NF-κB signaling may be induced in EC via other stimuli such 
as CD40L or LIGHT (TNFSF14) expressed by T cells under inflammatory conditions 38-40. 

Although TLS formation and lymph node development share many aspects, including 
chemokine dependent and L-selectin-PNAd interaction-mediated lymphocyte homing, 
also clear differences between lymph nodes and TLS exist (reviewed in 41,42). In TLS 
formation in chronic inflammation, local proinflammatory cytokines may for instance 
enhance hyaluronan expression on EC which would make EC receptive for CD44-mediated 
rolling of leukocytes leading up to integrin-dependent transendothelial migration of these 
cells 43. Certain immune cells, including CD4+CD25+ Tregs, may be more dependent on this 
mechanism for homing, which could also account for some of the differences in the type of 
immune cells that accumulate in TLS compared to lymph nodes 41,44.

FDC are crucial for microarchitecture maintenance of germinal centers in lymph 
nodes and TLS in RA ST 7,24, and LTβR signaling is required for their differentiation 45,46. In 
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addition, FDC are located at perivascular sites, and together with the endothelium secrete 
the chemokine CXCL13 that is essential for lymph node initiation 47. Previously, expression 
of CXCL13 in RA ST containing TLS was observed in FDC 48, whereas in Sjögrens syndrome 
CXCL13 is mainly expressed by EC 31. In the present study, we show that CXCL13 is also 
expressed by EC in RA ST containing TLS. These data may indicate that, NIK+ EC not 
only express the pro-angiogenic and immune cell attracting chemokine CXCL12 27, but also 
produce the non-canonical NF-κB regulated chemokine CXCL13, which plays a crucial 
role in the entry of B cells into lymphoid structures 49 that may further amplify this process. 

Recently, it was established that FDC emerge from ubiquitous perivascular precursors 
that resemble pericytes 25. These PDGFRβ+ perivascular preFDC are strategically located 
near blood vessels, which may explain the development of organized lymphoid structures 
at sites of chronic inflammation that is also characterized by angiogenesis. In this study, 
we report that not only FDC, but also PDGFRβ+ perivascular preFDC are abundant in 
RA ST containing TLS and are localized around NIK+ EC. In addition, we found positive 
correlations between NIK+ EC and the presence of PDGFRβ+ perivascular preFDC and 
FDC-M1+ FDC. This may indicate that, similar to their role in lymph node and HEV 
formation and function 26, NIK+ EC are central players in the orchestration of TLS in chronic 
inflammation. We hypothesize that LTβ-expressing immune cells induce non-canonical 
NF-κB signaling in EC resulting in the differentiation of EC into HEV. These specialized 
EC express chemokines, such as CXCL12 and CXCL13, that recruit more immune cells 
resulting in TLS. This hypothesis also fits with a study showing that maintenance of ectopic 
tertiary stromal cell networks and conduits is mainly LTβ dependent 50. Future experimental 
studies should address the role of LTβR-induced non-canonical NF-κB signaling in EC in 
this process, for example by studying TLS formation in mice that selectively lack LTβR or 
NIK in EC 26. These experimental studies could also provide clear answers with respect 
to the timing of the sequence of events that lead to TLS formation, which could be either 
sequential or take place simultaneously in a self-perpetuating loop.

Interestingly, inhibition of LTβR signaling via administration of a LTβR-immunoglobulin 
fusion protein has been proven beneficial in a preclinical model of arthritis 51 and inhibited/
reversed development of HEV and FDC networks in a preclinical model of Sjogren’s 
syndrome, resulting in a significant reduction of TLS and improved salivary gland 
function 52. However, efficacy data of these therapies in humans are lacking. Our studies do 
not provide answers to the function of TLS in chronic inflammation. Consequently, future 
studies should also be aimed at further unravelling the role of TLS in chronic inflammation.

In conclusion, our results indicate that NIK+ EC and perivascular (pre)FDC are 
abundantly present in RA synovial tissue containing TLS and that these cell types may 
be more important orchestrators of TLS than LTi cells or ILC3. We propose that NIK+ 
EC and HEV are induced in synovial inflammation under the influence of LTβ-producing 
immune cells and may act as central players in TLS formation. Subsequently, perivascular 
PDGFRβ+ preFDC are activated and differentiate into FDC that further contribute to the 
orchestration of TLS.
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ABstrAct
Background: The Autoimmune Regulator (AIRE) is a transcription factor involved in the 
negative selection of self-reactive thymocytes in the thymus and is therefore pivotal in the 
establishment of central tolerance. NF-κB inducing kinase (NIK) mediated non-canonical 
NF-κB signaling has been implicated in this process. Recently, AIRE has also been detected 
in secondary (or peripheral) lymphoid tissues, both in dendritic cells (DC) and in distinct 
bone-marrow derived antigen-presenting cells. In these extrathymic AIRE-expressing 
cells (eTACs), AIRE regulates the expression of a group of tissue-specific antigens that is 
distinct from those expressed in the thymus, suggesting that extrathymic AIRE may play 
a complementary role in tolerance induction. However, whether eTACs are also present 
in peripheral tissues under pathological conditions to regulate endogenous tissue-specific 
antigen expression and induce tolerance remains to be determined, as well as the signal 
transduction pathways regulating this process. 

Objective: To study the importance of the non-canonical NF-κB pathway in the regulation 
of AIRE expression and to investigate if eTACs are present in human RA chronically 
inflamed synovial tissue (ST). 

Methods: In normal human thymus sections and thymus sections form wildtype (Wt) and 
Nik-/- mice AIRE gene expression was evaluated by qPCR and AIRE protein was detected by 
immunofluorescence and confocal microscopy. ST was obtained via mini-arthroscopy from 
inflamed joints of RA patients and eTACs were detected by immunofluorescence followed 
by confocal microscopy. Human monocyte-derived DC and murine bone marrow-derived 
(BM)DC from Wt or Nik-/- mice were generated and evaluated for AIRE expression after 
treatment with stimuli that induce non-canonical NF-κB signaling. 

Results: Nik-/- mice lacked AIRE expression both in thymus and in BMDC. Our results 
indicate that lymphotoxin (LT)β receptor stimulation does not induce extrathymic AIRE 
expression in human and murine DC, whereas pilot experiments suggest that CD40-
mediated non-canonical NF-κB signaling results in upregulation of AIRE. Interestingly, 
eTACs were detected in some RA patients, but only in ST containing tertiary lymphoid 
structures (TLS). The exact phenotype of eTACs in RA ST and their precise role in TLS are 
currently further investigated.

Conclusion: We confirmed the important role of non-canonical NF-κB signaling in 
thymic AIRE expression. In DC, we could not establish a role for LTβR in extrathymic 
AIRE expression, but CD40-induced non-canonical NF-κB signaling may play a role. We 
demonstrate for the first time that eTACs can be found in chronic inflammation, more 
specifically in RA ST containing TLS. The presence of eTACs in RA ST may be an attempt 
to control inflammation through the induction of peripheral tolerance to antigens involved 
in the perpetuation of the inflammatory response. 
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introDUction
The Autoimmune Regulator (AIRE) is a transcription factor involved in the negative 
selection of self-reactive thymocytes via the expression of tissue-specific antigens by 
medullary thymic epithelial cells (mTECs) 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 1). 

Recently, the human Aire gene was found to be a genetic determinant for the 
predisposition to rheumatoid arthritis (RA) 2-4. In silico analysis showed decreased 
transcription of Aire by the risk allele compared with the alternative allele. Next to central 
tolerance, self-tolerance must continue to be enforced after T cells leave the thymus. 
Clinical evidence suggests that chronic or repeated exposure to self-antigen within 
tissues leads to attenuation of pathological autoimmune responses, but the mechanism 
is not completely known 5,6. Extrathymic AIRE expression has only recently been 
described 7-9, predominantly in peripheral lymphoid tissues. Extrathymic AIRE expressing 
cells (eTACs) are involved in peripheral tolerance induction by deletion of autoreactive 
T cells 9,10. However, the reported nature of eTACs is controversial since these cells range 
from dendritic cells (DC) expressing tolerogenic molecules like IL-10 and indoleamine-
2,3-dioxygenase (IDO) 8 to stromal cells 9 and a distinct bone marrow-derived population 
of antigen presenting cells lacking classic DC markers 11. However, the data consistently 
suggest that eTACs contribute to peripheral tolerance. In these peripheral tissues, AIRE 
was found to regulate the expression of a group of tissue-specific antigens that is distinct 
from those expressed in the thymus 9. 

AIRE expressing marginal zone DC have been demonstrated to balance T cell-dependent 
antibody responses within the spleen 12 and insulin expression in AIRE+ tolerogenic DC 
may play an essential role to prevent the activation and expansion of insulin-reactive 
T cells in the periphery 10. Interestingly, eTACs have been observed in tertiary lymphoid 
structures (TLS) in the infiltrated pancreatic islets of NOD mice 9. However, whether AIRE-
dependent, endogenous tissue-specific antigen expression in peripheral tissues also occurs 
under pathological conditions in humans remains to be determined, as well as the signal 
transduction pathways regulating this process. 

Human AIRE+ DC have been demonstrated to express IDO 8 which can be induced via 
stimulation of non-canonical NF-κB signaling 13.

NF-κB can be activated via two signal transduction pathways that have distinct roles 
in the immune system 14. The canonical NF-κB pathway is activated in response to pro-
inflammatory stimuli and depends on inhibitor of κB (IκB) kinase (IKK)β activity. The non-
canonical pathway can be activated by triggering of TNF-receptor superfamily members 
such as the lymphotoxin β receptor (LTβR), receptor activator of NF-κB (RANK), and 
CD40 15), and is strictly dependent on NF-κB-inducing kinase (NIK) 16. RANK, CD40 and 
LTβR regulate the development and functions of mTECs 17. It has been demonstrated that 
non-canonical NF-κB signalling is required for AIRE expression in the thymus 18-20, but 
which receptor-ligand pair is most important is not clear yet and the contribution of this 
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pathway to extrathymic AIRE expression is unknown. We have recently demonstrated 
that NIK, the key regulator of the non-canonical NF-κB pathway, is highly expressed in 
RA synovial tissue (ST) containing TLS 21. This phenomenon is called ectopic lymphoid 
neogenesis (ELN) and can be found in approximately 30% of RA ST. ELN does not define 
a specific disease subset and also occurs in other types of chronic inflammation 22. The 
exact function of TLS is still not fully understood, but this may be an attempt to dampen 
inflammation through the induction of peripheral tolerance to certain antigens that are 
involved in the perpetuation of the chronic inflammatory response in RA ST. 

Here, we hypothesized that eTACs are present in RA ST and that non-canonical 
NF-κB signaling may contribute to AIRE expression in eTACs. Therefore, we studied the 
importance of non-canonical NF-κB signaling in the regulation of AIRE expression, both 
in the thymus and in DC, and evaluated eTAC expression in RA ST with and without TLS.

metHoDs
Patients
This study was conducted with the approval of the Medical Ethical Committee of the 
Academic Medical Center, University of Amsterdam (AMC) and all patients gave their 
written informed consent obtained according to the Declaration of Helsinki.

Synovial tissue collection
Synovial tissue specimens were collected by arthroscopy, as previously described 23. All 
patients had active RA [DAS evaluated in 28 joints (DAS28) ≥3.2] and had not received 
previous treatment with biologics. 

Mice 
Nik-/- mice (C57/Bl6 background) were kindly provided by D.V. Novack, (Washington 
University, St. Louis, MO) and housed under specific pathogen free conditions at the 
animal facility of the AMC. All experiments were approved by the animal ethics committee 
of the AMC.

Isolation and culturing of dendritic cells
Human monocyte-derived (mo)DCs were obtained as described previously 24. Briefly, 
monocytes were isolated from PBMCs using density centrifugation. Immature DCs were 
generated by culturing monocytes in 24-well culture plates at a density of 5 × 105 cells/
well in Iscove’s Modified Dulbecco’s Medium (IMDM) (Life Technologies, Paisley, U.K.) 
containing gentamycin (Duchefa, Haarlem, The Netherlands) and 1% FCS and supplemented 
with GM-CSF (R&D systems) and IL-4 (Sanquin, Amsterdam, the Netherlands) for 6 days. 
At day 3, the media, including the supplements, were refreshed. After 6 days of culture, 
DCs were stimulated for 48 hours with 100 ng/ml LT or 100 ng/ml LIGHT (both R&D 
Systems), LPS (100 ng/ml; Sigma Adrich, Zwijndrecht, the Netherlands) or anti-human 
CD40 stimulating antibodies (clone 7; kind gift of Dr. Louis Boon).

121

6

AIRE in RA synovial inflammation



Bone marrow-derived dendritic cells (BMDCs) were isolated from wildtype (Wt) and 
Nik-/- mouse femurs/tibias and grown, as described previously 25. Briefly, BMDCs were 
cultured in 100 mm Nunc culture dishes for 10 days in tissue culture medium (TCM) 
(5% fetal calf serum (FCS) (Biocell Laboratories, Rancho Dominguez, CA) RPMI 1640, 
gentamycine, β-mercaptoethanol, all from Gibco BRL, Paisley, Scotland) supplemented 
with 20 ng/mL recombinant murine (rm) granulocyte macrophage–colony-stimulating 
factor (GM-CSF) (R&D systems, Abingdon, United Kingdom). After 9 days of culture, cells 
were stimulated for 48 hours with 100 ng/ml LT or 100 ng/ml LIGHT (both R&D Systems. 
After that, cells were resuspended in RNA lysis solution (Total RNA Miniprep Kit, Sigma-
Aldrich, St Louis, MO) 

Real Time and quantitative RT-PCR
Expression of the Aire gene was measured from the cultured BMDCs Wt and Nik-/- mice by 
quantitative RT-PCR and thymus tissue of Wt and Nik-/- mice by using RT-PCR. Total RNA 
was isolated using Total RNA Miniprep Kit (Sigma-Aldrich). Therefore, cultured BMDCs 
were resuspended in lysis buffer containing 10% β-mercaptoethanol. Mouse thymus tissue 
derived from 1 month old Wt (n=3) and Nik-/- mice (n=3) was homogenized by shredding 
1 minute in 600 μL of lysis buffer containing 10% β-mercaptoethanol. After that, one 
volume of 70% ethanol was added and the homogenate was loaded onto a column for total 
RNA isolation according to the manufacturer’s protocol, followed by DNase I (Sigma-
Aldrich) treatment. RNA quality and concentration were determined using a NanoDrop 
spectrophotometer (Thermo Scientific, Waltham, MA). cDNA was synthesized from total 
RNA (500 ng) using the Cloned AMV First Strand cDNA Synthesis Kit (Thermo Scientific, 
Waltham, MA), using hexamer primers. Primer sets were designed on a conserved region 
of the gene of interest using the computer software Primer Express 3.0 with an optimal 
product size of 100-200 bp and spanning two exons to avoid genomic contamination. Primer 
specificity was tested by homology search with the mouse or human genome (BLAST) and 
primer sets were synthesized by Biolegio. Real Time and quantitative PCR was performed 
using the following primer pairs: 

Aire forward 5’-CAACTCTGGCCTCAAAGAGC-3’ 
Aire reverse 5’-TGAATTCCGTTTCCAAGAGG -3’
LTβR forward 5’-CAGGGACCAGGAAAAGGAAT-3’ 
LTβR reverse 5’-ACAGCTGGCAGATGGTCAG-3’ 
CD40 forward 5’-CACCTCGCTATGGTTCGTCT-3’ 
CD40 reverse 5’-GGCACAAAGAACAGCACTGA-3’ 

 Beta-2 microglobulin (B2M) was used as the endogenous reference gene using the following 
primers: 

B2M forward 5’-CATGGCTCGCTCGGTGACC -3’ 
B2M reverse 5’-AATGTGAGGCGGGTGGAACTG-3’
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PCR efficiency and optimal melting temperatures were determined per primer set, 
and the specificity was verified by gel electrophoresis using standard real-time PCR on 
cDNA. Quantitative PCR was performed using StepOne Plus Real-Time PCR System 
(Applied Biosystems, Foster City, CA) using Power SybrGreen PCR Master Mix (Applied 
Biosystems). All reactions were performed in duplicate on cDNA isolated from two different 
experiments or mice.

Immunofluorescence staining
Defrosted sections were fixed with 4% aldehyde fixation in PBS for 10 minutes and then 
permeablized with 0.2% triton/PBS for 10 minutes. Subsequently, slides were washed 
three times with PBS and polyclonal anti-AIRE-primary antibody (D17; SC-17986, 
Santa Cruz Biotechnology, Santa Cruz, CA) was incubated overnight in 3% (w/v) bovine 
serum albumin (BSA) in PBS at 4 °C. After that, slides were washed 3 times with PBS and 
secondary Alexa Fluor 594 Donkey anti-Goat antibody (A11058, Invitrogen) was diluted in 
3% BSA, 10 % (v/v) donkey serum in PBS. Incubation with secondary antibody was 1 hour 
at room temperature after which slides were washes 3 times with PBS. Finally, the slides 
were mounted with Vectashield containing DAPI (Brunschwig VC-H-1500, Amsterdam, 
The Netherlands). As a negative control, sections were incubated with isotype controls 
(IgG goat) or PBS. The slides were analyzed using a Leica TCS SP8 X Confocal Microscope 
(Leica, Wetzlar, Germany).

Western blot
After the indicated times of incubation and stimulation, cells were washed with PBS. 
Subsequently, cells were lysed in 2x lysisbuffer, containing 2% triton-X100 (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) in PBS and 2x Protease Inhibitor cocktail (Roche, Woerden, 
the Netherlands) for 1 hour at 4°C. This was followed by adding 2x samplebuffer, containing 
β-mercaptoethanol (1:1). The proteins were separated by SDS-PAGE on a 4-12% gel 
(Invitrogen, Breda, the Netherlands) at 200 Volt until the samplebuffer reaches the bottom 
of the gel and subsequently, proteins were transferred onto a membrane at 30 Volts for 2 
hours on ice. 

The membrane was blocked in TBS/Tween containing 2% non-fat dry milk (Bio-Rad, 
Hercules, CA) and Na3VO4 (2 mM) during 1 hour. Detection of proteins was performed by 
incubating the membranes with the primary monoclonal antibodies: AIRE (C2; sc-373703, 
Santa Cruz Biotechnology), p100/p52 (05-361, Millipore, Billerica, MA) or anti-actin (Santa 
Cruz Biotechnology) overnight at 4°C. The membranes were subsequently washed and 
developed with secondary HRP-conjugated rabbit anti-mouse antibodies (P016102, DAKO, 
Glostrup, Denmark) in TBS/Tween for 1h at room temperature. After extensive washing, 
detection of the bound antibody by enhanced chemiluminescence (ECL) detection system 
was performed using 250 μl luminal/enhancer and 250 μl stable peroxidase solution (Lumi-
Light Western Blotting Substrate, Roche, Woerden, the Netherlands).
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Statistical analysis
All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was 
carried out using Prism Software (GraphPad). For statistical comparison, mean values per 
group were compared by unpaired Mann-Whitney U test. P-values <0.05 were considered 
statistically significant (*P<0.05, **P<0.01).

resULts
NIK is involved in thymic Aire expression
First, we performed RT PCR analysis of Aire gene expression in thymus of Nik-/- mice 
compared to wildtype (Wt) mice and found that Aire gene expression was virtually absent 
in Nik-/- mice (Figure 1). These data are in line with previously published work in aly/aly 
mice containing a natural loss-of-function mutation in the Nik gene and have reduced 
Aire expression in the thymus 20,26. To confirm our gene expression data, we performed 
immunofluorescence staining of AIRE protein on thymus tissue of Wt and Nik-/- mice 
followed by confocal microscopy. This revealed that AIRE protein is expressed in Wt mice, 
mainly in the inner thymic medulla (Figure 2A), which is in line with previous reports 27,28. 
Preliminary results indicate that strong AIRE+ cells in the thymus are mainly negative for 
the DC marker BDCA1, but weak AIRE+ cells are sometimes also BDCA1+ (Supplementary 
Figure 1), however these cells were mainly found in the outer cortex. In contrast, but in 
line with our gene expression data, AIRE protein is completely absent in the thymus of 
Nik-/- mice (Figure 2B). Next, we applied this method to detect AIRE in human thymus 
sections and confirmed that this staining protocol can be used to detect AIRE in human 
tissue samples as well (Figure 2C). 

eTACs are present in RA synovial inflammation
Since eTACs have been detected in TLS in the pancreas of NOD mice 9, we examined 
whether eTACs are present in RA synovial tissue (ST) with and without TLS. We could 
detect eTACs in RA ST which has not been described before (Figure 3). AIRE protein could 
be detected in these ST samples using two different AIRE-specific antibodies, both resulting 

Figure 1.

Aire

B2M

Wt Nik-/-

Figure 1. Absent Aire expression in the thymus of Nik-/- mice. RT-PCR 
analysis demonstrated that Aire is expressed in Wt thymus, but not in 
thymus of Nik-/- mice. β2-microglobulin was used as a housekeeping 
gene. Representative picture is shown of 3 independent experiments.
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Figure 2.

AIRE DAPI MERGE

A

B

C

Figure 2. Confocal microscopy images of AIRE protein expression in thymus. Immunofluorescence 
staining of AIRE expression in A, thymus of Wt mouse B, Nik-/- mouse thymus C, human thymus. AIRE 
protein is expressed in Wt mouse and human thymus, but not in Nik-/- mouse thymus. AIRE is shown in red, 
nuclei are shown in blue (DAPI). Representative pictures are shown, n=3. Scale bars 10 μm. 

DAPI AIRE

Figure 3.

MERGE

Figure 3. Confocal microscopy images of eTACs in RA synovial tissue containing TLS. AIRE (red) is 
expressed in the nuclei (blue) in RA synovial tissue containing tertiary lymphoid structures (TLS). Arrows 
indicate AIRE expressing cells. n=2 in two independent experiments. Scale bars 10 μm.
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in the characteristic speckled staining pattern inside the nucleus, which is in line with 
previously published work. Interestingly, similar to AIRE+ cells in the thymus the chromatin 
of eTACs appears to have a more open structure as indicated by less intense DAPI staining 
in eTACs. Of note, these eTACs were only present in 2 out of the 10 RA ST samples that we 
investigated and found exclusively in tissues containing TLS. The exact phenotype of these 
cells is currently investigated in more detail.

LTβR triggering does not regulate extrathymic AIRE expression 
in DC, but CD40 stimulation results in upregulation of AIRE 
Normal lymphoid tissue development is dependent on LTβR signaling, as has been shown 
by LTβR-deficient mice. LTβR is expressed by fetal stromal cells, as well as by cells of the 
myeloid lineage and endothelial cells (reviewed in 29). Since many reports on eTACS in 
secondary lymphoid organs suggest that these cells are mainly DC 7,8,30, we investigated 
whether activation of non-canonical NF-κB signaling is able to induce AIRE expression 
in DC. First, human monocyte-derived DC were stimulated with either LT or LIGHT to 
activate LTβR signaling. Our results indicate that this does not result in an increase in 
Aire gene expression (Figure 4A). Next, bone marrow-derived (BM)DC from Wt or Nik-/- 

mice (Supplementary Figure 2) were stimulated with either LT or LIGHT to activate LTβR 
signaling. qPCR analysis of unstimulated BMDC revealed that AIRE was present in BMDC 
from Wt mice, whereas in BMDC from Nik-/- mice AIRE expression was virtually absent 
(Figure 4B). In general, AIRE expression in Wt BMDC (Ct value 32) was much lower than in 
Wt thymus (Ct value 26). LTβR stimulation with LT or LIGHT did not result in an increase 
in AIRE mRNA expression in Wt BMDC, nor in Nik-/- BMDC(Figure 4B) . 

Preliminary data indicate that CD40 stimulation does result in an increase in Aire gene 
expression in human DC (Figure 5A). Subsequently, we confirmed these findings on the 
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Figure 4. AIRE gene expression is not upregulated by LTβR-induced signaling in human and murine DC. 
Aire gene expression was measured in unstimulated and LTβR stimulated A, human DC and B, BMDC of 
Wt and Nik-/- mice using quantitative RT-PCR. β2-microglobulin was used as a housekeeping gene. Data are 
expressed relative to β2-microglobulin and represent mean+SD, n=1 (A) and n=3 (B) per group.
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Figure 5. AIRE can be induced in human DC by CD40 stimulation. A, Aire gene expression was measured in 
unstimulated, LPS- and anti-CD40 stimulated human DC using quantitative RT-PCR. β2-microglobulin was 
used as a housekeeping gene. Data are expressed relative to β2-microglobulin and represent mean+SD, n=3 
per group; ** P<0.01. B, AIRE protein expression in unstimulated, LPS- and anti-CD40 stimulated human 
DC was assessed by western blot analysis. Representative picture is shown of 3 independent experiments. C, 
Immunofluorescence staining of AIRE on cytospins of anti-CD40 stimulated human DC. AIRE is shown in 
red, nuclei are shown in blue (DAPI). Right panel is zoom image of preceding panel. Representative pictures 
are shown, n=3. 

protein level (Figure 5B and C). However, further experiments are required to establish 
whether the induction of AIRE is mediated via non-canonical NF-κB signaling. Preliminary 
results in BMDC indicate that CD40-induced AIRE expression is indeed NIK dependent 
(data not shown). Altogether, our in vitro findings indicate that NIK is involved in extrathymic 
AIRE expression, which is not regulated by LTβR, but via CD40 triggering on DCs. 

DiscUssion
In the present study we studied the contribution of non-canonical NF-κB signaling to 
thymic and extrathymic AIRE expression. In addition, we could demonstrate that eTACs 
are present in RA synovial inflammation, which is the first description of eTACs in human 
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chronically inflamed tissue. First, we confirmed that non-canonical NF-κB signaling 
is required for thymic AIRE expression, which is in line with other reports 19,20. In the 
thymus, induction of self-tolerance in developing T cells is dependent on AIRE expressing 
mTECs (reviewed in 31). AIRE promotes clonal deletion of self-reactive T cells if their TCR 
recognizes MHC-peripheral tissue antigen complexes directly on mTECs or indirectly 
on DC that have engulfed apoptotic mTECs or mTEC fragments 31. However, the exact 
underlying mechanisms of this process are largely unknown 32. Human AIRE+ DC have 
been demonstrated to express IDO 8, that can be induced via stimulation of non-canonical 
NF-κB signaling 13. IDO expression in DC can result in the induction of both T cell anergy 
and Tregs 13,33. We established that Nik-/- BMDC have reduced levels of AIRE compared 
to Wt cells under basal conditions. AIRE expression could not be induced by LTβR 
stimulation in either murine BMDC or human monocyte-derived DC. Curiously, although 
human DC expressed LTβR on their surface, LTβR stimulation did not result in p100-p52 
processing in these cells (Supplementary Figure 3). However, preliminary results indicate 
that CD40 stimulation does result in activation of non-canonical NF-κB signaling in human 
monocyte-derived DC indicated by p100-p52 processing (Supplementary Figure  3) and 
increased AIRE levels, both in murine and in human DC. Future experiments will have 
to determine whether this expression is mediated via the non-canonical NF-κB pathway. 
These findings are in line with a recent paper demonstrating that AIRE expression in B cells 
can be induced by CD40 stimulation 34.

Interestingly, we are the first to demonstrate that eTACs are present in RA synovial 
inflammation. These eTACs are present in very small numbers and exclusively found in 
tissues that contain TLS, which is in line with the description of eTACs in TLS in the pancreas 
of NOD mice 10. Preliminary results indicate that eTACs are not present in osteoarthritis 
and psoriatic arthritis ST, suggesting that the presence of eTACs may be associated with 
autoimmunity rather than inflammation in general. In RA ST eTACs may induce peripheral 
tolerance via direct presentation of tissue antigens or via cross-presentation of these 
antigens by quiescent DC 35,36 resulting in clonal deletion of T cells, T cell anergy or even the 
induction of Tregs. Additional studies should be performed to fully document the origin 
and nature of these eTACs in RA synovial inflammation, including the expression of MHC 
class II and co-stimulatory molecules. Another crucial experiment will be to determine the 
repertoire of auto-antigens expressed by these eTACs in ST. Laser capture microscopy and 
subsequent PCR analysis or deep sequencing could potentially be used to do this. 

Extrathymic AIRE expression may be an attempt to dampen inflammation through the 
induction of peripheral tolerance to certain antigens involved in the perpetuation of the 
chronic inflammatory response in RA ST, either via deletion of autoreactive T cells or via 
stimulation of Treg function. This may reveal an entirely new mechanism that is employed 
to control autoimmune reactions and may be exploited to develop new treatments for RA 
and other patients. For example via adoptive transfer of AIRE-expressing bone marrow 
cells expressing relevant autoantigens, which has been demonstrated to result in beneficial 
effects in EAE, an animal model of multiple sclerosis 37.
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SUPPLEMENTARY METHODS
Immunofluorescence staining
For double-immunofluorescence staining, sections were first incubated with FITC-
conjugated primary mAbs against anti-BDCA1 followed by incubation with rabbit 
anti-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany) and with Alexa-488-conjugated 
goat anti-rabbit (Molecular Probes Europe, Leiden, The Netherlands). After blocking with 
normal mouse serum, the sections were incubated with the mouse monoclonal antibodies 
against AIRE (D17; SC-17986, Santa Cruz Biotechnology, Santa Cruz, CA). After that, slides 
were washed 3 times with PBS and secondary Alexa Fluor 594 Donkey anti-Goat antibody 
(A11058, Invitrogen) was diluted in 3% BSA, 10 % (v/v) donkey serum in PBS. Incubation 
with secondary antibody was 1 hour at room temperature after which slides were washes 
3 times with PBS. Finally, the slides were mounted with Vectashield containing DAPI 
(Brunschwig VC-H-1500, Amsterdam, The Netherlands). As a negative control, sections 
were incubated with isotype controls (IgG goat) or PBS. The slides were analyzed using a 
Leica TCS SP8 X Confocal Microscope (Leica, Wetzlar, Germany).

Flow cytometry
After 10 days of BMDC culture, cells were resuspended in FACS buffer (0.5% BSA, 
0.5 mM EDTA, 0.05% NaN3 in PBS). For the staining, cells were washed with FACS buffer 
and incubated with anti-I-A/I-E APC/Cy7 (Biolegend, San Diego, CA) and CD11c PE 
(Biolegend) for 30 minutes. Flow cytometry was performed using a FACS CANTO (Becton 
Dickinson, Breda, The Netherlands) and analyzed with Flowjo analysis software (Tree Star, 
Ashland, OR).
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Supplementary figure 1. Confocal microscopy images of AIRE and BDCA1 protein expression in human 
thymus. Immunofluorescence staining of AIRE and BDCA1 protein expression in A, strong AIRE positive 
cells are mainly in the inner medulla, BDCA1 positive cells are absent in this region. B, In the outer region 
of the medulla BDCA1 and AIRE positive cells are present, but AIRE positive cells are BDCA1 negative. 
C,  There are many BDCA1 positive cells in the outer cortex and a spare weak AIRE positive cell that is 
BDCA1 positive is detected. AIRE is shown in red, BDCA1 in green, and nuclei are shown in blue (DAPI). 
Image of n=1. Scale bar 10 μm.

Supplementary figure 2. Nik-/- and Wt BMDC are positive for MHCII and CD11c. Bone-marrow derived 
DC express DC markers MHCII and CD11c. These BMDC were used to detect AIRE mRNA expression by 
qPCR and AIRE protein by immunofluorescence.
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Supplementary figure 3. CD40 and LTβR expression DC and downstream p100/p52 signaling on human 
DC. A, CD40 and LTβR gene expression was measured in unstimulated human DC using quantitative 
RT-PCR. β2-microglobulin was used as a housekeeping gene. Data are expressed relative to β2-microglobulin 
and represent mean, n=1 per group. B, p100/p52 protein expression in unstimulated, LPS-, LT- and 
anti-CD40 stimulated human DC was assessed by western blot analysis. Representative picture is shown of 
3 independent experiments. 
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General discussion & summary7





BAcKGroUnD
Rheumatoid arthritis (RA) is a complex, chronic, inflammatory autoimmune disease 
affecting the synovial joints. Current treatment regimens are quite effective in reducing 
synovial inflammation and preventing joint destruction 1, but a considerable percentage 
of RA patients does not respond sufficiently to these treatments. Therefore, it is necessary 
to expand the knowledge about the pathogenesis of disease and develop new treatment 
strategies. In this thesis we set out to investigate the role of non-canonical NF-κB signaling 
in RA synovial inflammation and asked the question whether NIK, the main kinase of this 
pathway, may be a new therapeutic target.

mAin FinDinGs
Our studies show that NIK and subsequent non-canonical NF-κB signaling not only plays 
an important role in RA synovial inflammation and other inflammatory joint diseases, but 
also in tumor-associated angiogenesis.  

In chapter 1, we presented the existing knowledge on several aspects of the pathogenesis 
of RA and synovial inflammation, focusing in particular on angiogenesis and ectopic 
lymphoid neogenesis (ELN). Furthermore, the two main NF-κB signal transduction 
pathways, the canonical and non-canonical NF-κB pathway, were described including their 
contribution to pro-inflammatory and regulatory processes. 

In chapter 2, we summarized the current understanding of the role of the non-
canonical NF-κB pathway in different cell types that are involved in the pathogenesis of RA, 
and elaborated on the overall contribution of non-canonical NF-κB signaling to synovial 
inflammation. Furthermore, we provided an overview of currently used drugs aimed at 
blocking the non-canonical NF-κB pathway and discussed future therapeutic compounds 
including specific pharmacological NIK inhibitors. 

In chapter 3, we provided compelling evidence that the non-canonical NF-κB pathway, 
with its key mediator NIK, in endothelial cells (EC) regulates inflammation-induced and 
tumor-associated angiogenesis. NIK does not seem to be involved in angiogenesis during 
normal development, which is important in light of potential therapeutic applications since 
anti-angiogenic therapies should ideally not interfere with physiological angiogenesis. 
Although the exact underlying mechanisms by which the non-canonical NF-κB pathway 
regulates pathological angiogenesis remain to be elucidated, angiogenesis PCR array 
analysis provided some clues. Several pro-angiogenic genes, including ANGPT2, CD55, 
CSF3, CXCL5, CXCL6, CXCL11, CXCL12, FGF13, FN1, IL-6, IL-8, KITLG, PDGFB, PDGF, 
PGF, STAB1, and TGFA, are induced upon stimulation of the non-canonical NF-κB pathway.  
However, these genes do not point towards one or more distinct well-characterized pro-
angiogenic pathways, suggesting that novel, as yet unknown mechanisms may also be 
involved. These may include matrix metalloproteinases (MMPs) and integrins 2,3 that 
are important in sprouting angiogenesis. However, the potential interactions with non-
canonical NF-κB signaling remain to be elucidated. The underlying mechanisms could be 
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investigated in more detail in vivo using the mouse matrigel plug assay 4. In this assay mice 
are subcutaneously injected with Matrigel containing growth factors like VEGF and/or other 
soluble pro-angiogenic factors that are subject to investigation (i.e. non-canonical NF-κB 
stimuli), in combination with specific inhibitors, such as pharmacological NIK inhibitors. 
An important advantage of this model is that it also allows studying CXCL12-mediated 
recruitment of EPC to the Matrigel plug (reviewed in 5), which can provide important 
additional information as EPC are critical regulators of angiogenesis-mediated tumor 
progression 6,7 and also contribute to angiogenesis in synovial inflammation 8. Performing 
these experiments in various specific knockout mice (i.e. for MMPs or integrins) may reveal 
the contribution of these factors to NIK-induced angiogenesis. 

Since angiogenesis can already be observed in RA from the earliest phase of the disease, 
in chapter 4 we investigated the expression of NIK in synovial tissue of early arthritis 
patients and in autoantibody-positive individuals at risk for developing RA. We observed 
that NIK is already expressed in EC in the earliest phase of clinically manifest disease, 
which is associated both with systemic markers of disease activity (ESR and CRP) and with 
local disease activity (swelling of the joint and MRI scores) in DMARD-naive early arthritis 
patients, independent of the diagnosis. We provided clear evidence that NIK+ EC correlate 
with objective markers of local inflammation. 

Furthermore, our data indicate that the presence of NIK+ EC may be indicative of high 
angiogenic activity in the inflamed synovial tissue and may better correlate with disease 
activity than the total number of EC. Since angiogenesis may be regarded as a switch from 
acute to chronic inflammation, we propose that targeting the non-canonical NF-κB pathway 
and blocking NIK-induced angiogenesis could be particularly beneficial early in the disease 
process to prevent development of chronic synovial inflammation and autonomous disease 
progression. In clinical practice arthritis is examined primarily by physical examination, 
but nowadays it is common practice to complement this with ultrasonography. Using 
ultrasound, arthritis activity can be measured based on the presence of synovitis, joint 
effusion and power Doppler signal. Importantly, these parameters have been demonstrated 
to correlate significantly with the extent of angiogenesis inside the inflamed joint 9,10. Future 
studies should be performed to formally investigate the correlation between ultrasound 
findings and synovial NIK expression. If ultrasonographic findings reflect the presence of 
NIK+ EC in vivo, then ultrasonography might perhaps facilitate the choice for the optimal 
treatment strategy in future daily clinical practice if therapies become available targeting 
this pathway.

Because non-canonical NF-κB signaling is essential in normal lymphoid organogenesis 
and components of this pathway are highly expressed in EC in RA synovial inflammation, we 
hypothesized that NIK+ EC may contribute to the formation of tertiary lymphoid structures 
(TLS) in RA synovial tissue. Therefore, in chapter 5 we studied the presence and relationship 
between NIK+ EC, (pre)FDCs and ILC3 with TLS in RA synovial tissue. We found that not 
only FDCs, but also PDGFRβ+ perivascular preFDCs are abundantly present in RA synovial 
tissue containing TLS. In addition, we found positive correlations between NIK+ EC and 
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the presence of PDGFRβ+ perivascular preFDCs and FDCs. This may suggest that, similar 
to their role in orchestrating lymph node and HEV formation and function 11, NIK+ EC 
also contribute to the formation of TLS in chronic inflammation. Recently, two interesting 
studies were published that are consistent with our hypothesis that NIK+ EC may be the 
orchestrators of TLS formation. In the first study it was shown that maintenance of ectopic 
tertiary stromal cell networks and conduits is mainly LTβ dependent 12. These data are in line 
with our findings that NIK is highly expressed in EC and PNAd+ HEVs inside the TLS in RA 
synovium and in human lymph nodes. Furthermore, it was demonstrated that EC-restricted 
LTβR signaling is required for normal lymph node and HEV formation and function 11. 
This further fuels our hypothesis that NIK-expressing EC are important orchestrators of 
TLS formation and may also be crucial for the development and maintenance of lymph 
nodes. Next, we demonstrated for the first time that ILC3/LTi cells are present in human 
RA synovial tissue, but only in very low numbers. ILC comprise a family of developmentally 
related cells that are involved in immunity and in tissue development and remodelling 13. A 
specific subset of these cells termed ILC3 would be good candidates as LTβ-expressing cells 
and orchestrators of TLS formation in RA synovial tissue, because these cells are known to 
be the main regulators of normal lymphoid organogenesis 14. However, we could only find 
very few ILC3 in the inflamed synovial tissue via IF microscopy. Therefore, it is unlikely 
that these cells significantly contribute to the formation of TLS, which is in accordance 
with recent findings in a preclinical model of inflammatory bowel disease 15. There is still 
a need for more extensive studies to document the presence of the various ILC subtypes in 
the inflamed joint, for example studies using flow cytometry complementing studies that 
capture the spatial relationship between ILC and other cells, including information on the 
potential relation with TLS.

RA synovial inflammation is not only characterized by pro-inflammatory pathways, but 
regulatory mechanisms that may dampen the inflammatory response are also present  16. 
Examples of this are anti-inflammatory cytokines like IL-10, regulatory T cells and the 
immunoregulatory enzyme indoleamine-2,3-dioxygenase (IDO). Previous work from 
our group has established an important role for NIK in the expression of IDO in DC 17. 
Interestingly, it has also been suggested that non-canonical NF-κB signaling is required for 
AIRE expression in the thymus 18. Recently, AIRE protein has been detected in peripheral 
lymphoid organs, both in DC that also express tolerogenic molecules like IL-10 and IDO 19 
and in distinct bone-marrow derived antigen presenting cells 20, suggesting that peripheral 
AIRE may play a complementary role in tolerance induction 21 and that non-canonical 
NF-κB signaling may be involved. Therefore, the objective of chapter 6 was to determine 
whether non-canonical NF-κB signaling contributes to peripheral AIRE expression in DC 
and whether extrathymic AIRE expressing cells (eTACs) are present in RA patients. After 
confirming that NIK, the main kinase of the non-canonical NF-κB pathway, is important 
for thymic AIRE expression, we showed that LTβR triggering does not result in AIRE 
expression in DC, whereas CD40-mediated signaling events do induce  extrathymic AIRE 
expression in DC. Of note, we observed that LTβR stimulation of DC with LT or LIGHT 
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did not result in non-canonical NF-κB activation, whereas stimulation of CD40 did result 
in p100/p52 processing. Preliminary studies indicate that CD40-induced AIRE expression 
is dependent on non-canonical NF-κB signaling. Next, we demonstrated that eTACs 
are present in RA synovial tissue, but only in very small numbers. Interestingly, these 
eTACs were exclusively found in tissues that contained TLS. Currently, synovial eTACs 
are further characterised for expression of classic DC markers. However, these cells may 
also be distinct antigen presenting cells derived from the bone marrow that are resistant to 
innate inflammatory stimuli and able to induce functional inactivation of CD4+ T cells 20. 
Additional studies should be performed to fully document the origin and nature of these 
eTACs in RA synovial inflammation, including the expression of MHC class II and co-
stimulatory molecules. Another crucial experiment will be to determine the repertoire of 
auto-antigens that is expressed by these eTACs in the synovial tissue. The most elegant way 
to do this may be via laser capture microscopy and subsequent PCR analysis, but this may 
be difficult due to practical hurdles, including insufficient RNA quality after the IF staining 
protocol to detect AIRE expressing cells. Alternatively, a reverse approach of single cell 
analysis like Multi-Spectral Image Cytometry (MuSIC) and on-chip PCR may be used to 
fully characterise eTACs in RA synovial tissue 22. Detailed knowledge on the auto-antigen 
repertoire may teach us more about the functional role of eTACs in synovial inflammation. 
Other remaining questions are how eTACs in peripheral sites like RA synovial tissue are 
induced or retained, what the exact phenotype of these cells is and what their precise role is. 

FUtUre PersPectiVes
The findings described in this thesis point towards a pivotal role of the non-canonical 
NF-κB pathway in synovial inflammation and more specifically in pathological angiogenesis 
(Figure 1). To obtain more evidence, we recommend performing arthritis and cancer 
models in EC-specific NIK knockout mice that could be generated by crossing floxed 
NIK mice with VE-Cadherin-Cre mice. Full NIK knockout mice are not lethal and given 
our results suggesting that NIK is only important in pathological angiogenesis and not 
in developmental angiogenesis, we expect that EC-specific NIK knockout mice will be 
viable. These mice could then be used to formally study the contribution of non-canonical 
NF-κB signaling in EC to inflammation and tumor progression/metastasis. In addition, 
different animal models of ELN could be performed in these mice to study the importance 
of NIK+ EC in this process 23-25. These mice would not only be useful in arthritis and cancer 
research, but also in other animal models of inflammatory diseases that involve EC such as 
atherosclerosis in which NIK may also be important since microvessels contribute to lesion 
growth and result in plaque instability leading to rupture and cardiovascular events such as 
CVA or myocardial infarction (Figure 2). 

We performed in vitro, ex vivo and in vivo experiments to investigate the role of 
non-canonical NF-κB signaling in angiogenesis. Taken together, our results demonstrate 
that NIK is a key regulator of inflammation-induced and tumor-associated angiogenesis, 
whereas angiogenesis in development does not seem to be influenced by NIK. To gain 
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Figure 1. Schematic overview of the role non-canonical NF-κB signaling in endothelial cells in synovial 
inflammation. Non-canonical NF-κB signaling in endothelial cells is involved in pathological angiogenesis 
in synovial inflammation. The importance of this pathway in EC for EPC attraction and the orchestration 
of ELN is the subject of ongoing studies. bFGF= basic fibroblast growth factor; EC = endothelial cell;  
EPC=endothelial progenitor cells; ELN-ectopic lymphoid neogenesis; LT = lymphotoxin β; Mf= macrophage.

Figure 2.

Figure 2. NIK expression in human atherosclerotic plaques. NIK is expressed in vascular structures in 
tissue sections of atherosclerotic plaque from 2 atherosclerosis patients (Maracle et al., manuscript in 
preparation). Magnification 10x.

more insight into the exact underlying molecular mechanisms via which the non-canonical 
NF-κB pathway regulates pathological angiogenesis, ChIP sequencing experiments should 
be performed in human EC stimulated with non-canonical NF-κB pathway ligands such 
as LT, LIGHT, and CD40L using p52 specific antibodies to isolate the genomic regions 
of interest. Subsequently, genes identified through ChIP sequencing need to be verified at 

141

7

General discussion & summary



the mRNA level by qPCR and at the protein level by Western blot and/or ELISA. It would 
also be interesting to investigate if hypoxia affects non-canonical NF-κB signaling in EC 
and whether VEGF stimulation and/or bevacizumab treatment of EC alters non-canonical 
NF-κB signaling.

In addition to these mechanistic studies in EC, it is useful to use in vitro systems 
mimicking the complex interactions between different cell types within the RA synovial 
tissue or tumor microenvironment. The Minitumor model is a 3 dimensional (3D) human 
spheroid-based system consisting of EC and fibroblasts in co-culture with breast cancer 
cells that has been successfully used to study tumour angiogenesis in vitro 26. In this model, 
the different cell types can be labeled with a fluorescent cell tracker dye prior to the culture 
and minitumor spheroids form endothelial capillary-like structures in a 3D collagen gel. 
The EC tubes are allowed to sprout in three dimensions and are supported by fibroblasts, 
which act as mural cells, and their growth is increased by the presence of cancer cells. 
This model allows independent manipulation of the different cell types, using common 
molecular techniques such as siRNA treatment, before incorporation into the model, and 
EC sprouts can be quantified 26. Taken together, this model would be ideal for studies of 
gene function in individual cell types and allows for the dissection of their roles in cell-cell 
interactions. Therefore, adaptation of this model to a model that can be used to study 
synovial inflammation is currently in progress in our laboratory. In this model, EC and 
RA fibroblast-like synoviocytes are co-cultured, but immune cells can be incorporated as 
well. We anticipate that this model will be very useful to identify underlying mechanisms 
or other factors that are involved in non-canonical NF-κB pathway regulated pathological 
angiogenesis in RA synovial inflammation (Figure 3). Furthermore, this model can be 
used to investigate the effects of pharmacological small molecule NIK inhibitors and other 
inhibitors of angiogenesis.

To obtain more knowledge on the role of NIK in extrathymic AIRE expression, we 
plan to examine AIRE (and IDO) expression in the arthritic joints of Nik-/- vs. Wt mice. 
The importance of the non-canonical NF-κB pathway in AIRE expression can be further 
investigated by crossing floxed Nik mice with Aire-Cre mice, which will allow studying 
whether non-canonical NF-κB signaling plays a direct role in both thymic and extrathymic 
AIRE expression. Next to detailed analysis of thymus, spleen and lymph nodes, it would 
be interesting to use these mice in an arthritis model to evaluate the effects of genetic NIK 
deletion on extrathymic AIRE expression.

To date, no specific peptide NIK inhibitors exist. However, the recent description of the 
crystal structure of NIK may facilitate the development of new potent peptide inhibitors 
that block the interaction between NIK and IKKα 27,28. Peptide inhibitors can be directed 
specifically to EC using a multimodular recombinant protein that specifically binds to 
cytokine-activated endothelium, which has been demonstrated to work very elegantly 
under inflammatory conditions in vivo 29, but remains to be tested in cancer treatment. 
A specific peptide NIK inhibitor would be a useful tool to investigate the role of the non-
canonical NF-κB pathway both in vitro and in several animal models. Alternatively, local 
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Figure 3. 3D model of sprouting angiogenesis with RA FLS and HUVEC. Spheroids containing HUVEC 
(green) and RA fibroblast-like synoviocytes (red) were incubated with LT (100ng/ml), LIGHT (100ng/mL) 
or VEGF/bFGF (10ng/ml) for 48 hours to stimulate sprout formation. Confocal microscopy was used to 
capture images at 10x magnification (Maracle et al., manuscript in preparation). 

gene therapeutic approaches could be used to inhibit NIK at the site of inflammation, 
for example using viral vectors that overexpress a kinase activity-deficient version of the 
protein. This approach has been successfully used to block NF-κB activity in arthritis and 
cancer models before 30. Of note, intra-articular gene therapy is currently being developed 
for clinical application in RA patients 31.

These studies could then open the way to the development of therapies that specifically 
target NIK to inhibit pathological angiogenesis. VEGF inhibition to block angiogenesis in 
patients is associated with side-effects, such as hypertension and thromboembolic events, 
which may limit its use in RA. Another disadvantage of current strategies aimed at inhibiting 
angiogenesis is that they affect both pathological and physiological angiogenesis. Based on 
our studies, targeting NIK and subsequent non-canonical NF-κB signaling in EC could 
overcome this problem. We anticipate that therapeutics designed to downregulate the level 
of NIK will not necessarily cause serious side effects. To increase clinical efficacy in RA, 
inhibition of NIK to target angiogenesis could also be used in addition to immunosuppressive 
treatment strategies which may result in a synergistic effect. Targeting NIK could also be 
combined with current anti-angiogenic cancer treatments such as bevacizumab to prevent 
or rescue the occurence of resistance to the anti-angiogenic treatment. Indeed, preliminary 
results indicate that liver metastases of bevacizumab treated patients with colorectal cancer 
still contain NIK+ EC (Figure 4). 
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In conclusion, the studies described in this thesis reveal a new role of the NF-κB 
pathway in inflammation-induced and tumor-associated angiogenesis. In addition, this 
pathway may contribute to the formation of TLS in chronic inflammation. However, the 
contribution of the non-canonical NF-κB pathway to regulatory processes that also occur 
in synovial inflammation should be investigated in more detail to be able to better predict 
the net effect of therapies aimed at targeting the non-canonical NF-κB pathway. Additional 
preclinical studies with specific NIK inhibitors are warranted before clinical trials can be 
initiated. Our findings provide the rationale for further research on novel strategies to 
selectively inhibit non-canonical NF-κB activation in EC, which could result in reduced 
synovial inflammation and clinical improvement in a variety of diseases associated with 
pathological neovascularization including RA, cancer and atherosclerosis.
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Figure 4. NIK colocalizes with endothelial cell marker CD31/CD34 in human colorectal cancer liver 
metastases. NIK is expressed in vascular structures in tissue sections of human colorectal cancer liver 
metastases from bevacizumab treated patients (Maracle et al., manuscript in preparation). Magnification 20x.
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AcHterGronD
Reumatoïde artritis (RA) is een chronische ontstekingsziekte, waarbij het synoviaal weefsel 
van de gewrichten aangedaan is. In de vroege stadia van deze auto-immuunziekte wordt 
het synoviaal weefsel geïnfiltreerd door immuuncellen. Dit veroorzaakt pijn, warmte, 
stijfheid, roodheid en zwelling van het gewricht. Vanaf het begin van de ziekte worden er 
ook nieuwe bloedvaten in het synoviale weefsel gevormd (angiogenese), wat bijdraagt aan 
de ontsteking. Uiteindelijk veroorzaakt de ontsteking ook aantasting van kraakbeen en 
bot. Samen met beschadiging van de gewrichtskapsels resulteert dit in verlies van functie 
in de betreffende gewrichten en uiteindelijk soms ook een afwijkende stand. 

De behandeling van RA is de afgelopen 20 jaar aanzienlijk verbeterd. Patiënten worden 
tegenwoordig niet alleen behandeld met zogenaamde “disease-modifying antirheumatic 
drugs” (DMARDs), maar ook met gerichte therapieën zoals de zogenaamde “biologicals” 
die gericht het effect van bepaalde cytokines of bepaalde immuuncel-interacties blokkeren, 
of selectief een bepaalde subset van immuuncellen uitschakelen.

Analyse van synoviaal weefsel heeft aangetoond dat er in RA veel verschillende 
signaaltransductieroutes actief zijn. Signaaltransductie is het doorgeven van signalen 
binnen een cel in reactie op een prikkel van buitenaf (stimulus), zodat er op de juiste 
plek in de cel vervolgens een reactie plaatsvindt. Uiteindelijk leidt dit tot activatie van 
transcriptiefactoren die vervolgens verplaatsen naar de celkern en daar binden aan DNA 
om bepaalde genen af te schrijven.

Een van de belangrijkste families van transcriptiefactoren is de nuclear factor-κB 
(NF-κB) familie. NF-κB kan door middel van 2 verschillende signaaltransductieroutes 
worden geactiveerd. In dit proefschrift hebben we met name de rol van de alternatieve of 
non-canonical NF-κB pathway onderzocht in een aantal processen die een belangrijke rol 
spelen in RA, zoals angiogenese, de vorming van tertiaire lymfoïde structuren (TLS) en 
immuunregulerende processen. 

Nuclear Factor-κB signaaltransductieroutes
NF-κB is voor het eerst ontdekt in 1986. Sindsdien is aangetoond dat NF-κB een belangrijke 
rol speelt in vrijwel alle celtypen. Veel ziektes, waaronder kanker en verschillende 
chronische ontstekingsziekten, worden gekarakteriseerd door een ontregeling van 
NF-κB. Zoals eerder aangegeven kan NF-κB worden geactiveerd via twee verschillende 
signaaltransductieroutes: de klassieke (of “canonical”) NF-κB pathway en de alternatieve 
(of “non-canonical”) NF-κB pathway. De canonical NF-κB pathway is essentieel in zowel 
de acute ontstekingsreactie als in chronische ontstekingen. NF-κB inducerend kinase 
(NIK) is de belangrijkste activerende component in de non-canonical NF-κB pathway. 
NIK zorgt er uiteindelijk voor dat non-canonical NF-κB subunits zoals RelB en p52 zich 
verplaatsten naar de celkern en binden aan DNA wat resulteert in de transcriptie van 
bepaalde target genen. 
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De rol van de non-canonical NF-κB signaaltransductieroute in 
reumatoïde artritis
Alle stimuli die in staat zijn om de non-canonical NF-κB pathway te activeren, zoals CD40L, 
lymfotoxine (LT)β en LIGHT, zijn in grote mate aanwezig in het ontstoken synoviale weefsel 
van patiënten met RA. Dit suggereert dat de non-canonical NF-κB pathway een belangrijke 
rol speelt in de synoviale ontstekingsreactie bij RA, hoewel direct bewijs hiervoor tot op 
heden ontbreekt en voornamelijk berust op studies in experimentele modellen van RA. 
De non-canonical NF-κB signaaltransductieroute lijkt uiteenlopende functies te hebben 
in verschillende celtypen. Daarom wordt in hoofdstuk 2 de huidige literatuur over de rol 
van de non-canonical NF-κB signaaltransductieroute in de celtypen die een belangrijke rol 
spelen in de pathogenese van RA besproken.

In hoofdstuk 3 tonen wij aan dat de non-canonical NF-κB pathway in endotheelcellen 
(EC) de vorming van nieuwe bloedvaten (angiogenese) als gevolg van (synoviale) ontsteking 
en in tumoren stimuleert. Onze resultaten laten daarnaast zien dat NIK niet betrokken is 
bij angiogenese gedurende de normale ontwikkeling. Dat is belangrijk in het licht van 
mogelijke therapeutische toepassingen, aangezien therapieën die zich richten op het 
blokkeren van angiogenese idealiter niet moeten interfereren met normale (fysiologische) 
angiogenese. Hoewel nog nader onderzocht moet worden wat de onderliggende 
mechanismen zijn waarlangs de non-canonical NF-κB pathway pathologische angiogenese 
stimuleert, lijkt het interessant om het effect van farmacologische NIK inhibitors op dit 
proces te bestuderen. 

Aangezien angiogenese al aanwezig is in de vroegste stadia van RA, hebben wij in 
hoofdstuk 4 de expressie van NIK onderzocht in synoviaal weefsel van patiënten met 
een vroeg stadium van RA en in personen die een verhoogd risico hebben om RA te 
ontwikkelen (de aanwezigheid van specifieke autoantilichamen in het bloed). We hebben 
daarbij vastgesteld dat NIK al aanwezig is in EC in het vroegste stadium van de ziekte. 
Daarnaast hebben we laten zien NIK+ EC ook aanwezig zijn in andere vormen van artritis 
zoals spondyloartritis. We hebben ook aangetoond dat de aanwezigheid van NIK+ EC 
correleert met verschillende objectieve markers voor lokale ontsteking, zoals de zwelling 
van het gewricht en de mate van ontsteking vastgesteld m.b.v. MRI, en met de aanwezigheid 
van bepaalde typen immuuncellen in het ontstoken synoviaal weefsel.

Onze data laten zien dat de aanwezigheid van NIK+ EC mogelijk indicatief is voor een 
hoge mate van angiogene activiteit in het ontstoken synoviaal weefsel en mogelijk beter 
correleert met ziekteactiviteit dan de totale hoeveelheid EC. Dit zou erop kunnen wijzen dat 
het ook in de vroegste stadia van RA of andere vormen van artritis gunstig is om de non-
canonical NF-κB pathway te remmen en daarmee angiogenese te blokkeren. Op die manier 
kan de ontwikkeling van chronische synoviale ontsteking worden beperkt of misschien 
zelfs voorkomen worden. 
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De rol van de non-canonical NF-κB signaaltransductieroute in 
de vorming van tertiaire lymfoïde structuren (TLS)
In RA synoviaal weefsel worden in circa 30 procent van de gevallen TLS gevormd. Dit proces 
wordt ook wel ectopische lymfoïde neogenese genoemd. De omvang en het patroon van 
de TLS varieert sterk tussen RA patiënten. De opbouw van TLS vertoont sterke gelijkenis 
met die van normale lymfklieren, met B en T-celclusters in aggregaten. Bij ongeveer 
20-30 % van de RA patiënten bevatten deze aggregaten van immuuncellen ook folliculaire 
dendritische cellen (FDC). Het is nog niet precies duidelijk hoe TLS worden geïnduceerd 
en wat hun exacte functie is. Er is aangetoond dat activatie van de non-canonical NF-κB 
pathway door LTβ essentieel is in de normale ontwikkeling van lymfklieren en dat 
endotheelcellen hierbij ook betrokken zijn. LTβ speelt waarschijnlijk ook een belangrijke 
rol bij de vorming van TLS in RA synovitis. De zogenaamde lymphoid tissue inducer (LTi) 
cellen of type 3 innate lymfoide cellen (ILC3), brengen LTβ tot expressie en zijn cruciaal 
voor de vorming van normale lymfklieren. Om deze redenen zijn ILC3 ook een goede 
kandidaat voor de rol als initiator van TLS in RA synoviaal weefsel. Daarom hebben wij in 
hoofdstuk 5 de aanwezigheid van NIK+ EC, (pre)FDCs en ILC3/LTi-cellen in RA synoviaal 
weefsel onderzocht en gekeken of er een verband bestaat met de vorming van TLS. We 
hebben ontdekt dat zowel FDC, als perivasculaire preFDCs (voorlopers van FDC) in hoge 
mate aanwezig zijn in RA synoviaal weefsel met TLS. Daarnaast hebben wij een positieve 
correlatie vastgesteld tussen NIK+ EC en de aanwezigheid van perivasculaire preFDCs en 
FDCs. Bovendien zijn NIK+ EC vaak aanwezig in het centrum van de TLS en zijn deze EC 
vaak ook positief voor markers van hoog endotheliale venulen (HEV). Dit suggereert dat 
NIK+ EC belangrijk zijn voor het ontstaan van TLS in weefsels met chronische ontsteking. 
Recent zijn er twee interessante studies gepubliceerd die consistent zijn met onze hypothese 
dat NIK+ EC een belangrijke rol spelen in het ontstaan van TLS. In de eerste studie is 
aangetoond dat het in stand houden van TLS vooral afhankelijk is van LTβ, een belangrijke 
activator van de non-canonical NF-κB signaaltransductieroute. In de tweede studie is 
aangetoond dat LTβR signaaltransductie, specifiek in EC, nodig is voor het ontstaan en 
functioneren van normale lymfeklieren en HEV. Dit ondersteunt onze hypothese dat NIK+ 
EC centrale spelers zijn in het ontstaan van TLS zijn en waarschijnlijk ook cruciaal zijn voor 
de ontwikkeling en het in stand houden van lymfeklieren. 

Vervolgens hebben wij voor het eerst aangetoond dat ILC3/LTi-cellen aanwezig 
zijn in humaan RA synoviaal weefsel, zij het in zeer beperkte mate. Het is daarom niet 
waarschijnlijk dat deze cellen in belangrijke mate bijdragen aan het ontstaan van TLS. Dit 
is overigens in overeenstemming met de recente bevindingen in een preklinisch model van 
chronische ontstekingsziektes in de darm. Er is dan ook behoefte aan meer onderzoek om 
de eventuele aanwezigheid en de rol van de verschillende ILC subtypes te documenteren in 
RA synoviaal weefsel. Daarnaast is het belangrijk om verder uit te zoeken wat de exacte rol 
van TLS in het ontstoken synoviaal weefsel van patiënten met RA is.
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De rol van NIK in immuunregulerende processen 
RA synoviale ontsteking wordt niet alleen gekenmerkt door de aanwezigheid van factoren die 
ontsteking bevorderen, maar ook door regulerende mechanismen die de ontstekingsreactie 
kunnen remmen. Voorbeelden hiervan zijn anti-inflammatoire cytokines zoals IL-10, 
regulatoire T cellen en het immuunregulerende enzym indoleamine-2,3-dioxygenase 
(IDO). Een eerdere publicatie van onze onderzoeksgroep heeft aangetoond dat NIK 
belangrijk is voor de expressie van IDO in dendritische cellen (DC). In de literatuur wordt 
gesuggereerd dat de non-canonical NF-κB signaaltransductieroute ook een rol speelt in 
Autoimmune regulator (AIRE) expressie in de thymus. AIRE is een transcriptiefactor 
die betrokken is bij de negatieve selectie van autoreactieve thymocyten via de expressie 
van weefselspecifieke antigenen. AIRE is dus belangrijk voor centrale tolerantie en het 
ontbreken van AIRE kan leiden tot auto-immuniteit. Onlangs zijn extrathymische AIRE+ 
cellen (eTACs) ook gedetecteerd in perifere lymfoïde organen. De exacte oorsprong en 
functie van deze eTACs is nog niet geheel duidelijk, maar dit zijn waarschijnlijk vooral 
DC en deels atypische antigeenpresenterende cellen afkomstig uit het beenmerg. Dit zou 
kunnen beteken dat perifere AIRE expressie een complementaire rol speelt bij inductie of 
het in stand houden van tolerantie en dat de non-canonical NF-κB signaaltransductieroute 
hierin mogelijk een rol speelt. Het was tot nu toe onbekend of eTACs ook aanwezig waren 
in het ontstoken synoviaal weefsel van patiënten met RA, wat hun eventuele functie is, en of 
de non-canonical NF-κB pathway hierbij betrokken is. In hoofdstuk 6 hebben we daarom 
onderzocht of de non-canonical NF-κB pathway bijdraagt   aan perifere AIRE expressie in 
DC en of eTACs aanwezig zijn in synoviaal weefsel van RA patiënten. Eerst hebben we 
bevestigd dat NIK belangrijk is voor AIRE expressie in de thymus. Daarna hebben we laten 
zien dat stimulatie van de LTβ receptor (LTβR) niet voldoende is om AIRE te induceren 
in DC, maar dat CD40-geinduceerde non-canonical NF-κB activatie mogelijk wel een rol 
speelt. Tenslotte hebben we aangetoond dat eTACs soms aanwezig zijn in het ontstoken 
synovium van patiënten met RA. Interessant genoeg werden deze eTACs uitsluitend 
gevonden in weefsels met TLS. Er moeten nog aanvullende studies worden uitgevoerd om 
de oorsprong en de aard van deze eTACs in het synovium volledig in kaart te brengen. Een 
ander cruciaal experiment is om het repertoire van auto-antigenen die door deze eTACs tot 
expressie worden gebracht in het synoviale weefsel te bepalen. Gedetailleerde kennis over 
het auto-antigeen repertoire in deze cellen kan ons waarschijnlijk meer over de functionele 
rol van eTACs in RA vertellen. 

Conclusies en toekomstperspectieven
De bevindingen die in dit proefschrift staan beschreven, wijzen op een centrale rol van 
de non-canonical NF-κB pathway in ontstekingen van het synoviaal weefsel, en meer 
specifiek in pathologische angiogenese. Om hier aanvullend bewijs voor te verkrijgen, is 
het essentieel om experimentele modellen van artritis (en kankermodellen) uit te voeren 
in muizen die NIK specifiek in EC missen. Wij verwachten dat deze muizen levensvatbaar 
zijn, omdat muizen waarbij NIK compleet ontbreekt ook levensvatbaar zijn en onze 
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resultaten aangeven dat NIK alleen belangrijk is in pathologische angiogenese en niet in 
de fysiologische angiogenese tijdens de ontwikkeling. Deze muizen kunnen vervolgens 
gebruikt worden om de bijdrage van de non-canonical NF-κB pathway in EC aan zowel 
ontstekingsreacties als tumorprogressie in meer detail te onderzoeken. Daarnaast kunnen 
verschillende proefdiermodellen van TLS uitgevoerd worden in deze muizen om zo het 
belang van de non-canonical pathway in EC in dit proces te bestuderen. Deze muizen zijn 
niet alleen nuttig voor artritis- en kankeronderzoek, maar kunnen ook gebruikt worden 
voor andere preklinische modellen van (ontstekings)ziektes waarbij EC en angiogenese een 
rol spelen, zoals bijv. atherosclerose. In atherosclerose kunnen NIK+ EC ook een belangrijke 
rol spelen, aangezien angiogenese bijdraagt aan instabiliteit van de atherosclerotische 
plaque en aanleiding kan geven tot ruptuur met mogelijk een CVA als gevolg.

In dit proefschrift hebben we in vitro, ex vivo en in vivo experimenten uitgevoerd om 
de rol van de NF-κB signaaltransductieroute in angiogenese te onderzoeken. Tezamen tonen 
onze resultaten aan dat NIK een centrale regulator is van angiogenese in pathologische 
situaties zoals tijdens ontsteking en in tumoren, terwijl fysiologische angiogenese niet 
beïnvloed lijkt te worden door NIK. Daarnaast draagt deze pathway waarschijnlijk bij aan 
het ontstaan van TLS in chronische ontsteking. Daar tegenover staat dat de non-canonical 
NF-κB pathway mogelijk ook een rol speelt in regulatoire processen in het ontstoken 
synovium, zoals expressie van IDO en AIRE. Er is dus meer onderzoek nodig om het netto 
effect van de non-canonical NF-κB pathway in het ontstoken synovium vast te stellen, 
om het effect van therapieën gericht op deze pathway beter te kunnen voorspellen. Er 
zijn dan ook additionele preklinische studies met specifieke NIK-remmers nodig voordat 
klinische trials kunnen worden opgestart. Onze bevindingen geven daarnaast een rationele 
onderbouwing voor nader onderzoek naar nieuwe strategieën om de non-canonical NF-κB 
pathway selectief in EC te remmen. Dit zou kunnen resulteren in verminderde ontsteking 
en klinische verbetering in verschillende ziektes waarbij pathologische vorming van nieuwe 
bloedvaten een rol speelt, waaronder (reumatoïde) artritis, kanker en atherosclerose. 
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ABBreViAtions
Ad adenovirus
AIA antigen-induced arthritis
AIRE  autoimmune regulator
BAFF B cell activating factor belonging to the TNF family
BCR B-cell receptor
bFGF basic fibroblast growth factor
BMDC bone marrow-derived dendritic cell
CII type II collagen
CCP cyclic citrullinated peptide or protein
CIA collagen-induced arthritis
COX cyclo-oxygenase
CXCL chemokine (C-X-C motif) ligand
DMARDs Disease Modifying Anti-Rheumatic Drugs
DC dendritic cell
EAE experimental autoimmune encephalomyelitis
EC endothelial cell
ECGF endothelial cell growth factor
ELN ectopic lymphoid neogenesis
EPC endothelial progenitor cell
eTAC extrathymic AIRE expressing cell
FDC follicular dendritic cell
FLS fibroblast-like synoviocyte
GFP green fluorescent protein
GM-CSF granulocyte-macrophage colony stimulating factor
HEV high endothelial venule 
HMVEC human microvascular endothelial cell
HUVEC human umbilical vein endothelial cell
ICAM intercellular adhesion molecule
IDO indoleamine-2,3-dioxygenase
IF immunofluorescence
IHC immunohistochemistry
IKK inhibitor of κB kinase
IL interleukin
ILC innate lymphoid cell
i.p. intraperitoneal
LIGHT  homologous to Lymphotoxins, exhibits Inducible expression, and 

competes with HSV Glycoprotein D for HVEM, a receptor expressed 
by T-lymphocytes

LT lymphotoxin
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LTβR lymphotoxin-β receptor
LTi lymphoid tissue-inducer MMP matrix metalloproteinase
moDC monocyte-derived dendritic cell
mTEC medullary thymic epithelial cell
NF-κB nuclear factor-κB
NIK NF-κB inducing kinase
PDGF platelet-derived growth factor
PDGFR platelet-derived growth factor receptor 
PNAd peripheral lymph node addressin 
RA rheumatoid arthritis
RANK receptor activator of NF-κB
RANKL receptor activator of NF-κB ligand
RF rheumatoid factor
siRNA small interfering RNA
ST synovial tissue
TCR T-cell receptor
TLS tertiary lymphoid structure
TNFα tumor necrosis factor α
TRAF TNF-receptor-associated factor
Treg regulatory T cell
VCAM vascular cell adhesion molecule
VEGF vascular endothelial growth factor
Wt wildtype
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PHD PortFoLio

Name PhD student:  Ae-Ri Noort
PhD period:  December 2008 – March 2013
Name PhD supervisor:  Dr. Sander W. Tas, Prof. dr. Paul-Peter Tak

1. PhD training (continued)
Year Workload 

(Hours)
General courses 
Practical Biostatistics
Presence & presentation training

2013
2011

31 
10

Specific courses 
- Advanced Immunology
- Laboratory animal course

2010
2010

80 
110 

Seminars, workshops and master classes
Weekly department seminars
Lectures
Masterclas by Prof. dr. Marc Feldmann
Masterclass by Prof. dr. Arjan Griffioen

2008-2012
2008-2012
2009
2010

150
100
8
8

Presentations - oral
Department meetings EXIM (bi-annual)
Department meetings KIR (triannual)
Department meetings AIM
ACR, Atlanta, GA
Department of Physiology meeting, VU Medical Center
Januarivergadering Nederlandse Vereniging voor de 
Reumatologie (voordracht Rheumatology Grant)
Annual meeting Netherlands Inflammation Network (NIN)
ACR, Washington D.C., state of Columbia

2009-2012
2009-2012
2010-2012
2010
2011
2012

2012
2012

4
6
2
1
1
1

1
1

Presentations - poster
EULAR, Rome
Dutch Society Immunology (NVVI) annual meeting
EWRR, Amsterdam
EULAR, London
Dutch Society Immunology (NVVI) annual meeting
Keystone NF-κB meeting, Whistler, British Columbia
ACR, Washington D.C., state of Columbia

2010
2010
2011
2011
2012
2012
2012

1
1
1
1
1
1
1
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1. PhD training (continued)
Year Workload 

(Hours)
(Inter)national conferences
EULAR, Rome
ACR, Atlanta, GA
Dutch Society Immunology (NVVI) annual meeting
EWRR, Amsterdam
EULAR, London
Dutch Society Immunology (NVVI) annual meeting
ACR, Washington D.C., state of Columbia
Keystone NF-κB meeting, Whistler, British Columbia

2010
2010
2010
2011
2011
2011
2012
2012

21 
21
14 
21
21
14
21
21

Other
Annual CIA PhD Retreat

Working visit to the lab of Dr. Michael J. May, School of 
Veterinary Medicine, University of Pennsylvania, Philadelphia, 
USA (4 months)

2009, 2010, 
2011
2012

14

612

2. Teaching Year Workload 
(Hours)

Supervising 
Jeanique Vossen, 5 months internship, Department of 
Clinical Immunology & Rheumatology (KIR) / Laboratory 
of Experimental Immunology (EXIM), “The role of the non-
canonical NF-κB pathway in rheumatoid arthritis”
Leoni Hoogterp, 3 months internship, KIR/EXIM, “NIK 
expression in endothelial cells in rheumatoid arthritis 
synovial tissue”

2010

2012

84

50

Other
Guest lecture at highschool “Excellius” (VWO) about working 
in Science

2012 4
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3. Parameters of Esteem
Year

Grants
Travel Grant to attend the EULAR conference in Rome 2010
Awards and Prizes
Rheumatology Grant from the Nederlandse Vereniging voor Reumatologie 
(NVR), €15.000 

2012
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