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Introduction

Rheumatoid arthritis

Rheumatoid arthritis (RA) is the most common inflammatory arthropathy with a 

prevalence of approximately 1% worldwide1. It is a chronic systemic immune-mediated 

inflammatory disease which is clinically characterized by chronic (> 6 weeks duration) 

tenderness and swelling of primarily the small joints of the hand and feet, although other 

joints in the body are usually also affected. These symptoms, together with an elevated 

acute phase response and seropositivity for rheumatoid factor and/or anti-citrullinated 

protein antibodies (ACPA) constitute major components of the revised classification 

criteria for the diagnosis RA2;3. The affected joints of RA patients are characterized 

by  synovitis, which is a chronic inflammation of the synovial membrane. The synovial 

membrane in RA patients is characterized by a hypertrophic, highly vascularized layer 

with activated macrophages, lymphocytes, plasma cells and fibroblast-like synoviocytes 

(FLS)4;5. Due to chronic inflammation of the synovial tissue, associated with prominent 

angiogenesis, destruction of the adjacent cartilage and bone may develop, shown on 

radiographic images as erosions. Since the introduction of potent disease modifying 

antirheumatic drugs (DMARDs) and novel immune modulating therapies this process 

can be delayed or stopped in many patients. However, RA is still an important cause of 

long-term morbidity and early mortality6;7.

Pathogenesis of RA

The exact aetiology of RA is unknown. It is a heterogenous disease in which, in 

addition to genetically inherited and acquired factors (e.g.,infection or trauma), also 

environmental factors play an important role3;8 The development of autoimmune 

disease requires the breakdown of immunologic self-tolerance that usually controls 

self and non-self discrimination, for example in auto-immune diabetes9. In RA, a very 

important etiological factor is the presence of circulating ACPA in the serum of patients, 

autoantibodies directed against a diverse number of citrullinated proteins. Citrullination 

is a posttranscriptional enzymatic modification of the amino acid arginine10. The first 

proteins that were discribed to be citrullinated were fibrin and fibrinogen11 but more 

recently citrullinated collagen type I and II, vimentin and histones have been identified12. 

Citrullination of peptides is a physiological process which normally does not lead to 

chronic inflammation. Citrullinated peptides can be found in any form of inflammation, 

including different forms of arthritis13.

However in the context of a specific genetical predisposition this may lead to 

autoimmunity. Some individuals bear specific alleleles of the human leukocytes antigen 

(HLA) -molecules (more specifically, DRB1 and DR4 alleles), which are able to present 

citrullinated protein fragments to T-cells more efficiently than others14. This may provoke 

an immune response and may ultimately lead to the generation of auto-antibodies 
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against this citrullinated protein. When ACPAs are detected using the cyclic citrullinated 

peptide (CCP) test, they are termed anti-CCP antibodies. Cigarette smoking is one of 

the important environmental risk factors for the development of these autoantibodies: 

carriers of HLA-DRB1 alleles have a more than 15x higher chance of generating ACPA 

when  they are smokers15. In about 75% of the established RA patients, ACPA are 

present in the serum16, have a very high specificity (92-96%) for RA17 and, interestingly, 

can be detected in the serum of RA patients years before the onset of clinical disease18. 

However, not all patients with RA develop ACPA. Taken together, major contributors to 

the onset of RA are genetic factors  in combination with other factors such as smoking 

and obesity which lead to longstanding autoantibody production against certain 

citrullinated proteins present in the synovium of patients.

Synovial inflammation

The synovial membrane, which is the principal site of pathological changes in patients 

with RA, is normally < 100 um thick and consists of 2 distinct compartments: a thin 

intimal lining layer and a thicker sublining layer. The initimal lining layer is in direct 

contact with the intraarticular cavity and plays an important role in the production of 

synovial fluid. Under normal conditions, this layer is only one to three cell layers thick 

and consists of macrophages  and fbroblast-derived synoviocytes. The synovial sublining 

consists of connective tissue, synovial blood vessels and normally contains very few 

cells. In RA however, the sublining layer is heavily infiltrated with inflammatory cells 

such as macrophages, T/B lymphocytes, plasma cells, dendritic cells, natural killer cells, 

dendritic cells, neutrophils, mast cells, and endothelal cells4. The activated immune 

cells produce high quantities of proinflammatory cytokines (eg., tumor necrosis factor 

(TNF)-alpha, interleukin (IL)-1, IL-12, IL-23), chemokines and matrix-degrading enzymes, 

such as matrix metalloproteinases (MMPs), leading to inflammation5;19. In chronic 

inflammatory conditions, the synovium becomes hypertrophic (also called pannus at the 

site of invasion) and promotes cartilage degradation and bone destruction. Enhanced 

angiogenesis, the formation of new blood vessels, is crucial in this inflammatory process, 

providing sufficient nutrients and recruiting new cells into the synovium. 

Treatment targets in RA

The treatment options for RA have changed dramatically over time. Before the 

introduction of corticosteroids in the 1950s, patients with RA were treated with gold 

salt injections, blood letting, fasting and even electric convulsion therapy20. Morbidity 

and mortality improved significantly after the introduction of DMARDs. There are 

several conventional DMARDs, of which methotrexate is most widely used. It was 

developed as a chemotherapeutical agent to treat acute leukemia; in much lower doses 

it is beneficial and cost-effective for patients with RA. Howerever, it is not effective for 

every patient, there is often not sufficient inhibition of progression of joint destruction 
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and, due to its gastro-intestinal side effects, many patients do not tolerate the drug. A 

new exciting development within rheumatology was the introduction of biologic agents 

in 1998.  These are produced using bioengineering techniques and are characterized by 

a targeted mechanism of action. Currently used biologic agents act as inhibitors of IL-6 

(tocilizumab) or TNF (infliximab, adalimumab, etanercept, golimumab, certolizumab). 

Other mechanisms of action of effective targeted therapies interfere with the T cell 

costimulatory molecules  (abatacept) or B cells (rituximab)21. In the last 10 years it has 

become clear that early initiation of treatment is crucial to prevent tissue damage and 

complications22;23. Rheumatologists now start treatment with conventional DMARDs 

at the earliest practical point to achieve a state of disease remission, and if this fails, 

biological treatment are considered according to emerging treatment algorithms24. 

Early-goal directed treatment has improved disease outcome and long-term comorbidity 

dramatically. 

IL-12 and IL-23 as therapeutic targets in RA

The IL-12 family of cytokines, including IL-12 and IL-23, are important mediators of 

immune-mediated inflammatory diseases, such as psoriasis25;26, multiple sclerosis27-29, 

Crohn’s disease30-32 and RA33-35. IL-12 and IL-23 are heterodimeric cytokines composed 

of the common 40 kDa subunit (p40) and a unique 35 kDa subunit (IL-12 p35) or 19 

kDa subunit (IL-23 p19)36;37. The transmembrane receptor complexes for IL-12 and 

IL-23 consist of a common protein, IL-12RB1, and alternate subunits, IL-12RB2 or IL-23R, 

respectively36;38. Both receptors which are expressed on acivated T cells, natural killer 

cells, dendritic cells and macrophages interact with members of the Janus kinase and 

signal transducer and activator of transcription (JAK-STAT) pathway to mediate signal 

transduction to the cell nucleus36;38;39. IL-12 primarily affects naïve T-cells and initiates 

the early phase of inflammation by provoking a pro-inflammatory Th1 response, leading 

to the secretion of IFN-y36. On the other hand, IL-23 regulates the later phase of the 

Th1 response by inducing proliferation of memory CD4+ T cells, thereby maintaining 

the inflammatory process37;40. Another role of IL-23, and not IL-12, is promoting the 

presentation of immunogenic peptides by antigen-presenting cells, implicating a causal 

relationship with autoimmune diseases41. And finally, IL-23 induces proliferation of IL-17 

producing T cells (Th17 cells)42;43. IL-17 is significantly elevated in RA synovium44, plays 

a key role in the development of the murine collagen-induced arthritis model of RA45 

and is a potent stimulator of osteoclastogenesis46. Inhibition of IL-12 and IL-23 might 

have therapeutic applications because of their role in linking the innate and adaptive 

immune responses. 

Experimental treatment targets in RA 

Because a substantial proportion of RA patients does not respond to currently available 

treatments there is a growing interest in developing alternative mechanisms of action. It 
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has become clear that persistent activation of intracellular signalling pathways regulated 

by cell-cell contacts, several growth factors, chemokines and inflammatory cytokines 

present in RA synovial tissue, maintains the inflammatory cascade. Important roles 

for mitogen-activated protein (MAP) kinase and nuclear factor kB (NF-kB) signaling 

pathways in RA are well documented, and efforts to target Janus kinase (JAK) and 

spleen tyrosine kinase (Syk) have recently been successful21;47. 

Another important signaling route is phosphatidylinositol 3-kinase (PI3K), an enzyme 

which upon activation of its downstream target protein kinase B (PKB) regulates crucial 

processes such as cell growth, differentiation, survival and proliferation48. Evidence 

for deregulated PI3K signalling in RA is the overexpression of phosphorylated PKB in 

RA synovial tissue and FLS compared to cells derived from osteoarthritis patients49. 

Enhanced phosphorylation of FoxO4, a downstream target of PKB, in synovial 

macrophages of RA patients has been observed as well50. Furthermore, the expression 

of the negative regulator of PI3K acitivity, PTEN, is depressed in RA synovial tissue, 

whereas synovium of non-arthritic individuals shows clear staining51.

Angiogenesis

Angiogenesis is a physiological process which consists of the outgrowth, sprouting 

or remodelling of blood vessels52. It is essential for the early stages of growth and 

development in embryos, but also crucial later in life for regereneration, wound healing 

and female reproductive function. However, angiogenesis is also involved in the 

pathogenesis of different conditions like malignancies, proliferative diabetic retinopathy 

and chronic inflammatory diseases. In patients with RA, as well as in other IMIDs such 

as spondyloarthritis, increased vascularity and new blood vessel formation has been 

demonstrated53-55, which further promotes synovial inflammation of the affected joints 

through the influx of nutrients and inflammatory cells56-59. Due to hyperplasia of the 

synovial tissue, local areas of hypoxia are formed, and in combination with increased 

pro-inflammatory cytokines production (eg., TNF and IL-1), these processes are a driving 

force of increased angiogenesis60. 

Tie2 receptor and angiopoietins

While members of the vascular endothelial growth factor (VEGF) family are required for 

the initial steps of vasculogenesis, angiopoietins are more important in later stages of 

vessel and lymphatic maturation, remodeling, and stabilization61;62. The receptors for 

angiopoietins are the tyrosine kinase receptors Tie1 and Tie2 (also known as Tek)63;64. 

The ligands of Tie2 receptor are the angiopoietins (Ang) 1-4, of which Ang-1 and Ang-2 

are best characterized65-67. The exact molecular mechanisms of how Tie2 signaling 

elicits dowstream effects are not known. There is evidence that upon binding of Ang1 

in endothelial cells, the Tie2 receptor dimerizes, thereby allowing activation of the 

kinase domain which leads to autophosphorylation of specific tyrosine residues68. These 
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residues serve as docking sites for tyrosine phosphatase SHP2 and the adaptor protein 

GRB2, which in turn activate several downstream signalling pathways such as PI3K/

PKB69;70, MAPK/ERK 71 and JAK/STAT72. The Tie1 receptor, most probably acts as a 

negative regulator of Tie2 by forming heterodimers with Tie273. Dislacement of Tie1 by 

Ang-1 allows Tie2 to dimerize and become activated. In endothelial cells, activation of 

Tie1 occurs via ligation of phorbol esters, VEGF and inflammatory cytokines, such as TNF, 

resulting in endoproteolytic cleavage of the ectodomain and subsequently releasing the 

ligand-binding domain of the receptor74-76. This soluble Tie1 is able to modulate Tie2 

activation. Silencing of Tie1 by RNA interference or shedding of the Tie1 extracellular 

domain, enhances Ang-1 dependent Tie2 activation77. On the other hand, Tie1 can also 

activate Tie2 receptor via trans-phosphorylation, which occurs upon VEGF-induced Tie1 

cleavage78.

The importance of Tie receptors and angiopoietins has been studied both in vitro and 

in vivo. In animal models, genetic deletion of Tie2 and Ang-1 resulted in severe defects 

of vascular remodelling and angiogenesis, leading to embryonic lethality79. In diabetic 

mice, treatment with recombinant Ang-1 protein enhances wound healing associated 

with increased angiogenesis, lymphangiogenesis and blood flow80. In vitro, Ang-1 

also has anti-permeability and anti-inflammatory functions in endothelial cells81. In an 

LPS-induced septic shock model, mice treated with an adenoviral construct encoding 

Ang-1 display an enhanced survival rate accompanied by an improvement in the 

hemodynamic function and a lower expression of inflammatory adhesion molecules82. 

Ang-2, on the other hand, has a dual role both as a pro-angiogenic agonist and as 

a natural antagonist for Ang-1 function, depending on the experimental and cellular 

context83. Evidence supporting the latter is that Ang-2 transgenic overexpression leads 

to a similar developmental phenotype to that observed in Ang-1 or Tie2 deficient mice67. 

Moreover, in certain conditions, especially when VEGF-A levels are reduced, Ang-2 is 

associated with vascular regression instead of vascular remodelling84. Although Ang-2 

binds Tie2, it usually does not lead to autophosphorylation of Tie2 in endothelial cells, 

unless it is used at high concentrations or with prolonged exposure time85;86. The 

proangiogenic role of Ang-2 has been elucidated in mice overexpressing Ang-2 in colon 

cancer cells, ultimately leading to enhanced angiogenesis and tumor growth compared 

to controls87. Similarly, therapeutic inhibition of Ang-2 suppresses angiogenesis and 

growth of tumors88. 

Tie2 signaling in inflammatory arthritis

Ang-1, Ang-2 and Tie2 are detected in the synovial tissue of patients with RA and 

psoriatic arthritis (PsA)89;90 and are closely associated with disease activity and joint 

destruction91;92. Supporting this clinical association, treatment of endothelial cells with 

Ang-1 or Ang-2 stimulates MMP-9 production92. Under normal conditions, Ang-1 is 

produced by many different, mainly non-endothelial cells67 while the primary source of 
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Ang-2 is endothelial cells. Tie2 and Ang-1 expression are increased in human RA synovium 

and TNF upregulates Tie2 in endothelial cells and Ang-1 in synoviocytes93-95. In chronic 

inflamed synovial tissue, Ang-2 is predominantly and highly expressed in rheumatoid FLS 

(70 to 120 fold increase compared to normal FLS)96. Moreover, successful treatment 

of inflammatory arthritis is associated with decreases in systemic and local expression 

of not only, VEGF, but also Ang-1, Ang-2, adhesion molecules and endothelial markers, 

suggesting that targeting angiogenic processes has therapeutical potential in the 

treatment of established arthritis97-99. In line with this, induction of apoptosis in newly 

formed blood vessels suppresses synovial inflammation in the murine collagen-induced 

arthritis (CIA) model100. Of importance, blockade of Tie2 signaling is sufficient in vivo to 

prevent angiogenesis and joint destruction in this model93;101. Interestingly, conditional 

overexpression of Tie2 in mice in a tetracycline-controlled manner results in a reversible 

psoriasis-like phenotype102. Whether Ang-1 and Ang-2 make independent contributions 

to the pathology of RA and have potential therapeutical effects is as yet unclear. 

As Tie2 expression was thought to be primarily restricted to endothelial cells and 

hematopoietic stem cells, the observation of a specific subset of Tie2-expressing 

monocytes (TEMs) in human peripheral blood and bone marrow, was an important 

finding103. Whereas only 1-2% of leukocytes express Tie2, a substantial fraction of 

circulating monocytes express Tie2 (app. 20%). TEMs infiltrate and appear to play a 

critical role in the establishment and growth of solid murine and human tumors104;105. 

Moreover, the selective elimination of TEMs impairs angiogenesis in mouse tumors and 

induced substatial tumor regression106. Although a role for TEMs in immune-mediated 

inflammatory diseases has not been examined, Tie2 expression by synovial macrophages 

in RA has been previously observed95.

Macrophages

Macrophages are myeloid cells, originating from the bone marrow, which differentiate 

from circulating monocytes. Macrophages are present in almost all tissues, for instance 

in the bone as osteoclasts, in the alveoli of the lungs, in the central nervous system 

(as microglial cells), in connective tissue (as histiocytes), and in the liver (as Kupffer 

cells) 107. Under physiological conditions, macrophages play an important role in 

tissue homeostasis, phagocytosing apoptic cells to prevent tissue damage.  They also 

phagocytose pathogens, and can intiate the activation of the adaptive immune system in 

their role as antigen-presenting cells, stimulating lymphocytes to respond to pathogens. 

Macrophages sense danger via specific receptors, the so called ‘pattern recognition 

receptors’ (PRR)108. When these receptors encounter bacterial lipopolysaccarides (LPS) 

or other pathogen-associated molecular patterns (PAMPs), an intracellulair signaling 

cascade is initiated which leads to activation of macrophages. 
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Macrophage polarization

Macrophages are a very heterogenous popluation and are able to change their physiology 

in response to their evironment, thereby displaying an enormous plasticity. As proposed 

by Mosser and Edwards109, macrophages can be classified based upon their three 

main functions: host defense, wound healing and immune regulation.  The classically 

activated macrophages involved in host defense (also known as m1 macrophages) arise 

in vitro in response to pro-inflammatory cytokines, such as interferon-y (IFNy), while the 

latter two (also known as m2 macrophages) arise in response to the anti-inflammatory 

or immune regulatory cytokines IL-4 and IL-10, generating wound healing and regulatory 

macrophages, respectively107;110;111. Granulocyte macrophage stimulating factor 

(GM-CSF) gives rise to macrophage polulations that tend to produce higher levels of 

pro-inflammatory cytokines (f.e. TNF-a, IL-23) and lower levels of immune regulatory 

cytokines (e.g., IL-10) than macrophage colonony stimulating factor (M-CSF)112;113. 

GM-CSF-differentiated macrophages, known as classically activated macrophages, 

share many properties with m1 macrophages, while alternatively activated macrophages 

differentiated in M-CSF express a more anti-inflammatory cytokine repertoire shared by 

m2 macrophages114.

The role of macrophages in rheumatoid arthritis

Macrophages play a crucial role in the pathogenesis of rheumatoid arthritis. They 

contribute considerably to inflammation and joint destruction in early and later stages of 

the disease. As prominent producers of several pro-inflammatory cytokines, chemokines, 

growth factors, bone degrading proteins, and pro-angiogenic mediators, macrophages 

make up around 30-40% of the cellular content in the inflamed synovium4;115. They 

function as local and systemic amplifiers of disease severity by cell recruitment into the 

synovial tissue and activate lymphocytes and FLS by creating an inflammatory cytokine 

milieu or by cell-cell contact. Importantly, the degree of macrophage synovial infiltration 

correlates with joint pain and the general inflammation status of the patient4, as well 

as with the radiological progression of joint damage116. The decrease in numbers of 

synovial macrophages, especially among the CD68-positive sublining macrophages, is 

a biomarker of response in clinical trials of patients with RA117, independently of the 

treatment type118;119. 

T-lymphocytes in immune-mediate inflammatory diseases

One consequence of macrophage activation in RA synovial tissue is the recruitment of 

T lymphocytes and their subsequent activation. Several chronic inflammatory diseases, 

including RA and multiple sclerosis (MS) are classically considered as T cell mediated 

autoimmune diseases because of their genetic association with the expression of specific 

major histocompability complex (MHC) class II molecules120. Shared epitopes present 

on HLA-DR1 and HLA-DR4 alleles of RA patients are thought to present arthritogenic 
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peptides to lymphocytes which contribute to pathogenesis121 and disease severity122. 

Another mechanism of action for the development of autoimmunity is the presence of 

autoreactive T cells which recognize auto-antigens as foreign substances. In the thymus, 

thymocytes that are capable of strongly binding with “self” peptides presented by 

MHC, will be deleted (‘negative selection’), allowing for tolerance of self by the immune 

system. However, when some of these T cells escape this process autoreactive T helper 

(Th) 1 cells will arise which will be able to stimulate B cells, leading to auto-antibody 

production. As already mentioned earlier, another T cell subset known to play an 

important role in RA are the pro-inflammatory IL-17 producing Th17 cells, which potently 

activate many cell populations in the synovial tissue. A final T-cell subpopulation with 

unique properties and capable of downregulating or suppressing functions of other 

cells, are regulatory T cells123. Regulatory T cells, characterized as CD4+CD25+FoxP3+ 

cells, are actively able to regulate the responsiveness of autoreactive T cells that escape 

negative selection in vivo and prevent the development of experimentally induced 

autoimmune diseases124-126.

In the synovium, T cells can activate neighbouring macrophages via cell-cell contact, 

which in turn are responsible for TNF, IL-1b and MMP production127-129. Interaction of 

T cells with FLS induces IL-6, IL-8 and MMP-1 production130;131. However, no significant 

synovial tissue T cell cytokine production has been observed in situ132;133  or in freshly 

isolated synovial fluid T cells from RA patients134. The lack of T cell cytokine production 

or proliferation in synovial T cells has led to the idea that TCR signaling is repressed 

and that synovial T cells contribute to pathology by TCR-independent mechanisms120. 

Although synovial T cells express markers of recent activation such as CD69 and HLA-DR 

and are charaterised as highly differentiated CD45RO+ T cells135;136, there is also 

evidence that a chronic inflammatory milieu alters the function of activated T cells. 

Chronic TNF exposure resulted in suboptimal expression of the IL-2R alpha chain137 

and downregulation of TCRzeta chain expression138 which causes an impaired TCR/

CD3 assembly and potential hyporesponsiveness of the T-cell139. T-cells require 

two stimulatory signals to get fully activated: first, the antigen-specific TCR-MHC 

engagement and second, a costimulatory signal by the interaction of CD28 on T cells to 

either CD80 or CD86 on antigen-presenting cells. Ligation of Cytotoxic T-lymphocyte-

associated antigen-4 (CTLA4), the high-avidity receptor for both CD80 and CD86140;141, 

prevents the delivery of the second costimulatory signal that is required for optimal T cell 

activation. Abatacept, CTLA4Ig treatment has been developed as a novel therapeutic 

approach and significantly improves signs and symptoms in RA patients142. 

The role of T cell in animal models of arthritis and multiple sclerosis

The CIA model is a commonly used animal model beacuse it shares immunological 

and pathological similarities to human RA143-145. Arthritis is induced in a mouse or 
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rat by immunization with type II collagen in adjuvant. Susceptibility to CIA is strongly 

associated with MHC class II genes, which suggests the involvement of CD4+ T cells 

in the pathogenesis, similar to human RA. The development of arthritis is caused by a 

robust T- and B-cell response to type II collagen leading to synovial hyperplasia, cellular 

infiltration and ultimately to articular cartilage degradation and bone destruction. 

Another imortant feature that CIA and RA have in common is the expression of TNF 

and IL-1b in the inflamed joints and the finding that blockade of these cytokines reduces 

clinical and histological severity of the disease146. 

Experimental autoimmune encephaolmyelitis (EAE) is an inflammatory autoimmune 

demyelinating disease of the central nervous system (CNS); the animals develop a disease 

process that closely resembles human multiple sclerosis (MS). The mice are injected 

with the whole or parts of proteins that make up myelin, which is the insulating sheath 

that surrounds nerve cells (neurons). One of these peptides is myelin oligodendrocyte 

glycoprotein (MOG) which is injected in a 2D2 (MOG-specific) transgenic mouse 

model147 whereby MOG-specific auto-reactive T cells can be tracked because of their 

expression of a specific T-cell receptor. While in CIA B-cells play an important role in 

the pathogensis through the induction of anti-collagen antibodies148, EAE is mediated 

by pathogenic autoreactive T cells without a major contribution of autoantibodies, 

supported by the role of pathogenic T cells in transfer experiments149. Similar to EAE, 

in CIA effector CD4+ T cells produce pro-inflammatory cytokines148. The role of Th17 

cells in both models is crucial as both CIA and EAE disease development was markedly 

suppressed in IL-17-/- mice45;150. The role of Tregs in EAE has been controversial: a few 

studies describe the potential of Treg therapy in reducing disease severity151 although 

others describe that myelin-specific Tregs accumulate in the CNS but fail to control 

auto-immune inflammation152. In CIA, adoptive transfer of regulatory T cells slowed 

disease progression and interestingly Tregs could be found in the inflamed synovium 

soon after transfer, indicating local disease regulation153. To conclude, there are some 

similarities in the pathobiology of both disease models, but the main difference is that 

EAE is mainly a T-cell-driven disease while in CIA both B- and T-cells play important roles 

in the pathobiology.  

Regulation of T cell activation by the small Ras GTPases

Small GTPases are intracellular molecular switches, turned on when bound to guanosine-

triphosphate (GTP), and turned off when bound to guanosine-di-phosphate (GDP). In 

response to extracellular stimuli, guanine nucleotide exchange factors (GEFs) remove 

GDP, allowing GTP to bind to the GTPase. GTPase activating proteins (GAPs) catalyze 

conversion of GTP back into GDP, abrogating GTPase signalling154. The Ras superfamily 

of small GTPases consists of a group of more than 150 structurally related proteins 

which regulate multiple downstream signaling pathways thereby regulating cellular 

proliferation, survival, cytokine expression, trafficking and retention155. This large 
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superfamily can be further divided into at least six families: Ras, Rho, Ran, Rab, Rheb, 

and ARF, of which Ras is the prototypical member156. In RA synovial tissue, abundant 

expression of Ras proteins can be found, predominantly in intimal  lining layer cells at 

the site of bone erosions157. The best-characterized signaling pathways activated by Ras 

family GTPases are the Raf/Mek/Erk pathway, the PI3K pathway, NF-kB and the RalGDS 

signaling pathway. Of these Ras-effector pathways, MAP kinases and PI3-kinases are 

prominently activated in RA synovial tissue compared to disease controls49;158;158. 

Overexpression of an adenoviral dominant-negative Ras mutant in FLS reduced 

proliferation, ERK activation and IL-1 induced IL-6 production159. Moreover, inhibition 

of Ras family function in vivo has been shown to be protective in experimental arthritis 

models159;160.

Rap1 proteins

The related protein Rap1 (Ras-proximate-1), which shares approximately 50% sequence 

homology to Ras, regulates multiple cellular functions via several coordinated signaling 

pathways. Upon activation in vitro Rap1 mediates integrin activation, integrin- dependent 

chemotaxis, cadherin-mediated adhesion, and cell-cell junction formation161-163. Rap1 

was identified as antagonist of Ras-mediated signaling164, because constitutively active 

Rap1 resulted in downregulation of ERK activation via binding to and inhibition of Raf1 
165;167. More data supporting an immunosuppressive role for Rap1 comes from the 

notion that Rap1 suppresses Ras-dependent reactive oxygen species (ROS) production. 

ROS are proposed to act as second messengers in T cell activation168 and it has been 

proposed that chronic oxidative stress leads to an enhanced inflammatory response in 

T lymphocytes169.  Rap1 is also involved in regulating T cell responses to costimulatory 

signals. Rap1 is transiently activated upon TCR triggering and further enhanced by CTLA-4 

engagement, whereas CD28 ligation blocks Rap1 activation170-172. Furthermore, CTLA4 

ligation activates Rap1 to antagonize ERK-dependent T-cell function171. Experiments 

with knockout and transgenic mice have increased the knowledge about Rap1 function 

in vivo. In T cells of mice, transgenically expressing activated Rap1, an enhanced integrin 

function is observed173.  Also, suppression of effector and memory T cell function, 

parallels the promotion of CD4+CD103+ regulatory T cell generation and function174. 

Moreover, T cells of RapV12 transgenic mice, expressing constitutive active Rap1 in 

the T cell compartment, have increased adhesion which enhances T-cell function in 

conditions where TCR-MHC interactions are of low affinity173. In contrast, inactivation 

of T cell Rap1, in mice transgenically overexpressing RapGAP1 results in age-dependent 

accumulation of hyperresponsive and activated memory T cells in lymphatic tissue171. 

To conclude, Rap1 plays an important role in the qualitative responses of T cells in vivo.
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1
Outline of this thesis
In the first part of this thesis we studied the pathogenic role of the pro-angiogenic 

macrophage Tie2 pathway in RA. In chapter 2 we examined the targets of Ang signaling 

in RA synovial tissue, and the functional effects of Tie2 signaling on human peripheral- 

blood derived macrophages. We also studied the effects of Ang-2 neutralisation in 

murine CIA. As we identified synovial CD68+ and CD163+ macrophages as important 

targets of Tie2 signaling and we found that human macrophages functionally express 

Tie2 we extended our research question to other macrophage subsets. To address this 

research question, in chapter 3 we first aimed to systemically validate phenotypic surface 

markers for the three main polarized macrophages subsets in humans. In chapter 4 we 

studied the potential of macrophage Tie2 signaling in these three polarized macrophage 

subsets.

In the second part of this thesis we examined the role of Rap GTPase signalling in 

T-lymphocytes in immune-mediated diseases. In chapter 5 we explored the 

consequences of a constitutive active form of Rap1 within the T-cell lineage and assessed 

susceptibility and severity of arthritis. In chapter 6 we examined the qualitative and 

quantitative effects of sustained Rap1 function in the autoreactive T cell population of 

a MOG-induced transgenic mice model for EAE. And finally, in chapter 7 we assessed 

the safety, tolerability, pharmacokinetics and efficacy of an interleukin-12/interleukin-23 

inhibitor in patients with active RA. 
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Abstract

Background: Angiopoietin (Ang)-1 and Ang-2, and their shared receptor Tie2, are 

expressed in rheumatoid arthritis (RA) synovial tissue, but the cellular targets of Ang 

signaling and the relative contributions of Ang-1 and Ang-2 to arthritis are poorly 

understood

Objectives: To determine the cellular targets of Ang signaling in RA synovial tissue, and 

the effects of Ang-2 neutralisation in murine collagen-induced arthritis (CIA).

Methods: RA and psoriatic arthritis (PsA) synovial biopsies were examined for expression 

of Tie2 and activated phospho (p)-Tie2 by quantitative immunohistochemistry and 

immunofluorescent double staining. Human monocyte and macrophage Tie2 expression 

was determined by flow cytometry and quantitative PCR. Regulation of macrophage 

intracellular signalling pathways and gene expression were examined by immunoblotting 

and ELISA. CIA was assessed in mice treated with saline, control antibody, prednisolone 

or neutralising anti-Ang-2 antibody.

Results: Expression of synovial Tie2 and p-Tie2 was similar in RA and PsA. Tie2 activation 

in RA patient synovial tissue was predominantly localised in synovial macrophages and 

was expressed by human macrophage. Ang-1 and Ang-2 stimulated activation of multiple 

intracellular signalling pathways, and cooperated with tumour necrosis factor to induce 

macrophage interleukin 6 and macrophage inflammatory protein 1α production. Ang-2 

selectively suppressed macrophage thrombospondin-2 production. Ang-2 neutralisation 

significantly decreased disease severity, synovial inflammation, neo-vascularisation and 

joint destruction in established CIA.

Conclusions: We identify synovial macrophages as primary targets of Ang signaling in 

RA, and demonstrate that Ang-2 promotes the pro-inflammatory activation of human 

macrophages. Ang-2 makes requisite contributions to pathology in CIA, indicating that 

targeting Ang-2 may be of therapeutic benefit in the treatment of RA.
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Introduction
Angiogenesis of new vessels from existing vessels plays a pivotal role in mammalian 

development, and in the initiation and maintenance of chronic inflammatory diseases 

and tumour growth1. Receptor tyrosine kinase Tie2 ligation by angiopoeitin (Ang)-1 

and Ang-2 makes contributions to angiogenesis and blood vessel remodelling which are 

critically distinct from vascular endothelial growth factor receptor ligation2. Like vascular 

endothelial growth factor, Ang-1 and Tie2 are required for embryonic angiogenesis3;4. In 

mice, stable systemic Ang-1 levels maintain vascular stability and suppress inflammation-

induced vascular permeability and oedema5;6. In mice, stable systemic Ang-1 levels 

maintain vascular stability and suppress inflammation-induced vascular permeability 

and edema7. By contrast, Ang-2 is up-regulated during inflammation, and promotes 

recruitment of neutrophils by activated endothelial cells (ECs)8.

Infiltration of solid murine and human tumours by Tie2-expressing monocytes/

macrophages (TEMs) is critical in cancer establishment and growth9-11. Ang2 stimulation 

of TEMs potentiates tumour growth, in part by promoting immunosuppressive properties 

of TEMs, including interleukin 10 (IL-10) secretion11-13. Tie2 signalling is also thought to 

be important in chronic inflammatory diseases. In patients with rheumatoid arthritis 

(RA) and other forms of inflammatory arthritis, such as psoriatic arthritis (PsA), increased 

vascularity and new blood vessel formation promotes destruction of the affected joints 

by facilitating the influx of nutrients and inflammatory cells14;15. Histological changes 

in the synovial microvasculature precede local inflammation in patients presenting with 

mono-arthritis prior to fulfilment of classification criteria for RA, and in both RA and 

PsA, expression of angiogenic factors and EC activation markers are closely associated 

with, and suggested to be prognostic for disease activity and joint destruction16-18. 

Successful treatment of inflammatory arthritis is closely associated with decreases in 

systemic and local expression of angiogenic factors and endothelial activation markers19-

22. This has indicated that modulation of angiogenesis may be useful in the treatment of 

RA, and direct targeting of newly formed blood vessels in animal models of RA prevents 

inflammation and joint destruction23. In addition, specific blockade of Tie2 signalling in 

vivo prevents angiogenesis and joint destruction in the murine CIA model of RA24;25. 

However, it is unclear whether Ang-1 and Ang-2 make independent contributions to 

pathology in inflammatory arthritis.

Ang-1, Ang-2 and Tie2 are readily detected in the synovial tissues of patients with 

RA and PsA17;26-29. Tie2 expression in synovial tissue is detected on ECs, stromal 

fibroblast-like synoviocytes (FLS) and macrophages, and in vitro, tumour necrosis factor 

(TNF) can induce EC Tie2 expression24. Ang-1 and Ang-2 are produced in situ by RA 

FLS, macrophages and ECs17;27-29. Ang-1 stimulation of Tie2 expressed on ECs and 

FLS can promote synovial angiogenesis and cartilage destruction in synovial tissue, 

respectively24;30. Effects of Ang-2 on RA synovial cells have not been examined, but 
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a role for Ang-2 in the pathology of human inflammatory arthritis is suggested by 

observations that synovial tissue and synovial fluid Ang-2 levels are highly elevated 

compared with Ang-1 in patients with RA and PsA17;28. In addition, serum Ang-2 levels 

are associated with disease activity in recent onset of RA31. Here, we examined the 

potential role of myeloid Tie2 signalling in RA, and the consequences of Ang-2 blockade 

in murine CIA.

Materials and Methods

Patients, synovial biopsy acquisition and synovial tissue analysis

Synovial biopsies were obtained by needle arthroscopy as previously described from 

clinically active joints of RA (n=20) and PsA (n=19) patients who fulfilled the American 

College of Rheumatology criteria for RA and the classification criteria for psoriatic 

arthritis, respectively32-34. Patient characteristics for both cohorts have been previously 

described in detail35. All patients gave their written informed consent prior to inclusion, 

and this study was approved by the Medical Ethics Committee of the Academic Medical 

Center, University of Amsterdam. Sections were processed for immunohistochemical 

and immunofluorescent analyses as previously described, detailed in the supplementary 

material36;37.

Monocyte purification, macrophage differentiation, and analysis

Human peripheral blood mononuclear cells were isolated from blood of healthy 

volunteer donors and RA patients by Ficoll, and monocytes were either used 

immediately or differentiated in to macrophages as previously described38. Full details 

of monocyte isolation, macrophage culture, differentiation, characterisation by flow 

cytometry and stimulation and analysis by immunoblotting and ELISA are described in 

the supplementary material.

Animals, and induction and assessment of CIA

DBA/1 male mice were purchased from either Harlan (Horst, The Netherlands) or 

Jackson Laboratory (Bar Harbor, Maine, USA). Animals were housed in specific 

pathogen-free conditions at Alderley Park, Astra Zeneca, in compliance with Home 

Office Regulations (UK). All animal experiments were approved by the Animal Welfare 

and Ethics Committee (Alderley Park). Mice (males, 6–7 weeks of age) were immunised 

by tail base injection on day 0 with an emulsion of rat type II collagen (100 µg, MD 

Biosciences Gmbh, Zurich, Switzerland) and complete freund’s adjuvant (1 mg/ml, 

Difco), followed by boosting with Staphylococcus enterotoxin B (SEB; 30 µg, Toxin 

Technology) in incomplete freund’s adjuvant (Sigma Aldrich, St. Louis, MO) on day 21. 

The mice were examined daily from day 22 until sacrifice for clinical signs of arthritis. 
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Arthritis severity was assessed in a blinded manner, using a semiquantitative scoring 

system: 0– normal; 1– one digit affected, or erythema of paw; 2– slight swelling and/

or erythema; 3– pronounced swelling; 4– immobilisation of paw/ankylosis. Each limb 

was scored independently, allowing for a cumulative maximal score of 16 for each 

mouse. A clinical score of two on a single paw (minimally) triggered treatment. Vehicle 

(PBS, Sigma Aldrich), human IgG1 isotype control antibody at 10 mg/kg (Sigma Aldrich) 

and anti-Ang-2 antibody (Clone 3.19.3) at 0.1, 1 and 10 mg/kg were administered 

intraperitonially every three days, and prednisolone was administered orally once daily 

at 3 mg/kg (Sigma Aldrich) (n=10 mice per treatment group).

Statistical analyses

For in vivo studies, analysis was performed using analysis of variance (ANOVA) with post 

hoc Dunnetts analysis on Windows Graphpad Prism 4. For in vitro experiments, analysis 

was performed using Windows Graphpad Prism 5 (GraphPad Software). Flow cytometry 

and ELISA results were expressed as the mean ± SEM. Potential differences between 

samples or scores were analysed by Student’s t-test or non-parametric Mann–Whitney 

U or Kruskal–Wallis tests, as appropriate. p Values ≤0.05 were considered significant.

Results

Tie2 is activated in RA synovial tissue macrophages

We first examined the expression and activation status of Tie2 in RA and PsA synovial 

tissue. Specific reactivity of anti -Tie2 and p-Tie2 antibodies was readily detected in both 

RA and PsA synovial tissue, while negative control antibodies failed to stain synovial 

tissue (figure 1A). Staining with Tie2 and p-Tie2 antibodies was prominently observed 

in the intimal lining layer, perivascular regions and synovial sublining cellular infiltrates 

(figure 1A). Similar levels of both Tie2 and p-Tie2 expression were observed in RA and PsA 

synovial tissue, as measured by digital imaging analysis (figure 1B). Immunofluorescent 

double-staining experiments demonstrated that Tie2 was not expressed in CD3+ T 

lymphocytes in RA synovial tissue, but was occasionally detectable on VWF+ ECs and 

CD55+ FLS (figure 1C, left panels). However, the most prominent expression of Tie2 was 

observed in CD68+ and CD163+ synovial macrophages. Remarkably, p-Tie2 staining was 

almost exclusively restricted to CD68+ and CD163+ macrophages infiltrating RA synovial 

tissue, and was seldom observed in ECs or FLS (figure 1C, right panels).

Tie2 is functionally expressed on human macrophages

Consistent with published studies, Tie2 was readily detected on the surface of 

freshly isolated human CD14+ peripheral blood mononuclear cells, and on peripheral 

blood-derived human macrophages (figure 2A, B). Macrophage Tie2 surface expression 
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Figure 1. Tie2 is expressed and activated in rheumatoid arthritis (RA) synovial tissue macrophages. 
(A) Immunohistochemical analyses of RA synovial tissue stained with control rabbit antibodies, anti-
Tie2 antibodies, normal rabbit serum and anti-p-Tie2 hyperimmune serum. Original magnification, 
×100 (upper and middle panels) and ×400 (lower panels). (B) Quantitative analysis of Tie2 and 
p-Tie2 staining in synovial tissue. Synovial sections from 20 RA and 19 psoriatic arthritis (PsA) 
patients were stained with antibodies against Tie2 and p-Tie2 antibodies as above, and the 
integrated optical density (IOD)/mm2 corrected for cellularity calculated by digital image analysis. 
Data is presented as box plots, where the boxes represent the 25th–75th percentiles, the lines 
within the box mark the median value, and lines outside the boxes denote the 10th and 90th 
percentiles. (C) Immunofluorescent staining of RA synovial tissue with anti-Tie2 (green, left panels) 
and anti-phospho (p)-Tie2 Ab (green, right panels) in combination with anti-CD3, -CD55, -CD68, 
-CD163 and -VWF Abs (all red). Colocalisation is visualised in yellow. Original magnification, ×100. 
All stainings are representative of stainings performed on synovial tissue from 5 RA patients.
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Figure 2. Tie2 is expressed by human peripheral blood-derived monocytes and macrophages. 
(A) Viable monocytes (upper panels) and macrophages (lower panels) were gated based on side 
scatter (SSC) and forward scatter (FSC) (left panels) by flow cytometry and stained with CD14 
and either isotype-matched control IgG (middle panels) or Tie2 Abs (right panels). Dot blots 
shown are representative of experiments performed on 6 individual blood donors. (B) Staining of 
monocytes and macrophages with control IgG (gray) and Tie2 (empty) Abs shown in A presented 
as histograms. (C) Quantification of relative Tie2 surface expression (geomean, upper panel) and 
mRNA expression (lower panel) in monocytes and macrophages. Surface expression values are 
mean ± SEM. *p<0.05 versus monocytes. For quantitative analysis of Tie2 mRNA expression in 
human macrophages, monocytes, RA fibroblast-like synoviocytes (FLS) and human umbilical vein 
endothelial cells (HUVEC), data are assessed as the ratio of mRNA expression of Tie2 to mRNA 
expression of glyceraldehydes-3-phosphate dehydrogenase and expressed as the fold difference 
relative to macrophages. Values for macrophage mRNA expression are normalised to 1. Bars 
represent the mean ± SEM of 3–5 independent samples of each cell type. (D) Comparative surface 
expression of Tie2 in healthy donor (HD) and RA patient peripheral blood CD14+ monocytes and 
differentiated macrophages. Data are presented as in C.
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Figure 3. Macrophage Tie2 stimulation activates intracellular signalling pathways and enhances 
tumour necrosis factor (TNF) induced interleukin 6 (IL-6) production. (A) Immunoblot analyses of 
cellular lysates obtained from macrophages stimulated for the indicated times (min) with Ang-
1 (left panels) or Ang-2 (right panels) for expression and phosphorylation (p) of the indicated 
signalling proteins. All data shown are from independent immunoblots performed on macrophage 
lysates obtained from a single donor and are representative of three individual experiments. 
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was reduced by approximately 25% in comparison with monocytes (p<0.05) (figure 

2C, upper panel), again in agreement with published studies11. Tie2 mRNA expression 

was highest in human umbilical vein ECs and RA FLS, followed by monocytes and 

macrophages (figure 2C, lower panel). No differences were observed in Tie2 surface 

expression when comparing monocytes and macrophages obtained from healthy donor 

or RA patient peripheral blood (figure 2D).

Despite the relatively low levels of Tie2 expression on macrophages, Ang-1 and Ang-2 

stimulation could generate cellular response, as evidenced by activation of macrophage 

intracellular signalling pathways and gene expression. Ang-1 stimulation transiently 

increased phosphorylation of ERK-1/2, p38 and JNK mitogen-activated protein kinases, 

and PKB (figure 3A). Ang-2 activated the same signalling pathways, albeit with delayed 

kinetics and decreased magnitudes of activation. In particular, JNK activation was barely 

detectable following Ang-2 stimulation. Ang-1, but not Ang-2, also induced transient 

phosphorylation of IκBα.

Stimulation with either Ang-1 or Ang-2 alone failed to induce macrophage IL-6 production 

compared with unstimulated macrophages (figure 3B). However, in the presence of TNF 

(10 ng/ml), Ang-1 (200 ng/ml) significantly increased IL-6 production compared with 

TNF treatment alone (p<0.05). Similar enhancing effects were observed with Ang-2 

(p<0.01), although lower concentrations of Ang-2 (20 ng/ml) also significantly enhanced 

IL-6 production. The effects of Ang-1 and Ang-2 on TNF-induced IL-6 production 

were selective, as both failed to influence LPS-induced IL-6 production. When lower 

concentrations of TNF were used, Ang-1 synergistically enhanced IL-6 production 

(p<0.01), while only a trend towards enhanced IL-6 production was observed with 

Ang-2 (figure 3C). Ang-1 co-stimulation with 1 ng/ml TNF created a biological window 

in which to identify specific Tie2 signalling pathways contributing to IL-6 production. 

Pre-incubation of macrophages with pharmacological inhibitors of NF-κB (BAY 11-7082) 

and MEK/ERK (U0126) but not PKB, JNK or p38 (SB23580) significantly reduced the 

capacity of Ang-1 to enhance IL-6 production (figure 3D). Under these experimental 

conditions, Ang-1 and TNF cooperatively enhanced macrophage NF-κB, ERK and PKB 

activation (see supplementary figure 1).

(B) IL-6 production in macrophage tissue culture supernatants (n=6) was determined 24 h after 
stimulation with Ang-1 or Ang-2 (0–200 ng) in the absence or presence of TNF (10 ng/ml) or 
lipopolysaccharide (LPS) (1 µg/ml) as determined by ELISA, or (C) macrophages stimulated in the 
presence of 200 ng/ml Ang-1 (upper panel) or Ang-2 (lower panel) in the presence of increasing 
concentrations of TNF (n=6). (D) IL-6 production in macrophage tissue culture supernatants (n=4) 
following stimulation with Ang-1 (200 ng/ml) and TNF (1 ng/ml) in the absence or presence of 1 
h pre-incubation with inhibitors of NF-κB (BAY 11-7082), PKB (Akt inhibitor VIII), JNK (JNK inhibitor 
II), p38 (SB23580) or MEK (U0126). Bars represent means and SEM of independent experiments. 
Data is presented as the mean and SEM compared with macrophages treated with TNF and Ang-1 
alone, normalised to 100%. *p<0.05, **p<0.01, ***p<0.001 versus macrophages cultured in the 
absence of Ang-1 or Ang-2 (C) or pharmacological inhibitors (D).
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Ang-1 and Ang-2 differentially regulate macrophage angiogenic factor 
expression

Supernatants from experiments shown in figure 3 were pooled and screened using 

a proteomic array detecting defined secreted angiogenic factors (data not shown). In 

independent validation ELISA experiments, MIP-1α and IL-8 were not directly induced 

by stimulation with Ang-1 or Ang-2 alone (figure 4A). However, both Ang-1 and 

Figure 4. Macrophage Tie2 stimulation regulates production of angiogenic factors. Analyses of (A) 
MIP-1α and IL-8, (B) matrix metalloproteinase (MMP)-9 and TIMP-1, and (C), and TSP-1 and TSP-2 
production in tissue culture supernatants of granulocyte macrophage colony-stimulating factor 
(GM-CSF)-differentiated macrophages after 24 h incubation in medium alone, TNF (10 ng/ml) or 
lipopolysaccharide (LPS) (1 µg/ml) in the absence (white bars) or presence of Ang-1 (200 ng/ml, 
gray bars) or Ang-2 (200 ng/ml, black bars). Bars represent the means and SEM of 6 independent 
experiments. *p<0.05, **p<0.01 versus cells not exposed to Ang-1 or Ang-2.
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Ang-2 cooperated with TNF to stimulate MIP-1α production (p<0.01). Ang-1 (p<0.01) 

and Ang-2 (p<0.05) also synergised with lipopolysaccharide (LPS) to induce MIP-1α 

production. By contrast, IL-8 production in response to TNF or LPS was unaffected 

by Tie2 signalling. Constitutive matrix metalloproteinase (MMP)-1 (data not shown), 

MMP-9 and TIMP-1 production (figure 4B) were unchanged following TNF or LPS 

stimulation, alone or in combination with Ang-1 or Ang-2, as was secretion of TSP-1 

(figure 4C). However, Ang-2 selectively suppressed spontaneous TSP-2 production, and 

TNF- and LPS-induced TSP-2 production (p<0.05). Together, these results indicate that 

macrophage Tie2 signalling, particularly following engagement by Ang-2, can promote 

a pro-inflammatory environment by enhancing cytokine and chemokine production 

while suppressing constitutive production of TSP-2, a natural inhibitor of MMPs and 

tissue retention of inflammatory cells.

Neutralization of Ang-2 is protective in murine CIA

To determine the therapeutic potential of blocking Ang-2 function in inflammatory 

arthritis, we evaluated a neutralising, high affinity, fully humanised anti-Ang-2 antibody, 

3.19.3, which prevents human and murine Ang-2 signalling to Tie2 in the murine CIA 

model of RA39. Treatment of mice was initiated 24 h after the clinical onset of arthritis by 

administration of saline, increasing dosages of 3.19.3, isotype-matched control antibody 

(10 mg/kg), or prednisolone. Mice treated with isotype-matched control antibody and 

saline showed no significant differences in disease severity throughout the course of 

the experiment (figure 5A). However, clear clinical improvements were observed in mice 

treated with 1.0 and 10 mg/kg 3.19.3 and prednisolone. Analyses of the area under the 

curve (AUC) for clinical scores for the course of the experiment demonstrated significant 

suppression of disease severity in mice treated with 1 (53±7% suppression, p<0.05), 10 

mg/kg (44±9% suppression, p<0.05) and prednisolone (78±7% suppression, p<0.05).

Histological analyses of the hind paws of mice were performed to gain insight into 

the cellular mechanism(s) by which Ang-2 blockade protected against arthritis. H&E 

staining of joints revealed that 3.19.3 reduced multiple histopathological parameters 

of disease in the CIA model, including synovial infiltration and cartilage erosion (figure 

5B). Semiquantitative analyses demonstrated that 3.19.3 administration conferred 

improvements in synovitis, synovial hyperplasia, synovial fibrosis, pannus formation 

(periosteal infiltration) and periostitis (supplementary figure 2). Using a global combined 

histological score, an inhibition of arthritic pathology was observed which mirrored 

improvements in clinical scores (figure 5C).

Tissues were stained with anti-CD31 Abs to visualise the presence of newly formed 

blood vessels (figure 6A). At dosages of 1 and 10 mg/kg, 3.19.3 reduced microvessel 

density by approximately 50% (p<0.005) (figure 6B). Joint sections were also assessed 

for lymphatic microvessel density by immunohistochemical staining with anti-LYVE-1 Ab 

followed by counting of microvessel LYVE-1 aggregates. Compared with isotype control 
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antibody, 3.19.3 significantly reduced lymphatic microvessel density by >80% at all 

dosages tested (p<0.005) (figure 6C). A significant reduction in macrophage cellularity 

was observed at 1 and 10 mg/kg 3.19.3, although no inhibition was observed at either 

0.1 mg/kg 3.19.3 or 10 mg/kg isotype control antibody (figure 6D).

Figure 5. Ang-2 neutralisation prevents pathology in collagen-induced arthritis. (A) Daily global 
arthritic scores of mice treated every three days intraperitoneally with control phosphate buffered 
saline vehicle ( ), 10 (l), 1 (s), or 0.1 mg/kg Ab 3.19.3 (n), 10 mg/kg isotype control IgG ( ), 
or daily by oral administration of prednisolone (l) following initiation of arthritis. (B) Representative 
images of joint pathology in indicated treatment group visualised by H&E staining. Representative 
areas of synovial cellular infiltration (dotted line), cartilage erosion (black arrowhead) and osteolysis 
(open arrow) are noted. (C) Global histopathology scores of mice in each treatment group. Data 
are mean ± SEM for each group (n=10 animals per group). Statistical analysis was performed 
using one-way ANOVA with Dunnetts post-test for isotype control versus 3.19.3 and prednisolone 
treatment groups. ***p<0.001.
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Discussion
In this study, we demonstrate that Tie2 is functionally expressed on activated 

pro-inflammatory macrophages, and identify synovial macrophages as primary targets 

of Tie2 signalling in RA. Ang-2, alone, or in combination with TNF, can contribute to the 

inflammatory activation of macrophages, and as demonstrated by in vivo neutralisation 

experiments, Ang-2 is required for pathology in murine CIA. Our observation that Tie2 

activation in RA synovial tissue is largely restricted to infiltrating macrophages is striking, 

Figure 6. Ang-2 neutralisation during collagen-induced arthritis inhibits synovial neo-vascularisation 
and lymphangiogenesis. (A) Representative images of microvessel density from mice treated with 
isotype control antibody and the indicated dosages of 3.19.3 Ab as in figure 5, visualised by 
immunohistochemical staining with anti-CD31 antibody. (B) Quantification of the number of CD31-
positive cells per mm2 in synovial tissue of mice treated with isotype control Ab, increasing dosages 
of 3.19.3 Ab, and prednisolone. (C) Quantification of the number of LYVE-1-positive microvessels 
per ×400 magnification field in synovial tissue of mice from indicated treatment groups. (D) 
Semiquantitative analysis of macrophage cellularity of synovial tissue of mice in indicated treatment 
groups. ND, not detectable. (B) Data for individual mice are shown and horizontal bars represent 
the mean. (C and D) Data are mean ± SEM for each group (n=10 animals per group). Statistical 
analysis was performed using one-way analysis of variance with Dunnetts post-test for isotype 
control versus antibody and prednisolone-treated groups. ***p<0.001.
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as it necessitates reassessment of the interplay between angiogenic factors, innate 

immunity and pathology in chronic inflammatory disease. Consistent with previous 

studies, we observed that Tie2 was expressed by ECs, FLS and macrophages in RA 

synovial tissue27. However, ECs and FLS expressing p-Tie2 were only rarely detected. By 

contrast, p-Tie2 was observed in the majority of RA synovial macrophages. Preferential 

activation of macrophages may arise from differential proximity of this cell population 

to other synovial cells producing Ang-1 and Ang-2, which requires further experimental 

consideration, other cell populations in synovial tissue may express relatively higher levels 

of inhibitory Tie1, or macrophages might differ from other synovial cell populations in 

their sensitivity or exposure to soluble inhibitory Tie1 splice variants in vivo40.

Direct and critical integration of angiogenic signalling with innate immune response 

components has recently been identified in tumour biology9;10. Here, recruitment of 

TEMs, suggested to represent a distinct myeloid lineage commitment, is necessary for the 

establishment and growth of murine and human solid tumours11;41. Prominent secreted 

gene products expressed by TEMs include cathepsin B, MMP-9 and IL-10, and expression 

of these factors, important for angiogenesis and immune regulation, is reinforced by 

Ang-2 stimulation12. Our studies demonstrate that Tie2 expression on differentiated 

human macrophages can also contribute to pro-inflammatory activation of these cells 

via induction of IL-6 production, which pleiotropically supports cellular activation and 

survival in RA. Macrophage Tie2 stimulation also enhances production of MIP-1α, a 

chemokine expressed at high levels in the RA synovium and shown to play an essential 

inflammatory role in animal models of RA42. Ang-1 or Ang-2 stimulation alone was 

unable to generate macrophage IL-6 or MIP-1α expression, but instead synergised with 

TNF (and in the case of MIP-1α, also LPS) to support gene expression, a co-stimulatory 

property strikingly similar to the combined effects of Tie2 ligation and TNF stimulation 

during EC activation8. This is reinforced by our observation that Ang-1, and to a lesser 

extent Ang-2, can increase IL-6 production in the presence of low concentrations of TNF.

Lastly, we observe a specific role for Ang-2 in dampening both constitutive and 

agonist-induced macrophage TSP-2 production. TSP-2 broadly orchestrates angiogenic 

remodelling, via the promotion of EC apoptosis, interference with integrin ligand binding, 

and inhibition of MMPs43. In mice lacking TSP-2, defects are observed in extracellular 

matrix remodelling during angiogenesis, associated with increased MMP-9 deposition 

and gelatinase activity44. Overexpression of TSP-2 inhibits vascularisation, inflammation 

and lymphocyte accumulation in the human RA-severe combined immunodeficiency 

model of RA45. The ability of Ang-2 to stimulate macrophage chemokine production, 

while simultaneously suppressing TSP-2 output, may promote inflammatory leucocyte 

recruitment and retention, and facilitate MMP-driven tissue destruction in RA.

Gene therapy strategies delivering local expression of soluble Tie2 inhibit both 

angiogenesis and pathology in CIA24;25. Using 3.19.3, a neutralising Ang-2 antibody, 

we demonstrate a specific and critically important pro-inflammatory role for Ang-2 in 
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disease progression of established clinical arthritis in murine CIA. Ang-2 neutralisation 

blocked not only new vessel formation, but also reduced the number of inflammatory 

cells infiltrating arthritic joints, both of which are processes pivotal to the development 

of arthritis1;46. The clinical, histological and radiological protection provided by Ang-2 

blockade closely recapitulates effects observed following adenoviral delivery of soluble 

Tie2 receptor during murine CIA25. That synovial macrophages are primary targets of 

Ang signalling in RA is noteworthy from the perspective of therapeutic application. 

Synovial macrophage numbers and cytokine production are tightly associated with 

disease activity, and decreases in synovial sublining CD68+ macrophages precede and 

predict effective clinical responses to therapy47;48. Therefore, therapies specifically 

targeting macrophage retention and activation in the synovium are thought to be of 

future clinical benefit46. The capacity of Ang-2 to support both these features, and 

recent findings that serum levels of Ang-2 are associated with inflammation and disease 

activity in recent onset RA, warrants further assessment of the unique contributions 

of macrophage Tie2 signalling to RA, and comparative analysis of Ang-1 blockade in 

inflammatory arthritis17;27;29;31.
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Supplemental Methods

Immunohistochemistry

Biopsy sections from each patient were cut with a cryostat (5 µm) and mounted on glass 

slides (Starfrost).  The tissues were then fixed with acetone, and endogenous peroxidase 

activity blocked by immersion in 0.3% hydrogen peroxide and 0.1% sodium azide in 

PBS.  The slides were incubated overnight at 4◦C with optimized dilutions of primary 

antibodies diluted in 1% BSA/PBS.  Primary antibodies used in this study were polyclonal 

rabbit antibodies specific for Tie2 (Santa Cruz Biotechnology) and FITC (Thermo Fisher 

Scientific), anti-phosphorylated (p)-Tie2 rabbit hyperimmune serum (Calbiochem/Merck 

Chemicals Ltd.), and normal rabbit serum.  Equivalent concentrations of anti-FITC rabbit 

polyclonal antibodies, or anti-FITC antibodies diluted in normal rabbit serum, were 

used as negative controls.  Sections were washed with PBS and incubated with swine 

anti-rabbit-horseradish peroxidase (HRP)-conjugated Ab (Dako), followed by sequential 

incubation with biotinylated tyramide and streptavidin-HRP, and development with 

aminoethylcarbazole (Sigma-Aldrich).  Slides were counterstained with Mayer’s 

hematoxylin and mounted in Kaiser’s glycerol gelatin (Merck).

Immunofluorescence

To detect specific cell populations expressing Tie2 and p-Tie2, synovial tissue biopsies 

were incubated overnight at 4◦C with primary antibodies against Tie2 or p-Tie2, followed 

by Alexa 488-conjugated goat anti-rabbit antibodies (Molecular Probes Europe).  After 

washing, sections were sequentially incubated with specific antibodies recognizing 

CD3 (to detect T lymphocytes), von Willebrand factor (VWF) (ECs), CD68 and CD163 

(macrophages), followed by Alexa 596-conjugated goat anti-mouse antibodies (all from 

Molecular Probes Europe).  Samples were then mounted in Vectashield (H-1000; Vector), 

examined with a fluorescence microscope (Leica DMRA) and CCD camera, and data 

acquired using Image-Pro Plus software (Media Cybernetics, Dutch Vision Components).

Monocyte purification, macrophage differentiation, and flow cytometry

 Monocytes were either used immediately or differentiated into macrophages by culture 

at 5 x 105 cells per well in 24-well tissue culture plates in IMDM (Invitrogen) supplemented 

with 1% FCS.  Non-adherent cells were removed after one hour by washing with 

IMDM/1% FCS, and adherent cells cultured in IMDM/10% FCS supplemented with 100 

mg/ml gentamycin (Invitrogen), in the absence or presence of granulocyte macrophage 

colony-stimulating factor (GM-CSF) (5 ng/ml, Biosource International) for 7 days. On day 

4, the medium was refreshed by replacing half of the medium with fresh IMDM/10% 

FCS supplemented with GMC-CSF.  Monocyte and macrophage purity was assessed 

by staining with anti-CD14 PerCP-Cy5.5 (BD Biosciences) and anti-CD68-FITC (Dako) 
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monoclonal antibodies and flow cytometry (FACSCalibur, BD Biosciences).  Expression of 

Tie2 with APC-conjugated anti-Tie2 (R&D Systems) was determined on CD14+ cells, and 

an isotype-matched APC-conjugated IgG1 Ab (BD Biosciences) control was used in all Tie2 

staining procedures.  Confirmation of Tie2 expression by real-time PCR expression was 

performed as detailed below.  

Real-time PCR

Cells were harvested, washed with cold PBS, and total RNA extracted using a GenElute 

RNA isolation kit (Sigma-Aldrich).  Total RNA was reverse-transcribed using SuperScript™ 

II RT (Invitrogen).  Duplicate PCR reactions were performed using SYBR green 

(Applied Biosystems) with an ABI Prism® 7000 sequence detection system (Applied 

Biosystems).  cDNA was amplified using specific primers for Tie2 (forward, sequence 

ACAATGGTGTCTGCCATGAA; reverse, TTCACAAGCCTTCTCACACG) (Invitrogen).  All 

PCR data were normalized to the expression of GAPDH, used as an internal control.  PCR 

data were obtained as Ct values and the mean of the duplicate Ct values of each sample 

was calculated.  The difference between the Ct value of Tie2 and GAPDH (DCt) was used 

to determine relative Tie2 expression levels.

Immunoblotting

Macrophages were left unstimulated or stimulated for up to 60 minutes in the absence or 

presence of recombinant human Ang-1 or Ang-2 (200 ng/ml, R&D Systems).  Equivalent 

numbers of macrophages were lysed in 1x Laemmli’s buffer and total cell lysates were 

heated for 10 minutes at 90°C and then loaded on 4-12% gradient Bis-Tris SDS NuPAGE® 

gels (Invitrogen). After electrophoresis, proteins were transferred to PVDF membranes 

(Bio-Rad Laboratories) using a semi-dry transfer apparatus (Invitrogen). Membranes 

were washed in Tris-buffered saline (TBS) (pH 8.0) containing 0.05% Tween-20 (Bio-Rad) 

(TBS/T), blocked in TBS/T containing 2% milk (Bio-Rad) and incubated overnight at 

4°C in primary antibodies diluted in TBS/T. All primary antibodies were purchased from 

Cell Signaling Technology. Primary antibodies used were antibodies specific for p-IκBα, 

IκBα, p-protein kinase B (pPKB) (Ser473), PKB, p-extracellular regulated kinase (pERK) 

1/2, ERK 1/2, p-p38, p38, p-c-jun N-terminal kinase (pJNK), and JNK. Following washing, 

membranes were incubated in TBS/T containing IRDye infrared secondary Ab (LI-COR/

Westburg), developed with Odyssey system (LI-COR) and visualized using Odyssey 

application software version 3 (LI-COR).

Measurement of cytokine production

Macrophages were left unstimulated or stimulated for 24 hours with TNF or 

lipopolysaccharide (LPS) (both from Sigma-Aldrich), in the absence or presence of 

increasing concentrations of Ang-1 or Ang-2 (2, 20, 200 ng/ml).  Where indicated, cells 

were pre-incubated for 1 hour with BAY 11-7082 (10 mM), Akt inhibitor VIII (10 mM), JNK 
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inhibitor II (20 mM), SB23580 (10 mM) or U0126 (10 mM) (all from Calbiochem) prior to 

stimulation.  Cell-free supernatants were collected and stored at -20°C until analyzed by 

ELISA for IL-6, IL-8, (both PelKine Compact™ ELISA kits, Sanquin Reagents) macrophage 

inflammatory protein-1α (MIP-1α), tissue inhibitor of metalloproteinases-1 (TIMP-1), 

MMP-9, TSP-1, and TSP-2 (all from R&D Systems) as per manufacturer’s protocols.

Histopathology

Following animal sacrifice, hind paws were fixed, followed by decalcification and 

embedding in paraffin.  Sagittal serial sections were cut and stained with haematoxylin 

and eosin (H&E).  Sections were evaluated for the presence of cellular infiltration 

(synovitis), synovial hyperplasia, fibrosis, pannus formation, periostitis, and bone 

erosions a using semi-quantitative scoring system: 0- normal, 1- minimal, 2- moderate, 

and 3- severe.  Individual scores for each parameter, with the exception of bone 

erosions, were summed for individual mice to obtain overall histological scores.  Serial 

sections were also stained for the vascular marker CD31 and LYVE-1.  For CD31 staining, 

sections were washed in 0.05% PBS/T, and stained with rat anti-mouse CD31 (Clone 

MEC13.3, BD Pharmingen) or rat IgG2a isotype control for 1 hour at room temperature.  

Sections were then washed and stained with biotinylated rabbit anti-rat IgG (1:200 

dilution, DAKO) for 30 minutes followed by staining with TSA Biotin system (Perkin 

Elmer) and DAB (DAKO).   Five serial sections of the tibio-talus synovium were taken 

and CD31+ vessels within the superficial and intermediate synovium were counted.  

The difference in tissue volumes between joints from diseased and control mice were 

normalized to 500µm2.  Individual CD31+ cells and bone associated CD31+ cells were 

not counted.  For LYVE-1, 5µm tissue sections were cut, removed from paraffin, and 

subjected to heat-mediated antigen retrieval using Target Antigen Retrieval fluid (Dako).  

Five serial sections of the tibio-talus synovium were stained with anti-LYVE-1 Ab (Ab 

14917, Abcam) on a DakoCytomation Envision+ System (Dako), and vessels within the 

superficial and intermediate synovium expressing LYVE-1 were quantified as for CD31 

above.  Macrophage cellularity of synovial tissue in each hind paw was determined 

by semi-quantitative scoring by a cellular pathologist for the presence of hypertrophic 

‘blastic-type’ macrophages within the synovium: 0 - no pathology, 1- mild macrophage 

cellularity, 2- moderate macrophage cellularity, and 3 - severe macrophage cellularity.
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Supplemental Figure 1 Ang-1 cooperates with TNF to activate intracellular signaling pathways in 
macrophages.  Immunoblot analyses of cellular lysates obtained from macrophages stimulated for 
the indicated times (min) with medium alone, or TNF alone or in combination with Ang-1 (200 ng/
ml) for expression and phosphorylation (p) of the indicated signaling proteins.  All data shown are 
from independent immunoblots performed on macrophage lysates obtained from a single donor 
and are representative of 3 individual experiments.

proefschrift.indb   54 4-12-2012   11:45:39



Ang-2 promotes inflammatory activation of macrophages and contributes to CIA pathology

55

Chapter

2

Supplemental Figure 2  Individual histopathological parameters of disease activity during CIA 
in each treatment group. Semi-quantitative scores for each parameter were established based on 
criteria detailed in Materials and Methods. Data are mean ± SEM for each group (n = 10 animals 
per group). 
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Abstract
Background: Polarization of macrophages by specific micro-environmental conditions 

impacts upon their function following subsequent activation. This study aimed 

to systematically validate robust phenotypic markers for in vitro polarized human 

macrophages in order to facilitate the study of macrophage subsets in vivo. 

Methods: Human peripheral blood monocytes were polarized in vitro with IFN-γ, IL-4, 

or IL-10. Similar experiments were performed with TNF, IL-13, dexamethasone, M-CSF 

and GM-CSF as polarizing stimuli. Phenotypic markers were assessed by flow cytometry 

and qPCR.

Results: IFN-γ polarized macrophages (MΦIFN-γ) specifically enhanced membrane 

expression of CD80 and CD64, IL-4 polarized macrophages (MΦIL-4) mainly upregulated 

CD200R and CD206, and downregulated CD14 levels, and IL-10 polarized macrophages 

(MΦIL-10) selectively induced CD163, CD16, and CD32. The expression profiles of the 

most specific markers were confirmed by qPCR, dose-response experiments, and 

the use of alternative polarizing factors for each macrophage subset (TNF, IL-13, and 

dexamethasone, respectively). GM-CSF polarized macrophages (MΦGM-CSF) upregulated 

CD80 but not CD64 expression, showing a partial phenotypic similarity with MΦIFN-γ, 
and also upregulated the expression of the alternative activation marker CD206. M-CSF 

polarized macrophages (MΦM-CSF) expressed increased levels of CD163 and CD16, 

resembling MΦIL-10, but also displayed high levels of CD64. The phenotype of MΦM-CSF 

could be further modulated by additional polarization with IFN-γ, IL-4, or IL-10, whereas 

MΦGM-CSF showed less phenotypic plasticity.  

Conclusion: This study validated CD80 as the most robust phenotypic marker for human 

MΦIFN-γ, whereas CD200R was upregulated and CD14 was specifically downregulated 

on MΦIL-4. CD163 and CD16 were found to be specific markers for MΦIL-10. The 

GM-CSF/M-CSF differentiation model showed only a partial phenotypic similarity with 

the IFN-γ/IL-4/IL-10 induced polarization.
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Introduction
Macrophages play a key role in the innate immune system and drive tissue inflammation 

in a wide variety of immune-mediated inflammatory diseases. Originating from 

circulating monocytes, these cells differentiate upon entry into tissues where they can 

subsequently be activated by a wide array of microbial and self antigens. A large body 

of evidence indicates that the macrophage response is not only determined by the type 

of activation but also heavily depends on the specific micro-environmental conditions 

in which cells were differentiated prior to their activation. The prototypical example is 

activation by TLR ligands such as LPS which, depending on macrophage priming by IFN-γ 

or immune complexes, leads to either pro- or anti-inflammatory cytokine production1-4 

. IFN-γ was originally described to polarize macrophages towards classically activated 

cells (M1) which secrete high amounts of TNF, IL-12, IL-1b and low amounts of IL-10 upon 

subsequent activation and play an important role in fighting intracellular pathogens4-7. In 

contrast, IL-4 induces alternatively activated macrophages (M2), which are characterized 

by low pro-inflammatory cytokine and high IL-10 production, and are involved in tissue 

repair, and anti-parasitic and allergic reactions8-10. This polarization model has been 

further refined as factors such as IL-10, glucocorticoids, TGF-b, and immune complexes 

were also described to lead to M2 profiles1;11-16. Besides the mentioned differences in 

cytokine production, the concept of polarization has been confirmed by clear differences 

in chemokine production, NO metabolism, phagocytosis9;13-15;17 and transcriptional 

profiles18-20. Macrophage polarization is also accompanied by specific changes in cell 

morphology and phenotype9;13-15;17. Already described phenotypical markers are the 

mannose receptor CD206 and the scavenger receptor CD163, expression of which is 

enhanced by IL-410;21 and IL-10, respectively22.

The use of subset-specific phenotypic markers may open a new avenue for in vitro 

functional studies as well as a more accurate characterization of the macrophage 

infiltration in a variety of immune-mediated inflammatory diseases. However, recent 

studies have highlighted the complexity and limitations of this conceptual model. 

As a classical example, the tumor associated macrophage (TAM) shares pro- and 

anti-inflammatory properties and was therefore described as a separate subset23-25. 

Another example is the adipose tissue macrophage (ATM), which includes M1, M2, 

and a mixed M1/M2 subset, where both phenotype and function depend on the local 

microenvironment and recruited monocyte subset26;-29. These observations raise 

the crucial question of the exact relationship between phenotype and function in 

macrophage biology. On the other hand, however, the fact that these macrophage 

types can not be easily classified according to the polarization model may be due to the 

relative lack of well-validated and specific phenotypic markers. Firstly, many phenotypic 

markers, such as the mouse M2 markers FIZZ-1 and YM-1, have been identified in animal 

models, but are not expressed on human macrophages13. Secondly, for many molecules 
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it still needs to be established whether their differential expression at mRNA level truly 

translates into robust differences in protein expression. Thirdly, other factors have 

been proposed to steer polarization besides IFN-γ, IL-4, or IL-10. Polarization toward 

M1 versus M2 was, for example, also described to be induced by in vitro exposure to 

GM-CSF or M-CSF, respectively30-34. It remains largely unknown whether MΦGM-CSF/

MΦIFN-γ and MΦM-CSF/MΦIL-4 /MΦIL-10 are phenotypically similar or rather represent 

distinct cell subsets. Finally, macrophages do not necessarily undergo genuine lineage 

commitment as polarization can be reversed both in vitro and in vivo35-39. Therefore, 

the present study was designed to systematically validate surface markers for the three 

main polarized macrophage subsets, MΦIFN-γ, MΦIL-4 and MΦIL-10, in humans and to 

confirm their specificity in different in vitro conditions.

Materials and Methods

Monocyte isolation from peripheral blood and in vitro polarization

Monocytes from peripheral blood of healthy volunteers were isolated by gradient 

centrifugation with Lymphoprep (Axis-Shield PoPAS, Oslo, Norway) and, subsequently, 

Percoll gradient separation (GE Healthcare, Uppsala, Sweden). Monocytes were cultured 

at a concentration of 0.5x106 /ml in Iscove’s Modified Dulbecco’s Medium (IMDM) 

(Invitrogen, Breda, The Netherlands) supplemented with 10% fetal calf serum (FCS) 

(PAA Laboratories, Cölbe, Germany) in 6 well culture plates (Corning Incorporated, 

New York, NY, USA)40. Unless indicated otherwise, cells were polarized with human 

recombinant IFN-γ (50 ng/ml; R&D Systems, Abingdon, UK), IL-4 (40 ng/ml; Miltenyi 

Biotec, Bergisch Gladbach, Germany), or IL-10 (50 ng/ml; R&D Systems) for 4 days. 

In confirmatory experiments, the cells were polarized with TNF (50 ng/ml, Biosource, 

Breda, The Netherlands), IL-13 (20 ng/ml, Peprotech, London, UK), dexamethasone (5 

nM, Sigma Aldrich, Zwijndrecht, The Netherlands), M-CSF (50 ng/ml, R&D Systems), or 

GM-CSF (50 ng/ml, R&D Systems).  Finally, in specific experiments, monocytes were first 

differentiated with GM-CSF or M-CSF for 4 days and subsequently polarized with IFN-γ, 
IL-4 or IL-10 for another 3 days. Macrophages from different donors were polarized in 

independent experiments.

Flow cytometry

Monocyte-derived macrophages were recovered by scraping of the plate. Surface 

marker expression was analyzed by flow cytometry on day 4 (BD FACS Calibur Flow 

Cytometer, Erembodegem, Belgium). Purity was assessed by staining with anti-CD14 

(clone 61D3, eBioscience, San Diego, CA) and was around 90%. Fluorochrome-labeled 

monoclonal antibodies against CCR2 (clone 48607, R&D Systems, Minneapolis, MN, 

USA), CCR4 (clone 205410, R&D Systems), CCR7 (clone 2H4, BD Pharmingen, Breda, 
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Nederland), CD1a (clone HI149, BD Pharmingen), CD1c (clone AD5-8E7, Miltenyi biotec, 

Bergisch Gladbach, Germany), CD11b (clone M1/70, BD Pharmingen), CD16 (clone 

DJ130c, AbD Serotec, Düsseldorf, Germany), CD32 (clone AT10, abcam, Cambridge, 

UK), CD64 (clone 10.1, BioLegend, Uithoorn, The Netherlands), CD80 (clone L307.4, BD 

Pharmingen), CD86 (clone IT2.2, BD Pharmingen), CD148 (clone 143-41, R&D Systems), 

CD163 (clone GHI/61, BD Pharmingen), CD180 (clone MHR73, AbD Serotec), CD200R 

(clone OX108, AbD Serotec), CD206 (clone 19.2, BD Pharmingen), CD304 (clone 

AD5-17F6, Miltenyi biotec), HLA-DR (clone G46-6, BD Pharmingen), and gp130 (clone 

28126, R&D Systems) were used. This non-exhaustive panel of surface molecules was 

selected based on reports in mice3;9-11;13;18;21;39, and human cells20;22-25;28;33;37;41, 

as well as potential involvement of specific molecules in macrophage activation. The 

surface expression levels for each marker were also measured on day 1 and day 7 of 

polarization, after adding fresh IMDM with 10% FCS and polarizing cytokines on day 

4. The concentration of the cytokines was modulated in dose-response experiments. 

Donors were analyzed in independent experiments and equivalent concentrations of 

matched isotype controls were included. Before staining, Fc receptors were blocked 

with 10% human serum (Lonza, Cologne, Germany). Data were analyzed with Flow Jo 

Flow Cytometry Analysis software (Tree Star, Ashland, OR) after gating on the myeloid 

population in the FSC/SSC window. Values were expressed as the ratio of the geometric 

mean fluorescence intensity (gMFI) of the marker of interest over the gMFI of the 

isotype control. 

Quantitative real-time PCR

Total RNA was isolated from in vitro polarized macrophages using GenElute™ 

Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, TX) and reverse 

transcribed using RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas, St. 

Leon-Rot, Germany). RNA concentration was determined with the Nanodrop (Nanodrop 

Technologies, Wilmington, DE). Quantitative real-time PCR was performed using 

StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA). Each 20µl 

Table 1. qPCR primer sequences for CD80, CD64, CD200R, CD14, CD163, and CD16 

Forward Reverse

CD80 CTGCCTGACCTACTGCTTTG GGCGTACACTTTCCCTTCTC

CD64 GCAGGAACACATCCTCTGAA GTAACTGGAGGCCAAGCACT

CD200R GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA

CD14 AAAGCACTTCCAGAGCCTGT ATCGTCCAGCTCACAAGGTT

CD163 ACATAGATCATGCATCTGTCATTTG ATTCTCCTTGGAATCTCACTTCTA

CD16 CACCATCACTCAAGGTTTGG AGTCCTGTGTCCACTGCAAA

The primers were designed using the online tool for Real-time PCR (TaqMan) Primer Design 
(Genscript), as described in Materials and Methods. 
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reaction was performed in a 96-well format with 5ng of cDNA, 10µl of SYBR green PCR 

Master Mix (Applied Biosystems) and a concentration of 50 nmol of each primer. All 

reactions were performed in duplicate. The mRNA expression levels were normalized 

to those of the human housekeeping gene glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Oligonucleotide primers were designed using the online tool for Real-time 

PCR (TaqMan) Primer Design (Genscript) and obtained from Invitrogen. The primer 

sequences are shown in Table 1.

Statistics

Statistical analysis was performed using Prism software (GraphPad, La Jolla, CA). Data 

were expressed as the mean ± SEM and ANOVA, followed by Bonferroni post test were 

used for comparisons between samples. A P value of less than 0.05 was considered to 

be statistically significant.

Results
Validation of specific phenotypic markers for human MΦIFN-γ, MΦIL-4 and MΦIL-10
We investigated the relative expression of a broad panel of surface molecules by flow 

cytometry after 4 days of in vitro polarization of human peripheral blood monocytes 

with IFN-γ, IL-4, or IL-10, using unpolarized cells as control (Tabel 2). MΦIFN-γ  displayed 

a robust and specific upregulation of the co-stimulatory molecule CD80 and the 

high affinity Fcγ receptor I (CD64), as compared to the unpolarized and IL-4 or IL-10 

polarized macrophages (p < 0.001) (Figure 1A and 1B). Compared to all other polarizing 

conditions, IL-4 specifically upregulated the inhibitory receptor CD200R (p < 0.001) 

(Figure 1D), while it also strongly downregulated CD14 expression (Figure 1E) (p < 0.05). 

Finally, MΦIL-10 showed a specific upregulation of the scavenger receptor CD163 (Figure 

1G) and the Fcγ receptor III (CD16) (Figure 1H) versus all other macrophage subsets 

Table 2. Expression of membrane receptors on unpolarized macrophages, MΦIFN-γ, MΦIL-
4, and MΦIL-10. 

Medium 
(fold gMFI)

IFN-γ 
(fold gMFI)

IL-4 
(fold gMFI)

IL-10 
(fold gMFI)

CCR4 2,24 ± 1,08 3,12 ± 0,91 2,78 ± 1,17 2,47 ± 1,18

CD11b 4,56 ± 0,79 4,25 ± 0,17 11,01 ± 1,68 3,90 ± 0,68

CD180 1,55 ± 0,30 1,59 ± 0,58 1,70 ± 0,06 2,13 ± 0,52  

CD304 24,88 ± 13,15 16,82 ± 4,08 28,33 ± 7,72 19,14 ± 4,63

gp130 1,15 ± 0,05 1,40 ± 0,01 1,14 ± 0,09 1,25 ± 0,12

HLA-DR 33,74 ± 9,03 51,83 ± 33,27 43,96 ± 15,14 8,58 ± 1,88

Expression was calculated as the ratio between the gMFI of the marker of interest and the gMFI 
of the isotype control. Values represent the mean ± SEM. 
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(p < 0.01). The expression of all other investigated surface molecules was not specific 

for any of the macrophage subsets. In particular, CD86 expression was distinct from 

CD80, being upregulated by both IFN-γ and IL-4 (Figure 1C). The mannose receptor 

(CD206) was significantly upregulated by IL-4 versus IFN-γ and IL-10 (Figure 1F), but 

was previously reported to be also induced by GM-CSF and thus not be specific for IL-4 

polarization21. Fcγ receptor II (CD32) expression mimicked the subset-specific expression 

of CD16, as it was upregulated on MΦIL-10 versus MΦIFN-γ and MΦIL-4 (Figure 1I), but 

Figure 1. Expression of phenotypic markers on in vitro polarized human macrophages. Monocytes 
from peripheral blood of healthy donors were cultured for 4 days in medium or in medium 
supplemented with IFN-γ, IL-4, or IL-10, and subsequently analyzed by flow cytometry for surface 
marker expression. The panels depict the phenotype of the 3 polarized susbets: CD80, CD64, and 
CD86 expression for MΦIFN-γ phenotype (panel A to C); CD200R, CD14, and CD206 expression 
for MΦIL-4 phenotype (panel D to F); CD163, CD16, and CD32 expression for MΦIL-10 phenotype 
(panel G to I). Bars represent the mean (SEM) of at least 6 independent experiments. *p<0.05, 
**p<0.01, ***p<0.001.
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given the differential regulation of CD32a and CD32b (Supplemental figure 1), we 

excluded this marker from the following experiments. Excluding contamination with 

myeloid dendritic cells, both CD1c and CD1a were absent on polarized macrophages. 

The plasmacytoid dendritic cell marker CD304, however, was highly expressed on all 

macrophage subsets, as were the myeloid cell marker CD11b and HLA-DR (Table 2). In 

summary, these data indicate that human MΦIFN-γ specifically express CD80 and CD64, 

MΦIL-4 upregulate CD200R and downregulate CD14, and MΦIL-10 are characterized by 

high levels of CD163 and CD16. 

Confirmation of the phenotypic markers for MΦIFN-γ, MΦIL-4 and MΦIL-10
We next aimed to confirm that the candidate markers were robustly and reproducibly 

modulated by the polarizing factors. Firstly, we confirmed the induction of these 

markers at the mRNA level by quantitative RT-PCR by comparing the expression levels at 

0, 4, and 24 hours of exposure to IFN-γ, IL-4, or IL-10. As shown in Supplemental figure 

2, CD80 and CD64 mRNA levels were promptly upregulated by IFN-γ, CD200R was 

induced and CD14 was inhibited by IL-4, while both CD163 and CD16 were increased 

by IL-10 stimulation. Secondly, we performed a time curve with flow cytometric analysis 

of the polarized subsets at day 0, 4, and 7 to investigate whether the expression of the 

markers remained stable over time. The surface expression of CD80 and CD64 after IFN-γ 

polarization and of CD200R and CD14 after IL-4 polarization was maintained at similar 

levels on day 4 and 7. Following IL-10 polarization, CD163 expression was upregulated 

at day 4 and increased even further at day 7. CD16 was already expressed by monocytes 

(day 0) and maintained in time in the presence of IL-10 (Figure 2), but was lost during 

differentiation with other stimuli in vitro (Figure 1H). As CD16 expression was previously 

reported on a specific subset rather than all moncytes, we also assessed the percentage 

of cells positive for CD16 rather than the gMFI; also this analysis showed an increase of 

CD16 on MΦIL-10 compared to the other subsets (data not shown). Thirdly, we repeated 

the polarization experiments in dose-response conditions for IFN-γ, IL-4, and IL-10 and 

assessed the regulation of CD80, CD64, CD200R, CD163 and CD16 expression by flow 

cytometry. All three cytokines induced dose-dependent and specific upregulation of the 

selected markers (Supplemental figure 3). Taken together, these 3 sets of experiments 

confirmed the specific regulation of the phenotypic markers of interest by the polarizing 

stimuli.

Confirmation of the phenotypic marker specificity for each polarized 
macrophage subset

To examine if the phenotypic markers were specific for each macrophage subset rather 

than merely for exposure to one particular cytokine, we also measured the expression 

of the proposed phenotypic markers on peripheral blood monocytes cultured for 4 days 

with TNF (which was reported to polarize macrophages in a similar way as IFN-γ), IL-13 (as 
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a surrogate for IL-4), or with dexamethasone (instead of IL-10, for its immunomodulatory 

properties)13-15;17;22;41. TNF induced upregulation of CD80 similarly to IFN-γ, but failed 

to modulate CD64 expression (Figure 3A). It is important to note that TNF was proposed 

by some26;42, but not by all authors15;17 to have the same effect on polarization as 

IFN-γ. IL-13 polarization modulated CD200R and CD14 expression comparably to IL-4 

(Figure 3B), while polarization with dexamethasone paralleled IL-10 in the specific 

upregulation or maintained expression of CD163 and CD16, respectively (Figure 3C). 

These data indicate that the differential expression of the selected phenotypic markers, 

with the exception of CD64, reflects not just the effect of one specific cytokine, but 

characterizes the three major polarized macrophage subsets. 

Figure 2. Time course of candidate markers induction on peripheral blood monocyte-derived 
macrophages by IFN-γ, IL-4, or IL-10. Surface expression of the proteins was measured by flow 
cytometry at day 0, 4, and 7 of polarization. Bars represent the mean (SEM) of 3 independent 
experiments. 
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Figure 3. Expression of the phenotypic markers after in vitro polarization of monocyte-derived 
macrophages with other subset stimuli. Peripheral blood monocytes were cultured for 4 days in 
medium or in medium supplemented with IFN-γ or TNF for CD80 and CD64 expression (panel A), 
IL-4 or IL-13 for CD200R and CD14 expression (panel B), and IL-10 or dexamethasone for CD163 and 
CD16 expression (panel C). The expression of the surface markers of interest was analyzed by flow 
cytometry. Data are representative for 3 independent experiments and the histograms represent 
the gMFI of positively stained cells (black line) compared to the isotype control (solid gray).
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Expression of the phenotypic markers during macrophage differentiation 
with GM-CSF and M-CSF

Besides the previously tested cytokines, GM-CSF and M-CSF were also reported to 

induce classical versus alternative macrophage polarization, respectively30;31;32;33;34. 

Therefore, we assessed whether the expression of the candidate markers was also 

specifically modulated by these growth factors. As shown in Figure 4, GM-CSF 

specifically upregulated the MΦIFN-γ marker CD80 (p < 0.01), but not CD64, compared 

to M-CSF and medium control. M-CSF did not significantly modulate the expression 

of CD200R and CD14, but upregulated the MΦIL-10 markers CD163 (p < 0.05) and 

CD16. As indicated previously21, the mouse M2 marker CD206, which was significantly 

Figure 4. Expression of the phenotypic markers on unpolarized macrophages, MΦGM-CSF, and 
MΦM-CSF. Peripheral blood-derived monocytes were cultured for 4 days in medium or in medium 
supplemented with M-CSF or GM-CSF and were subsequently analyzed by flow cytometry for 
surface expression of CD80, CD64, CD200R, CD14, CD163, and CD16.  Bars represent the mean 
(SEM) of at least 6 independent experiments. *p<0.05, **p<0.01.
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upregulated by IL-4 versus IFN-γ and IL-10, was even stronger upregulated by GM-CSF 

in our experiments with human cells, supporting the notion that CD206 is not a specific 

marker of IL-4 polarization (Supplemental figure 4). Taken together, these data indicate 

that there is only a partial phenotypical overlap between the MΦGM-CSF /MΦM-CSF and 

the MΦIFN-γ/MΦIL-4/ MΦIL-10 models.

Expression of phenotypic markers during polarization of mature 
macrophages

In the previous experiments the cells were exposed to polarizing cytokines during 

their in vitro maturation from monocyte to macrophage. Earlier in vitro studies have 

indicated that macrophage polarization can be modified by renewed exposure to 

cytokines36;38;39. Additionally, it is likely that polarization in vivo is not driven by a single 

factor, but by simultaneous or sequential exposure to numerous cytokines, or alterations 

in lipid environment. Therefore, we assessed whether the phenotypic markers reflected 

this plasticity and could be modulated by polarization after initial differentiation into 

MΦGM-CSF and MΦM-CSF. Peripheral blood monocytes were differentiated for 4 days 

in the presence of GM-CSF or M-CSF and were subsequently exposed to IFN-γ, IL-4, or 

IL-10 for an additional 3 days.  As shown in Figure 5, IFN-γ significantly induced CD80 

and CD64 on MΦM-CSF (p < 0.05 for all comparisons), but not on MΦGM-CSF, while IL-4 

induced a slight CD200R upregulation and CD14 downregulation in both groups. Finally, 

IL-10 upregulated CD163 and CD16 levels in both MΦM-CSF and MΦGM-CSF (p < 0.05 

for MΦGM-CSF, for all comparisons). Despite the fact that some of these phenotypical 

changes did not reach statistical significance, this experiment shows that the proposed 

phenotypic markers are specifically induced on distinct macrophage subsets not only 

after primary in vitro polarization but also – albeit to a lesser extent - after secondary 

polarization of in vitro matured macrophages. Furthermore, the phenotypical plasticity 

of MΦM-CSF seemed to be higher than that of MΦGM-CSF.

Discussion
Macrophages play diverse roles in complex in vivo processes such as acute and 

chronic inflammation, tissue repair, and tumour growth. The emerging concept that 

macrophage functions are, at least in part, determined by the polarization status of the 

cells raised the question whether these distinct polarized macrophage subsets could be 

identified by specific phenotypic markers. The main result of the present study is the 

validation of CD80 as marker for MΦIFN-γ, CD200R for MΦIL-4, and CD163 and CD16 for 

MΦIL-10 in humans. CD64 appeared to be upregulated only by IFN-γ and not by TNF or 

GM-CSF, suggesting that its expression may be specific for IFN-γ exposure rather than a 
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Figure 5. Expression of the phenotypic markers after polarization of MΦGM-CSF and MΦM-CSF. 
GM-CSF or M-CSF differentiated macrophages were cultured for 3 additional days in medium or 
medium supplemented with IFN-γ, IL-4, or IL-10. The surface expression of the candidate markers 
was assessed by flow cyotmetry. Bars represent the mean (SEM) of 3 independent experiments. 
*p<0.05, **p<0.01.
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universal marker for M1. Furthermore, CD16 expression was maintained during in vitro 

macrophage polarization with IL-10, but not IFN-γ or IL-4. 

Four important issues should be considered when interpreting these data. Firstly, our 

results confirm some phenotypical differences between mouse and human macrophages. 

A striking example is the mannose receptor, which is a marker for alternatively polarized 

macrophages in rodents10;21, but was more potently upregulated by GM-CSF than by 

IL-4 on human macrophages. Also, we confirmed that CD200R is specifically expressed 

by MΦIL-4 in humans, while a previous report showed that CD200R expression in 

mice is not dependent upon IL-441. Secondly, the differences between the GM-CSF/

M-CSF differentiation and the IFN-γ/IL-4/IL-10 polarization model in the expression 

of certain surface markers, such as CD64 or CD206, highlight the complexity of the 

macrophage phenotypic polarization, beyond the simple M1/M2 paradigm. Thirdly, we 

used a candidate surface molecule approach rather than a systematic mRNA or protein 

expression analysis and, accordingly, the proposed list of phenotypic markers is certainly 

not exhaustive. Identification of additional and potentially even more specific markers 

remains possible. Finally, the markers were tested for their specificity for the major 

macrophage subsets but were not tested against other cell types. Obviously, markers 

such as CD16, CD64, and CD80 are also expressed by other cell types such as dendritic 

cells or activated B lymphocytes. Similarly, CD304 was proposed to be a specific marker 

for pDC versus mDC but also appears to be highly expressed on all macrophage 

subsets43. This implies that the macrophage subset specific markers identified in the 

present study should always be used in combination with a pan-macrophage marker 

when analyzing mixed cell populations in vitro or ex vivo.

The validation of specific phenotypic markers is highly relevant for further investigation of 

different aspects of human macrophage biology. Firstly, it provides a useful tool to study 

in detail the regulation of macrophage polarization. For example, we could systematically 

compare here the effect of GM-CSF and M-CSF versus the prototypical polarizing 

cytokines, demonstrating that M-CSF induces a MΦIL-10 phenotype but did not mimic 

the effects of IL-4. The similar effect of different cytokines on macrophage polarization 

may point towards common transcriptional programs (STAT6 phophorylation in the case 

of IL-4 and IL-13, for example) which could determine not only the phenotype but also 

the function of the distinct macrophage subsets. Additionally, these phenotypic markers 

form an important tool to study which factors influence macrophage polarization in 

vivo, as we demonstrated previously using synovial fluid of different types of chronic 

arthritis44.

A second potential application of these phenotypic markers is the characterization of 

differentially polarized macrophage subsets during tissue inflammation in vivo, in a 

disease and/or organ specific manner45. We previously reported an upregulation of 

CD163 during synovitis in spondyloarthritis versus rheumatoid arthritis46;47 despite 

similar numbers of CD68+ cells. The markers validated in the present study will allow 
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performing additional studies to refine this finding and determine whether there is a 

genuine difference in macrophage polarization between these two diseases. Similar 

approaches are broadly applicable to all types of tissue inflammation ranging from 

inflammatory bowel disease to atherosclerosis. An important issue here is the plasticity 

of macrophage polarization, which was extensively demonstrated in vitro36;38;39 

and confirmed here by the fact that, for example, IFN-γ was still able to modify the 

phenotype of macrophages previously polarized by M-CSF. As there are now reports 

describing this process also in vivo35;37, the phenotypic markers described here may be 

of particular interest to study the in vivo effect of targeted therapies such as anti-TNF, 

anti-IL-6, or anti-GM-CSF on tissue macrophages. 

The third and most crucial aspect that can be studied with these markers is to what extent 

the function of a defined macrophage subset relates to its phenotype. Some phenotypic 

markers reported here have an established functional role in macrophage biology, as 

demonstrated for CD200R and CD163. Upon binding of CD200 expressed by stromal 

cells, CD200R inhibits the MAPKs, ERK and JNK signaling pathways and may thereby 

contribute to restrain the pro-inflammatory potential of macrophages48-50. Similarly, 

CD163 has been reported to prevent tissue inflammation by clearing haemoglobin / 

haptoglobin complexes, inducing the antioxidative enzyme heme oxygenase-1, as well 

as by being cleaved to a soluble form which can inhibit T cell activation51-53. Whether 

these and other functions are fixed features of these polarized macrophage subsets or 

heavily dependent upon the activation status of the cells remains to be investigated. The 

differential expression of Fcγ receptors on polarized macrophage subsets, for example, 

warrant further investigation of how immune complexes may differentially affect the 

function of these cells54;55. Whereas reliable phenotypic markers will facilitate this 

type of functional studies in vitro, the major challenge, however, remains to define the 

phenotype-function correlation in human physiologic and pathologic conditions in vivo. 
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Supplemental figure 1. CD32a/CD32b expression 
ratio on unpolarized macrophages, MΦIFN-γ, MΦIL-

4, and MΦIL-10. Monocytes from peripheral blood 
of healthy donors were cultured for 4 days in 
medium or in medium supplemented with IFN-γ, 
IL-4, or IL-10, and subsequently analyzed by flow 
cytometry for CD32a and CD32b expression. 
Bars represent the mean (SEM) of 6 independent 
experiments. *p<0.05
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Supplemental figure 2. mRNA expression levels of the candidate markers. CD80 and CD64 
expression was measured after IFN-γ polarization, CD200R and CD14 expression after IL-4 
polarization, and CD163 and CD16 expression after IL-10 polarization. mRNA levels were measured 
at baseline, 4 hours, and 24 hours of polarization by quantitative real-time PCR and were normalized 
to those of the human housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
Bars represent the mean (SEM) of 6 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Supplemental figure 3. Dose-response curves for the candidate markers. Surface expression of 
the following markers on peripheral blood-derived monocytes was analyzed by flow cytometry: 
CD80 and CD64 after IFN-γ polarization; CD200R and CD14 after IL-4 polarization; CD 163 and 
CD16 after IL-10 polarization. Dots represent the fold gMFI of each marker and the data shows 
one representative experiment out of 3 independent experiments. Each cytokine was added in a 
dose of 0, 0.1, 0.5, 2.5, 10, and 50 ng/ml.

Supplemental figure 4. Membrane expression of 
CD206 on unpolarized macrophages, MΦGM-CSF, 
and MΦM-CSF. Monocytes from peripheral blood of 
healthy donors were cultured for 4 days in medium 
or in medium supplemented with GM-CSF, or M-CSF, 
and subsequently analyzed by flow cytometry for 
CD206 expression. Bars represent the mean (SEM) of 
6 independent experiments. *p<0.05.
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Abstract
Angiopoietin (Ang) -1 and -2 signaling to the tyrosine kinase receptor Tie2 plays a critical 

role in regulating angiogenic processes during development, homeostasis, tumorigenesis, 

inflammation and tissue repair. Although Tie2 signaling is best characterized in endothelial 

cells (ECs), a subset of human and murine circulating monocyte/macrophages expressing 

Tie2 (TEMs), displaying immunosuppressive properties consistent with M2 macrophage 

polarization, makes essential contributions to solid tumor formation. However, we 

have recently shown that Tie2 is strongly activated in pro-inflammatory macrophages 

present in the synovial tissue of rheumatoid arthritis patients. Here, we examined 

the relationship between Tie2 expression and function during human macrophage 

polarization. We observed Tie2 expression under all polarization conditions, which was 

highest in macrophages differentiated in the presence of IFN-γ and IL-10. TNF enhanced 

expression of a conserved subset of genes involved in angiogenesis in GM-CSF, IFN-γ and 

IL-10-differentiated macrophages, and expression of CXCL-3, -5, and -8, IL-6, IL-12B and 

TNF was further augmented in the presence of Ang-1 and Ang-2. Conditioned medium 

from macrophages stimulated with Ang-1 or Ang-2 in combination with TNF, regardless 

of macrophage polarization conditions, promoted monocyte recruitment. Our findings 

suggest a general role for Tie2 in cooperatively promoting the inflammatory activation 

of macrophages, independently of polarization conditions.
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Introduction
The tyrosine kinase receptor Tie2 makes essential contributions to vascular development 

and blood vessel remodeling through its interaction with angiopoietin (Ang) ligands, 

of which Ang-1 and Ang-2 are the best characterized1;2. The binding of Ang-1 to Tie2 

induces activation of the kinase, resulting in autophosphorylation of Tie2 on multiple 

tyrosine residues and activation of downstream signaling pathways. Tie2 signaling has 

been most extensively studied within the context of endothelial cell (EC) biology and 

vascular development and homeostasis. Here, Ang-1 promotes Tie2-dependent EC 

survival, stability of the endothelial barrier, vascularization, and lymphangiogenesis3-5. 

The outcome of Ang-1 signaling to ECs is context-dependent, as trans signaling of 

Tie2 via bridging Ang-1 in adjacent ECs strengthens endothelial barriers, while Ang-1 

deposited on extracellular matrix (ECM) components promotes EC proliferation and 

migration6;7. Initial evaluation of mice overexpressing Ang-2 indicated that, at least 

during development, Ang-2 functions as an antagonist of Ang-11;2. Ang-2 can compete 

with Ang-1 to prevent phosphorylation of Tie2, and this antagonistic effect is most 

readily observed in blocking Tie2 activation at EC cell-cell junctions7;8. However, 

under certain conditions, such as in the absence of Ang-1 or when Ang-2 is present 

in high concentrations, Ang-2 can stimulate Tie2 signaling8. Ang-2 can also initiate EC 

signaling cascades via binding to integrins independently of Tie2, as evidenced by the 

ability of Ang-2 to promote sprouting angiogenesis of Tie2-negative ECs in vitro and in 

vivo9. Ang-2’s effects on the vascular are often pro-inflammatory, promoting vascular 

leakage and sensitizing ECs to TNF-dependent induction of adhesion protein expression 

important for leukocyte extravasation10-12.

In recent years it has become evident that other cells expressing Tie2, namely of the 

myeloid lineage, also make requisite contributions to angiogenic processes in health 

and disease. Tie2-expressing monocytes (TEMs) were identified as a subpopulation of 

circulating and tumor-infiltrating myeloid cells found both in humans and mice.13;14. TEMs 

are recruited to solid tumors in the earliest stages of tumor development, and targeted 

depletion studies in mice have shown that TEMs are needed to allow vascularization 

and growth of solid tumors13. TEMs represent 2-7% of the total human peripheral 

blood mononuclear cell (PBMC) population, are readily detected in human tumors, and 

human tumor xenograft models indicate that these cells play similar pro-angiogenic, 

pro-tumorigenic roles in both mice and humans14. Gene expression analyses of murine 

TEMs have raised the possibility that they represent a distinct committed myeloid 

lineage derived from embryonic macrophages and circulating resident monocytes15. In 

particular, TEMs are responsive to Ang-2 stimulation, as this cytokine serves to both 

recruit TEMs, as well as inducing TEM expression of pro-angiogenic genes such as TP and 

CTSB13;14;16. Gene expression analyses also suggest a relationship between TEMs and 
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polarized macrophages with immunosuppressive/immunoregulatory phenotypes15;17. 

Indeed, Ang-2 induces IL-10 expression in TEMs, promoting the expansion and 

suppressive capacity of Tregs17.

The phenotypic characteristics and functional capacities of macrophages are tightly 

regulated by environmental cues they receive during differentiation, a process referred 

to as macrophage polarization. Cytokines and pathogens, among other factors, can 

guide macrophage differentiation into classically activated, pro-inflammatory M1 or 

alternatively activated M2 macrophages18. In vivo, tissues can be populated by both 

M1 and M2-like macrophages, as well as macrophages of mixed phenotype. During 

inflammation and tissue damage, inflammatory mediators recruit monocytes which 

mature into M1-like macrophages, which are then replaced, by conversion or de novo 

recruitment, by macrophages with M2-like phenotype as the immune response is 

resolved and tissue repaired19;20. To date, TEMs have been described to display M2-like 

properties in mice and humans15;17. However, we have recently found that Tie2 is highly 

activated in synovial macrophages of patients with rheumatoid arthritis (RA)21. In RA, 

pro-inflammatory activation of these macrophages is very closely linked with disease 

activity and patient response to therapy22. As in other immune-mediated inflammatory 

diseases, RA synovial macrophages are heterogeneous in phenotype, consisting of 

distinct M2-like subpopulations, as well as macrophages co-expressing both M1 and 

M2 polarization markers23. These observations suggested that Tie2 function in myeloid 

biology may not be limited to immunosuppressive functions associated with TEMs, 

and in the present work, we examined the relationship between Tie2 expression and 

function in human macrophages within the context of macrophage polarization.

Material and methods 

Monocyte purification and macrophage differentiation

PBMCs were isolated from human healthy volunteer donor blood buffy coats by 

gradient centrifugation with Lymphoprep (Axis-Shield PoPAS) and monocytes were 

isolated from PBMCs by Percoll gradient separation (GE Healthcare). Monocytes were 

differentiated into macrophages in IMDM/10% FCS supplemented with 100 µg/ml 

gentamycin (Invitrogen), in the presence of granulocyte macrophage colony-stimulating 

factor (GM-CSF, 5 ng/ml), macrophage colony-stimulating factor (M-CSF, 25 ng/ml), 

interleukin (IL)-4 (10 ng/ml), interferon gamma (IFN-γ, 10 ng/ml) or IL-10 (10 ng/ml) (all 

from R&D systems) for 7 days. 
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Flow cytometry

Macrophage purity, differentiation and Tie2 expression was assessed by flow cytometry 

(FACS Canto Flow Cytometer, BD Biosciences). Fluorochrome-labeled monoclonal 

antibodies against CD16 (clone 61D3, eBiosciences), CD64, CD163, CD200R and 

Tie2 (R&D Systems) were used. Equivalent concentrations of matched isotype control 

antibodies were used as negative controls. Before staining, Fc receptors were blocked 

with 10% human serum (Lonza). Data were analyzed with Flow Jo Flow Cytometry 

Analysis software (Tree Star) and values were expressed as the ratio of geometric mean 

fluorescence intensity (gMFI) of the marker of interest over that of the isotype control.

Real-time (RT) PCR and qPCR arrays

RNA was isolated from macrophages using the RNeasy Kit and RNase-Free DNase 

Set (Qiagen). 500 ng of total RNA was reverse-transcribed using SuperScript™ II RT 

(Invitrogen). Duplicate PCR reactions were performed using SYBR green (Applied 

Biosystem) with an ABI Prism® 7000 sequence detection system (Applied Biosystems). 

cDNA was amplified using specific primers (Invitrogen) for Tie2 (forward sequence, 

5’ACAATGGTGTCTGCCATGAA3’; reverse, 5’TTCACAAGCCTTCTCACACG3’), Tie1 

(forward, CAGATTGCGCTACAGCTAGG; reverse, CCGCGTAAGTGAAGTTCTCA) and 

GAPDH (forward, 5’GCCAGCCGAGCCACATC; reverse, TGACCAGGCGCCCAATAC). 

Relative levels of gene expression were normalized to GAPDH housekeeping gene. 

The relative quantity (RQ) of mRNA was calculated by using the formula: 2-DDCt. 

Alternatively, differentiated macrophages were stimulated with TNF (10 ng/ml, Biosource 

International) in the presence or absence of recombinant human Ang-1 or Ang-2 (200 

ng/ml, R&D Systems) for 4 h. 250 ng of total RNA was subjected to cDNA synthesis 

using the RT2 First Strand Kit (Qiagen) and mRNA expression of 84 angiogenic factors 

was analyzed by RT-PCR using low density quantitative PCR Array (Human Angiogenic 

Growth Factors & Angiogenesis Inhibitors PCR Array, Qiagen) with an ABI Prism® 7000 

sequence detection system (Applied Biosystems). Relative levels of gene expression 

were normalized to 5 housekeeping genes and RQ values determined as above.

Measurement of cytokine production 

Macrophages were stimulated 24 h with TNF (10 ng/ml) or LPS (1 µg/ml) (Sigma-Aldrich) 

in the presence or absence of Ang-1 or Ang-2 (200 ng/ml). Cell-free supernatants were 

analyzed by ELISA for IL-6, IL-8 and TSP-2 (PelKine Compact™ ELISA kits, Sanquin 

Reagents). CXCL-2,-3,-5,-6,-9,-10,-11,-14, IL-12B and IFN-γ were measured using the 

relevant human single-plex assays (Bio-Rad) and read on a Bio-Plex 200 system (Bio-Rad).
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Immunoblotting

Macrophages were left unstimulated or stimulated with TNF (10 ng/ml) in the absence 

or presence of Ang-1 or Ang-2 (200 ng/ml). Total cell lysates were subjected to 

electrophoresis on 4-12% gradient Bis-Tris SDS NuPAGE® gels (Invitrogen), and proteins 

were transferred to PVDF membranes (Bio-Rad). Membranes were incubated overnight 

at 4°C in primary Abs specific for IκBα, pPKB (Ser473), PKB, pERK, ERK, p-p38, p38, 

pJNK, JNK, and histone 3 (H3) (all from Cell Signalling), washed, and incubated in 

TBS/T containing horseradish peroxidase–conjugated secondary antibody. Protein was 

detected with Lumi-lightplus Western Blotting Substrate (Roche Diagnostics) using an 

ImageQuant LAS 4000 system (GE Healthcare).

Monocyte chemotaxis assay

Macrophages were stimulated with TNF in the presence or absence of Ang-1 or Ang-2 

for 24 h and cell-free supernatants were collected. Monocytes were purified from 

human PBMCs using Monocyte Isolation Kit II (Miltenyi Biotec). 1×105 monocytes 

were transferred into the upper chamber of 5 µM pore-size transwell plates (96 well 

ChemoTX®, NeuroProbe). Fresh medium alone, or containing Ang-1 or Ang-2 (200 

ng/ml), or conditioned macrophage supernatants were added to the lower chamber. 

After 2 h at 37°C, cells migrating to the lower chamber of the plate were quantified by 

staining with Calcein-AM (1µM, BD Bioscience) and analysis using a multi-label reader 

Victor3™ (PerkinElmer Inc.). Data were expressed as signal (arbitrary units), following 

subtraction of signal of empty wells containing no cells ± SEM.

Statistical analyses

Statistical analysis was performed using Windows GraphPad Prism 5 (GraphPad 

Software, Inc.). Potential differences between experimental groups were analyzed by 

non-parametric Mann-Whitney U test or Wilcoxon paired test, as appropriate. P-values < 

0.05 were considered significant. 

Results

Human macrophage Tie2 expression is regulated by polarizing cytokines 
but is not restricted to immunoregulatory M2 macrophages 

To determine the influence of environmental influences on macrophage Tie2 expression, 

we differentiated macrophages in the presence of cytokines resulting in the generation 

of classically activated (pro-inflammatory, M1: GM-CSF, IFN-γ) or alternatively activated 

(M2: M-CSF, IL-4, IL-10) macrophages18;24. FACS analysis of macrophages cultured 

under these conditions revealed that although cytokines differentially regulated 
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Figure 1. Regulation of Tie2 and Tie1 expression during macrophages polarization.
(A) FACS analysis of macrophages polarized for 7 days with the indicated cytokines, using Ig 
control (filled grey area) and Tie2 antibodies (open area). Experiments shown are representative 
of 7 independent experiments. (B) Quantification of relative Tie2 surface expression (geomean) 
and Tie2 mRNA expression (C) by macrophages differentiated in medium alone or with indicated 
cytokine. (D) Quantification of relative Tie1 mRNA expression and Tie2 mRNA expression relative 
to Tie1 (E) by macrophages differentiated in medium alone or with indicated cytokine. qPCR data 
is shown as relative quantity, as described in material and methods Values are the mean ± SEM of 
5-7 independent experiments. *P < 0.05. **P < 0.01 versus macrophages differentiated in medium 
alone.
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Tie2 surface expression, there was no relationship between Tie2 expression and 

macrophage functional classification (Figure 1A). Compared to medium alone, IFN-γ 
and M-CSF, and IL-10 significantly enhanced macrophage Tie2 surface expression 

(Figure 1B). However, little Tie2 was detected on macrophages exposed to IL-4 (Figure 

1A-B). Quantitative analysis of Tie2 mRNA expression mirrored results obtained 

in examining protein expression, with the highest levels of Tie2 mRNA expressed in 

IFN-γ and IL-10-differentiated macrophages (Figure 1C). Interestingly, expression of 

Tie1, reported to act as an antagonist of Tie2 signaling in ECs, was also differentially 

induced in macrophages during polarization. Compared to medium alone, GM-CSF 

significantly enhanced Tie1 mRNA expression, and trends toward enhanced expression 

were observed in M-CSF and IL-4-differentiated macrophages (Figure 1D). Comparing 

relative expression of Tie2 to Tie1 mRNA, the ratio of Tie2 to Tie1 was significantly 

enhanced in macrophages differentiated in the presence of IFN-γ and IL-10 compared 

to medium alone, raising the possibility that these two types of macrophages might 

be most responsive to Ang signaling via Tie2 (Figure 1E). Together, these results 

demonstrate that in human macrophages, while macrophage polarization conditions 

strongly regulate Tie2 expression levels, as well as those of Tie1, Tie2 expression is not 

limited to M2-like macrophages.

Ang-1 and Ang-2 do not influence macrophages polarization

We next examined the possibility that Ang-1 and Ang-2 might directly regulate 

macrophage polarization, as previous studies of freshly derived human monocytes 

acutely exposed to Ang-2 suggested that Tie2 signaling could further enhance Tie2 

expression and reinforce immunoregulatory gene expression patterns16. To test this 

possibility, macrophages were differentiated for seven days in the absence or presence 

of Ang-1 or Ang-2 and specific markers of polarized macrophages were analyzed by 

flow cytometry. Unlike classical polarizing cytokines, neither Ang-1 nor Ang-2 influenced 

expression of CD16, CD64, CD163, or CD200R, surface markers strongly up-regulated 

by IL-10 and IL-4, respectively25 (Figure 2A-D). Under these conditions, we also analyzed 

the effect of Ang-1 and Ang-2 stimulation on Tie2 expression. However, neither cytokine 

significantly altered Tie2 protein or mRNA expression (Figure 2 E-F). Together, these 

data suggest that macrophage exposure to neither Ang-1 nor Ang-2 is sufficient to 

drive human macrophage polarization or initiate feedback loops regulating Ang or Tie2 

expression.

Macrophage polarization conditions influence Ang-1 and Ang-2 
regulation of gene expression

We next examined the influence of Tie2 signaling on macrophage cytokine production 

within the context of previous studies indicating a primarily anti-inflammatory effect 

of Ang-2 on TEMs and human monocytes16;26. Macrophages were polarized in the 
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Figure 2. Ang-1 and Ang-2 fail to induce macrophage polarization. (A-D) FACS analysis of 
expression of macrophage surface markers (A) CD16, (B) CD64, (C) CD163 and (D) CD200R in 
macrophages differentiated for 7 d in medium alone, or medium containing the indicated polarizing 
cytokines, Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml). Data in (A-D) are presented as the geomean 
normalized to values obtained for macrophages cultured in medium alone, and represent the mean 
± SEM of 4-5 independent experiments per marker. (E) Surface protein expression (geomean) and 
mRNA expression (F) of Tie2, as determined by FACS analysis (n = 5) and qPCR (n = 3), respectively, 
in human macrophages cultured for 7 d in the absence (medium) or presence of 200 ng/ml Ang-1 
or Ang-2. *P < 0.05, **P < 0.01 versus macrophages differentiated in medium alone.
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Figure 3. Ang-1 and Ang-2 regulation of cytokine production in polarized macrophages. 
Analyses of IL-6, TSP-2 and IL-10 production in supernatants of macrophages differentiated in 
IFN-γ (A) or IL-10 (B) after 24 h incubation in medium alone, TNF-α (10 ng/ml) or LPS (1 µg/ml) in 
the absence (white bars) or presence of Ang-1 (200 ng/ml, grey bars) or Ang-2 (200 ng/ml, black 
bars). Bars represent the means and SEM of 4-7 independent experiments. *P < 0.05, **P < 0.01 
versus cells not exposed to Ang-1 or Ang-2. 
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Figure 4. Macrophages polarization 
influences angiogenic expression profile. 
mRNA expression profiles of 84 angiogenesis 
related genes in macrophages differentiated 
in IFN-γ, GM-CSF, M-CSF and IL-10 for 7 days 
(n=3). Data is presented as a heat map, 
where lowest mRNA expression is showed 
in dark blue and highest in yellow. Related 
genes are presented as clusters of genes 
and differentiated macrophages based on 
unsupervised clustering. 

presence of IFN-γ or IL-10, and stimulated 

in the absence or presence of Ang-1 or 

Ang-2, alone or in combination with TNF. In 

IFN-γ-differentiated macrophages, levels of 

IL-6 production were significantly elevated 

by Ang-1 and Ang-2, both in the absence or 

in the presence of TNF (P < 0.05 in all cases), 

but not in the presence of LPS (Figure 3A). 

In immunoregulatory IL-10–differentiated 

macrophages, both Ang-1 (P < 0.05) and 

Ang-2 (P < 0.05) enhanced TNF-induced 

IL-6 production (Figure 3B). We also 

analyzed expression of the anti-angiogenic 

factor TSP-2, as we had previously 

demonstrated that Ang-2, but not Ang-1, 

suppressed TSP-2 production in GM-CSF –

differentiated macrophages21. TSP-2 levels 

were undetectable in IFN-γ-differentiated 

macrophages under all conditions tested 

(data not shown). However, Ang-2 (p<0.05), 

but not Ang-1, suppressed spontaneous 

TSP-2 production by IL-10-differentiated 

macrophages (Figure 3A-B). We also 

considered the influence of Ang-1 and 

Ang-2 on the immunoregulatory cytokine 

IL-10, as previous work has shown that 

Ang-2 increased IL-10 production in TEMs16. 

In IFN-γ differentiated macrophages, 

neither Ang-1 nor Ang-2 influenced basal 

or LPS-induced IL-10 production. However, 

in IL-10-differentiated macrophages, Ang-1 

enhanced IL-10 production, while Ang-2 

was suppressive (Figure 3A-B). Together, 

based on the parameters assessed, these 

data indicate a generally pro-inflammatory, 

rather than immunosuppressive role 

for Ang-1 and Ang-2 in the biology of 

differentiated macrophages.
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Table 1. Ang-1 and Ang-2 enhance TNF-induced gene expression in polarized macrophages. 
Comparison of expression of 84 genes involved in the regulation of angiogenic processes in 
macrophages differentiated in GM-CSF, IFN-γ, or IL-10 following 4 h incubation in medium alone or 
TNF-α (10 ng/ml) in the absence or presence of Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml). Results 
indicate the RQ in relation to unstimulated cells, as described in materials and methods, and are 
presented as the mean and standard error of the mean (SEM) of 3 independent experiments.
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Ang-1 and Ang-2 enhances the expression of TNF-induced chemokines 
and pro-inflammatory cytokines 

To extend the knowledge of Tie2 signaling on differentiated macrophages, we explored 

the effects of macrophage stimulation with Ang-1 and Ang-2 on mRNA expression 

of 84 genes involved in angiogenic processes. Differentiation of macrophages in 

IFN-γ, GM-CSF, M-CSF, and IL-10 resulted in expression of distinct profiles of gene 

expression although, as expected, unsupervised clustering of data revealed the highest 

relationship of gene expression patterns between M1 IFN-γ and GM-CSF-differentiated 

macrophages, and between M2 M-CSF and IL-10-differentiated macrophages (Figure 4). 

Results were in general agreement with previously published studies of gene expression 

during macrophage polarization as, for example, IFN-γ-differentiated macrophages 

displayed the highest expression of CXCL9, CXCL10, CXCL11, and IL12A (Figure 4)27.
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In initial experiments, we were unable to identify additional genes, which were 

reproducibly regulated by more than 2-fold in macrophages stimulated with either 

Ang-1 or Ang-2 alone (Supplemental Figure 1 and data not shown). Hence, we next 

examined the influence of Ang-1 and Ang-2 on macrophage gene expression in response 

to TNF stimulation, as we and others have previously reported cooperative effects 

between TNFR and Tie2 signaling in ECs and macrophages.12;21 In IFN-γ, GM-CSF, and 

IL-10-differentiated macrophages, 25-30% of the genes studied were modulated by 

at least 2-fold (n = 3) following 4 h stimulation with TNF (Figure 5A). Interestingly, 

the vast majority of these genes were regulated in the same way independently of 

macrophage polarization conditions, although differences in basal and induced gene 

expression levels were readily apparent. When macrophages were stimulated with 

Ang-1 or Ang-2 in combination with TNF, we observed that Ang-1 and Ang-2, with 

few exceptions, only influenced the subset of genes already regulated independently by 

TNF (Figure 5A and Table 1). Ang-1 and Ang-2 cooperated in a synergistic fashion with 

TNF to induce CXCL3, CXCL6, CXCL8, IL6, IL12B and TNF (Figure 5B), as well as to a 

lesser extent CXCL2, CXCL5, CXCL9, CXCL10 and CXCL11 (Table 1). This synergism was 

independent of the polarization conditions, although the effects of Ang-1 and Ang-2 

were most robust in IFN-γ –differentiated macrophages. Other genes were targeted by 
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Figure 5. Ang-1 and Ang-2 enhance the TNF-induced expression of chemokines and 
cytokines. (A) mRNA expression profiles of angiogenesis related genes in macrophages 
differentiated in GM-CSF, IFN-g or IL-10 after 4 h incubation in medium alone or TNF-α (10 ng/ml) 
in the absence or presence of Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml) (n=3). Data is presented 
as a heat map, where lowest mRNA expression is showed in dark blue and highest in yellow, and 
columns are arranged by supervised clustering. (B) Analyses of chemokines and cytokines mRNA 
expression levels of selected genes analyzed in (A). Data is shown as relative quantity in respect to 
unstimulated cells, as described in material and methods. Bars represent the means and SEM of 3 
independent experiments.
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Figure 6. Ang-1 and Ang-2 enhance the TNF-induced activation of ERK, p38, PKB and NF-kB. 
Immunoblot analyses of cellular lysates obtained from IFN-γ or IL-10 differentiated macrophages 
stimulated for the indicated times (min) with TNF (10 ng/ml) in the presence or absence of Ang-1 
(200 ng/ml) or Ang-2 (200 ng/ml) for expression and phosphorylation (p) of the indicated signaling 
proteins. All data shown are from independent immunoblots performed on macrophage lysates 
obtained from a single donor and are representative of 4 individual experiments.

Ang and TNF stimulation in a polarization-restricted fashion, such as FN1, BMP2, BTG1 

and EREG in IFN-γ–differentiated macrophages, and CXCL14 in GM-CSF–differentiated 

macrophages (Figure 5A and Table 1). In almost all cases Ang-1 was more effective 

than Ang-2 in cooperating with TNF to induce gene expression (Figure 5B), but in M1 

macrophages we identified a small subset of genes CHGA, COL4A3, CXCL14, CCL3, 

NPPB, and PROK1, which were upregulated only in the presence of TNF in combination 

with Ang-2 (Table 1). Together these results suggest that although Ang-1 is generally 

more effective than Ang-2, and that M1 macrophages are more responsive than M2 

macrophages, Ang-1 and Ang-2 play similar roles in cooperating with TNF to induce 
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pro-inflammatory cytokines and chemokines, independently of macrophage polarization 

conditions. 

Ang-1 and Ang-2 increase TNF-induced NF-κB, p38, PKB and ERK 
activation

To better understand the molecular basis by which Ang-1 and Ang-2 cooperate with TNF 

to drive gene expression in macrophages, we analyzed activation of key TNF-regulated 

signaling pathways in polarized macrophages. Previously, we demonstrated that in 

GM-CSF-differentiated macrophages, Ang-1 enhances TNF-induced activation of NF-κB, 

ERK and PKB21. Immunoblotting of cellular lysates showed that TNF stimulation induced 

the activation of ERK and p38 in IFN-γ and IL-10-differentiated macrophages, although 

the kinetics and degree differed between the two types of macrophages (Figure 6). ERK 

activation was enhanced in IFN-γ-differentiated macrophages, and Ang-1 further elevated 

TNF-induced ERK phosphorylation at 15 min, while both Ang-1 and Ang-2 enhanced 

TNF-dependent ERK activation in IL-10-differentiated macrophages. Only Ang-1 enhanced 

TNF-induced p38 phosphorylation, evident in both IFN-γ and IL-10-differentiated 

macrophages, although total p38 levels were relatively lower in IL-10-differentiated 

macrophages. PKB activation was noted only in IFN-γ-differentiated macrophages, 

where both Ang-1 and Ang-2 enhanced TNF-dependent PKB phosphorylation at late 

time points. Again, total PKB expression was lower in IL-10-differentiated macrophages. 

IκBα expression was detected in unstimulated cells, and expression levels were higher 

in IL-10-differentiated macrophages. In both cell populations, both Ang-1 and Ang-2 

cooperated to delay recovery of IκBα expression following initial stimulation. Thus, 

although p38, PKB and IκBα are differentially expressed in IFN-γ and IL-10-polarized 

human macrophages, with the exception of PKB activation, Ang-1 and Ang-2 similarly 

cooperate with TNF to activate intracellular signaling pathways in both types of 

macrophages.

Macrophage stimulation with Ang-1 and Ang-2 cooperates with TNF to 
promote monocyte recruitment 

To determine if the effects we observed of Ang-1 and Ang-2 on macrophage chemokine 

production were sufficient to influence biological responses, we performed monocyte 

chemotaxis assays using supernatants from macrophages unstimulated or stimulated 

with TNF in the absence or presence of Ang-1 and Ang-2. In control experiments, 

inclusion of Ang-1 or Ang-2 alone in chemotaxis buffer resulted in a trend towards 

induced monocyte migration, which did not reach statistical significance, consistent 

with previous contradictory reports (Figure 7)26;28. Additionally, inclusion of TNF alone 

or in combination with Ang-1 or Ang-2 in conditioned medium from GM-CSF, IFN-γ or 

IL-10–differentiated macrophages failed to influence monocyte chemotaxis compared to 

conditioned medium alone (data not shown). Conditioned medium from macrophages 
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4stimulated with TNF induced an increase of monocytes migration compared with 

conditioned medium from unstimulated macrophages, although differences were 

only significant in IFN-γ-differentiated macrophages (P < 0.05). Conditioned medium 

from macrophages stimulated with TNF in combination with Ang-1 or Ang-2 

induced significantly increased migration compared with medium from unstimulated 

macrophages in each of the polarization conditions (p-values ranging from 0.0313 to 

0.0078). Additionally, Ang-1 cooperated with TNF to induce monocyte migration in 

GM-CSF (P < 0.01), IFN-γ (P < 0.05) and IL-10 (P < 0.01)-differentiated macrophages. 

Ang-2 also enhanced TNF-induced monocyte migration compared to TNF alone in IFN-γ 

-differentiated macrophages (P < 0.05). Together, these results suggest that Ang-1, and 

to a lesser extent Ang-2, enhance the TNF-induced secretion of chemokines responsible 

of the monocyte migration, independently of macrophage polarization conditions. 

Discussion
Studies in tumor biology have recently demonstrated that myeloid Tie2 signaling 

plays an essential role in integrating angiogenesis and tissue remodeling to permit 

the growth of solid tumors13;14. Gene expression profiles have indicated that murine 

TEMs represent a distinct lineage commitment during monocyte differentiation. 

Moreover, restriction of Tie2 to a distinct subset of circulating human monocytes 

expressing genes associated with alternatively activated (M2-like) macrophages has 

also been reported15;16. Prominent secreted gene products expressed by human TEMs 

include cathepsin B, MMP-9, and IL-10, and expression of these factors, important for 

Figure 7. Ang-1 and Ang-2 stimulation of macrophages cooperates with TNF to induce 
monocyte recruitment. Monocyte migration assays in response to chemotaxis buffer alone 
(medium) or in combination with Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml), or chemotaxis buffer 
supplemented with conditioned medium of macrophages polarized in GM-CSF, IFN-γ or IL-10 in the 
absence (unstimulated) or presence of 24 h stimulation with TNF (10 ng/ml) alone or in combination 
with Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml). Bars represent the means and SEM of 7-8 independent 
experiments. Experiments with each polarization condition were performed in parallel, but for ease 
of analysis are presented as 3 independent graphs. Therefore, data for medium, and medium plus 
Ang-1 or Ang-2 is replicated in each of the 3 graphs. *P < 0.05, **P < 0.01.
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angiogenesis and immune regulation, is reinforced by Ang-2 stimulation16;17;26. Ang-2 

supports TEM activation of immunosuppressive Tregs, potentiating tumor growth in 

vivo, again indicating an anti-inflammatory function for Tie2 signaling in myeloid cells17. 

However, we now provide direct evidence that human macrophage Tie2 expression is 

not restricted to cells derived from a distinct, preprogrammed circulating monocyte 

subset, but instead is highly dependent upon macrophage polarization conditions. 

Tie2 expression is readily detected on pro-inflammatory M1 (IFN-γ, GM-CSF) as well as 

alternatively activated M2 (M-CSF, IL-10) macrophages, indicating that Tie2 expression 

is dissociated from macrophage functional classification. Although Ang-1 and Ang-2 

by themselves have weak to negligible effects on macrophage gene expression, these 

cytokines interact strongly with TNF to promote gene expression in both M1 and M2 

macrophages. Thus, as is the case with ECs, myeloid Tie2 signaling appears to play an 

important role in integrating angiogenesis with local inflammatory cues12. 

Together, our study suggests a cellular and molecular basis by which macrophage Tie2 

signaling might contribute to both the initiation and resolution of acute inflammation, 

or tissue damage and repair. The lack of restriction of Tie2 expression to specific 

macrophage polarization conditions could also explain dichotomous roles of myeloid 

Tie2 in supporting either immunosuppression, as in tumor biology, or immune 

activation, as in RA. Murine studies have indicated that LY6ChiCCR2+ splenic monocytes 

respond quickly to sites of inflammation and tissue damage, differentiating into M1-like 

macrophages. Later, as part of the resolution process, these macrophages are replaced 

with M2-like macrophages. However, it is not clear if this represents a distinct wave 

of myeloid infiltration, or conversion of previously recruited myeloid cells19;20. For 

example, resident macrophages in normal adipose tissue have M2 phenotypes, but 

are replaced by M1 macrophages, originating from newly recruited monocytes, during 

obesity onset29;30. In contrast, tumor-associated macrophages (TAM), including TEMs, 

have M2-like phenotypes, which include low production of IL-12 and high production of 

IL-102;15-17. This phenotype is reinforced at least in part by tumor-derived cytokines31. 

However, in the presence of IFN-γ they can be converted to M1-like macrophages which 

promote tumor regression32. In RA and other forms of arthritis, distinct macrophages 

with M2-like and mixed M1/M2 phenotypes, characterized by colocalization of CD163, 

CD32 and CD64 markers, are observed23;25. In spondyloarthritis (SpA) patients, 

expression of the M2 marker CD163 is elevated in intimal macrophages compared to 

RA, consistent with a relative lack of M1-polarizing cytokines in SpA synovial tissue23;33. 

Despite this, in both RA and SpA, synovial macrophage numbers and cytokine products 

are closely associated with disease activity and patient responses to treatment, 

indicating contributions to inflammation and joint destruction independent of M1/M2 

phenotype34-36. As we have previously observed prominent tyrosine phosphorylation of 

Tie2 in synovial macrophages of patients with RA and psoriatic arthritis, a form of SpA, 

and Tie2 can cooperate with TNF to produce inflammatory cytokines and chemokines 
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in both M1 and M2 macrophages, this may indicate a general role for macrophage Tie2 

signaling in inflammatory arthritis21.

Available data has consistently demonstrated that TEMs, especially within the context 

of Ang-2 stimulation, display an immunoregulatory phenotype, characterized by low 

expression of IL-12 and high expression of IL-1015-17. In contrast, we find that in both 

M1 and M2 macrophages, Ang-2 synergizes with TNF to induce IL12B expression, 

and by itself can suppress IL-10 production in M2 macrophages. The differences we 

observe between polarized macrophages and reported data on TEMs may simply reflect 

differences in gene regulation between monocytes and differentiated macrophages, 

or intrinsic properties of TEMs as a committed myeloid subpopulation. An additional 

trivial possibility is that differences are influenced by cell culture conditions, as studies 

with TEMs have been performed in low-serum medium, conditions which in our hands 

result in rapid apoptosis of monocytes (our own unpublished observation). Remarkably, 

we find that for most genes studied, Ang-1 synergizes more potently with TNF than 

Ang-2 to drive macrophage gene expression. The little data that is available regarding 

the effects of Ang-1 on TEMs have suggested that TEMs are generally unresponsive to 

Ang-1, although it can suppress CCL17 expression and induce EGF16. We find that Ang-1 

and Ang-2 cooperate with TNF in a similar fashion in both M1 and M2 macrophages. 

Consistent with this, both Ang-1 and Ang-2 enhance TNF-dependent ERK, p38, PKB and 

NF-κB activation, although relative contributions in M1 and M2 macrophages appear 

to be restricted by hard-wiring of the expression of signaling components, such as PKB 

and IκBα. However, we do note that Ang-2 can selectively regulate expression of some 

genes, such as IL-10, TSP-2, CHGA, COL4A3, CXCL14, CCL3, NPPB, and PROK1, indicating 

that additional signaling pathways may be differentially regulated by Ang-1 and Ang-2.

One relevant physiological consequence of macrophage Tie2 stimulation that we identify 

here is the generation of chemokines, which attract peripheral blood monocytes. 

Disparate studies have previously indicated that Ang-1 and Ang-2 can directly promote 

monocyte and TEM recruitment by acting as intrinsic chemotactic factors26;28. Although 

we do observe statistically insignificant trends towards monocyte recruitment by Ang-1 

and Ang-2 alone, cultured medium from either M1 or M2 macrophages stimulated by 

Ang-1 or Ang-2 in combination with TNF reproducibly gives a more robust chemotactic 

response. Thus in vivo, Ang-2 might perpetuate inflammation both through direct effects 

on ECs, increasing vascular permeability, as well as stimulating chemokine production by 

macrophages in the tissue11.

In conclusion, we find that functional expression of Tie2 is a general feature of 

differentiated macrophages that although regulated by polarization conditions, 

is not related to the functional phenotype of the macrophage. In both M1 and M2 
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macrophages, signaling via Tie2 can reinforce inflammatory TNF signals, and it will be 

of interest to determine if Ang-1 and Ang-2 similarly cooperate with immunosuppressive 

agonist to regulate macrophage activation. Given the plasticity of macrophage function 

in complex immune-mediated inflammatory diseases, it will be of interest to determine 

if blocking macrophage Tie2 signaling may be a potential therapeutic target beneficial in 

diseases in which macrophages have a pivotal role, such as RA, other forms of arthritis, 

psoriasis, Crohn’s disease, and multiple sclerosis.
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Supplemental Figure 1. Ang-1 and Ang-2 are insufficient 
to independently regulate angiogenic factor expression 
in GM-CSF-differentiated macrophages. mRNA expression 
profiles of 84 angiogenesis related genes in macrophages 
differentiated in GM-CSF after 4 h incubation in medium alone 
or Ang-1 (200 ng/ml) or Ang-2 (200 ng/ml) (n=3). Data is 
presented as a heat map, where lowest mRNA expression is 
showed in dark blue and highest in yellow.
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Abstract
Objective: Defective activation of T cell receptor–proximal signaling proteins, such 

as the small GTPase Rap1, is thought to contribute to the pathologic behavior of 

rheumatoid arthritis (RA) synovial T cells. This study was undertaken to determine 

whether maintaining Rap1 signaling in murine T cells modifies disease onset or severity 

in collagen-induced arthritis (CIA).

Methods: CIA experiments were conducted using wild-type and RapV12-transgenic 

mice, which express an active mutant of Rap1 in the T cell compartment. Mice were 

assessed using macroscopic, microscopic, and radiologic measures, and serum levels 

of anticollagen antibodies were measured by enzyme-linked immunosorbent assay. 

Phenotypic and functional characterization of wild-type and RapV12-transgenic T 

cells under homeostatic conditions and during disease onset was performed by flow 

cytometry.

Results: Disease incidence and severity, synovial infiltration, joint destruction, and 

anticollagen antibody production were significantly reduced in RapV12-transgenic mice. 

Although the numbers and percentages of CD3+, CD4+, and CD8+ (naive, effector, and 

memory) T cells, Treg cells, and Th17 cells were equivalent in wild-type and RapV12-

transgenic mice, a significant decrease in the percentage of tumor necrosis factor 

secreting CD8+ T cells was observed in RapV12-transgenic mice during CIA. RapV12-

transgenic T cells also inefficiently expressed inducible costimulator and CD40L 

costimulatory proteins involved in B cell immunoglobulin class switching.

Conclusion: Our findings indicate that maintenance of T cell Rap1 signaling in murine 

T cells reduces disease incidence and severity in CIA, which are associated with specific 

defects in T cell effector function. Therefore, the restoration of Rap1 function in RA 

synovial T cells may have therapeutic benefit in RA.
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Introduction
T cells contribute to synovitis and joint destruction in rheumatoid arthritis (RA), a 

prototype immune-mediated inflammatory disease, through the pleiotropic activation 

of macrophages and synovial stromal cells via cell–cell contacts and interleukin-17 

(IL-17) production, the stimulation of B cells producing autoimmune antibodies, and the 

promotion of osteoclast differentiation1. An active role for the T cell receptor (TCR) in 

the initiation and perpetuation of disease in RA is suggested by associations between 

expression of specific major histocompatibility complex HLA–DR1 and DR4 epitope 

alleles with enhanced disease risk and disease severity in RA patients2. T cells derived 

from RA synovial tissue or synovial fluid (SF) display characteristics suggestive of recent 

TCR stimulation, including surface expression of CD45RO, CD69, CD154, HLA–DR, 

inducible costimulator (ICOS), and very late activation antigen 4 proteins1;3. These T cells 

are primarily proinflammatory Th1 and Th17 cells and display hyperresponsive cytokine 

responses to TCR/CD28 stimulation4. In established RA, inflammatory cytokines that are 

present in the synovial tissue, such as IL-6, IL-12, IL-8, and tumor necrosis factor α (TNFα), 

rather than antigen stimulation, may drive T cell contributions to the perpetuation of 

inflammation5;6.

Although the molecular mechanisms underlying altered T cell function in RA are unknown, 

recent studies have indicated that inactivation of the small GTPase Rap1 may contribute 

to the pathogenic behavior of T cells in the synovium4;7;8. TCR stimulation results in 

the activation of guanine nucleotide exchange factors, which promote accumulation 

of Rap1 in an active GTP-bound form9;10. TCR-dependent Rap1 activation is exquisitely 

sensitive to costimulatory signals provided by antigen-presenting cells such as CD28, 

which acts through the Rap1 GTPase activating protein RapGAP1 and suppresses Rap1 

activation10;11. Conversely, CTLA-4 ligation, which opposes CD28 signaling, promotes 

accumulation of GTP-bound Rap112;13. Once activated, Rap1 regulates several distinct 

signaling pathways that are predicted to contribute to the quality of T cell immune 

responses in vivo. Activation of Rap1 by TCR ligation, chemokines, and adhesion 

molecules promotes remodeling of the cytoskeleton and integrin activation, needed 

for T cell trafficking and adhesion to antigen-presenting cells14. Additionally, under 

certain experimental conditions, Rap1 suppresses TCR-dependent ERK activation and 

IL-2 production, either directly, through blocking Raf kinase activation9;11, or indirectly, 

through diminishing TCR-dependent reactive oxygen species (ROS) production7.

Genetic manipulation of Rap1 signaling pathways in vivo has provided further evidence 

that the activation status of Rap1 in T cells can have qualitative effects on immune 

responses. Mice deficient in Spa-1, a RapGAP expressed in T cells, demonstrate 

age-dependent defects in T cell proliferative responses to stimulation by the TCR, 

mitogens, and recall antigen15. Transgenic mice expressing an active Rap1E63 mutant 

in T cells exhibit defects in both primary and secondary T cell proliferative responses, 
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as well as defects in B cell Ig class switching16. Defective T cell responses in these mice 

are attributed to both the suppression of ERK activation in effector cells and increases 

in the frequency and functional capacity of CD103-expressing Treg cells. Conversely, 

transgenic expression of RapGAP1 in T cells, suppressing Rap1 function, leads to an 

accumulation of T cells in lymph nodes (LNs)12. These T cells express high levels of 

CD69 under homeostatic conditions, possibly reflecting an autoreactive phenotype. 

The accumulation of activated LN T cells of RapGAP1-transgenic mice may also indicate 

defects in T cell trafficking, a phenotype displayed in Rap1A-knockout mice17;18.

Despite previous investigations, it is still unclear if Rap1-mediated T cell functions are 

relevant to immune responses in human disease. We have previously demonstrated 

that Rap1 activation is suppressed in T cells obtained from RA SF, likely a result of 

CD28-dependent interactions with synovial antigen-presenting cells7;8. Suppressed Rap1 

function in RA synovial T cells is associated with enhanced T cell ROS production and 

TCR-dependent cytokine responsiveness, indicating that defects in Rap1 signaling may 

contribute to the T cell–dependent pathologic process in RA4;8. To determine whether 

maintenance of T cell Rap1 signaling might protect against autoimmunity, we examined 

the effects of transgenic expression of active Rap1 on pathogenesis in murine collagen-

induced arthritis (CIA). We show that transgenic expression of an active mutant of Rap1, 

RapV12, in murine T cells potently suppresses disease incidence and severity in CIA, 

indicating that enhancing T cell Rap1 function may be beneficial in the treatment of 

human immune-mediated inflammatory diseases.

Methods
Animals

RapV12-transgenic C57BL/6J mice were kindly provided by Dr. D. A. Cantrell (University 

of Dundee, Dundee, UK)19 and were maintained as heterozygous transgenic by breeding 

with wild-type C57BL/6J mice (Charles River). RapV12-transgenic mice were backcrossed 

onto the wild-type C57BL/6J background for at least 10 generations prior to their use 

in these experiments, and wild-type littermates obtained in these breedings were used 

as experimental controls. RapV12-transgenic and wild-type littermate control mice were 

housed under conventional conditions at the animal facility of the Academic Medical 

Center (Amsterdam, The Netherlands). Mice were fed ad libitum. The animal ethics 

committee of the Academic Medical Center approved all experiments.

Induction and assessment of CIA

Mice (10–12 weeks of age) were injected intradermally on day 0 at the base of the tail 

with 100 µl of an emulsion of chicken type II collagen (CII; Sigma-Aldrich) and Freund’s 

complete adjuvant (CFA; Chondrex) (133 µg of chicken CII and 133 µg of CFA in a total 

emulsion volume of 100 µl). The immunization was repeated on day 21, and animals 
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were monitored 3 times per week until they were killed on day 60. Arthritis severity 

was assessed in a blinded manner, using a semiquantitative scoring system (with scores 

ranging from 0 to 4 for each paw), as previously described20. Hind paw ankle joint 

swelling was measured using a dial caliper (Kroeplin Längenmesstechnik). After animal 

sacrifice, the hind paws were fixed, decalcified, and embedded in paraffin, and sagittal 

serial sections were stained with hematoxylin and eosin (H&E)20. Graded scales of 0–3 

were used to score inflammation and cartilage erosions, and a scale of 0–4 was used 

for radiologic assessment of bone destruction20.  Anticollagen antibody production in 

mouse serum was measured by adding serial dilutions of mouse serum to 96-well plates 

coated with 5 µg/ml of chicken CII, followed by sequential incubation with biotinylated 

rat anti-mouse Ig (Southern Biotechnology Associates) of the indicated isotype and 

streptavidin-conjugated alkaline phosphatase (Jackson ImmunoResearch). Plates were 

developed with p-nitrophenyl phosphate substrate (Sigma-Aldrich), and the optical 

density at 415 nm was measured.

Cell staining and flow cytometry

Single-cell suspensions were obtained from spleen and axillary LNs, and erythrocytes were 

removed. Cells were stained with the indicated fluorochrome-conjugated antibodies for 

surface markers and intracellular cytokines. The antibodies fluorescein isothiocyanate 

(FITC)–conjugated anti-CD3, allophycocyanin (APC)–conjugated anti-CD3, Alexa 

700–conjugated anti-CD3; phycoerythrin (PE)–conjugated anti-CD8, FITC-conjugated 

anti-CD8, Alexa 750–conjugated anti-CD8, PE-conjugated anti-CD69, FITC-conjugated 

anti-CD44, APC-conjugated anti-CD62L, PE-conjugated anti-CD103, PE-conjugated 

anti-FoxP3, APC-conjugated anti-FoxP3, Alexa 488–conjugated IL-17, APC-conjugated 

anti-TNFα, and APC-conjugated and PerCP-Cy5.5–conjugated interferon-γ (IFNγ) 
were obtained from eBioscience. FITC-conjugated anti-CD4, PE-conjugated anti-CD4, 

PE-Cy7–conjugated anti-CD4, FITC-conjugated anti-CD25, PE-conjugated anti-TNFα, 

APC-conjugated anti–IL-2, PE-conjugated anti–IL-4, and PE-conjugated anti–IL-10 were 

from BD Biosciences.

FoxP3 intracellular stainings were performed according to the recommendations of the 

manufacturer. For assessment of T cell cytokine expression, cells were stimulated for 1 

hour with phorbol myristate acetate (PMA; 10 ng/ml) (Sigma-Aldrich) and ionomycin 

(1 µM; Sigma-Aldrich) or plate-bound anti-CD3 antibodies (5 µg/ml) and anti-CD28 

antibodies (5 µg/ml) (kindly provided by Dr. L. Boon, Bioceros BV, Utrecht, The 

Netherlands). Brefeldin A (10 µg/ml; Sigma-Aldrich) was added for the final 4 hours of 

stimulation, and cells were harvested and stained with CD4 and CD8 antibodies. Cells 

were then fixed and permeabilized using Cytofix/Cytoperm (BD Biosciences) and labeled 

for intracellular cytokines. Activation-dependent expression of T cell surface markers 

was assessed by stimulating cells for 24 hours with 10 µg/ml of anti-CD3 and 4 µg/ml 
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of anti-CD28 antibodies. Surface marker and cytokine expression were monitored using 

FACSCalibur or Canto flow cytometers (BD Biosciences).

In vitro Treg and Th17 differentiation

Purified splenic CD3+ T cells were stimulated with plate-bound anti-CD3 and anti-CD28 

antibodies, as described above, for 3 days in the presence of 50 units/ml of recombinant 

murine IL-2 (Invitrogen) supplemented with 3 ng/ml of human transforming growth 

factor b (TGFb) and 20 ng/ml of murine IL-6 (both from R&D Systems) where indicated.

Statistical Analysis

Statistical significance was determined using Student’s 2-tailed t-test. P values less than 

0.05 were considered significant.

Results

Effects of T cell Rap1 activation on disease incidence and severity in 
murine CIA

In RA, a block in synovial T cell Rap1 activation is associated with the pathogenic 

behavior of these cells4;7;8. To determine whether maintenance of T cell Rap1 signaling 

might limit inflammation and joint destruction in an experimental model of RA, we 

examined the influence of T cell–specific expression of active RapV12, which is driven 

by the human CD2 promoter, in murine CIA19. We chose to examine RapV12-transgenic 

mice specifically for several reasons. RapV12 is expressed in the T cells of these mice at 

levels equivalent to endogenous Rap1, and Rap1 activity contributed by the transgene 

product is similar in magnitude to that obtained by phorbol ester/ionomycin–stimulated 

endogenous Rap1A. Although RapV12 T cells have enhanced integrin function, no 

defects are observed in TCR-dependent ERK activation or proliferative responses, and 

unlike Rap1E63-transgenic and RapGAP1-transgenic mice, RapV12-transgenic mice have 

no obvious alterations in T cell homeostasis12;16;19. Finally, unlike the active Rap1E63 

mutant, RapV12 can still cycle between active and inactive states, albeit at a highly 

reduced rate21. We therefore reasoned that the responses of RapV12-transgenic mice 

with CIA might most closely mimic therapeutic interventions aimed at restoring the 

function of endogenous T cell Rap1.

Following the induction of CIA, 21 days after primary immunization, all wild-type 

littermate mice developed clinical signs of disease within 2 weeks (Figure 1A). Notably, 

only 20% of the RapV12-transgenic mice developed arthritis, while the remaining RapV12-

transgenic mice remained disease free until the end of the experiment. Throughout the 

experiment, clinical arthritis scores in RapV12-transgenic mice were dramatically lower 
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than those in wild-type mice (P < 0.0005) (Figure 1B), and paw swelling was almost 

completely suppressed in RapV12-transgenic mice in contrast to wild-type mice (P < 

0.005) (Figure 1B). Histologic analysis of murine hind paws by H&E staining revealed that, 

unlike wild-type mice, RapV12-transgenic mice displayed an almost complete absence of 

joint infiltration by white blood cells (Figure 1C). This was confirmed by semiquantitative 

analysis of synovial cell infiltration (P < 0.001 versus wild-type mice) (Figure 1C). RapV12-

transgenic mice showed no destruction of cartilage (P < 0.001 versus wild-type mice) 

(Figure 1C). Erosive bone damage, as determined by radiology, was reduced by ∼75% in 

RapV12-transgenic mice compared with wild-type mice (Figure 1D) (P < 0.001).

Effects of T cell Rap1 activation on T cell homeostasis and cytokine 
production in healthy mice

To determine whether the protective effect of RapV12 expression was secondary to 

influences on T cell development or homeostasis, we phenotypically characterized T 

Figure 1. Effects of T cell Rap1 activation on the development of collagen-induced arthritis. Arthritis 
was induced in wild-type (WT) and RapV12-transgenic mice (n = 10 per group) by immunization 
with chicken type II collagen in Freund’s complete adjuvant on days 0 and 21. Hind paw swelling 
and inflammation of the 4 limbs were monitored for each mouse during the course of the disease. 
(A), Cumulative disease incidence scores in wild-type and RapV12-transgenic mice, calculated as 
the percentage of affected animals. (B), Clinical arthritis scores and paw swelling in wild-type 
and RapV12-transgenic mice during the course of disease. Paw swelling was measured using 
calipers, and delta hind paw swelling was calculated by subtracting the paw diameter before the 
onset of disease from the measured diameter. Values are the mean and SEM. P = P < 0.05 versus 
RapV12-transgenic mice. (C), Representative photomicrographs of paraffin-embedded sections of 
hind paws stained with hematoxylin and eosin and semiquantitative analyses of cellular infiltration 
and cartilage erosion scores for each mouse (original magnification × 200). (D), Semiquantitative 
analysis of scoring of radiographs for radiologic damage. Bars show the mean and SEM. P = P < 
0.05. n.d. = not detectable.
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Figure 2. Phenotypic characterization of T cells in wild-type (WT) and RapV12-transgenic mice 
under homeostatic conditions. (A–C), Percentages of CD4+ and CD8+ T cells (A), CD4+CD25+, 
CD4+CD69+, and CD8+CD69+ T cells (B), and naive (N) CD44−CD62L+, effector memory (EM) 
CD44+CD62L−, and central memory (CM) CD44+CD62L+ CD4+ T cells (C), present in the spleen 
and lymph nodes (LNs) of wild-type and RapV12-transgenic mice (n = 3 per group). (D), FoxP3 and 
CD103 expression in CD4+ T cells derived from the spleens (n = 13 for FoxP3; n = 10 for CD103) 
and LNs (n = 10 for FoxP3; n = 8 CD103) of wild-type and RapV12-transgenic mice. Bars show the 
mean and SEM. No significant differences were observed between groups.

cells from healthy wild-type and RapV12-transgenic mice. Consistent with the results 

of previous studies19, we observed no differences between RapV12-transgenic mice 

and wild-type littermates with regard to the percentages of double-negative, double-

positive, or CD4 and CD8 single-positive thymocytes (data not shown). Additionally, 

within the double-negative thymocyte compartment, RapV12 failed to influence CD44 

and CD25 expression (data not shown), as previously described19. 

Analysis of peripheral T cell compartments revealed that CD4+ and CD8+ T lymphocytes 

were represented at normal percentages in both the spleens and LNs of RapV12-

transgenic mice (Figure 2A). RapV12 did not influence the activation status of splenic and 

LN T cells under homeostatic conditions, as assessed by CD25 and CD69 staining (Figure 

2B). Normal proportions of naive (CD44−CD62L+), effector memory (CD44+CD62L−), 

and central memory (CD44+CD62L+) T cells were also observed (Figure 2C), and we 

detected no influence of RapV12 on the frequency of CD4+FoxP3+ Treg cells or activated 

CD4+CD103+ T cells (Figure 2D).

Since these data indicated that RapV12 expression had no influence on T cell maturation 

or homeostasis, we next examined the ability of T cells to respond to antigenic and 

inflammatory stimuli. RapV12 expression had no effect on the production of IL-2, TNFα, 

or IFNγ following TCR/CD28 in vitro stimulation of T cells isolated from the spleens 

(Figure 3A) or LNs (data not shown) of healthy mice. Also, RapV12 failed to influence 

the generation of FoxP3+ Treg cells or Th17 cells. In vitro stimulation of splenic T cells 
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5from RapV12-transgenic mice with CD3/CD28 antibodies in combination with IL-2 and 

TGFb induced a robust increase in FoxP3+ T cell numbers, equivalent to that observed 

in wild-type T cells (Figure 3B). RapV12-transgenic T cells could also be converted to 

Th17 cells in vitro at frequencies equivalent to those observed in wild-type mice 

(Figure 3C). The frequencies of Th17 cells induced by TGFb and IL-2 in both RapV12-

transgenic and wild-type mice were comparable with those previously observed under 

these experimental conditions, where total T cells, rather than fractionated naive 

CD4+CD25−FoxP3− T cells, were used as input22. Thus, unlike RapGAP1-transgenic, 

Rap1E63-transgenic, and Spa-1–knockout mice, RapV12-transgenic mice display no 

apparent alterations in the T cell compartment.

Characterization of the quality of T cell immune responses in wild-type 
and RapV12-transgenic mice during CIA.

Collectively, our analyses suggested that the protective effect of T cell Rap1 activation 

in CIA was not secondary to the suppression of TCR-proximal signaling or altered T 

cell homeostasis, but rather, could be attributed to specific influences occurring during 

Figure 3. Cytokine and differentiation responses of T cells from healthy, untreated wild-type 
(WT) mice (open bars) and RapV12-transgenic mice (solid bars). (A), Intracellular expression of 
interleukin-2 (IL-2), tumor necrosis factor α (TNFα), and interferon-γ (IFNγ) in splenocytes from 
healthy wild-type and RapV12-transgenic mice that were stimulated for 5 hours with anti-CD3 and 
anti-CD28 antibodies and analyzed by flow cytometry. (B and C) Percentages of FoxP3-expressing 
(B) and IL-17–producing (C) T cells induced following isolation of splenocytes and stimulation with 
anti-CD3 and anti-CD28 antibodies for 3 days in the presence of IL-2 and the indicated cytokines, as 
measured by flow cytometry. Bars show the mean and SEM (n = 3 mice per group). No significant 
differences were detected between groups. TGFb = transforming growth factor b.
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the induction of inflammation in vivo. To address this, we repeated CIA experiments 

with wild-type and RapV12-transgenic mice, examining the splenic and LN T cells of 

mice killed on day 42, prior to the peak of clinical arthritis in wild-type mice. RapV12-

transgenic mice displayed normal numbers of CD3+CD4+ and CD3+CD8+ T cells (Figure 

4A) as well as naive (CD44−CD62L+), effector memory (CD44+ CD62L−), and central 

memory (CD44+CD62L+) T cells (Figure 4B). Additionally, no significant differences 

in the numbers of FoxP3+ T cells, CD4+ CD103−CD62L+ naive Treg cells, or CD4+ 

CD103+CD62L− activated/effector memory Treg subsets were observed between 

wild-type and RapV12-transgenic mice (Figure 4C).

We next examined the quality of T cell responses in wild-type and RapV12-transgenic 

mice during disease onset. Splenocytes and LN cells harvested from mice on day 42 

after primary immunization were restimulated in vitro with PMA/ionomycin, and the 

production of Th1 and Th17 cytokines involved in CIA was measured by intracellular 

staining and fluorescence-activated cell sorting analysis. No differences in the numbers 

of CD4+ and CD8+ T cells producing IFNγ were observed between RapV12-transgenic 

and wild-type mice, either in the spleen or LN (Figure 5A). Notably, hardly any CD8+ 

T cells producing TNFα were detected in RapV12-transgenic LNs compared with 

Figure 4. Phenotypic characterization of T cells in wild-type and RapV12-transgenic mice during the 
onset of arthritis. Spleens and LNs were collected from mice 42 days after primary immunization 
and analyzed by flow cytometry. (A and B), Absolute numbers of CD3+CD4+ and CD3+CD8+ T cell 
subsets (A) and absolute numbers of naive CD44−CD62L+, effector memory CD44+CD62L−, and 
central memory CD44+CD62L+ CD4+ T cells (B) present in the spleen and LNs of wild-type and 
RapV12-transgenic mice. (C), Absolute numbers of regulatory FoxP3+CD4+ T cells in the spleen 
and LNs (left panel), and FoxP3+CD103−CD62L+ and FoxP3+CD103+CD62L− CD4+ T cells in the 
spleen (middle panel) and LNs (right panel) of wild-type and RapV12-transgenic mice. Horizontal 
lines show the mean; boxes represent individual mice (n = 3–5 mice per group). See Figure 2 for 
definitions.
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5wild-type mice (P < 0.05) (Figure 5B). A similar trend toward reduced TNFα production 

was observed in RapV12-transgenic LN CD4+ T cells, but this difference did not reach 

statistical significance. In contrast, similar numbers of TNFα-producing T cells were 

detected in wild-type and RapV12-transgenic splenocytes. Defects in RapV12-transgenic 

LN T cell TNFα production were highly specific, since, similar to the results for IFNγ 

production, no differences were observed between wild-type and RapV12-transgenic 

mice with regard to IL-17 (Figure 5C) or IL-10 production (Figure 5D). Thus, qualitative 

analysis of the T cell response in arthritic wild-type and RapV12-transgenic mice indicated 

that the protective effects of RapV12 are not a result of generalized T cell anergy or 

unresponsiveness in vivo, but are rather selectively associated with the absence of LN T 

cells capable of producing TNFα.

Assessment of autoantibody production and T cell costimulatory protein 
expression in wild-type and RapV12-transgenic mice

Since previous studies have demonstrated that chronic T cell Rap1 activation can suppress 

B cell antibody production and Ig class switching15;16, we examined anti–chicken CII 

antibody production in arthritic wild-type and RapV12-transgenic mice. We found a 

significant reduction in the serum levels of anti–chicken CII IgG2a and IgG2b in RapV12-

Figure 5. Cytokine responses of T cells in wild-type and RapV12-transgenic mice during the onset 
of arthritis. Spleens and LNs of wild-type mice (n = 5) and RapV12-transgenic mice (n = 4) were 
collected 42 days after primary immunization, and intracellular cytokine production was assessed 
by flow cytometry. Intracellular expression of (A), IFNγ, (B), TNFα, (C), IL-17, and (D), IL-10 in 
CD3+CD4+ and CD3+CD8+ T cells following 5 hours of stimulation with phorbol myristate acetate/
ionomycin is shown. Horizontal lines show the mean; boxes represent individual mice. P = P < 
0.002. See Figure 3 for definitions.
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Figure 6. Anticollagen antibody production and T cell costimulatory expression in wild-type 
(WT) and RapV12-transgenic mice. (A), Serum from wild-type or RapV12-transgenic mice was 
collected on day 60, and the levels of specific anticollagen IgG were detected by enzyme-linked 
immunosorbent assay (n = 10 mice per group). Values were obtained within linear regions of the 
serum dilution curve. Bars show the mean and SEM. P = P < 0.05. (B and C), T cells were isolated 
from the lymph nodes of healthy untreated wild-type and RapV12-transgenic mice and stimulated 
with anti-CD3 and anti-CD28 antibodies for 24 hours, followed by analysis of the expression levels 
of CD69, inducible costimulator (ICOS), and CD40L surface molecules by flow cytometry. Dot plots 
from a representative experiment are shown in (B). Bars in (C) show the mean and SEM (n = 3 
mice per group). P = P < 0.05.
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transgenic mice relative to wild-type mice. (Relative mean ± SEM serum levels of IgG2a 

were 100 ± 6.4% in wild-type mice and 60.5 ± 8.5% in RapV12-transgenic mice [P < 

0.005], and relative serum levels of IgG2b were 100 ± 6.7% in wild-type mice and 65.8 

± 9.7% in RapV12-transgenic mice [P < 0.05]) (Figure 6A). In Rap1E63-transgenic mice 

and Spa-1–knockout mice, defects in Ig class switching are associated with increased 

Treg frequency and accumulation of anergic CD44highCD4+ T cells, respectively15;16.  

However, we did not observe these altered T cell phenotypes in arthritic RapV12-

transgenic mice (Figures 4B and C).

Recent studies have demonstrated an essential role for follicular T helper cell expression 

of the costimulatory proteins ICOS and CD40L in promoting effective B cell activation 

and Ig class switching23. To examine if RapV12 expression may influence activation-

dependent expression of proteins required for functional interactions with B cells, we 

isolated LN cells from nonarthritic wild-type and RapV12-transgenic mice. Cells were 

stimulated for 24 hours in the presence of activating TCR/CD28 antibodies, and T cells 

were analyzed for expression of CD69, ICOS, and CD40L. Consistent with the results 

of previous studies, RapV12 had no influence on Ras-dependent expression of CD69 

(Figures 6B and C)19. In contrast, TCR/CD28-dependent up-regulation of both ICOS and 

CD40L (Figures 6B and C) was specifically suppressed in both CD4+ and CD8+ RapV12-

transgenic T cells.

Discussion 
Defects in the expression or function of TCR-proximal signaling proteins, such as CD3ζ, 

the adaptor protein LAT, and Rap1, either intrinsic or secondary to chronic inflammatory 

stimulation, are thought to contribute to the pathogenic nature of synovial T cells in 

RA 3;24.  Decreased expression of CD3ζ, the TCR component responsible for initiating 

antigen-dependent T cell intracellular signaling pathways, has been documented in RA 

SF and synovial T cells, correlating with decreased T cell proliferative responses and 

IL-2 production ex vivo25. Successful therapeutic treatment in RA is associated with the 

release of synovial CD3ζdim T cells into peripheral blood.5 ROS-dependent misfolding 

of LAT in RA synovial T cells also leads to defective IL-2 production due to an inability 

of LAT to properly localize to the cellular membrane and participate in TCR signaling 

cascades26;27. However, the consequences of decreased CD3ζ or LAT function with 

regard to the pathologic process in RA are not understood. Importantly, recent studies 

have demonstrated that RA SF T cell hyporesponsiveness is secondary to ex vivo 

apoptosis, and that the TCR signaling capacity of freshly isolated cells is intact, if not 

enhanced4. 

In this study, we demonstrated that sustained T cell Rap1 signaling, rescuing defective 

Rap1 function observed in RA SF T cells7;8, prevents disease in CIA. Sustained T cell 

Rap1 activity may prevent induction of arthritis by one of several mechanisms. Previous 
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studies have predicted that Rap-dependent effects on T cell trafficking and anergy 

induction might influence T cell–dependent responses in vivo18. However, we observed 

no overt changes in effector T cell or Treg numbers in the spleen or LNs of RapV12-

transgenic mice, either under homeostatic conditions or during CIA. Our data also fail 

to support models suggesting that Rap1 activation may promote T cell anergy in vivo. 

Elevated Rap1 activity has been observed in anergized murine and human T cells9;28, 

and Spa-1-knockout mice display an age-dependent accumulation of CD44high T cells, 

which are unresponsive to antigen and mitogen stimulation15. However, in RapV12-

transgenic T cells, where Rap1 activity approximates that of pharmacologic activation 

of endogenous Rap1, no defects are observed in antigen-dependent IL-2 production 

or T cell proliferation19. We found that in vitro, RapV12-transgenic and wild-type T cells 

from healthy mice produce similar amounts of IL-2, TNFα, and IFNγ following TCR/

CD28 stimulation, while in vivo, RapV12-transgenic T cell defects are limited to TNFα 

production. Taken together, these data indicate that induction of T cell anergy by 

RapV12 is not the underlying mechanism of protection against CIA.

Our study identifies a novel mechanism by which Rap1 activity regulates T cell function: 

suppression of activation-dependent expression of costimulatory proteins, namely, 

ICOS and CD40L. Failure to efficiently up-regulate these 2 costimulatory proteins could 

contribute to the observed defects in both B cell help and T cell TNFα production. 

ICOS may contribute to Ig class switching directly, or indirectly by promoting CD40L 

expression on T cells29. CD40L binding to B cell CD40 in turn induces proliferation, 

Ig production, isotype switching, and up-regulation of B cell costimulatory molecules, 

which are important for T cell activation.

Blockade of ICOS signaling in murine CIA or knockdown of ICOS renders mice resistant to 

disease, decreasing T cell cytokine production and follicular Th function, and consequently 

preventing accumulation of anti-CII antibodies30-32. Interference with CD40L signaling 

in CIA also blocks development of disease and production of anti-CII antibodies33. ICOS 

and CD40L signaling are also thought to contribute to T cell pathogenic behavior in RA. 

RA synovial T cells have increased ICOS expression compared with disease controls34. 

Importantly, in vivo studies have shown that ICOS delivers important signals for TNFα 

production35. In this context, decreased TNFα production in RapV12-transgenic CD8+ T 

cells, and to a lesser extent in CD4+ T cells, could be a consequence of decreased ICOS 

expression. Similarly, CD40L is also frequently expressed on RA synovial T cells36. 

Intriguingly, we observed that while RapV12 modestly suppresses T cell CD40L and 

ICOS expression, as well as anti-CII antibody production in vivo, T cell RapV12 protection 

against CIA is almost complete. One potential explanation for this is that sustained T cell 

Rap1 activation partially suppresses multiple, independent T cell functions in CIA that are 

required to surpass an inflammatory threshold needed to induce disease. Alternatively, 

we may be underestimating the functional impact of sustained T cell Rap1 activation 

in specific autoreactive T cell populations needed to establish disease. Consistent with 
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this notion, elegant studies in vitro have previously demonstrated that sustained Rap1 

activation can promote Fas-dependent apoptosis of antigen-specific T cells37.  

The most striking T cell–intrinsic phenotype that we observed in RapV12-transgenic mice 

during CIA was the specific loss of CD8+, and to a lesser extent CD4+, TNFα–producing 

LN T cells. It is therefore possible that TNFα is serving as a surrogate marker for an 

autoreactive T cell population that is deleted or inactivated in RapV12-transgenic mice. 

Alternatively, the specific loss of TNFα production by CD8+ cells we observed in CIA has 

also been noted during chronic viral infection in mice. Lymphocytic choriomeningitis 

virus infection results in the clonal exhaustion of antigen-specific CD8+ T cell clones, 

a process accompanied by the hierarchal loss of cytokine responses, in which TNFα 

defects precede the loss of IFNγ production.38;39 These possibilities can be tested in the 

future, pending the generation of reagents for monitoring chicken CII–specific T cells in 

C57BL/6 mice.

Our findings clearly demonstrate that reversing the block in Rap1 signaling that is 

observed in RA synovial tissue T cells protects against CIA, and provide the first 

direct evidence that Rap1 signaling critically regulates the quality of T cell responses 

in a disease setting. However, further analyses are required to determine whether the 

therapeutic benefit of T cell Rap1 activation observed in CIA is achieved by cellular 

mechanisms which can translate into similar protective effects in RA. For instance, it 

is as yet unclear if Rap1 is also inactivated in wild-type murine synovial T cells during 

CIA; current biochemical techniques used to assess Rap1 activation status require 

affinity precipitation from isolated cell populations, and no specific biomarker for Rap1 

activation has been identified.

In CIA, it is likely that RapV12 is already influencing T cell activation or survival at sites 

distant from the joint, since we were unable to detect any inflammatory infiltration 

of the synovium in RapV12-transgenic mice. It will therefore be of interest to develop 

models in which T cell Rap1 can be selectively activated following the induction of 

arthritis. However, our observations suggest that some of the consequences of 

sustained T cell Rap1 activation will be relevant to inflammatory T cell behavior in RA. For 

instance, while CD40L expression on RA synovial T cells has historically been interpreted 

as an indication of recent antigen-dependent stimulation, it is now recognized that 

inflammatory cytokines present in RA SF and the synovium are sufficient to induce T cell 

CD40L expression3;5. T cell CD40L expression might not only stimulate autoantibody 

production in RA, but also promote antigen-independent activation of macrophages 

and synovial stromal cells40-42, a process which might be abrogated by restoring 

synovial T cell Rap1 activity.

Finally, since Rap1 inactivation in RA synovial T cells is dependent upon synovial cell 

stimulation of CD28, it will be of interest to determine whether rescue of T cell Rap1 

function underlies at least in part the mechanism of action of abatacept treatment 

in RA7;8. Since disruption of CD28 costimulation has proven clinical efficacy in the 
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treatment of RA, identification of other T cell costimulatory proteins that regulate Rap1 

activity may aid in the development of therapeutic strategies to suppress or augment T 

cell responses in immune-mediated inflammatory diseases43.
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Abstract
Altered Ras superfamily guanine nucleotide triphosphatase signaling may contribute to 

the activation of autoreactive T cells in diseases such as rheumatoid arthritis and systemic 

lupus erythematosus. Here, we show that transgenic expression of activated Rap1, a 

Ras-related protein which is protective in murine arthritis, in both wildtype (WT) and 2D2 

mice, enhances autoreactive T cell activation by myelin oligodendrocyte glycoprotein 

peptide in vitro and in vivo. However, RapV12 reduces the number of autoreactive T cells 

in both WT and 2D2 mice, and increases murine survival in experimental autoimmune 

encephalitis, suggesting Rap1 activation restricts autoimmune T cell-mediated pathology 

through enhancing tolerance.
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Introduction
T cells specific for self-antigens have been proposed to play a pivotal role in many 

autoimmune diseases. This pathogenic concept relies on several lines of evidence. Firstly, 

genetic analysis revealed an association of several autoimmune diseases with MHC 

class II molecules, such as HLA-DR4 in rheumatoid arthritis (RA), as well as with other 

molecules involved in T cell activation or T cell receptor (TCR) signaling. As a prototypical 

example, genetic polymorphisms in PTPN22, a critical inhibitor in T cell receptor 

signaling, are associated with susceptibility to RA, type 1 diabetes (T1D), and systemic 

lupus erythematosus (SLE)1. Secondly, clonally expanded CD4 + T cell populations are 

present in the primary target tissues or draining lymph nodes (LN) in autoimmune 

diseases such as RA and T1D2;3. Thirdly, functional analyses have demonstrated critical 

contributions of autoreactive T cells to pathology in several animal disease models. In 

the NOD mouse, CD4 + T cells are essential both in the early and late stages of T1D and 

directly contribute to the destruction of pancreatic b-cells4. In experimental autoimmune 

encephalomyelitis (EAE), severe central nervous system damage is caused by the 

activation of myelin-specific T cells as evidenced by TCR transgenic models and transfer 

experiments with pathogenic T cells5. In collagen-induced arthritis (CIA), effector CD4 T 

cells produce pro-inflammatory cytokines and stimulate B cells to produce anti-collagen 

type II antibodies critical to the promotion of pathology6. Fourthly, the use of T cell 

targeted therapies has proven efficacy in several human autoimmune diseases, including 

the targeting of effector T cells with alefacept in psoriasis7, costimulation blockade with 

CTLA4-Ig in RA8, and anti-CD3 therapy in T1D9.

Recent research has focused on the identification of specific intracellular signaling 

pathways that control the development, expansion, and activation of autoreactive T 

cells as these pathways may form attractive candidates for therapeutic modulation in 

autoimmune disease. Members of the Ras superfamily of small guanine nucleotide 

triphosphatases (GTPases), particularly Ras and Rap1 GTPases, have emerged as key 

candidates. Activation of both Ras and Rap1 GTPases in T lymphocytes is mediated by 

their binding to GTP following TCR ligation or chemokine stimulation10;11 and alterations 

in these signaling pathways have been linked to autoimmune disease. For example, 

partial inactivation of T cell Ras, as observed in mice deficient for RasGRP1, a guanine 

nucleotide exchange factor (GEF) which couples TCR ligation to Ras activation, results 

in spontaneous SLE-like pathology12. This is not due to overall T cell hyperreactivity, 

as peripheral T cell numbers and proliferative responses are reduced in these mice, 

but rather to inefficient negative selection of autoreactive T cells by self-antigen in the 

thymus12-14. Strikingly, Ras-dependent T cell signaling and proliferative responses are 

suppressed in SLE patient peripheral blood T cells, associated with decreased expression 

and function of Ras GEFs15;16.
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A potential role for Rap1 in human T cell-mediated autoimmune disease was first 

suggested by the fact that Rap1 is inactivated in RA synovial fluid T cells and that 

this is associated with the persistent production of reactive oxygen species (ROS) and 

hyper-responsive cytokine production following TCR triggering18-20. Similarly to Ras, 

Rap1 is activated by TCR and adhesion molecule ligation, as well as by chemokine 

stimulation11. Once activated, Rap1 orchestrates the assembly of adaptor proteins and 

activation of downstream kinases needed for integrin-mediated trafficking of T cells to 

lymphoid organs and their adhesion to antigen presenting cells (APCs). In mice, genetic 

inactivation of T cell Rap1 leads to an age-dependent accumulation of activated T cells in 

peripheral lymphoid organs20. Conversely, constitutive activation of T cell Rap1 results in 

age-dependent hyporesponsiveness to antigenic challenge21;22. Constitutive activation 

of Rap1 can also antagonize Ras-dependent mitogen-activated protein kinase (MAPK) 

activation, likely via indirect effects of Rap1 on T cell ROS production17;23;24.

To directly assess the impact of T cell Rap 1 signaling on autoimmunity, we recently 

examined mice expressing a hypermorphic mutant of Rap1A (RapV12) in the T cell 

compartment and found that these mice were protected from CIA25;26. Protection 

against pathology in this model was associated with specific in vivo defects in TNFα 

production by CD8+ LN T cells during arthritis onset, and a failure of RapV12 mice to 

generate high titers of anti-collagen antibodies. However, further mechanistic insight as 

to how sustained T cell Rap1 activation protected mice against autoimmunity in CIA was 

hampered by the inability to track the activation and fate of autoantigen-specific T cells in 

this model. In the present study, we examined the role of T cell Rap1 activation in myelin 

oligodendrocyte glycoprotein (MOG)-induced EAE, an autoimmune disease mediated 

by pathogenic autoreactive T cells without major contribution of autoantibodies. In this 

model, specific auto-reactive T cells can be studied using a transgenic 2D2 mouse in 

which all T lymphocytes bear TCRs specific for the immunodominant epitope MOG and 

can be tracked by their TCR b-chain Vb1127. Auto-reactive T cells can also be studied 

with tetramer staining of MOG-specific TCRs28. Taking advantage of these features, we 

first studied the effect of sustained Rap1 activation on the quality of the autoreactive T 

cell response in terms of proliferation, activation and cytokine production. Subsequently, 

we analyzed the quantitative effects on the size of the autoreactive T cell pool. Finally, 

we assessed whether the qualitative and quantitative effects translated in attenuation 

of clinical disease.

Materials and Methods 

Animals

Transgenic C57BL/6 J mice expressing hypermorphic RapV12 under the control of 

the CD2 promoter were provided by Dr. D.A. Cantrell (University of Dundee, Dundee, 
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UK)25. 2D2 transgenic C57BL/6 J mice were provided by Dr. V. Kuchroo (Harvard 

Medical School, Boston, MA, USA)27. RapV12 transgenic animals were crossed with 

2D2 mice and the F1 generation of 2D2+RapV12- and 2D2+RapV12+ were used for 

EAE experiments. All animals were housed under conventional conditions in the animal 

facility of the Academic Medical Center/University of Amsterdam (Amsterdam, The 

Netherlands). All experiments were performed according to local regulations and were 

approved by the Animal Ethics Committee of the Academic Medical Center/University 

of Amsterdam.

Induction and assessment of EAE

Mice (8–12 weeks of age) were immunized subcutaneously in two sites of the 

neck on day 0 with 100 µg of MOG peptide (amino acid residues 35–55, sequence 

MEVGWYRSPFSRVVHLYRNGK) (AnaSpec, Freemont CA, USA) emulsified in complete 

Freund’s adjuvant (CFA) (Chondrex, Bellevue WA, USA) supplemented with 400 µg/

ml of M. tuberculosis (Difco Laboratories, Sparks MD, USA). Additionally, mice were 

injected intravenously on days 0 and 2 with 150 ng of pertussis toxin (Sigma-Aldrich, St. 

Louis MI, USA). Following immunization, the animals were scored 3 times per week until 

onset of EAE. After onset of clinical EAE, scoring was performed daily until day 30 after 

immunization. A 5-point scale was used to evaluate signs of neurological disease: 0, no 

disease; 1, decreased tail tone; 2, hind-limb weakness or partial paralysis; 3, complete 

hind-limb paralysis; 4, front and hind limb paralysis. Mice that reached a score of 4 were 

euthanized immediately for ethical reasons.

Flow cytometric detection of surface proteins

Spleen and LN were collected from non-immunized mice and from animals 10 days 

after immunization with MOG. Single-cell suspensions were obtained, erythrocytes 

removed, and cells were then stained at 4 °C with the indicated fluorochrome-

conjugated anti-mouse monoclonal antibodies for surface markers or with isotype- and 

concentration-matched control antibodies. Antibodies used in this study included 

Alexa700-conjugated anti-CD3, Alexa700-conjugated anti-CD4, phycoerythrin (PE)-Cy7-

conjugated anti-CD4, Alexa 780-conjugated anti-CD8, PE-conjugated anti-vb11, 

FITC-conjugated anti-CD44 and PerCP-Cy5.5-conjugated anti-CD62L (eBioscience CA, 

San Diego, USA). For tetramer staining of MOG-reactive T cells, CD4 T cells were 

purified using an anti-CD4 antibody and LS columns (Miltenyi Biotech GmbH., Bergisch 

Gladbach, Germany) according to manufacturer’s instructions. CD4 + T cells were 

incubated overnight with 4 µg/ml of MOG38–49IAb or negative control hCLIP103–117 IAb 

tetramers28;29. Flow cytometric analysis was performed and analyzed using a 7-color 

FACS Canto (BD Biosciences, San Jose CA, USA) and FlowJo software (Tree Star Inc., 

Ashland OR, USA). The results were expressed as % of positive cells.
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T cell stimulation and detection of costimulatory molecules, cytokine 
production and proliferation

To detect the expression of costimulatory molecules and the production of intracellular 

cytokines, 4 × 106 cells/ml in RPMI supplemented with 10% FCS, b-mercaptoethanol, 

L-glutamine, gentamicin sulfate and penicillin/streptomycin, were stimulated in 96-well 

plates for 6 h with phorbol myristate acetate (PMA, 10 ng/ml; Sigma-Aldrich) and 

ionomycin (1 µM; Sigma-Aldrich). Alternatively cells were cultured with medium alone 

or medium supplemented with MOG peptide (3 or 10 µg/ml) or anti-CD3 (5 µg/

ml) and anti-CD28 antibodies (5 µg/ml) (both provided by Dr. L. Boon, Bioceros BV, 

Utrecht, NL) for 24 or 48 h. For the detection of intracellular cytokines, Brefeldin A 

(5 µg/ml; Sigma-Aldrich) was added for the last 4 h of culture, and cells were fixed 

and permeabilized using a BD intracellular staining kit (BD BioSciences). Cells were 

stained with FITC-conjugated PD-1, PE-conjugated ICOS, APC-conjugated CD40L, Alexa 

488-conjugated anti-IL-17, PerCP-Cy5.5-conjugated anti-IFN-γ, PE-Cy7-conjugated anti-IL-

2, and APC-conjugated anti-TNFα (eBiosciences, San Diego, USA). To assess proliferative 

capacity, cells were labeled with carboxyfluorescein succinimidyl ester (CFSE, 1 µg/

ml; Molecular Probes, Eugene OR, USA) and subsequently stimulated for 72 h in the 

absence or presence of MOG peptide or anti-CD3/CD28 antibodies. Cells were then 

analyzed for CFSE dilution, mean number of cell divisions and precursor frequency 

by flow cytometry. Staining with 7-aminoactinomycin D (BD Biosciences) was used to 

exclude dead cells. The results were expressed as percentage of positive cells or as mean 

fluorescence intensity (MFI) after subtracting the signal of a matched isotype control.

Statistics

Numerical data were depicted in a box plot and the variation was described by median 

and interquartile range (IQR). Gehan–Breslow–Wilcoxon test was used to compare the 

incidence of EAE and the survival proportions between groups of mice. The severity of 

EAE per group was assessed by calculating the area under the curve for each mouse in 

the group, and groups were compared using a Mann–Whitney non-parametrical t-test. 

Flow cytometric data were compared using Mann–Whitney non-parametrical t-test. 

P-values ≤ 0.05 were considered statistically significant.

proefschrift.indb   128 4-12-2012   11:46:10



Activated Rap1 attenuates EAE

129

Chapter

6

Results

Sustained Rap1 activation promotes autoreactive T cell 
hyperresponsiveness

Previous reports indicated that Rap1-GTP levels are elevated in anergic T cells and that T 

cell Rap1 activation can dampen antigen-specific proliferation23;25. In order to determine 

whether similar effects are observed in MOG-specific T lymphocytes, we recovered 

autoreactive T cells27 from the spleens of 2D2+RapV12+ and 2D2+RapV12- animals, 

stimulated these cells in vitro, and determined their capacity to proliferate, produce IL-2, 

and upregulate the expression of costimulatory molecules. Autoreactive Vb11+CD4+ T 

cells recovered from naïve 2D2+RapV12+ mice proliferated more than their counterparts 

from 2D2+RapV12- animals, both upon non-specific stimulation with anti-CD3/CD28 (p 

= 0.017) and upon MOG peptide stimulation (p = 0.004 and p = 0.030 for 1 µg/ml 

and 3 µg/ml MOG, respectively) (Fig. 1A). Confirming that the RapV12 mutant did not 

induce anergy of autoreactive T cells, IL-2 production was maintained upon anti-CD3/

CD28 stimulation and even increased upon MOG stimulation (p = 0.044 with 3 µg/ml) 

Fig. 1. Autoreactive T cells are hyperresponsive, not anergic in RapV12 mice. Splenocytes from 
naive 2D2 + RapV12- and 2D2 + RapV12 + mice (A, D) were stained with CFSE and cultured 
with medium, anti-CD3/CD28 antibodies and MOG peptide. After 3 days, the percentages of 
proliferating Vb11 + CD4 + (A) and Vb11-CD4 + (D) T lymphocytes were calculated by CFSE 
dilution. Splenocytes from 2D2 + RapV12- and 2D2 + RapV12 + naïve mice were stimulated with 
medium, anti-CD3/anti-CD28 antibodies and MOG peptide for 24–48 h. The percentages of Vb11 
+ CD4 + (B, C) and Vb11-CD4 + (E, F) T lymphocytes producing IL-2 (B, E) or expressing ICOS (C, 
F) were analyzed by flow cytometry. Mann–Whitney test was used to compare groups (*p-value 
≤ 0.05).
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(Fig. 1B). Also ICOS expression was increased upon MOG stimulation (p = 0.004 with 

3 µg/ml and p = 0.030 with 10 µg/ml MOG) (Fig. 1C) in the 2D2+RapV12+ animals. 

This was specific for the autoreactive cells as we noted only a slight but significant 

increase in MOG-specific proliferation of Vb11-CD4+ T cells in double transgenic animals 

(Fig. 1D), and no differences in IL-2 production (Fig. 1E) or ICOS expression (Fig. 1F) 

between single and double transgenic animals. Expression levels of other costimulatory 

molecules such as PD-1 and CD40L were comparable between 2D2+RapV12- and 

2D2+RapV12+ lymphocytes (data not shown). Similar experiments with T cells recovered 

from animals 10 days after immunization with MOG to mimic recall rather than primary 

responses, further confirmed these findings. Also in this experimental setting, the 

autoreactive T cells displayed significantly increased IL-2 production (p = 0.008 with 

anti-CD3/CD28 stimulation and p = 0.036 with 3 µg/ml and 10 µg/ml MOG) (Fig. 2A) 

and ICOS expression (p = 0.015 with 3 µg/ml and p = 0.031 with 10 µg/ml MOG) (Fig. 

2B) in the presence of the hypermorphic RapV12 mutant, while no differences in the 

responsiveness of Vb11-CD4+ T cells were observed (Fig. 2C–D). Taken together, these 

data indicate that the autoreactive T cells are not anergic but rather hyperresponsive in 

the RapV12 animals.

Fig. 2. Splenocytes from immunized 2D2+RapV12- and 2D2+RapV12 + mice were stimulated with 
medium, anti-CD3/anti-CD28 antibodies and MOG peptide for 24–48 h. The percentages of Vb11 
+ CD4 + (A, B) and Vb11-CD4 + (C, D) T cells producing IL-2 (A, C) or expressing ICOS (B, D) were 
analyzed by flow cytometry. Mann–Whitney test was used to compare groups (*p-value ≤ 0.05).
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Sustained activation of Rap1 does not impair cytokine production by 
autoreactive T cells

As CD4+ T lymphocytes producing IFNγ and IL-17 are the main effector cells contributing 

to central nervous system inflammation in MOG-induced EAE30;31, we next assessed 

whether the increased proliferation and ICOS expression of the autoreactive T cells in the 

presence of RapV12 functionally translated in altered production of pro-inflammatory 

cytokines. In vitro MOG restimulation of Vb11+CD4+ T lymphocytes recovered 10 

days after in vivo immunization revealed no difference in IL-17 and IFNγ expression 

between 2D2+RapV12- and 2D2+RapV12+ mice (Fig. 3A and B, respectively). Increased 

TNFα expression was observed upon anti-CD3/CD28 stimulation (p = 0.056) and low 

dose MOG stimulation (p = 0.032 for 3 µg/ml) in the autoreactive T cells recovered 

from the 2D2+RapV12+ compared to 2D2+RapV12- mice (Fig. 3C). A similar analysis of 

vb11+CD4+ T cells from naïve mice did not show any differences between 2D2+RapV12- 

and 2D2+RapV12+ animals for these three cytokines (Fig. 3D–F). Confirming the 

specificity of these findings, an analysis of the vb11-CD4+ T cells, which do not bear the 

MOG-specific TCR transgene, did not show any cytokine production at all upon MOG 

stimulation in either naïve or immunized 2D2+RapV12- and 2D2+RapV12+ animals (data 

Fig. 3. Autoreactive T cell cytokine production is not impaired by sustained Rap1 activation. 
Splenocytes from 2D2+RapV12+ and 2D2+RapV12- mice immunized with MOG peptide (A–C) and 
2D2+RapV12+ and 2D2+RapV12- naïve animals (D–F), were stimulated with medium, anti-CD3/
CD28 antibodies and MOG peptide for 24 h. The percentages of Vb11+CD4+ T cells producing 
IL-17 (A, D), IFNγ (B, E) or TNFα (C, F) were determined by intracellular staining. Mann–Whitney 
test was used for comparison between groups (*p-value ≤ 0.05).
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not shown). Furthermore, we repeated this experiment using PMA/ionomycin for in 

vitro restimulation of vb11+CD4+ autoreactive T cells that were primed in vivo by MOG 

immunization. In this experimental setting, we observed a trend towards an increase 

in the production of IL-17 and similar expression of IFNγ and TNFα in 2D2+RapV12- 

and 2D2+RapV12+ animals (data not shown). These data indicate that constitutive 

Rap1 signaling does not markedly modulate the production of pathogenic cytokines by 

MOG-specific autoreactive T cells in this model.

Sustained activation of Rap1 does not induce activation-induced cell 
death of autoreactive T cells

Based on the reported effects of Ras guanyl-releasing protein 1 (GRP1) defects on 

thymic selection and autoimmunity32;33, we next considered the possibility that Rap1 

activation may affect the size of the autoreactive T cell pool by either peripheral or 

central deletion of MOG-reactive T cells. We first assessed whether the increased ex 

vivo proliferation upon MOG stimulation was associated with changes in activation-

induced cell death (AICD) of autoreactive T cells in the presence of sustained Rap1 

Fig. 4. Sustained Rap1 enhances central and effector memory differentiation in the autoreactive 
T cell population without affecting cell viability. Splenocytes from naive (A) and MOG immunized 
2D2+RapV12- and 2D2+RapV12+ mice (B) were cultured with medium, anti-CD3/CD28 antibodies 
and MOG peptide for 3 days. 7-AAD was used to enumerate non-viable cells within the Vb11 + 
CD4+ T lymphocyte compartment and subtract them from the surviving viable T cell population 
(A–B). Splenocytes from 2D2+RapV12- and 2D2+RapV12+ mice immunized with MOG peptide 
(C–E) were stained with anti-CD3, anti-CD4, anti-Vb11, anti-CD62L and anti-CD44 antibodies. 
The frequency of effector CD44hiCD62L- (C), central memory CD44hiCD62L + (D) and naive 
CD44loCD62L + (E) T cells within the Vb11+CD4+ T lymphocyte compartment was analyzed 
by flow cytometry. The percentages of positive cells were compared using Mann–Whitney test 
(*p-value ≤ 0.05).
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signaling34. As in the previously described proliferation assays, we recovered splenic T 

cells from 2D2+RapV12+ and 2D2+RapV12- mice and stimulated them in vitro with MOG 

peptide for 3 days. The survival of autoreactive T cells as measured by the percentage 

of 7-AAD-negative vb11+CD4+ T cells was significantly increased in the 2D2+RapV12+ 

samples versus the 2D2+RapV12- controls after stimulation with MOG peptide (p = 

0.038 with 1 µg/ml and p = 0.018 after stimulation with 3 µg/ml MOG, Fig. 4A). The 

vb11-CD4+ population, which does not express the autoreactive TCR, did not display 

these changes in survival (data not shown). Repeating these experiments with T cells 

recovered 10 days after in vivo priming with MOG yielded an increased percentage 

of living T cells in 2D2+RapV12+ lymphocytes when compared to 2D2+RapV12- after 

stimulation with anti-CD3/CD28 antibodies (p = 0.015, Fig. 4B). In line with the in vitro 

data, ex vivo phenotypic analysis of the splenic T cells 10 days after immunization with 

MOG revealed a significantly increased accumulation of effector (p = 0.008) and central 

memory (p = 0.055) autoreactive T cells and a reciprocal decrease of naïve Vb11+CD4+ 

T cells (p = 0.008) in the 2D2+RapV12+ versus the 2D2+RapV12- animals (Fig. 4C–E). This 

difference was specifically related to the response to MOG priming as the percentages 

of naïve, effector, and central memory cells were similar between the two strains under 

homeostatic conditions (data not shown). These in vitro and in vivo data indicate that 

increased MOG-induced proliferation of autoreactive T cells in the presence of sustained 

Rap1 is not a consequence of changes in AICD.

Sustained activation of Rap1 affects the size of the autoreactive T cell 
pool

We next assessed whether the hypermorphic RapV12 mutant may have quantitative 

effects on the size of the pool of autoreactive T cells in 2D2+RapV12+ animals. Analysis 

of MOG-immunized animals showed that the frequency of Vb11+CD4+ T cells in the 

total splenocyte population was significantly diminished in the 2D2+RapV12+ versus 

2D2+RapV12- animals (medians 11 versus 15%, p = 0.007, Fig. 5A). As the autoreactive 

T cells form 85% of the total T cell repertoire in the 2D2 mice, the number of CD3 + 

CD4+ T cells was equally reduced in the double transgenic animals relative to the single 

transgenic controls (medians 14 versus 23%, p = 0.03, Fig. 5B). Accordingly, trends 

towards reduced numbers of Vb11+CD4+ and CD3+CD4+, but not CD8+ or FoxP3+ T 

cells were observed in spleens of immunized 2D2+RapV12+ mice (Supplemental Fig. 

1). Because our in vitro experiments did not provide evidence for AICD, we aimed 

to determine if this effect was due to homeostatic central or activation-dependent 

mechanisms by repeating the same experiment in naïve animals, prior to peripheral 

exposure to the autoantigen. Both the percentages of autoreactive Vb11+CD4+ T cells 

(medians 15 versus 27% p = 0.05) and of total CD4+ T cell (medians 17 versus 30%, p 

= 0.03) were decreased in the spleens of the naïve 2D2+RapV12+ versus 2D2+RapV12- 

animals (Fig. 5C–D), as were the total numbers of these cell populations (Supplemental 
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Fig. 2). To assure that this was a reproducible effect of Rap1 signaling rather than an 

artifact due to the use of a specific TCR-transgenic model, we additionally quantified the 

frequency of MOG-specific T cells in wildtype (WT) animals 10 days after immunization 

with MOG peptide using peptide-MHC tetramers28;29. Staining with MOG38-49-IAb 

or hCLIP103–117 IAb tetramers as a negative control indicates a significantly decreased 

frequency of MOG-autoreactive CD4+ T cells in RapV12 mice versus WT littermate 

controls (p = 0.04, Fig. 5E). The percentages of MOG-autoreactive T cells were also 

Fig. 5. The MOG-autoreactive effector and memory T cell compartments are significantly reduced 
in RapV12 animals. Splenocytes from 2D2+RapV12- and 2D2+RapV12+ mice immunized with 
MOG peptide (A–B) or naive mice (C–D) were collected and stained with anti-CD3, anti-CD4 and 
anti-Vb11 antibodies. The frequency of Vb11+CD4+ (A, C) and CD4+ (B, D) T lymphocytes was 
compared using Mann–Whitney test. Lymph node cells in WT and RapV12+ mice immunized with 
MOG peptide were collected 10 days after immunization. CD4+ T lymphocytes were purified and 
the enriched fraction was stained with anti-CD3, anti-CD4, anti-CD44 and anti-CD62L antibodies, 
and MOG38-49-IAb to identify antigen-specific cells. The percentages of tetramer positive T cells 
in the lymph nodes (E) and within the effector and memory populations (F) were compared using 
Mann Whitney test (*p-value ≤ 0.05).
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decreased in the CD44+ effector and central memory T cells (p = 0.04, Fig. 5F). Taken 

together, these experiments indicate that sustained Rap1 signaling reduces the size of 

the pool of autoreactive T cells.

Sustained Rap1 activation decreases mortality during experimental auto-
immune encephalomyelitis

As we previously observed that RapV12 mice were protected from CIA26, we next 

assessed whether the qualitative and quantitative effects of sustained Rap1 signaling 

on the MOG-autoreactive T cells translated in an altered disease incidence or severity in 

EAE. We first evaluated clinical disease in the 2D2 animals, where the strong bias of the 

T cell repertoire towards autoreactivity leads to rapid onset and very severe EAE upon 

MOG immunization27. Comparison of the 2D2+RapV12+ double transgenic mice and 

2D2+RapV12- single transgenic littermate controls showed a slightly but not significantly 

decreased severity and incidence of EAE in the presence of RapV12, resulting in a 

significantly increased survival of these animals (p = 0.04, Fig. 6A–C). As clinical effects 

may be blurred in this TCR transgenic model due to the high severity of disease, we 

Fig. 6. Sustained Rap1 signaling decreases disease severity and mortality in MOG-induced 
experimental autoimmune encephalomyelitis. 2D2+RapV12+ and 2D2+RapV12- transgenic mice 
(A–C) and RapV12 and WT mice (D–F) were immunized with MOG peptide. EAE development 
was monitored for 30 days and neurological signs of disease were scored daily. At the end of the 
experiment, the clinical scores in time were compared between groups (A, D). The incidence of 
EAE (B, E) and the survival proportions (C, F) were calculated per group and compared using the 
Grehan–Breslow–Wilconox test (*p-value ≤ 0.05).
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repeated these experiments in RapV12 mice versus WT littermate controls. In these 

experiments, the overall disease scores in the WT mice were lower, with an incidence of 

almost 60% and a mean disease score of 2.3 in the affected mice, resulting in an overall 

disease score of approximately 1.3 (Fig. 6D). Again we observed a clear trend towards 

decreased disease severity (p = 0.070) (Fig. 6D) and incidence (p = 0.085) (Fig. 6E) in 

the RapV12 mice. Accordingly, the mortality rate was significantly lower in the RapV12 

mice than in WT littermates (p = 0.02, Fig. 6F). In conclusion, these data indicate that 

sustained Rap1 signaling in T cells decreased mortality during MOG-induced EAE.

Discussion
Rap1 is an intracellular small GTPase, which is activated in T cells following TCR ligation, 

chemokine stimulation, and engagement of adhesion proteins. To date, regulation of 

the quality of T cell immune responses by Rap1 has been attributed to the proposed 

capacity of active Rap1 to suppress Ras-dependent MAP kinase proliferative pathways23. 

In mice lacking Spa-1, a GAP for Rap1, an age-dependent decrease in T cell proliferation 

and cytokine production in response to anti-CD3/CD28 antibodies and recall antigen 

stimulation is observed21. Similar defective T cell responses are reported in transgenic 

mice expressing constitutively active Rap1E63 in the T cell compartment22. Conversely, 

decreasing Rap1 function by transgenic overexpression of RapGAP I in the T cell 

compartment leads to an age-dependent accumulation of T cells in lymphoid organs 

which display surface markers indicative of immune activation20. Additionally, there is 

substantial evidence that activation of Rap1 regulates T cell functional responses by 

coordinating the activation of integrins required for T cell chemotactic responses and 

trafficking and for stable conjugation with APCs35;36. In vivo and in vitro experiments 

have demonstrated that activation-dependent association of Rap1 with the adaptor 

proteins RapL (regulator of adhesion and cell polarization enriched in lymphoid tissues), 

SKAP1 (src kinase-associated phosphoprotein 1) and ADAP (adhesion and degranulation-

promoting adaptor protein), is required for clustering of T cell integrins, T cell homing to 

secondary LN, and productive arrest of T cells with APCs37-41. Accordingly, transgenic 

expression of constitutively active RapE63 or hypermorphic RapV12 stimulates T cell 

integrin-dependent adhesion, while Rap1A−/−T cells display partial defects in TCR and 

chemokine-induced adhesion22;25.

We have previously demonstrated that sustained T cell Rap1 activation is protective 

in experimental T cell-mediated autoimmune disease, but it remains largely unknown 

how the different effects of Rap1 on T cell interactions with APCs, proliferation and 

homing impact upon autoreactive T cells and modulate autoimmune disease in vivo26. 

Using 2D2 TCR and RapV12 double transgenic mice, we were able to analyze the 

qualitative and quantitative impact of Rap1 signaling on MOG-autoreactive T cells and 

to assess how this translates into modulation of EAE. We considered possible effects of 
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sustained T cell Rap1 activation on auto-reactive T cell proliferative responses, cytokine 

production, and survival, and found that each of these parameters was enhanced in 

mice expressing RapV12. However, this was offset by a decrease in the total numbers of 

autoreactive T cells, both on the 2D2 TCR transgenic background and in mice expressing 

endogenous TCR repertoires. This reduction in autoreactive T cell numbers appears 

clinically important, as despite the ability of RapV12 to enhance intrinsic T cell responses 

to MOG, 2D2+RapV12+ and RapV12+ mice displayed enhanced survival during EAE.

In our analyses, we first considered the possibility that RapV12 may dampen antigen-

specific T cell proliferative responses or induce anergy. Rap1-GTP levels are elevated in 

anergic T cells, and transgenic overexpression of constitutively active Rap1E63 reduces 

CD4 + T cell IL-2 production and proliferation induced by anti-CD3/CD28 stimulation 

and during antigen recall22;23. However, this is not observed in RapV12 mice and, in 

contrast, antigen-specific proliferation at low antigen concentrations is enhanced25. This 

difference between Rap1E63 and RapV12 mice is attributed to the ability of RapV12 

to still cycle between the active and inactive state, albeit at a reduced level, and the 

relative overexpression of Rap1E63 compared to RapV12. In our analyses of RapV12 

mice during CIA, we also failed to observe defective polyclonal proliferative responses 

to anti-CD3/CD28 stimulation26. Here, we confirmed and extended these findings by 

demonstrating that RapV12 conferred a proliferative advantage not only upon polyclonal 

anti-CD3/CD28 stimulation but also upon MOG stimulation of the autoreactive T cells. 

This proliferative advantage was observed both during primary and recall responses 

to MOG and was associated with increased IL-2 production and upregulation of ICOS. 

Cumulatively, these data indicate that sustained Rap1 activation does not induce anergy 

but rather intrinsic hyperreponsiveness of the autoreactive T cells in this model.

A second possible effect of sustained Rap1 signaling which we studied was the 

modulation of cytokine production by autoreactive T cells. We previously observed 

that RapV12 mice displayed a selective impairment in TNFα production by CD8+ LN 

T cells during the early phases of CIA, possibly due to clonal exhaustion of specific 

T cell subsets26. Here, specific analysis of the autoreactive CD4+ cells did not show 

any decrease for IFNγ and IL-17, which are the major pathogenic cytokines in EAE. 

For TNFα, the role of which remains more controversial in EAE41-44, production was 

increased rather than decreased in the autoreactive T cell pool. Also, expression levels 

of PD-1, a marker of clonal exhaustion, were equivalent between 2D2+RapV12+ and 

2D2+RapV12- MOG-specific T cells, and re-challenge of these autoreactive T cells with 

MOG peptide in vitro revealed no proliferative impairment which usually precedes loss 

of TNFα expression in viral models of clonal exhaustion45. These data indicate that 

clonal exhaustion of MOG autoreactive CD4+ T cells does not occur in EAE, as the T cells 

maintain their ability to produce pathogenic cytokines. The apparent paradox between 

CIA and EAE models emphasizes that the biological effects of sustained Rap1 activation 

are certainly not restricted to the autoreactive T cell pool, as assessed in the present 
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study of EAE. This concept is very important as not only the pathogenic autoreactive 

T cells but also other T cell populations such as CD8+ T cells and regulatory T cells will 

ultimately contribute to determine the clinical disease severity and phenotype.

Besides the impact on the quality of the autoreactive T cell responses, we also considered 

the possibility that Rap1 activation could affect the size of the autoreactive T cell pool. A 

first reason to propose a quantitative effect is that the proliferative advantage of T cell 

lines expressing active Rap1 is offset by enhanced AICD46. However, we could obtain 

no evidence that this happens during autoimmune disease in the 2D2+RapV12+ mice as 

2D2+RapV12+ T cells instead showed a survival advantage compared to 2D2+RapV12- 

T cells following ex vivo stimulation with anti-CD3/CD28 antibodies or MOG peptide. 

Additionally, we observed an enhanced accumulation of effector and memory 

autoreactive T cells upon MOG immunization in the 2D2+RapV12+ animals. These results 

are similar to the recently reported observations that the Rap1 effector ADAP augments 

T cell proliferation and survival in response to limiting antigen concentration in vivo47. A 

second reason to propose a quantitative effect is that Ras and Rap1 activation is detected 

in thymocytes undergoing both positive and negative selection32. Genetic deletion or 

inactivation of RasGRP1 dampens, but does not completely abrogate, TCR-dependent 

Ras activation12;33. While peripheral T cell numbers and TCR-dependent proliferative 

responses are greatly reduced, RasGRP1 defects lead to T cell-mediated autoimmunity 

resembling SLE. This is attributed to abnormal thymic selection, where weakened Ras 

pathways fail to deliver signals sufficient for negative selection of thymocytes bearing 

autoreactive TCRs. RapV12, possibly via integrin-dependent mechanisms, can promote 

positive selection of thymocytes with low antigen affinity25. By analogy with RasGRP-

deficiency, Rap1 activation could possibly strengthen thymocyte interactions with APCs 

to promote negative selection of autoreactive T cells. Consistent with this hypothesis, we 

found that the size of the MOG-autoreactive T cell pool was reduced by approximately 

one third in TCR transgenic animals expressing RapV12. A similar albeit smaller effect 

was observed by tetramer analysis in animals with a normal TCR repertoire, excluding 

a bias due to the specific TCR receptor of the 2D2 mice. Preliminary experiments 

failed to reveal gross abnormalities in thymocyte developmental subset frequencies in 

2D2+RapV12+ mice (own unpublished observations). However, as the ability of Rap1 to 

influence thymic selection is sensitive to TCR affinity, subtle differences not identified 

in our studies may eventually impact upon the size of the peripheral autoreactive T cell 

pool25. Our observation that the 2D2 autoreactive pool is reduced not only in immunized 

but also in MOG-naïve animals supports the hypothesis that Rap1 signaling could affect 

central tolerance11. Together with the recent observation that pathology in EAE is mainly 

caused by low affinity tetramer-negative T cells28, these data warrant further detailed 

investigation of how Rap1 affects positive and negative selection of T cells, and their 

maintenance in the periphery, depending on the TCR affinity for autoantigen.
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Our data indicate that sustained Rap1 signaling has complex qualitative and quantitative 

impacts on autoreactive T cells, raising the key question as to how these multiple effects 

integrate in vivo to modulate autoimmune disease. In line with our previous CIA data, 

we demonstrated here that RapV12 attenuates EAE, even though it should be noted 

that the clinical effect was probably more modest than in the CIA model26. In the 2D2 

model, this partial protection was only significant for survival but not for incidence or 

severity of EAE. This is probably due to the fact that the disease susceptibility conferred 

by the TCR background is too large to allow modulation of clinical disease. Accordingly, 

the protection of the RapV12 mice was clearer on a WT TCR background. In this regard, 

it is noteworthy that T cell RapV12-mediated attenuation of disease severity in EAE was 

not as complete as observed in CIA. This is likely due to the specific suppression of 

auto-antibodies in CIA and the pronounced requirement for anti-collagen antibodies 

in this model26;48. EAE is less dependent on autoantibodies and we did not observe 

significant modulation of the anti-MOG antibodies by RapV12 (our own unpublished 

data). Secondly, the previously mentioned effect of RapV12 on TNFα production 

by T cells is thought to be more relevant for synovial inflammation in autoimmune 

arthritis than for CNS damage in EAE. Thirdly, RapV12 may also affect other aspects 

of (autoimmune) T cell biology which were not analyzed in detail in the present study. 

Of particular interest is the recent evidence that signaling pathways downstream of 

Ras GTPases can regulate the temporal expression of adhesion molecules involved in 

T cell trafficking47;49. Certainly in EAE where autoreactive T cells need to cross the 

blood–brain barrier and home to the central nervous system, future studies will be 

needed to determine if therapeutic manipulation of Rap1 activity can alter recruitment 

and retention of autoreactive T cells at the site of inflammation.

In conclusion, the present study provides evidence demonstrating that Rap1 signaling 

impacts upon autoimmune T cells at different levels, and confirms the concept that 

sustained Rap1 activation dampens T cell-mediated autoimmunity. Therefore, Rap1 

signaling forms an attractive target for pharmacological modulation of pathogenic T 

cells in immune-mediated inflammatory diseases.
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Supplemental Fig. 1. Characterization of T cell subsets in MOG-immunized mice. Splenocytes 
from 2D2+RapV12- and 2D2+RapV12 + mice immunized with MOG peptide were collected and 
stained with anti-CD3, anti-CD4, anti-CD8, anti-Vβ11, and anti-FoxP3 antibodies. The number of 
Vβ11+CD4+, CD3+CD4+, CD3+CD8+, and CD3+CD4+FoxP3 + T lymphocytes was compared using 
Mann–Whitney test. No significant differences were observed between groups.

Supplemental Fig. 2. Characterization of T cell subsets in naïve mice. Splenocytes from naïve 
2D2+RapV12- and 2D2+RapV12 + mice were collected and stained with anti-CD3, anti-CD4, anti-
CD8, anti-Vβ11, and anti-FoxP3 antibodies. The number of Vβ11+CD4+, CD3+CD4+, CD3+CD8+, 
and CD3+CD4+FoxP3 + T lymphocytes was compared using Mann–Whitney test (*p-value ≤ 0.05).
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Abstract
Objective: To investigate the safety, tolerability, pharmacokinetics, and efficacy 

of apilimod mesylate, an oral interleukin-12 (IL-12)/IL-23 inhibitor, in patients with 

rheumatoid arthritis (RA).

Methods: We performed a phase IIa, randomized, double-blind, placebo-controlled 

proof-of-concept study of apilimod, in combination with methotrexate, in 29 patients 

with active RA (3:1 ratio of apilimod-treated to placebo-treated patients) in 3 stages. 

Patients received apilimod 100 mg/day or placebo for 4 weeks (stage 1) or 8 weeks 

(stage 2). In stage 3, patients received apilimod 100 mg twice a day or placebo for 

8 weeks, with an optional extension of 4 weeks. Clinical response (Disease Activity 

Score in 28 joints [DAS28] and American College of Rheumatology [ACR] criteria) was 

assessed throughout; synovial tissue samples collected at baseeline and on day 29 

(stages 1 and 2) or day 57 (stage 3) were stained for cellular markers and cytokines for 

immunohistochemistry analysis.

Results: While only mild adverse events were observed in stages 1 and 2, in stage 3, all 

patients experienced headache and/or nausea. Among apilimod-treated patients (100 

mg/day), there was a small, but significant, reduction in the DAS28 on day 29 and day 

57 compared with baseline. ACR20 response was reached in only 6% of patients on 

day 29 and 25% of patients on day 57, similar to the percentage of responders in the 

placebo group. Increasing the dosage (100 mg twice a day) did not improve clinical 

efficacy. Consistent with clinical results, apilimod did not have an effect on expression 

of synovial biomarkers. Of importance, we also did not observe an effect of apilimod on 

synovial IL-12 and IL-23 expression.

Conclusion: Our results do not support the notion that IL-12/IL-23 inhibition by apilimod 

is able to induce robust clinical improvement in RA.
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Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease affecting synovial tissue. 

Activated immune cells are important in orchestrating synovial inflammation by 

producing several cytokines, including interleukin-12 (IL-12) and IL-231. IL-12 is a 

heterodimeric cytokine (p70) formed by 2 subunits, p40 and p352. The structure of 

the more recently discovered heterodimeric IL-23 is closely related to that of IL-12 

and shares the p40 subunit, but IL-23 contains p19, a unique subunit3. IL-12 acts in 

the initial inflammation phase by promoting differentiation of naive CD4+ T cells to 

interferon-γ-producing Th1 cells. IL-23 induces proliferation of effector memory T cells 

and plays a critical role in the pathogenesis of RA by inducing IL-17-producing T cells4. 

Animal studies confirm this finding, as IL-23-deficient (p19-/-) mice and mice lacking 

IL-12 and IL-23 (p40-/-) are resistant to collagen-induced arthritis4. Apilimod mesylate 

(STA-5326), an orally administered small molecule, inhibits the production of IL-12 and 

IL-23. It selectively prevents nuclear translocation of c-Rel, a member of the Rel/NF-κB 

family of transcription factors, thereby reducing both p35 and p40 promoter activities. 

However, the exact mechanism of action is unknown. Apilimod significantly reduces 

the production of IL-12, IL-23, and the IL-12/IL-23 p40 protein by stimulated human 

peripheral blood mononuclear cells5. Therefore, we tested apilimod in a phase IIa 

proof-of-concept study in patients with active RA.

Patients and Methods

Patient selection 

This study was conducted at the Academic Medical Center/University of Amsterdam 

(AMC/ UvA). Patients with RA according to the American College of Rheumatology 

(ACR) classification criteria6, who had a disease duration of ≥ 6 months, were included. 

All patients had active disease, classified as the presence of ≥ 4 tender and swollen joints 

and arthritis of 1 knee or ankle joint. Further- more, study patients fulfilled one of the 

following criteria: C-reactive protein (CRP) level ≥ 12 mg/liter, erythrocyte sedimentation 

rate (ESR) ≥ 28 mm/hour, or morning stiffness ≥ 45 minutes’ duration. Patients were 

receiving stable doses of methotrexate (MTX) (at least 7.5 mg/week) and discontinued 

other disease-modifying antirheumatic drugs or biologic agents, 1 month or 3 months, 

respectively, prior to the start of study treatment. Oral glucocorticoids (≤ 10 mg/day) 

and stable doses of non steroidal anti-inflammatory drugs were allowed. The study was 

approved by the Medical Ethics Committee of the AMC/UvA and performed according 

to the Declaration of Helsinki. All participants provided written informed consent.
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Study design 

For all stages, patients were randomized (3:1 ratio of apilimod-treated to placebo-treated 

patients) on day 1. In stage 1 (4 weeks’ duration), 9 patients were treated with apilimod 

100 mg/day and 3 patients were treated with placebo. In stage 2 (8 weeks’ duration), 

8 patients received apilimod 100 mg/day and 2 patients received placebo. The dosage 

of apilimod was increased to 100 mg twice a day in stage 3 (8 weeks’ duration with 

an optional extension of 4 weeks), and 5 patients were treated with apilimod and 2 

patients with placebo. Two-week supplies of apilimod were dispensed on clinic days for 

at-home oral administration.

Clinical assessment, safety, and pharmacokinetics

Routine safety and clinical assessments were performed on days 1, 15, and 29 for all 

stages. For stages 2 and 3, assessments were also performed on day 43 and day 57, 

and for the stage 3 extension, additional assessments were performed on day 71 and 

day 85. A follow-up visit was performed 1 week after discontinuation of the study drug. 

Patients were evaluated according to the Disease Activity Score in 28 joints (DAS28)7 

and the ACR response criteria8. On days 1, 15, and 29 of stage 1, blood was drawn 

before the dose was administered and at 1, 2, 4, 6, and 8 hours postdose, for extensive 

pharmacokinetic determination of apilimod, apilimod metabolites, MTX, and 7-hydroxy-

MTX.

Synovial tissue collection and immunohistochemical analysis

Arthroscopy was performed with the patient under local anesthesia at baseline and on 

day 29 (stages 1 and 2) or day 57 (stage 3) to obtain synovial tissue from an actively 

inflamed knee or ankle, as previously described9. Synovial tissue sections were stained 

with anti-CD68 antibody (Dako) to detect macrophages, anti-IL-12p70 (R&D Systems), 

and anti-IL-23 (BioLegend). At a minimum, 6 tissue specimens were embedded en bloc 

in OCT compound (Tissue-Tek; Sakura) and stored in liquid nitrogen. Serial cryostat 

sections (5 µm) were cut and mounted on Star Frost adhesive glass slides (Knittelgläser).

In addition to antibodies to CD68, IL-12p70, and IL-23, synovial tissue sections were 

stained using the following monoclonal antibodies: anti-CD3 (Becton Dickinson) for T 

cells, anti-CD22 (Bioconnect) for B cells, anti-CD55 (Bioconnect) to detect fibroblast-like 

synoviocytes, and anti-IL-1b (Acris Antibodies). Primary antibodies were incubated for 

1 hour (or overnight for IL-1b staining). After fixation of the sections with acetone for 

10 minutes at room temperature, endogenous peroxidase activity was inhibited for 20 

minutes using 0.1% sodium azide and 0.3% hydrogen peroxide in phosphate buffered 

saline. Primary antibodies were incubated for 60 minutes. Bound antibody was detected 

with a polymer-HRP anti-mouse IgG EnVision Plus System (Dako) for CD3, CD68, CD22, 

and CD55, and with PowerVision poly-HRP Ready-to-Use (Immunologic; ImmunoVision 

Technologies) for IL-12p70 and IL-23. The IL-1b staining was performed using a 3-step 
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immunoperoxidase method. Antibody was finally detected using aminoethylcarbazole 

(Dako) as dye. Sections were counterstained with Gill’s hematoxylin. Stained sections 

were analyzed under blinded conditions with regard to study treatment and time point.

Expression of the various markers was quantified using digital image analysis, as 

previously described9;10. CD3, CD22, CD55, and CD68 were expressed as counts per 

square millimeter; IL-1b, IL-12p70, and IL-23 were expressed as integrated optical density 

per square millimeter (an arbitrary unit representing the intensity of staining per square 

millimeter).

Statistical analysis 

Continuous data were described as mean and SD values if normally distributed, and as 

the median and interquartile range if not normally distributed. Student’s unpaired t-test 

or Mann-Whitney U test was used for assessing the significance of differences in patient 

characteristics. Nominal data were represented as percentages and analyzed by Fisher’s 

exact test. Effects of treatment were evaluated by Student’s paired t-test or Wilcoxon’s 

signed rank test for non-normal distributions. All statistical analyses were performed 

with SPSS, version 17.0. P values less than or equal to 0.05 were considered significant.

Results

Patient characteristics and safety and tolerability of apilimod 

Twenty-nine eligible patients were included in this trial. The disease characteristics of 

the study patients were not significantly different between the apilimod-and placebo-

treated groups (see Supplemental Table 1), with the groups receiving MTX at an average 

weekly dosage of 21.1 mg and 22.5 mg, respectively. Since we observed favorable 

safety and pharmacokinetic (MTX and apilimod) profiles in stage 1 (data not shown), the 

study was continued to stage 2 and subsequently stage 3. In stage 1, 8 of 9 apilimod-

treated patients completed the study, while 1 patient who developed side effects 

(severe headache), withdrew from the study on day 29. The patient refused to undergo 

the second arthroscopy, although safety and clinical evaluations were completed. All 

patients treated in stage 2 completed the study. In stage 3 (100 mg twice a day), 3 of 

5 apilimod-treated patients continued until day 57, and 1 of these 3 decided to extend 

the treatment until day 85. Two patients withdrew prior to day 57 due to side effects. 

In stages 1 and 2, only mild adverse events (mainly gastrointestinal) were observed, 

in 15 of the 17 patients treated with apilimod (88%). In stage 3, side effects were 

experienced in all apilimod-treated patients and in patients receiving placebo (Table 1). 

A detailed listing of the adverse events is provided in Supplemental Table 2.
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Table 1. Clinical response in patients treated with apilimod or placebo

Stage I (n = 9) apilimod 100 mg QD Baseline Day 29

DAS28, mean (SD) 5.4 (0.7) 5.2 (0.8)

DDAS28, mean (p-value) - -0.2 (0.59)

ACR20, n (%) - 1 (11.1%)

ACR50, n (%) - 0 (0%)

ACR70, n (%) - 0 (0%)

Stage II (n = 8) apilimod 100 mg QD Baseline Day 29 Day 57

DAS28, mean (SD) 5.5 (1.2) 4.8 (1.3) 4.9 (1.2)

DDAS28, mean (p-value) - -0.7 (0.02) -0.6 (0.004)

ACR20, n (%) - 0 (0%) 2 (25%)

ACR50, n (%) - 0 (0%) 0 (0%)

ACR70, n (%) - 0 (0%) 0 (0%)

Stages I/II, pooled (n = 17) 
apilimod 100 mg QD

Baseline Day 29

DAS28, mean 5.4 (0.9) 5.0 (1.0)

DDAS28, mean (p-value) - -0.4 (0.03)

ACR20, n (%) - 1 (6%)

ACR50, n (%) - 0 (0%)

ACR70, n (%) - 0 (0%)

Stage III (n = 5) apilimod 
100 mg BID

Baseline
(n = 5)

Day 29
(n = 4)

Day 57
(n = 3)

Day 85
(n = 1)

DAS28, median (IQR) 5.4 (4.8-6.9) 5.2 (5.1-5.9) 5.1 (5.0-7.0) 4.9 (NA)

DDAS28, mean (p-value)† - -0.2* NA NA

ACR20, n (%) - 0 (0%) 1 (33%) 1 (33%)

ACR50, n (%) - 1 (25%) 0 (0%) 0 (0%)

ACR70, n (%) - 0 (0%) 0 (0%) 0 (0%)

Placebo, pooled 
(n = 7)

Baseline
(n = 7)

Day 29
(n = 7)

Day 57
(n = 4)

Day 85
(n = 1)

DAS28, median 5.3 (4.8-5.7) 4.8 (4.5-5.6) 4.6 (2.7-5.3) 3.3 (NA)

DDAS28, mean (p-value)† - -0.5 (0.46) -0.7* NA

ACR20, n (%) - 0 (0%) 1 (25%) 0 (0%)

ACR50, n (%) - 0 (0%) 0 (0%) 0 (0%)

ACR70, n (%) - 0 (0%) 0 (0%) 0 (0%)

* DAS28 = Disease Activity Score in 28 joints; ACR20 = American College of Rheumatology 20% improvement; 
IQR = interquartile range; NA = not applicable (patient number too small). † P = 0.02 by Student’s paired t-test. 
‡ P = 0.004 by Student’s paired t-test. § P = 0.03 by Student’s paired t-test. ¶ In stage 1, 1 patient receiving apili-
mod withdrew on day 29 due to side effects (severe headache); safety and clinical evaluations were completed, 
but the second arthroscopy was not performed. In stage 3, 1 apilimod-treated patient withdrew on day 15 and 
1 patient withdrew on day 29 due to side effects, and therefore, had no second arthroscopy on day 57. For the 
day 85 extension, only 1 of 5 patients in the apilimod-treated group and 1 patient in the placebo-treated group 
decided to continue treatment. Thus, the n values for the apilimod-treated group in stage 3 on day 29, day 57, 
and day 85 were 4, 3, and 1, respectively. # Of the placebo-treated patients, all continued until day 29, and 4 
participated until day 57. Thus, the n values for the placebo group on day 57 and day 85 were 4 and 1, respec-
tively. Placebo samples were pooled from all stages.
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Lack of marked clinical improvement in RA patients treated with apilimod

As seen in Table 1, apilimod-treated patients in stages 1 and 2 (100 mg/day) had a small 

but statistically significant reduction in the DAS28 on day 29 compared with baseline 

(P = 0.03) (n=17) and day 57 (stage 2 only) (P = 0.004) (n = 8), while we did not 

observe a significant reduction in the DAS28 in the placebo-treated patients. However, 

neither change could be classified as a response according to the European League 

Against Rheumatism (EULAR) response criteria11. An ACR20 response was seen in 1 of 

17 patients (6%) after 4 weeks and in 2 of 8 patients (25%) after 8 weeks of treatment. 

In stage 3, we did not observe a significant reduction in the DAS28 during the study, 

although the number of patients was small. An ACR20 response was observed in only 

1 of 3 patients after 8 weeks (day 57) and 12 weeks (day 85) of apilimod treatment. 

One patient exhibited an ACR50 response after 4 weeks, but this clinical response 

disappeared after 8 weeks. Patients in the placebo group showed no significant change 

in the DAS28 on day 29; patient numbers during later visits were too small to enable us 

Figure 1 Effect of apilimod or placebo treatment on CD68+ cells in synovial tissue. Expression of 
CD68+ macrophages in the sublining layer (A and B) and lining layer (C and D) of synovial tissue 
from rheumatoid arthritis patients treated with apilimod 100 mg/day (A and C) or placebo (B and 
D) was determined. To obtain synovial tissue samples, arthroscopy was performed at baseline and 
on day 29 (stages 1 and 2). Samples from placebo-treated patients were pooled from all stages. 
There were no significant changes in CD68+ cell expression between baseline and day 29, by 
nonparametric Mann-Whitney test.
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Figure 2 Interleukin-12 (IL-12) and IL-23 expression in synovial tissue. (A and B), Representative 
photomicrographs of IL-12p70 and IL-23 staining in biopsy samples obtained before (A) and after 
(B) treatment with apilimod. Original magnification x 20. (C-F), Changes in IL-12p70 and IL-23 
staining. Expression (integrated optical density [IOD]) of IL-12p70 (C and D) and IL-23 (E and F) in 
the synovial tissue of patients treated with apilimod 100 mg/day (C and E) or placebo (D and F) 
was determined. There were no significant changes in IL-12 and IL-23 expression between baseline 
and day 29, by nonparametric Mann-Whitney test.
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to draw any meaningful conclusions. Taken together, these results indicate that apilimod 

treatment did not induce robust clinical improvement.

Lack of effect of apilimod treatment on synovial biomarkers

In apilimod-treated and placebo-treated patients, there was no significant difference in 

the number of CD68+ synovial macrophages on day 29 compared with baseline (Figure 

1). Additionally, no significant changes in the expression of other synovial markers 

were observed (see Supplemental Figure 1). In stage 3, the number of patients who 

underwent arthroscopy on day 57 was too small to allow us draw any conclusions. Of 

importance, apilimod treatment did not result in a decrease in IL-12 and IL-23 expression 

in the synovial tissue after 4 weeks (Figure 2).

Discussion
In the present trial, we evaluated the effects of treatment of RA with apilimod mesylate. 

Overall, apilimod 100 mg/day was well tolerated and did not interfere with the effects 

of MTX. However, nearly all patients treated with the double dose of apilimod (100 mg 

twice a day) experienced side effects. We observed a small, but statistically significant, 

reduction in the DAS28 after 4 and 8 weeks of treatment with apilimod 100 mg/day, 

but patients did not fulfill the EULAR response criteria. Moreover, the change in the 

number of CD68+ synovial sublining macrophages, which has previously been proven to 

be a sensitive biomarker for clinical response12, had not reached statistical significance 

after 4 weeks. In addition, apilimod treatment did not result in its presumed biologic 

effect: no decrease in IL-12 and IL-23 expression in the synovial tissue was observed 

after 4 weeks of treatment.

There are several possible reasons why treatment with apilimod did not lead to clinical 

improvement in RA patients. First, there is the possibility that this was a false-negative 

result due to the relatively small number of patients in this phase IIa study. However, 

previous studies with a similar design12–14 have indicated that the number of patients 

included in our study should have been sufficient to allow detection of relevant, robust 

changes in the synovium after effective treatment. A second explanation for the lack 

of efficacy in our study could be the short treatment duration, although all effective 

anti-rheumatic treatments that we have previously tested and found to be effective 

did induce early changes in the synovium preceding clinical improvement. Moreover, 

there was no (trend toward) clearcut clinical improvement after 8 weeks of treatment in 

patients participating in stage 3. Third, we need to take into account the possibility that 

IL-12/IL-23 is perhaps not a good target for the treatment of RA.

The data from our trial are consistent with the results of a recently published clinical 

trial in 220 patients with Crohn’s disease: treatment with apilimod (50 mg or 100 mg 
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4 times a day) was not more effective than placebo15, although this disease responded 

well to treatment with monoclonal antibodies against the p40 subunit of IL-12/IL-2316. 

Our analyses suggest that the failure of apilimod to influence RA and Crohn’s disease 

may be due to the possibility that insufficient levels of the compound reached the site of 

inflammation to mediate a potential biologic effect. Consistent with our clinical findings, 

there was no reduction in the expression levels of IL-12 and IL-23 in the inflamed 

synovium, in contrast to the effects of apilimod in vitro. Thus, the results of our study 

do not support further drug development in larger clinical trials for RA. It is too early, 

however, to conclude that IL-12/IL-23 or its receptor could not be a good target for the 

treatment of RA.
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Supplemental figure 1. Change in synovial inflammatory cells of patients treated with apilimod 
or placebo. Expression (count/mm2) of CD3+ T-lymphocytes (A,B), CD22+ B-lymfocytes (C,D), 
CD55+ fibroblast-like synoviocytes (E,F) and expression (IOD) of IL-1b (G,H)  in the synovial tissue 
of patients treated with apilimod 100 mg QD (A,C,E,G) or placebo (B,D,F,H). A non-parametric 
Mann-Whitney test was used to compare expression between baseline and day 29; there were no 
significant changes.
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Supplemental table 1. Baseline disease characteristics

Apilimod (n=22) Placebo (n=7)

Female, n (%) 19 (86) 4 (57)

Caucasian, n (%) 15 (68) 5 (71)

Age, years* 55 (14) 55 (17)

Disease duration (months)* 83 (72) 64 (75)

Disease severity class II, n (%) 17 (77) 6 (86)

RF and/or anti-CCP positive, n(%) 18 (82) 6 (86)

DAS28* 5.5 (1.0) 5.2 (0.6)

IgM-RF (IU/mL)† 115 (59-640)a 76 (70-104)b

Anti-CCP (IU/mL)† 338 (114-2805)c 551 (122-799)d

ESR (mm/hr)* 31.6 (20.0) 24.7 (12.9)

MTX dosage (mg)* 21.1 (5.4) 22.5 (5.2)

Concomitant NSAIDs, n (%) 16 (73%) 5 (71%)

Data are represented as n (%), mean (SD)* or median (IQR)† as appropriate. Baseline characteristics 
were compared between patients randomized to receive apilimod or placebo (* unpaired Student’s 
t test or † Mann-Whitney U test). For nominal data, a Fisher’s exact  test was used. Positive 
IgM-RF was defined as serum levels ≥12.5 IU/mL, positive anti-CCP was defined as serum levels 
≥25 IU/ml, DAS28 = disease activity score in 28 joints; RF = rheumatoid factor; anti-CCP = anti-
cyclic citrullinated peptide antibodies; ESR = erythrocyte sedimentation rate; MTX = methotrexate; 
NSAIDs = non-steroidal anti-inflammatory drugs. an = 13; bn = 3; cn = 18; dn = 4
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Supplemental table 2. Adverse events

Apilimod
100 mg QD

(n = 17)

Apilimod
100 mg BID

(n = 5)

Placebo
(n = 7)

Patients with any events 15 (88%) 5 (100%) 4 (57%)

Dizziness 7 (41%) 0 1 (14%)

Gastro-intestinal complaints* 6 (35%) 5 (100%) 3 (43%)

Headache 4 (24%) 0 0

Other neurological symptoms‡ 3 (18 %) 0 0

Cardiac palpitations 1 (6%) 0 0

URTI 2 (12%) 3 (60%) 2 (29%)

Dysuria or UTI 1 (6%) 1 (20%) 0

Aggravation RA† 2 (12%) 2 (40%) 0

Musculoskeletal complaints 2 (12%) 0 0

Dyspnoea 1 (6%) 0 0

HSV reactivation 1 (6%) 0 0

Anorexia 1 (6%) 0 0

Leukocytosis 1 (6%) 0 0

CPK increase 1(6%) 0 0

Sleeping disorder 1 (6%) 1 (20%) 0

All reported adverse events by patients receiving apilimod 100 mg QD or placebo for 4–8 weeks 
(stages I/II), and apilimod 100 mg BID or placebo for 2–12 weeks (stage III)
Data are represented as n (%). Placebo samples were pooled from all stages. One patient from 
stage I with headache complaints chose not to undergo a second arthroscopy at day 29, but safety 
and clinical evaluations were completed. In stage III, all patients treated with apilimod 100 mg BID 
experienced debilitating side-effects and 2 of 5 patients withdrew prior to day 57. After 8 weeks of 
treatment, only one patient chose to enter the extension part of the study (4 weeks of additional 
treatment, until day 85). And only one placebo-treated completed the entire study. HSV = herpes 
simplex virus; URTI= upper respiratory tract infection; RA = rheumatoid arthritis; UTI = urinary 
tract infection; CPK = creatine phosphokinase. * Gastro-intestinal complaints consisted of nausea, 
vomiting, dyspepsia, abdominal pain, diarrhea. † Aggravation RA: arthralgia, arthritis, tendinitis. ‡ 
Other neurological symptoms: paresthesia, tremor, anosmia, etc
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General Discussion

Section I: The contribution of pro-angiogenic macrophage Tie2 signaling 
to pathology in rheumatoid arthritis  

Macrophage Tie2 activation and inflammation

The tyrosine kinase receptor Tie2 drives angiogenesis and blood vessel remodeling 

via interactions with its ligands, angiopoietins (Ang). Whereas Ang-1 mediated Tie2 

activation leads to blood vessel stabilisation and quiescence1, the role of Ang-2 is more 

context and cell-type dependent. Ang-2 can act as a natural inhibitor of Ang-1 induced 

Tie2 phosphorylation2. However in the absence of Ang-1, or when Ang-2 is present in high 

concentrations, Ang-2 can induce Tie2 phosphorylation and increase vascular permeability 

and vascular regression3;4. In endothelial cells, Ang-dependent Tie2 phosphorylation 

activates several downstream signaling pathways, such as phosphoinositide-3-kinase 

(PI3K)-protein kinase B (PKB)5;6, mitogen-activated protein kinase(MAPK)-extracellular 

signal-regulated kinases (ERK)7 and janus kinase (JAK)-signal transducer and activator of 

transcription (STAT)8. Moreover, numerous studies have demonstrated that Tie2, Ang-1 

and Ang-2 are expressed on endothelial cells and fibroblast-like synoviocytes (FLS) in 

the synovium of RA and PsA patients9-11. In chapter 2 we examined the targets of 

Ang signaling in RA synovial tissue and the effects of Ang-2 neutralisation in murine 

CIA. Here, we identified synovial CD68+ and CD163+ macrophages in RA patients as 

the primary targets of Ang signaling leading to Tie2 activation. In contrast, only limited 

Tie2 activation was observed in VWF+ endothelial cells and CD55+ FLS. Differences in 

the regulation of Tie2 activation in the synovial tissue could be influenced by several 

synovial factors. First, restriction of Tie2 activation to macrophages might be a result of 

local Ang production being limited to neigbhouring cells. Second, differences in cellular 

expression of the inhibitory receptor Tie1, might limit prominent Tie2 activation to 

synovial macrophages. Third, it is possible that macrophages differ from other synovial 

cell populations in their sensitivity or exposure to soluble inhibitory Tie1 splice variants 

in vivo12. Involvment of the myeloid compartment in the angiogenic process has gained 

recent attention. Tie2-expressing monocytes (TEMs) are a subset of proangiogenic 

monocytes, representing 2-7% of the total human peripheral blood mononuclear cells, 

which are essential for tumor neovascularisation, cancer progression and are actively 

recruited to solid tumors13-16. We observed, consistent with previous literature15, that 

Tie2 is expressed on human peripheral blood-derived monocytes and to a lesser extent on 

human macrophages. We observed no differences in the expression of macrophage Tie2 

between healthy donors and RA patients. Importantly, we found that Tie2 expression 

is functionally expressed on human macrophages, as Ang-1 and Ang-2 synergised 

with TNF to induce IL-6 production. In the case of Ang-1, this effect is at least partially 
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mediated by NF-κB and MEK/ERK activation. Similar findings were seen by others in 

endothelial cells, where Ang-2 controls the responsiveness to inflammatory stimuli, such 

as TNF17. We also observed that the expression of other inflammatory mediators, such 

as macrophages inhibitory protein (MIP)-1α, is enhanced upon macrophage stimulation 

by Ang-1 or Ang-2, which synergised with either TNF or LPS. MIP-1α is highly expressed 

in RA synovium and plays an essential role in animal models of RA18. Interestingly, 

besides promoting macrophage chemokine production Ang-2 is also able to suppress 

thrombospondin (TSP)-2 production. TSP-2 is an inhibitor of matrix-metalloproteinases 

(MMP) production and also blocks angiogenesis in vivo and inhibits migration of 

capillary endothelial cells in vitro19. On the other hand overexpression of TSP-2 inhibits 

angiogenesis, inflammation and lymphocytes accumulation in an animal model of RA20.  

As these observations suggests a specific role for Ang-2 signaling to macrophages in 

the pathology of RA, we used a neutralising humanised anti-Ang-2 antibody in CIA. In 

previous studies, this compound was shown to be effective in a murine cancer model21. 

Strikingly, we observed that Ang-2 neutralization significantly reduces disease severity, 

synovial inflammation (including macrophage cellularity), cartilage destruction and 

synovial neo-vascularisation and lymphangiogenesis in CIA. The protective effect of the 

neutralizing Ang-2 antibody was almost as effective as treatment with prednisolone, 

still one of the most potent anti-inflammatory drugs for many IMIDs. Furthermore, the 

effects we observed on reduced lymphangiogenesis by Ang-2 blockade is interesting 

as increased lymphangioesis is found in RA compared to OA patients22. Therapeutic 

modulation of synovial lymphangiogenesis could be important, as lymphatic vessels 

transport extracellular matrix components into the synovial fluid and tissue, and are 

involved in trafficking leukocytes to and from the lymph nodes and secondary lymphoid 

tissues. In conclusion, this study underscores that Ang-2, alone or in combination 

with TNF contributes to the inflammatory character of macrophages, and that in vivo, 

neutralization of Ang-2 is sufficient to reduce pathology in murine CIA.

Phenotyping polarized macrophages

Macrophages can broadly be classified into (classically activated) pro-inflammatory 

M1 or (alternatively activated) M2a wound-healing and M2b immunosuppressive 

macrophages23. Upon entering tissue, the fate of a monocyte differentiating into a 

macrophage is determined by a synergistic interaction between cytokines and TLR 

ligands present in the local environment23;24. For instance, IFN-γ and LPS give rise 

to a pro-inflammatory, classically activated M1 macrophage25 which is characterized 

by a IL-12high, IL23high, IL1Bhigh and IL-10low phenotype and has elevated bactericidal 

and phagocytic capacities to defend the body against pathogens26. In contrast, IL-4 

induces alternatively activated M2 macrophages which produce the cytokine IL-10 

and are important in tissue repair, allergic reactions and defense against parasitic 

infections24;27;28. Other factors such as immune complexes, IL-10, TGF-b and 
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corticosteroids were also identified to skew into M2 profiles23;29-31. GM-CSF and 

M-CSF induce macrophages with M1- and M2-like phenotypes, respectively32-34. 

In order to facilitate the study of macrophage subsets in vivo, we aimed in chapter 
3 to systematically validate phenotypic surface markers for the three main polarized 

macrophages subsets in humans. We validated CD80 and CD64 as markers for MFIFN-γ, 

CD200R for MFIL-4, and CD163 and CD16 for MFIL-10 in humans. The markers CD64 

and CD16 were specifically upregulated by IFN-γ and by IL-10 respectively, and not by 

other polarizing factors and could therefore not be identified as universal markers for 

either M1 or M2 macrophages. Morover, we observed differences in phenotypic marker 

expression between GM-CSF/M-CSF differentiation and the IFN-γ/IL-4/IL-10 polarization 

model which emphasizes the complexity of the macrophage phenotypic polarization 

model. In disease tissue, mixed macrophage populations, or macrophages with mixed 

phenotypes appear to be common. For example, in SpA an upregulation of CD163 

macrophages has been observed compared to RA synovium, while CD68 is expressed 

at similar levels35. For the future it is very important to further extend the research on 

the phenotypic validation of macrophages, especially at sites of inflammation, as this 

will contribute to our knowledge of differences in polarizing macrophages and their 

potential contribution to pathology in different IMIDs. 

Another important characteristic of macrophages is their plasticity, defined as reversible 

adaptation to a changing microenvironment, which has been demonstrated both in 

vitro36-38 as in vivo39;40. It would be interesting to study the effect of a changing 

microenvironent, upon anti-cytokine treatment for example, and the phenotypical 

effect on synovial macrophages. And finally, the most crucial and potential future 

therapeutic application is to identify whether the phenotypic makers play a functional 

role in macrophage biology. For example, CD200R ligation inhibits ERK and JNK signaling 

pathways and treatment with an agonistic antibody suppresses inflammation in a 

experimental autoimmune uveoretinitis41;42. Also potential roles for CD163 in inhibiting 

T cell activation have been described43. A main challenge for the future will be thus not 

only to identify macrophage phenotypic markers, but also their functional contributions 

to pathology in IMIDs in vivo.

Tie2 activation in polarized macrophages

Tie2 expression on myeloid cells was previously thought to be limited to TEMs, 

which have primarily immunosuppressive M2-like properties.  In chapter 2 we found 

activated Tie2 expression on synovial macrophages, and moreover functional Tie2 on 

GM-CSF macrophages. Therefore in chapter 4 we wished to explore the relationship 

between macrophage polarization and Tie2 expression and function in detail. We 

differentiated macrophages in the presence of growth factors or cytokines into 3 main 

macrophage subsets: classically activated (pro-inflammatory M1: GM-CSF, IFN-γ), and 

alternatively activated wound healing (M2a: M-CSF, IL-4), and immunosuppressive 
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(M2c: IL-10) macrophages31;44. Tie2 protein and the ratio of Tie2:Tie1 mRNA expression 

was found to be most highly upregulated in IL-10 and IFN-γ polarized macrophages 

raising the possibility that these two types of macrophages might be most responsive 

to Ang signaling via Tie2. Because Ang-2 had been reported to reinforce M2-like 

transcriptional programs of TEMs45 we wondered if Ang-1 or Ang-2 could influence 

macrophage polarization. However we didn’t find any effect of Ang-1 or Ang-2 on 

the expression of human macrophage phenotypic polarization markers we identified 

in chapter 3. While we observed an enhanced pro-inflammatory response upon Tie2 

activation in GM-CSF differentiated macrophages (chapter 2), previous studies showed 

that Ang-2-dependent activation of TEMs induce a more M2-like gene profile with 

upregulation of cathepsin B, MMP-9, IL-10 and enhanced expansion of regulatory T 

cells45;46. In contrast, we observed strong pro-inflammatory responses to both Ang-1 

and Ang-2 by IFNγ-differentiated macrophages, which was observed only in synergism 

with TNF. More specifically we found an upregulation of genes encoding CXCL-3/-6/-

8 chemokines,IL-6, and IL-12β. In both IL-10- and IFN-γ-differentiated macrophages, 

Ang-1 and Ang-2 cooperated with TNF to induce IL-6 production. On the other hand 

in IL-10 macrophages, we found slightly opposite functional effects of Ang-1 and 

Ang-2. While Ang-1 enhanced IL-10 production, Ang-2 suppressed both IL-10 and 

TSP-2 production. In both types of macrophages, Ang-1, and to a lesser extent Ang-2, 

enhanced TNF-dependent activation of ERK, p38, NF-kB and PKB signaling pathways. 

Indepenently of macrophage polarization conditions, Ang-1 and Ang-2 cooperated 

with TNF to induce chemokine secretion profiles which were capable of recruiting 

monocytes in vitro. IFN-γ-differentiated macrophages were most responsiveness to 

stimulation with Ang-1 and Ang-2. This could be due to intrinsic signalling capacities of 

these macrophages, or perhaps because these macrophages express the highest relative 

ratios of Tie2 to inhibitory Tie1 compared to other macrophage subsets47. Overall, we 

can conclude from these studies that although macrophage polarization conditions can 

regulate Tie2 expression, Tie2 expression is not restricted to pro-inflammatory M1 nor 

immunoregulatory M2 macrophages.  When expressed and activated, macrophage Tie2 

signaling can cooperate with TNF to promote pro-inflammatory gene expression, again 

independently of macrophage polarization conditions.

Possible clinical significance of targeting Tie2 signaling in vivo

Numerous studies have shown that interference with Tie2 signaling potently inhibits 

pathology and angiogenesis in cancer and in IMIDs13;48-51. Remarkably, depletion of 

TEMs even completely prevented the angiogenic phase of human gliomas in the mouse 

brain and caused widespread tumor necrosis and regression13. Thus, in this setting, 

myeloid Tie2 expression may play a requisite immunosuppressive role. On the other hand, 

inducible overexpression of Tie2 in mice causes a psoriatic-like phenotype52. Additionally, 

Ang-2 transgenic overexpression increases susceptibility to inflammatory reactions in 
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models of contact hypersensitiviy and peritonitis53. In vivo, continuous expression of 

Ang-2 enhances the mobilization and recruitment of myeloid cells54. Moreover, Ang-2 

neutralization in our study prevented pathology and bone destruction in CIA. The close 

correlation between angiogenesis and inflammation suggests that angiogenic factors 

such as Ang-1, Ang-2 and Tie2 trigger both angiogenic sprouting and the recruitment of 

inflammatory cells. In this case, targeting Ang-1 and Ang-2 might have the dual effect 

of dampening two processes which are crucial for the development and maintenance 

of many IMIDs. Before translating these observations into clinical application, a few 

remaining issues need to be addressed. First of all the question is, which angiopoietin 

should be targeted. We and others55-57 idenitified Ang-2 as a potential therapeutic 

candidate in cancer and in IMIDs. Further data supporting Ang-2 treatment in IMIDs is 

that Ang-2 levels are more than 10-fold increased compared to Ang-1 in RA synovium 

versus controls58. Also, high levels of Ang-2, and not of Ang-1, strongly correlates 

with disease severity in active systemic lupus erythematosus patients59;60. However, 

although our data indicates that targeting Ang-2 is protective in animal models of RA, 

similar studies have yet to be attempted neutralizing Ang-1. Further work is also needed 

to discern the relative effects of Tie2 signaling by myeloid and stromal (endothelial) cells 

in vivo.
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SECTION II: The role of T-cell Rap1 GTPase in immune-mediated inflam-
matory diseases 

Rap1 GTPases and their role in T-cell function

In chapter 5 and 6 we examined the role of constitutive Rap1 activation in T-cells 

in murine models of RA and multiple sclerosis (MS). Rap1 is a member of the Ras 

family of the small GTPases, which are small cytosolic proteins that couple extracellular 

stimuli to diverse cellular responses. T cell Rap1 is activated by signaling via the T 

cell receptor (TCR), chemokines and several adhesion proteins61;62. Recently, a new 

membrane-bound protein, repulsive guidance molecule-a (RGM-a) has been identified 

to activate Rap1 in T-lymphocytes and was found to be involved in the pathogenesis 

of experimental autoimmune encephalitis (EAE), a murine model of MS63. Stimulation 

of the TCR results in the activation of guanine nucleotide exchange factors (GEFs), 

which promote accumulation of Rap1 in an active GTP-bound form61;64 while RapGAP1 

activated by the T cell costimulatory protein CD28, catalyzes return of Rap1 to an 

inactive GDP-bound form61;62. Rap1 inactivation by CD28 can be circumvented by 

CTLA4 ligation or interference with CD28 activation using soluble CTLA4 (Abatacept 

treatment)65-67. Active Rap1 plays a dominant role in the control of cell–cell and cell–

matrix interactions by regulating the function of integrins and other adhesion molecules 

which are needed for T cell trafficking and adhesion to antigen-presenting cells68. 

Moreover in certain conditions, Rap1 suppresses TCR-dependent ERK activation and 

IL-2 production, directly via blockade of Raf kinase activation62;64;69 or indirectly via 

diminishing TCR-dependent reactive oxygen species (ROS) production70. A potential role 

for Rap1 in RA is suggested by the fact that Rap1 is inactivated in RA SF T cells70. Indirect 

evidence of Rap1 inactivation is observed in RA synovial fluid T cells, which following 

TCR triggering, produce high ROS levels and T cell cytokine production67;70;71. Mice 

with decreased T cell Rap1 function, by RapGAPI transgenic overexpression, lead to an 

accumulation of CD69high T-cells possibly reflecting an autoreactive phenotype65;72;73. 

On the other hand activation of Rap1, either in mice deficient for the RapGAP Spa-1, 

or in mice overexpressing active Rap1 in the T cell compartment (Rap1E63 mice), leads 

to decreased T-cell proliferation and cytokine production both upon TCR-ligation and 

recall antigen challenge64;74;75. Althogether, the studies described above suggest 

that maintaining T cell Rap1 function might be an interesting therapeutic approach in 

autoimmune diseases. 

Sustained T-cell Rap1 signaling in RA

In chapter 5 we studied whether constitutively active Rap1 function in T cells influences 

inflammation and joint destruction in murine collagen-induced arthritis (CIA), using 

transgenic mice expressing the hypermorphic mutant of Rap1a (RapV12)76. We 

chose RapV12-transgenic mice because RapV12 levels in these T cells are equivalent 
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to endogenous Rap1, RapV12 transgenic mice have no abvious alterations in T cell 

homeostasis65;73;76 and finally, RapV12 can still cycle between active and inactive states, 

although at a very reduced rate77. We show that, compared to wild type (WT) mice, 

disease incidence, inflammation, and cartilage and bone damage were significantly 

reduced in RapV12 mice. The protective effects of T cell Rap1 activation in CIA were not 

due to alterations in T cell homeostasis, T cell anergy or unresponsiveness as, consistent 

with previous studies76, we didn’t observe changes in proinflammatory T cell cytokine 

production in healthy RapV12 versus WT mice. However, in vivo we observed a selective 

defect in TNF production by CD8+ T cells in RapV12 transgenic mice during the onset of 

arthritis, whereas other cytokines such as IL-2 IFN-γ, IL-18 and IL-10 were not affected. 

A second and interesting observation of this study was that Rap1 activity regulated the 

expression of the T cell costimulatory surface molecules inducible costimulator (ICOS) 

and CD40L. We observed a failure to upregulate these costimulatory proteins in T cells of 

RapV12 transgenic mice. Together with a reduced anti-collagen antibody production in 

vivo, this points to a defect in the generation of  follicular T cell help needed to promote 

B cell immunoglobulin class switching78. The suppression of T cell CD40L expression by 

active Rap1 may be clinically relevant as CD40L is frequently expressed by RA synovial T 

cells79 and importantly, anti-CD40L treatment prevents disease development in CIA80. 

ICOS expression is also thought to contribute to the pathogenic T cell behavior in RA.  

ICOS expression is elevated in RA synovial T cells compared to disease controls81 and 

ICOS is required for optimal T cell activation and TNF production82. In line with this, 

the defective TNF production in CD8+ T cells in RapV12-transgenic mice, could be a 

direct result of decreased ICOS expression. Another potential mechanism underlying the 

specific loss of CD8+ producing T cells in RapV12 transgenic mice during CIA is that a 

specific auto-reactive T cell population is being deleted or inactivated in these mice. It 

has been shown that under highly inflammatory conditions, RapV12-mediated integrin 

activation may prolong T cell contact with antigen-presenting cells (APCs), leading to 

activation-induced cell death (AICD)83. An alternative explanation is that this might be 

due to clonal exhaustion of autoimmune T cell clones, a phenomenon that has been 

observed in murine antigen-specific T cell populations during chronic viral infection84;85. 

In summary, mice expressing RapV12 in the T cell compartment were protected from 

CIA, and this protective effect was associated with an almost complete absence of 

TNF production by CD8+ lymph node T cells during arthritis onset and a decrease in 

anti-collagen antibody production. Both these processes could be due to a diminished 

expression of the costimulatory molecules ICOS and CD40L in CD4+ and CD8+ T cells 

upon TCR/CD28 triggering of RapV12 transgenic mice. It remains to be determined 

whether RapV12 T cells also fail to induce ICOS and CD40L expression during CIA in 

vivo.
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Sustained T-cell Rap1 signaling in an animal model of MS

To determine whether the effect of RapV12 to protect against autoimmune disease is 

specific for CIA or may be a more general effect of immune-mediated inflammatory 

diseases (IMID), we assessed the effect of T-cell RapV12 mutant expression in 

myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune 

encephalomyelitis (EAE). In this experimental setup, using 2D2 TCR and 2D2RapV12 

double transgenic mouse, 85% of the total T cell pools are autoreactive T cells, which can 

be tracked and studied by their TCRs which are specific for the immunodominant epitope 

MOG86. In chapter 6 we examined the qualitative and quantitative effects of sustained 

Rap1 in the autoreactive T cell population in EAE. Somewhat similar to the observations in 

CIA, we found that the autoreactive T cells in the double transgenic 2D2RapV12 animals 

are not anergic but rather hyperresponsive. We observed a proliferative advantage, 

increased IL-2 production and upregulation of ICOS in splenocytes of 2D2RapV12 mice 

during primary and secondary responses to MOG. Moreover, pro-inflammatory T cell 

cytokine production (TNF, IFNγ and IL-17) in mice with sustained T cell Rap1 activation 

was also not affected. While T cell differentiation under homeostatic conditions was 

similar between both mice strains, an increased accumulation of effector and central 

memory, and a reciprocal decrease in naïve autoreactive T cells was observed in 

response to MOG priming in 2D2RapV12 mice. This increased MOG-induced proliferation 

of autoreactive T cells in the presence of sustained Rap1 could not be attributed to 

AICD. The enhanced T cell proliferative and survival capacities, might be attributed to 

ADAP, a TCR adaptor protein and Rap1 effector, which promotes antigen-dependent T 

cell-APC interactions87. Comparable results have been observed in RapV12 transgenic 

mice whereby positive selection of thymocytes with low antigen affinity are promoted 

leading to a survival advantage 76. In line with the clinical data in CIA, we observed that 

RapV12 attenunates EAE, although we only observed a protective effect for survival, not 

for disease incidence and severity. As this modest clinical effect could not be explained 

by changes in qualititative responses (because auto-reactive T cell proliferation, cytokine 

production and survival are enhanced in mice expressing RapV12), we evaluated whether 

Rap1 affects the size of the autoreactive T cell pool. Interestingly, the MOG-autoreactive 

T cell pool was reduced by approximately 30% in 2D2RapV12 animals. Because a similar 

reduced effect on autoreactive tetramer positive cells was also observed in RapV12 

transgenic mice, this suggests that Rap1 signaling affects central tolerance88. A possible 

explanation for this observed effect is that sustained Rap1 function promotes negative 

selection of autoreactive T cells by strengthening thymocyte-APC interactions. However, 

more research is needed to investigate how Rap1 exactly affects positive and negative 

selection of T cells, and if integrin-dependent mechanisms are involved. Overall, we can 

conclude that maintained Rap1 signaling suppresses T cel mediated autoimmunity. In 

EAE, with a great pathogenic contribution of autoreactive T cells, Rap1 affects both 

qualitative and quantitative responses of the autoreactive T cell pool. On the other hand, 
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in CIA, a model more reliant on the pathogenic behavior of proinflammatory cytokines 

and anti-collagen antibodies, Rap1 inhibits at least partly CD8+ T cell function and is 

probably also involved in T-B cell interactions. The precise molecular mechanism of how 

Rap1 function modulates immunological processes in both disease models is unknown 

and remains to be determined. But our studies underscore that the biological effects of 

sustained Rap1 activation are diverse, not restricted to a specific T cell subpopulation, 

and are of potential therapeutic interest in the treatment of IMIDs. 

Future therapeutic implications for targeting Ras family GTPases

Therapeutic modulation of specific intracellular signaling pathways has been identified 

as interesting targets to treat IMIDs. Some of these pathways control development, 

proliferation and activation of proinflammatory and autoreactive T cells. Ras and Rap1 

GTPases are considered as key candidates, because they are activated by chemokines 

and TCR ligation88 and defects in these signaling pathways are associated with the 

pathobiology of autoimmune disease. The pathogenic character of synovial T cells in 

RA has been proposed to depend on constitutive activation of Ras proteins by synovial 

inflammatory cytokines in combination with CD28-dependent Rap1 inactivation, 

leading to ROS production and expression of activation markers which further stimulate 

macrophages89. Multiple therapeutic strategies to interfere with small GTPase signaling 

in IMIDs have been suggested. First of all, GTPase signaling can be inhibited by 

peptides preventing GTPase membrane localization. Examples are farnesyltransferase 

inhibitors (FTI), which target the protein farnesyltransferase, thereby preventing activity 

of downstream effector Ras protein. A few compounds targeting farnesyltransferase, 

such as lonafarnib and tipifarnib, are currently being investigated in clinical trials90. 

Secondly, enhancing Rap1 activity by pharmacologic modulation of GEFs, with  EPAS 

as the first example, improves the adhesive and migratory capacity of progenitor cell 

populations91. However T cells don’t have any EPAC. And besides GEFs, modulation 

of GAP catalytic activity has been proposed as well, although until now no chemical 

compounds have been developed yet. On the other hand targeting GAP catalytic 

activity indirectly, for example with abatacept (CTLA4-Ig), has gained some attention. 

The successful treatment of RA by abatacept might at least in part be attributed to the 

restoration of Rap1 signaling in synovial T cells, mediated by CD28-CTLA4 interactions 

with RapGAPI65;67. Finally, GTPases have many downstream effectors such as mitogen-

activated protein kinases and phosphatidylinositol 3-kinases which play crucial roles in 

the pro-inflammatory behavior and prolonged survival of many inflammatory cell types, 

and are currently being studied for therapeutic exploitation. 

Therapeutic intervention: IL-12/IL-23 inhibition in RA 

In chapter 7 we described the results of the first clinical study with an oral IL-12/

IL-23 inhibitor in the treatment of active RA. In this phase IIa, randomized, double-
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blind, placebo-controlled clinical trial 29 patients with active RA were treated with 

either apilimod mesylate or placebo, in combination with methotrexate (3:1 ratio of 

apilimod- to placebo-treated patients). Apilimod mesylate is an orally-administered small 

molecule which inhibits IL-12/23 production at the transcriptional level by blocking the 

nuclear translocation of a transcription factor, c-Rel. Patients were treated with apilimod 

100mg/day (or placebo) for a period of 4 weeks (stage 1, n=12) or 8 weeks (stage 2, 

n=10);  in stage 3, patients (n=7) were treated with apilimod 200mg/day (or placebo) 

with an optional extension to 12 weeks. The final outcomes were safety, tolerability, 

pharmacokinetics, and efficacy of apilimod treatment. Apilimod was safe and well 

tolerated at a dosage of 100mg/day; only mild adverse events were observed. However 

when administered in 200mg/day all patients experienced headache and/or nausea. 

Overall, treatment with apilimod did not induce robust clinical improvement. Among 

apilimod-treated patients (100 mg/day), there was a small, but significant reduction 

in the Disease Activity Score in 28 joints (DAS28), moreover an American College of 

Rheumatology 20% improvement (ACR20) response was reached in only 1 out of 17 

patients after 4 weeks and 2 out of 8 patients after 8 weeks treatment. Consistent 

with the clinical results, apilimod did not have an effect on the expression of CD68+ 

synovial macrophages, which previously was shown to be a sensitive biomarker for 

clinical response92;93.

There are several possible reasons why treatment with apilimod did not lead to clinical 

improvement in RA patients. First, because we didn’t observe a reduction in IL-12/IL-23 

expression in the synovial tissue, our analyses suggests that insufficient levels of apilimod 

reach the site of inflammation to mediate a potential biologic effect. Second, the 

number of patients in this phase IIa study is relatively small to determine a “true” clinical 

benefit of apilimod. However, previous studies with similar study design92;94;95 indicate 

that our study size should have been sufficient to detect a relevant, robust change in 

the synovium after effective treatment. A third explanation for the lack of efficacy of 

apilimod could be the short treatment duration, although we previously showed that early 

changes in the synovium preceeds clinical improvement during effective antirheumatic 

treatment94;96;97. And finally, we need to take into consideration that IL-12/IL-23 are not 

good targets for the treatment of RA. Recent studies have indicated that IL-23 rather 

than IL-12 is the critical cytokine in mediating chronic inflammation. IL-23 rather than 

IL-12 proved to be essential for the development of experimental autoimmune disease 

in the joints98 and central nervous system99;100. Remarkably, IL-12-deficient p35−/− 

mice were more susceptible to CIA with 80% disease incidence compared to wild-type 

animals, while IL-23 gene-targeted mice did not develop clinical signs of disease and 

were completely resistant to the development of joint and bone pathology98. Disease 

resistance was correlated with an absence of IL-17-producing CD4+ T cells. On the other 

hand, IL-12-deficient p35−/− mice developed more IL-17-producing CD4+ T cells, as well 
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as elevated mRNA expression of proinflammatory TNF, IL-1b, IL-6, and IL-17 in affected 

tissues of diseased mice. Abovementioned studies, suggest that IL-12 is not critical for 

disease development and may even play an undefined protective role by suppressing 

IL-17 secretion. Finally, genetic association studies suggest that, in contrast to other 

IMIDs, IL-12 and IL-23 don’t play an important role in the pathogenesis of RA. SNPs 

coding for IL-12B and IL-23R have been identified as candidate genes associated with 

susceptibility for psoriasis101 and psoriatic arthritis102, while only the minor alleles of the 

IL23R polymorphisms (and not of IL-12B) were associated with increased predisposition 

to RA103 and this association was modest compared to the association found in Crohn’s 

disease104.

Future implications of IL-12/IL-23 treatment

While we and others105 did not detect a clinical effect of the small molecule apilimod, 

targeting IL-12/IL-23 with monoclonal antibodies, has been shown to  provide significant 

clinical benefit in immune-mediate inflammatory disease.  Two human anti-p40 

antibodies have been used therapeutically to date, ustekinumab and briakinumab. A very 

recent phase 2b clinical trial in Crohn’s disease106 demonstrated that in patients who 

had an inadequate response to TNF antagonists, ustekinumab significantly increased 

response rate and remission. Moreover, ustekinumab showed to be effective in clearing 

psoriasis107-109 and has been approved for moderate and severe plaque psoriasis in the 

United States, Canada and Europe. Other IL-23 pathway inhibitors in the pipeline include 

anti-p19 monoclonal antibody which interfere with IL-23 activity, as well as secukinumab, 

LY-2439821, and AMG-827, which exhibit their activity against IL-17 pathway.

To conclude, the first part of this thesis shows that interference with Tie2 signaling 

might have good therapeutic potential in the treatment of RA. However, further analysis 

of the unique contributions of macrophage Tie2 signaling and the effects of Ang-1 

blockade in RA, is needed.  In the second part we demonstarte that the biological 

effects of sustained Rap1 activation are diverse, not restricted to a specific T cell 

subpopulation, and are of potential therapeutic interest in the treatment of IMIDs. The 

successful treatment of RA by abatacept, might at least in part be attributed to the 

restoration of Rap1 signaling in synovial T cells, mediated by CD28-CTLA4 interactions 

with RapGAPI. Nevertheless, the exact molecular mechanism of how Rap1 function 

modulates immunological processes remains to be determined.
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Summary
This thesis concerns two main research objectives. In the first part we address the 

contribution of pro-angiogenic macrophage Tie2 signaling to the pathology of 

rheumatoid arthritis (RA). In the second part we studied the role of sustained T-cell 

Rap1 signaling in RA and multiple sclerosis (MS). The primary findings will be reviewed 

separately below.

Section I: The contribution of pro-angiogenic macrophage Tie2 signaling 
to pathology in rheumatoid arthritis

Rheumatoid arthritis is a chronic systemic immune-mediated inflammatory disease and 

is characterized by chronic tenderness and swelling of primarily the small joints of the 

hand and feet, together with an elevated acute phase response and seropositivity for 

rheumatoid factor and/or anti-citrullinated protein antibodies (ACPA). Due to chronic 

inflammation, the affected joints consist of a hypertrophic, highly vascularised layer 

with activated macrophages, lymphocytes, plasma cells and fibroblast-like synoviocytes 

(FLS). Macrophages play an important role in tissue homeostasis, phagocytosis of 

microorganisms and cell debris, antigen presentation, production of cytokines and 

other inflammatory mediators. The number of macrophages in the inflamed synovium 

correlates with clinical disease activity and significantly decreases after efficient therapy. 

Apart from the presence of inflammatory cells, angiogenesis, the formation of new 

blood vessels, is also crucial in the inflammatory process, providing sufficient nutrients 

and recruiting new cells into the synovium. Tie2 is a receptor for the angiogenic 

factors angiopoietin (Ang)-1 and Ang-2, which is important in later stages of vessel 

and lymphatic maturation, remodelling, and stabilization. Tie2-expressing monocytes 

(TEMs), a subset of monocytes representing 2-7% of the total human peripheral blood 

mononuclear cells, are essential for tumor neovascularisation, cancer progression and 

are actively recruited to solid tumors. Tie2 is also identified on RA and psoriatic arthritis 

(PsA) synovial endothelial cells, FLS and macrophages. However, we do not know where 

Tie2 is activated in the synovial tissue and to what extent Tie2 activation contributes to 

pathology in RA.

In chapter 2 we found that synovial macrophages are the primary targets for Tie2 

activation, while only limited Tie2 activation was observed on endothelial cells and 

FLS. Moreover, we observed that Tie2 is functionally expressed on in vitro cultured 

macrophages. In these cells, Tie2 activation by Ang-1 or Ang-2 in combination with TNF 

enhanced several pro-inflammatory effects, such as IL-6 and macrophages inhibitory 

protein (MIP)-1α production, and suppression of thrombospondin (TSP)-2 production. 

Interestingly, neutralization of Ang-2 is sufficient to reduce pathology in murine CIA. 

Because we observed an important role for macrophage Tie2, we further extended our 

study to explore the relationship between macrophage polarization and Tie2 expression 
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and function in detail. Macrophages can broadly be classified into classically activated 

(M1) or alternatively activated (M2) with more immunosuppressive and wound healing 

capacities. In order to facilitate the study of macrophage subsets in vivo, we aimed 

in chapter 3 to systematically validate phenotypic surface markers for the three main 

polarized macrophages subsets in humans. We validated CD80 as the most robust 

marker for MFIFN-γ (M1 macrophage), CD200R for MFIL-4, and CD163 and CD16 

for MFIL-10 (both M2 macrophages). In chapter 4 we observed that Tie2 expression is 

not restricted to pro-inflammatory M1 nor immunoregulatory M2 macrophages. When 

expressed and activated, macrophage Tie2 signaling can cooperate with TNF to promote 

pro-inflammatory and pro-chemotactic gene expression, independently of macrophage 

polarization conditions. 

Section II: The role of Rap1 GTPase signaling in immune-mediated 
inflammatory diseases
Rap1 is a member of the Ras superfamily of small GTPases. These cytosolic enzymes are 

able to switch a signal transduction chain on and off and thereby couple extracellular 

stimuli to several cellular responses. T cell Rap1 is activated by signaling via the T cell 

receptor (TCR), chemokines and several adhesion proteins. Active Rap1 plays a dominant 

role in cell adhesion and cell junction formation by regulating the function of integrins 

and other adhesion molecules which are needed for T cell trafficking and adhesion to 

antigen-presenting cells. Moreover, under certain conditions, active Rap1 suppresses 

TCR-dependent ERK (extracellular signal-regulated kinase) activation and IL-2 production. 

A potential role for Rap1 in RA is suggested by the fact that Rap1 is inactivated in 

RA SF T cells. Rap1 inactivation by CD28 can be circumvented by CTLA4 ligation or 

interference with CD28 activation using soluble CTLA4 (Abatacept treatment), leading 

to clinical improvement in RA. Althogether, there is evidence that maintaining T cell 

Rap1 function might be an interesting therapeutic approach in immune-mediated 

inflammatory diseases (IMIDs). 

In chapter 5, we determined whether maintenance of T cell Rap1 signalling limits 

inflammation and joint destruction in an experimental model of RA (collagen-induced 

arthritis) by using transgenic mice expressing the hypermorphic mutant of Rap1a (RapV12). 

These RapV12 T-cells express RapV12 levels, which are equivalent to endogenous Rap1. 

We show that, compared to wild type (WT) mice, disease incidence, inflammation, and 

cartilage and bone damage were significantly reduced in RapV12 mice. During the onset 

of arthritis we observed a very limited TNF production in RapV12-transgenic T cells, 

whereas other cytokines such as IL-2, IFN-γ, IL-18 and IL-10 were not affected. A second 

explanation for the protective effect is a failure to upregulate the costimulatory proteins, 

ICOS and CD40L, in T cells of RapV12 transgenic mice. Together with our observation 

of a reduced anti-collagen antibody production in vivo, this points to a defect in the 

generation of follicular T cell help needed to promote B cell immunoglobulin class 
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switching. To determine whether the protective effect of RapV12 is specific for CIA or is 

a more general effect of immune-mediated inflammatory diseases (IMID), we assessed 

in chapter 6 the effect of T-cell RapV12 mutant expression in myelin oligodendrocyte 

glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis (EAE), an 

experimental model for MS. The advantage of this experimental setup is that by using 

2D2 single transgenic and 2D2RapV12 double transgenic mice, 85% of the total T cell 

pools are autoreactive T cells, which can be tracked and studied by their TCRs, which are 

specific for the immunodominant epitope MOG. In line with the clinical data in CIA, we 

observed that RapV12 attenunates EAE, although we only observed a protective effect 

for survival, not for disease incidence and severity. This modest clinical effect can not be 

explained by changes in qualitative responses (because auto-reactive T cell proliferation, 

cytokine production and survival are enhanced in mice expressing RapV12), but 

interestingly, the MOG-autoreactive T cell pool was reduced by approximately 30% in 

2D2RapV12 animals. Because a similar reduced effect on autoreactive tetramer positive 

cells was also observed in RapV12 transgenic mice, this suggests that Rap1 signaling 

affects central tolerance. Possibly, sustained Rap1 function promotes negative selection 

of autoreactive T cells by strengthening thymocyte-APC interactions.

In chapter 7 we describe the results of a phase IIa, randomized, double-blind, placebo-

controlled clinical trial with 29 patients active RA patients who were treated with either 

apilimod mesylate or placebo, in combination with methotrexate (3:1 ratio of apilimod- 

to placebo-treated patients). Apilimod is an orally administered small molecule, which 

inhibits IL-12/23 production. Treatment with apilimod did not induce robust clinical 

improvement. And consistent with the clinical results, apilimod did not have an effect 

on the expression of CD68+ synovial macrophages, which previously was shown to be 

a sensitive biomarker for clinical response. Although we and others demonstrate that 

IL-12/IL-23 inhibition with the small molecule apilimod does not provide a robust clinical 

effect, targeting IL-12/IL-23 with monoclonal antibodies, has been shown to provide 

significant clinical benefit in immune-mediate inflammatory disease such as Crohn’s 

disease and psoriasis.

To conclude, this thesis provides evidence that the proangiogenic Tie2 receptor is 

activated and functionally expressed on synovial macrophages and various polarized 

macrophages subsets. Activation of Tie2 by its ligands Ang-1/Ang-2 enhances 

pro-inflammatory gene and protein expression while Ang-2 blockade in murine CIA 

significantly reduces disease incidence and pathology. In future studies, it will be 

interesting to determine if Ang-1 and Ang-2 similarly cooperate with immunosuppressive 

agonist to regulate macrophage activation. Given the plasticity of macrophage function 

in complex immune-mediated inflammatory diseases, it will be of interest to determine 

if blocking macrophage Tie2 signaling may be a potential therapeutic target beneficial in 

diseases in which macrophages play a pivotal role, such as RA, other forms of arthritis, 
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psoriasis, Crohn’s disease, and multiple sclerosis. Concerning our second research 

objective, we demonstrate that the biological effects of sustained Rap1 activation are 

diverse, not restricted to a specific T cell subpopulation, and are of potential therapeutic 

interest in the treatment of IMIDs. However, the precise molecular mechanism of 

how Rap1 function modulates immunological processes is unknown and remains to 

be determined. Since disruption of CD28 costimulation, by Abatacept treatment, has 

proven clinical efficacy in the treatment of RA, identification of other T cell costimulatory 

proteins that regulate Rap1 activity may aid in the development of therapeutic strategies 

to suppress or augment T cell responses in IMIDs. 
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Dit proefschrift bestaat grofweg uit twee delen met een verschillende onderzoeks-

vraagstelling. In het eerste deel onderzoeken we in macrofagen de bijdrage van het 

pro-angiogenetische Tie2/Angiopoeitine systeem aan de pathogenese van reumatoïde 

artritis. In het tweede deel beschrijven we de rol van het T-cel signalerende eiwit Rap1 in 

reumatoïde artritis en multiple sclerose. De belangijkste bevindingen worden hieronder 

genoemd. 

Deel I: De bijdrage van het pro-angiogenetische macrofaag Tie2 systeem 
in reumatoïde artritis 

Reumatoïde artritis (RA) is een chronische immuun-gemedieerde inflammatoire ziekte 

die wordt gekenmerkt door pijn, stijfheid en zwelling van meerdere gewrichten in 

combinatie met verhoogde serologische ontstekingswaarden en eventueel aanwezigheid 

van bepaalde antilichamen zoals IgM reumafactor en/of antilichamen tegen 

gecitrullineerde eiwit epitopen (‘anti-citrullinated protein antibodies’, ACPA). Alhoewel 

de exacte oorzaken nog niet zijn opgehelderd is wel duidelijk dat het afweersysteem zich 

tegen lichaamseigen materiaal keert. Er ontstaat een ontstekingsreactie in het slijmvlies 

van het gewricht (synovium), waarbij verschillende immuuncellen zoals macrofagen, 

lymfocyten, plasmacellen en fibroblast-achtige synoviocyten (FLS) betrokken zijn 

en aanleiding kunnen geven tot ernstige destructie van het kraakbeen en bot in het 

gewricht. Macrofagen zijn belangrijke cellen binnen het aangeboren immuunsysteem 

(‘innate immunity’). Zij spelen een belangrijke rol in de weefselregulatie, het doden 

en “opeten” (fagocytose) van micro-organismen en celresten, de antigeen presentatie 

aan cellen van het adaptieve (verworven) immuunsysteem, en tenslotte produceren 

macrofagen verscheidene cytokinen en andere ontstekingsmediatoren. Eerdere studies 

binnen onze vakgroep hebben aangetoond dat het aantal macrofagen in het ontstoken 

synovium correleert met de ziekte activiteit en eveneens significant afneemt na 

effectieve therapie. Een ander proces dat ook zeer belangrijk is bij de totstandkoming 

en handhaving van ontsteking in het synovium is bloedvatnieuwvorming, ook wel 

angiogenese genaamd. Door de aanwezigheid van bloedvaten kunnen voedingsstoffen 

en nieuwe ontstekingscellen naar het synovium worden gerekruteerd. Activatie van de 

Tie2 receptor via haar liganden angiopoietine (Ang) -1 en Ang-2 is belangrijk voor de 

uitrijping, de stabilisatie en het modelleren van de bloed- en lymfevaten. Het is bekend 

dat 2-7% van de totale monocyten populatie (dit zijn voorlopercellen van macrofagen) 

Tie2 receptor op hun celoppervlak tot expressie brengen. Deze monocyten worden actief 

gerekruteerd naar bepaalde solide tumoren en zijn daar niet alleen verantwoordelijk 

voor de bloedvatnieuwvorming, maar ook voor het ontwikkelen van metastasen. In 

patiënten met RA en artritis psoriatica (PsA) is Tie2 expressie ook aangetoond op 

synoviale endotheelcellen, macrofagen en FLS. Onbekend is echter op welke cellen Tie2 
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wordt geactiveerd en in hoeverre Tie2 activatie bijdraagt aan de pathogenese van RA. In 

hoofdstuk 2 tonen we aan dat de geactiveerde Tie2 receptor hoofdzakelijk tot expressie 

komt op synoviale macrofagen, met slechts beperkte expressie op endotheelcellen en 

FLS. Bovendien komt Tie2 ook tot expressie op macrofagen geïsoleerd uit het bloed 

van RA patiënten en gezonde vrijwilligers. In deze macrofagen, leidt activatie van Tie2 

door Ang-1 of Ang-2, in combinatie met de pro-inflammatoire mediator tumor necrosis 

factor (TNF), tot productie van een verhoogd aantal pro-inflammatoire eiwitten, zoals 

interleukine (IL)-6, macrophage inhibitory protein (MIP)-1α en tegelijk een reductie van 

thrombospondine (TSP) -2 productie. Interessant genoeg, leidt blokkade/neutralisatie 

van Ang-2 tot duidelijke afname van ziekte ernst in een muismodel voor RA (collagen-

induced arthritis, CIA). Aangezien de Tie2 receptor een belangrijke rol lijkt te vervullen 

in macrofagen, hebben wij ons onderzoek uitgebreid naar Tie2 expressie en functie 

binnen verschillende macrofaag subgroepen. Macrofagen worden grofweg ingedeeld 

in klassiek-geactiveerde (M1) macrofagen met pro-inflammatoire eigenschappen 

(bv. IFN-γ-geïnduceerde macrofagen, MFIFN-γ) of alternatief geactiveerde (M2) 

macrofagen met immuunonderdrukkende capaciteiten (zoals IL-10- of IL-4-geïnduceerde 

macrofagen, MFIL-10 of MFIL-4). In hoofdstuk 3 analyseren we in vitro het fenotype 

(expressie van membraanreceptoren of markers) van de drie bovengenoemde 

gepolariseerde macrofaag subgroepen. We beschrijven een aantal markers die specifiek 

door deze macrofaag subgroepen tot expressie worden gebracht. Zo is de marker CD80 

de meest robuuste marker voor MFIFN-γ, CD200R voor MFIL-4 en tenslotte CD163 

en CD16 voor MFIL-10. Bijzonder aan macrofagen is dat hun fenotype onderhevig is 

aan invloeden vanuit het door hun omringende micro-milieu. Deze eigenschap wordt 

ook wel macrofaag ‘plasticiteit’ genoemd. In hoofdstuk 4 observeren we dat Tie2 

expressie niet beperkt blijft tot een bepaalde macrofaag subgroep, maar op zowel M1 

als M2 macrofagen tot expressie komt. En ongeacht de subgroep, geeft macrofaag 

Tie2 activatie, in samenwerking met TNF, aanleiding tot pro-inflammatoire en 

pro-chemotactische gen- en eiwitexpressie.

Deel II: De rol van Rap1 GTPase signalling in immuun-gemedieerde 
inflammatoire ziekten 

Rap1 is een onderdeel van de familie van Ras GTPase (guanosinetrifosfaat). Een GTPase is 

een intra-cellulair enzym bestaande uit een actief en een inactieve toestand. Afhankelijk 

van de staat van het enzym wordt er wel of niet een signaal afgegeven via een cascade 

van eiwitten en daarmee wordt een extracellulaire stimulus vertaald in een cellulaire 

respons. T cel Rap1 kan op meerdere manieren worden geactiveerd, o.a. als gevolg van 

activatie van de T-cel receptor (TCR) en door diverse chemokinen en adhesie-eiwitten. 

Geactiveerd Rap1 speelt een zeer belangrijke rol bij T-cel interacties en bij binding van 

T-cellen aan antigeen-presenterende cellen (APC), via regulatie van adhesiemoleculen 

en integrinen die cellulaire adhesie en ‘junction formation’ bewerkstelligen. Daarnaast, 
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remt actief Rap1, in bepaalde situaties, specifieke eiwitten die een belangrijke rol spelen 

bij de productie van inflammatoire mediatoren. Een potentieel pathologische rol van 

Rap1 in RA blijkt uit het feit dat Rap1 geïnactiveerd is in T-cellen circulerend in het 

synoviaal vocht van RA patiënten. Het blokkeren van de inactivatie van Rap1, door 

middel van ligatie van CTLA4 of interferentie met CD28 via oplosbaar CTLA4 (Abatacept 

behandeling), leidt tot klinische verbetering in RA. Er zijn dus aanwijzingen dat het 

handhaven van T-cel Rap1 functie een potentieel interessant therapeutische benadering 

is bij immuun-gemedieerde inflammatoire ziekten.

In hoofdstuk 5 hebben we onderzocht in hoeverre het behoud van T-cel Rap1 functie 

de ontsteking- en gewrichtsschade kan bestrijden in CIA, een experimenteel muismodel 

voor RA. Dit onderzoek hebben we verricht met behulp van transgene muizen, die de 

actieve mutant van Rap1 (RapV12) in hun T-cel repertoire tot expressie brengen. Wij 

observeren, in vergelijk met de controlegroep muizen, dat de ziekte ernst, de mate 

van synoviale ontsteking en kraakbeen- en botschade aanzienlijk lager is in de RapV12 

muizen. Een mogelijke verklaring voor dit effect is dat RapV12-transgene T-cellen een 

zeer beperkte hoeveelheid TNF produceren, terwijl de productie van andere cytokinen 

zoals IL-2, IFN-γ, IL-17 en IL-10 niet worden beïnvloed. Een tweede verklaring is de veel 

lagere expressie van de costimulatoire eiwitten, ICOS en CD40L in T-cellen van RapV12 

transgene muizen. Deze waarneming in combinatie met een lagere concentratie 

anti-collageen antilichamen in vivo, wijst er op dat actief Rap1 de folliculaire T-cel hulp 

aan B-cellen voor het finetunen van antilichaamproductie (‘immunoglobuline class 

switch’) afremt. Om te bepalen in hoeverre de effecten van actief Rap1 specifiek zijn voor 

CIA of een meer algemeen effect zijn van immuun-gemedieerde inflammatoire ziekten, 

onderzoeken we in hoofdstuk 6 het effect van T-cel RapV12 in myeline oligodendrocyten 

glycoproteïne (MOG)-geïnduceerde experimentele autoimmuun encefalomyelitis (EAE) 

met behulp van 2D2 muizen, een experimenteel muizenmodel voor MS. Het voordeel 

van deze experimentele opstelling is dat in 2D2 transgene en 2D2RapV12 transgene 

muizen, 85% van de totale T-cel populatie bestaat uit autoreactieve T-cellen waarbij de 

T-cel receptor het immuundominante epitoop MOG herkent en op die manier in vitro 

kan worden opgespoord. In de 2D2RapV12 muizen kan op deze manier het gedrag van 

actief Rap1 in detail worden bestudeerd. Conform de klinische resultaten bij CIA, zagen 

we in de 2D2RapV12 muizen een overlevingsvoordeel ten opzichte van de 2D2 muizen, 

zonder significante effecten op ziekte-incidentie en -ernst. Dit bescheiden resultaat 

wordt niet verklaard door verschillen in kwalitatieve cellulaire eigenschappen (zoals T-cel 

proliferatie, cytokine productie en cellulaire overleving), maar interessant genoeg blijkt 

het aantal MOG-autoreactieve T-cellen met 30% afgenomen bij de 2D2 RapV12 muizen 

ten opzichte van de 2D2 muizen. Aangezien deze reductie ook werd waargenomen bij 

RapV12 transgene muizen, is het suggestief dat Rap1 het proces ‘centrale tolerantie’ 

beïnvloedt. Onze hypothesis is dat aanhoudende Rap1 functie de negatieve selectie 
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van autoreactieve T-cellen bevordert door middel van het versterken van thymocyt-APC 

interacties.

In hoofdstuk 7 beschrijven we de resultaten van een fase IIa, gerandomiseerde, 

dubbelblind, placebo-gecontroleerde klinische studie waarbij 29 patiënten met actieve 

reumatoïde artritis werden gerandomiseerd voor behandeling met apilimod mesylaat 

of placebo, in combinatie met methotrexaat (3:1 ratio, apilimod versus placebo). 

Apilimod is een oraal middel dat de productie van de pro-inflammatoire signaalstoffen 

interleukine (IL)-12/23 afremt. In onze klinische studie, werd behandeling met apilimod 

niet gevolgd door klinische verbetering van klachten bij patiënten met RA. De afwezige 

klinische respons correleert met onze observatie dat het aantal synoviale macrofagen 

onveranderd bleef gedurende de behandeling. Hoewel wij en anderen hebben 

aangetoond dat inhibitie van IL-12/IL-23 met apilimod niet effectief is, blijkt uit andere 

studies dat de behandeling met monoklonale antilichamen gericht tegen IL-12/IL-23 

wel klinisch significante voordelen biedt in de behandeling van verschillende immuun-

gemedieerde inflammatoire ziekten zoals de ziekte van Crohn en psoriasis.

Concluderend, hebben we in dit proefschrift laten zien dat de geactiveerde 

pro-angiogenetische receptor Tie2 voornamelijk tot expressie komt op synoviale 

macrofagen en in vitro functioneel is in diverse bloed macrofagen subsets. Tie2 activatie 

door Ang-1/Ang-2 draagt bij aan het pro-inflammatoire milieu in het gewricht. Aan de 

andere kant, vermindert Ang-2 blokkade in CIA ziekte ernst, incidentie en pathologie. 

Voor de toekomst, is het interessant om te beoordelen in hoeverre Ang-1 en Ang-2 

op dezelfde wijze samenwerken met immuun-suppressieve agonisten om macrofaag 

activiteit te reguleren. Ook zal het gezien de macrofaag plasticiteit verder van belang 

zijn om te bepalen of blokkade van de macrofaag Tie2 signaaltransductie cascade 

therapeutisch zinvol is bij ziekten waarin macrofagen een belangrijke rol spelen, 

zoals RA, andere vormen van artritis, psoriasis, ziekte van Crohn en multiple sclerose. 

Betreffende de tweede onderzoeksstelling demonstreren wij dat de biologische 

effecten van aanhoudende Rap1 activatie divers zijn, niet beperkt zijn tot een specifieke 

T cel subpopulatie, en van potentieel therapeutisch belang zijn bij de behandeling 

van immuun-gemedieerde inflammatoire ziekten. Abatacept behandeling waarbij 

middels de onderbreking van CD28 costimulatie Rap1 wordt geactiveerd, is klinisch 

zeer effectief gebeleken in de behandeling van RA. Echter, de exacte moleculaire 

mechanismen waarop Rap1 immunologische processen reguleert zijn tot dusver 

onbekend en verdienen aandacht in de toekomst. Tevens is verdere identificatie van 

andere costimulatoire T-cel eiwitten die Rap1 activiteit reguleren, en daarmee de T-cel 

respons beïnvloeden, noodzakelijk voor de ontwikkeling van nieuwe therapeutische 

strategieën binnen immuun-gemedieerde inflammatoire ziekten.
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studies, history and medical antropology. Subsequently, she travelled for 6 months to 

Sub-saharian Africa. She obtained her medical degree in 2005 after completing her 

internships, including a clinical internship in tropical medicine (Turiani, Tanzania). After 

gaining 5 months clinical experience as a physician in internal medicine (AMC), she started 

in 2006 her PhD research within the department clinical immunology and rheumatology, 

AMC headed by professor dr. P.P. Tak. The research focused on basic scientific research 

questions studying the importance of angiogenesis and small GTPase signalling within 

immune-mediated inflammatory diseases. This work was combined with clinical work 

as co-investigator in a clinical trial and running an outpatient department clinic one day 

a week for 2 years. Since april 2010, Sarah started her residency at the department 

internal medicine in the AMC. In February 2015 she will continue her training at medical 

oncology under supervision of prof. dr. C. Punt in the AMC.
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Dankwoord
Promotieonderzoek doe je niet alleen! Er zijn ontelbaar veel mensen die ik wil bedanken 

voor hun bijdrage aan de totstandkoming van dit proefschrift. 

In de eerste plaats, wil ik alle patiënten bedanken die hebben geparticipeerd aan klinisch 

wetenschappelijk onderzoek. Zonder hun deelname was een deel van dit werk niet tot 

stand gekomen en is de ontwikkeling van innovatieve therapieën onmogelijk. 

Mijn promotor prof. dr. P.P. Tak. Beste Paul Peter, ik kan me onze eerste ontmoeting op 

F7NO bij de grote visite nog goed herinneren. Jij bood mij de mogelijkheid om klinisch 

onderzoek te combineren met basaal wetenschappelijk onderzoek. Hierna was de keuze 

voor promotieonderzoek binnen jouw afdeling snel gemaakt. Ik bewonder je om jouw 

managementskwaliteiten, jouw grenzeloos positivisme en creatieve ideeën. Onder jouw 

leiding is de afdeling exponentieel gegroeid en verdient wereldwijde faam vanwege 

haar excellente onderzoeksresultaten. Tevens zal ik de interessante gesprekken en 

filosofische lessen in de kroeg niet snel vergeten. Dank! 

Mijn co-promotor dr. K.A. Reedquist. Beste Kris, ik heb mij vanaf het begin zeer welkom 

gevoeld binnen jouw onderzoeksgroep op K0. Ik heb ontzettend veel van jou geleerd: 

jouw kritische blik, scherpe observaties, brede kennis en abstract denkniveau maken 

jou tot een uitmuntend onderzoeker en een groot voorbeeld. Dankzij jou heb ik de 

mogelijkheid gehad om mij te bekwamen in verschillende in vitro technieken alsook het 

verrichten van dierexperimenteel onderzoek. Dank voor de jaren intensieve begeleiding 

en supervisie!

En dan mijn fantastische paranimfen Wendy en Rogier! Met jullie aan mijn zijde heb 

ik het gevoel dat ik de hele wereld aankan. Rogier, wat hebben we veel gelachen, 

goede muziek geluisterd en gediscussieerd toen we nog “roomies” waren. Jouw 

bulderende lach en flauwe grappen waren het beste medicijn op momenten dat de 

onderzoeksresultaten het lieten afweten. Wendy, vanaf het moment dat jij de groep 

van Kris kwam versterken leerde ik jou kennen als een warme, integere collega met 

een luisterend oor. Je hebt besloten een nieuwe carrièreslag te maken en ik ben er van 

overtuigd dat je hier in zult slagen. Lieve allebei, dank dat jullie straks naast mij staan!

En dan de mensen met wie ik de afgelopen jaren nauw heb samengewerkt: Joana, 

Daphne, Gabriela, Carmen, Alek, Maartje, Linda en Samuel zonder jullie bijdrage was 

dit boekje er nooit geweest. Dank voor jullie input! Without all your input this book 

would not exist. Thanks for everything! Carmen, de macrofagen hebben onze band 

versterkt. Ik heb je leren kennen als een goudeerlijke, rustige en zeer geïnteresseerde 
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collega. Inmiddels koester ik onze vriendschap. Succes met de mooie toekomstplannen! 

Maartje, lieve roomie, ik heb veel aan jou gehad in de periode dat wij een kamer deelde. 

Jij hebt daar waar nodig altijd een luisterend oor geboden en klaar gestaan om in te 

springen gedurende mijn zwangerschapsverlof.

En zonder mijn collega’s: Maartje, Marjolein v M, Marleen, Cristina, Clarissa, Carla, 

Marieke, Marjolein de H, Paul, Marolein S, Ae-Ri, Troy, Lisa, Saida, Desiree, Inge, Ines, 

Katinka, Tineke, Nataliya, Leonie, Jelle en Caroline waren de dagelijkse activiteiten 

binnen en buiten het AMC absoluut kleurlozer geweest. De talrijke lunchbesprekingen, 

borrels, feestjes en congressen waren dankzij jullie memorabel. Sander, Ruth, Radjesh, 

Lot, Leen, Marc jullie zijn inmiddels al lang en breed werkzaam als reumatoloog. Dank 

voor de gezelligheid en de kritische input bij werkbesprekingen! 

En natuurlijk de stafleden binnen de afdeling: allereerst Daan en Arno bij wie ik met 

vragen omtrent patiënten inclusies voor het klinisch onderzoek altijd kon aankloppen. 

Veel dank voor jullie tijd en geduld! En Niek, die gedurende 2 jaar mijn polisupervisor 

is geweest. Ik heb veel van je geleerd en onze samenwerking was altijd prettig. Philip, 

ik ken niemand die zo bevlogen en enthousiast over ‘proefjes doen’ praat als jij. Jij stak 

mij aan met jouw enthousiasme. En last but not least, Dominique, ik denk terug aan de 

leerzame werkbesprekingen in de koffiekamer in K0. Jouw kritische blik gecombineerd 

met kennisoverdracht en creatieve ideëen maakten de besprekingen voor mij uitermate 

waardevol. 

Marjolein S, jij hebt mij ontelbaar veel technieken in het laboratorium geleerd. Ik kan echt 

met gerust hart zeggen dat jij voor mijn ontwikkeling binnen het promotieonderzoek 

onmisbaar bent geweest. En het bijzondere is dat je meer bent dan alleen een fantastische 

analist: Jouw nuchterheid, rust en bekwaamheid zijn voor mij een voorbeeld geweest in 

het lab (helaas is het me niet altijd even goed gelukt om het van je over te nemen J). 

Marjolein S, Cristina, Laurian dankzij jullie was alles goed georganiseerd en geregeld in 

het lab. Dank voor het aanbrengen van structuur en orde op onze overvolle werkvloer. 

Marjolein v M dank voor de niet aflatende interesse en het luisterend oor. 

En dan zijn er nog heel vele promovendi, analisten, post doc’s en studenten die zorgden 

voor een prettige sfeer en advies of hulp boden daar waar nodig. Veel dank!

Jorg, Martijn, Rene L, Rene v L, Ronald en Eric dank voor de kritische input tijdens de 

vele werkbesprekingen. 

Angelina en Krista – iedere klinisch onderzoeker droomt ervan om een onderzoeks-

verpleegkundige als jullie aan haar/zijn zijde te hebben.  Ik had het voorrecht om met 

jullie allebei te mogen werken. Dank jullie wel.
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Nathasja, Rolinka, Marlien, Liliane – achter de schermen zorgden jullie voor de essentiële 

administratieve ondersteuning binnen de afdeling alsook de coordinatie van de klinische 

studies. Dank hiervoor.

Lieve vrienden: de vele uitjes, etentjes, feestjes met of zonder kroost waren allen zonder 

uitzondering Uber Gemütlich. Op nog vele jaren vriendschap: proost! Een aantal wil 

ik nog even in het bijzonder noemen. Sander en Marjet, ik bewonder jullie kracht en 

positiviteit! Mirjam, ik hoop dat wij nog heel lang samen als vrienden en collega’s door 

het leven gaan. Dank voor raad en advies op de moeilijke momenten. 

En Hanne, ik voel me vereerd dat jij helemaal vanuit Noorwegen komt overvliegen om 

mijn promotie bij te wonen. Alhoewel de fysieke afstand tussen ons groot is, voelt deze 

o zo klein als we elkaar weer zien. 

En dan mijn fantastische familie! Dank, lieve ooms, tantes, neven, nichten voor jullie 

interesse en fijne herinneringen aan talloze familie uitjes. En oma To, dank voor de 

warmte en gastvrijheid. Ik bewonder je dat je op deze leeftijd nog zo vitaal en energiek 

bent. Familie Jansen en familie Smid, dank voor de mooie momenten in de afgelopen 

jaren en jullie medeleven gedurende deze laatste periode. Opa Dick, dank voor uw 

interesse, mooie levenswijsheid en attenties.

Lieve Fabian en Naomi. Een betere broer en zus kan een mens zich niet wensen! We 

zijn van jongs af aan onafscheidelijk geweest. We hebben veel gelachen, gespeeld, 

gestoeid, gezongen, gedanst, geruzied, gediscussieërd, maar bovenal: we waarderen en 

bewonderen elkaar om wie we zijn. Onze onderlinge band voelt ijzersterk en ik zal er 

alles aan doen om die voor altijd te koesteren.

Anne en Merijn een betere ‘koude’ kant kun je niet wensen. Het voelt zo vertrouwd dat 

ik af en toe het gevoel heb er nog een extra broer en zus bij te hebben. 

Lieve papa en mama. Mam, ik heb oneindig veel dingen van jou geleerd. Jouw 

kritische levenshouding, jouw intellectualiteit en muzikaliteit zijn eigenschappen waar 

ik als dochter trots op ben. De verhitte maar ook zeer leerzame discussies over diverse 

onderwerpen aan de eettafel zullen mij voor altijd bijblijven. Pap, ik koester veel mooie 

herinneringen aan de talloze afwasbeurten, de VPRO zondagochtend, het coachen 

van het hockey elftal en de spreekbeurten waar jij mij van prenten, opzetmateriaal en 

bronnen voorzag. Jouw rust en relativerende opmerking ‘beter dan je best, kun je niet 

doen’ hebben vele situaties gerelativeerd. Lieve allebei, dank voor alles!

En last but certainly most important: mijn eigen gezin. Wat ben ik apetrots op een 

fantastische man en twee bloedmooie dochters! Lieve Noah en Esra, een lach, een 

nieuw woordje, een knuffel maar ook een boze blik - de kleinste interactie met jullie zet 
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de sores van de dag opzij. Rogier: jouw rust, liefde, relativeringsvermogen, nuchterheid 

en vertrouwen hebben mij menigmaal gesterkt en weer aan het lachen gemaakt. De 

afgelopen twee jaar waren niet de meest makkelijke met vier verhuizingen, de geboorte 

van Esra en de voltooiing van dit proefschrift. Maar met jou naast me, voelt het alsof 

de kracht oneindig is. Er is niets lievers dat ik doe, dan met jou hóóg en hóógbejaard 

worden…. 
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