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general inTroducTion 

To establish effective protection against infection, the immune system must recognize 

and respond to diverse types of pathogens, such as viruses, bacteria and parasites. T cells 

play an important role in this defense against microorganisms and express a wide variety of 

T cell receptors (TCR) by which they specifically recognize antigens expressed by different 

pathogens. However, the process by which these diverse T cell receptors are created is random 

and therefore inevitably results in the generation of T cells specific for self (auto-) antigens. 

These auto-reactive T cells can recognize and attack the bodies own tissue upon activation and 

thereby cause tissue damage resulting in autoimmune pathology. To prevent these harmful 

autoimmune responses, important regulatory mechanisms are at place. First of all, by a process 

called central tolerance, T cells that recognize self antigens with high affinity are eliminated 

in the thymus. However, some self-reactive T cells escape central tolerance and therefore 

additional regulation takes place in the periphery to prevent these cells from causing harm. 

Regulatory T cells are key players in peripheral tolerance by controlling unwanted activation of 

auto-reactive T cells. However, also peripheral tolerance is not flawless and in some individuals 

under specific environmental and genetic circumstances autoimmune disease develops.

JuVeniLe idioPatHic aRtHRitis

cHaracTerisTics and subclasses of disease
Juvenile idiopathic arthritis (JIA) is one of the most common autoimmune diseases in children, 

affecting 16 to 150 children per 100.000 and by definition starting before 16 years of age1. JIA is 

thought to develop in genetically susceptible individuals in response to environmental factors, 

possibly including infections2. Similar to rheumatoid arthritis (RA) in adults, JIA is characterized 

by chronic inflammation of the joints3. However, different from RA, juvenile arthritis can be 

divided into several subclasses of disease, including the following subtypes3;4. In oligoarticular 

JIA a maximum of 4 joints is affected, usually involving the larger joints of the legs, such as knees 

and ankles. Polyarticular JIA includes 5 or more joints within the first 6 months of disease and 

next to the larger joints often the smaller joints of the hands and feet are involved. This subtype 

of JIA usually displays a rather progressive course of disease. In contrast, oligoarticular JIA has 

a better prognosis and can even be self-limiting. However, it can also extend to more than 4 

joints after the first 6 months of disease, more resembling polyarticular JIA, and is then classified 

as extended oligoarticular JIA. Finally, systemic JIA is characterized by extra-articular features 

such as spiking fever and skin rash. It is now clear that this subclass of JIA involves abnormalities 

in inflammatory pathways of the innate immune system and is therefore considered to be an 

acquired autoinflammatory disorder instead of an autoimmune disease5. Since this thesis 

focuses on T cell regulation during autoimmune inflammation, only patients with oligoarticular, 

extended oligoarticular or polyarticular JIA were included in the experiments described.

paTHology of joinT inflammaTion
As in most other human autoimmune diseases, the initial trigger causing inflammation in 

JIA and RA is unknown and might involve one or more environmental factors1;6;7. In addition, 

9



general inTroducTion 

1 joint pathology is a complex process, involving multiple mechanisms of inflammation and 

is still incompletely understood. Nevertheless, due to some trigger innate cells, such as 

macrophages and fibroblasts become activated and migrate into the synovium lining the joint. 

Upon activation these cells start to produce cytokines and express adhesion molecules that 

allow for continued ingress of immune cells6. What follows is an extensive infiltration of multiple 

immune cells, including granulocytes, monocytes/macrophages, B cells and high levels of CD4+ 

and CD8+ T cells, mostly with an activated memory phenotype1;3. These infiltrating cells produce 

large quantities of proinflammatory cytokines and chemokines, such as, IL-6, IL-15, TNFα, IFNg, 

CCL3, CCL11 and CXCL86;8;9. Production of these cytokines and chemokines further drives the 

inflammatory process by inducing cell activation and proliferation and attracting more immune 

cells to the site of inflammation10. In addition, proinflammatory cytokines enhance osteoclast 

maturation and activation and induce matrix-degrading enzymes, leading to bone and cartilage 

degradation6;10. Due to this tissue damage, self-antigens are released and further drive the 

ongoing inflammation independent of the initial trigger by activating auto-reactive T cells2;6;7;10.

THerapies for jia
Depending on the course of disease different types of therapy are used to treat JIA3. As a first-

line therapy, to quickly relief patients from symptoms, usually non steroidal anti-inflammatory 

drugs (NSAIDs) are administered, such as naproxen and ibuprofen. However, these dugs 

do not modify the underlying disease process nor affect the long-term outcome of disease. 

Disease modifying anti-rheumatic drugs (DMARDs) do target the disease more effectively 

and thus may help to limit damage and long-term morbidity. Methotrexate (MTX) is the 

most frequently used DMARD in JIA. However, treatment with MTX causes considerable 

side effects in a large proportion of patients11. Corticosteroids affect multiple organ systems 

and as a consequence can have numerous side effects as well, including growth retardation. 

These agents are therefore rarely administrated systemically, only in patients with systemic 

JIA or in severe polyarticular JIA patients who do not respond to other therapies. However, 

corticosteroids are often applied intra-articularly in oligoarticular JIA patients where they 

repress the local inflammation in the joint, but are unable to cause side effects systemically.

Biologicals
In recent years, a tremendous progress has been made in understanding the underlying 

mechanism of autoimmune pathology and as a result more specific therapies to treat 

autoimmune disease have been developed. These so-called biologicals target critical mediators 

of the inflammatory response, for instance TNFα and IL-6. The rationale for blocking TNFα in the 

treatment of arthritis came from initial experiments showing that blockade of TNFα in synovial 

cell cultures abrogated the production of multiple proinflammatory cytokines, including IL-1, 

IL-6, IL-8 and GM-CSF12. This led to the concept that TNFα plays a key role in coordinating the 

proinflammatory cytokine cascade in the inflamed synovium. Since then several agents have 

been developed to block TNFα for the treatment of arthritis and their efficacy and safety have 

been thoroughly tested in animal models and clinical trials12. Both infliximab and adalimumab, 

10



1

general inTroducTion 

monoclonal antibodies against TNFα, and etanercept, the soluble TNF receptor, are used in 

the treatment of RA13. Etanercept is also frequently applied in JIA, especially in patients with 

polyarticular disease3. In addition to TNFα targeting biologicals, efficacy of a humanized 

anti-IL-6 receptor antibody, tocilizumab, has been verified in clinical trials and is now approved 

for the treatment of RA and systemic JIA14. Both anti-TNFα and anti-IL-6 clearly have direct 

anti-inflammatory effects on the innate immune system, however, these agents might also 

target the adaptive immune response15-19.  

Although many patients respond well to treatment with biologicals, there are also patients 

who do not respond, patients who only show partial remission upon therapy or patients that 

become resistant during treatment. Moreover, no permanent remission is achieved and 

patients relapse after discontinuation of therapy6.  As a result, life-long treatment is required. 

This is associated with considerable side effects due to general immune suppression, possibly 

including malignancies and infections13. Therefore, the search for new and improved treatment 

options for arthritis as well as other autoimmune diseases continues.

immunological researcH in jia
As described above JIA is a very heterogeneous disease consisting of various subclasses that 

differ in disease severity. The observation that JIA can be self-remitting suggests that regulatory 

mechanisms are at place that to some extend still control the disease. However, for some 

reason the balance has shifted from immune regulation and homeostasis towards an over-

activated immune response causing autoimmune pathology. Although the introduction of 

biologicals has improved treatment of JIA, life-long therapy is still required, which is especially 

unfavorable in pediatric patients. Therefore, the challenge for the future will be to permanently 

restore immune balance in JIA and accomplish long-lasting, drug-free remission. To achieve 

this goal more in depth research into what causes immune dysregulation in JIA is required. This 

research might not only improve JIA patient care, but could also advance the treatment of other 

autoimmune diseases, since JIA represents a unique model to study autoimmune inflammation. 

As described above, intra-articular injections with corticosteroids are part of standard 

care, especially in patients with oligoarticular JIA. At that time synovial fluid (SF) is taken 

from the inflamed joint to reduce intra-articular pressure and enhance treatment efficacy20.  

Mononuclear cells can be isolated from this SF (SFMC) and used in in vitro experiments. 

Thus, different from many other autoimmune diseases, cells from the site of inflammation are 

accessible in patients with JIA. Moreover, since inflammation in oligoarticular JIA is restricted 

to affected joints, mononuclear cells from peripheral blood (PB) (PBMC) can be used as an 

in-patient control to study specific changes in immune regulation at the site of autoimmune 

inflammation. Another advantage of using PBMC and SFMC from the same donor is that these 

cells can be combined in vitro without causing an alloreaction that might influence the results21 

(see cross-over experiments described in Figure 1). In this thesis JIA patient material is used 

to investigate how immune regulation is disturbed in autoimmune inflammation, hopefully 

bringing the treatment of JIA one step closer to permanent disease remission.
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1 In Chapter 4 Treg and effector cells from 
peripheral blood and synovial fluid are crossed 
over to investigate changes in Treg suppressive 
function and responsiveness of Teff to 
suppression at the site of inflammation compared 
to peripheral blood.

Figure 1 | Cross-over experiments used in this thesis to study changes in Treg-mediated suppression at the 
site of autoimmune inflammation and after therapeutic intervention.

In Chapters 4 and 6 APCs and T cells from 
peripheral blood and synovial fluid are crossed 
over to study the effect of T cells and different 
types of APCs from the site of inflammation on 
Treg-mediated suppression.

In Chapter 5 Treg and effector cells from pre and 
post treatment are crossed over to investigate 
changes in Treg suppressive function and 
responsiveness of Teff to suppression after 
therapeutic intervention.
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FoXP3+ ReGuLatoRY t ceLLs
As already described briefly, regulatory T cells are critical in peripheral tolerance and several 

subsets of regulatory T cells are known to play a role in controlling unwanted immune 

activation (reviewed in Chapter 2, Table 1). Given their central role in maintaining self tolerance 

and preventing autoimmune responses, this thesis specifically focuses on FOXP3+ regulatory 

T cells, which will be hereafter referred to by the term Treg. The observation that T cells 

could not only enhance, but also suppress immune responses already dates back from the 

1970s, when so called suppressor T cells were described22;23. However, by the late 1980s these 

suppressor T cells fell out of favor because no specific marker for the cells could be identified 

and the mechanism behind their suppressive function remained unclear. Moreover, some of 

the initial data describing their suppressive potential could not be reproduced24;25. However, 

due to modern immunological techniques, compelling evidence now confirms the existence 

of T cells with a suppressive function. Key initial experiments have shown that mice devoid of 

CD4+ T cells expressing CD25, the alpha-chain of the IL-2 receptor, develop severe autoimmune 

disease and inoculation with a small number of CD4+CD25+ T cells can prevent development 

of autoimmunity26;27. Thus, regulatory T cells (Treg) reside within the CD4+CD25+ T cell 

population. In addition, more recently Treg were found to express forkhead box P3 (FOXP3) 

and this transcription factor is essential for their development, maintenance and function28-30. 

CD4+CD25+FOXP3+ Treg originate from the thymus and are therefore commonly referred to as 

natural occurring Treg, however, they can also be induced in the periphery from naïve T cells 

under specific circumstances31;32. Both CD25 and FOXP3 are clearly linked with Treg generation 

and function and deficiencies in these molecules impair Treg mediated control of immune 

responses33. In addition, Treg express cytotoxic T lymphocyte antigen-4 (CTLA-4), which is 

important for their suppressive function34. This is most clearly reflected by the development of 

a fatal autoimmune disorder in mice with a Treg-specific ablation in CTLA-435. Glucocorticoid-

induced TNF receptor (GITR) is also expressed by Treg, but its role in Treg function is less clear33.  

Treg suppressive mecHanisms
Treg not only control T cell activation and proliferation, but also effector functions such as 

cytokine production and cytotoxicity. Since their discovery intensive research has focused on 

how Treg accomplish their suppressive effects. Still, the main suppressive mechanisms used 

by Treg remain controversial. Over the years different mechanisms of suppression have been 

described36. These include cell contact-dependent mechanisms37;38, as well as production 

of suppressive cytokines, such as IL-1039;40 and TGFb41-43. In addition, Treg can directly target 

effector T cells (Teff), for instance by inducing cytolysis via production of perforin and/

or granzymes44-46, but can also affect antigen presenting cell (APC) function or alter the 

cellular environment. For example, IL-2 consumption by Treg has been proposed to lead to 

cytokine deprivation-mediated apoptosis in Teff47.  In addition, Treg suppress the expression 

of costimulatory molecules on APCs50-55 required for T cell activation, which is at least partially 

dependent on CTLA-435;48;49. Thus, Treg can exert multiple suppressive functions. Arguably, the 
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1 kind of mechanism employed depends on the nature of the immune response, the target cell 

that needs to be repressed and the location in vivo56. In addition, it has been proposed that Treg 

employ different suppressive mechanisms under steady state and inflammatory conditions57. 

Because most experiments concerning Treg function have been performed in mice, the major 

suppressive mechanisms utilized by human Treg are still incompletely understood.  

Treg in auToimmune disease
Over the years accumulating data have been gathered that demonstrate a critical role of Treg 

in preventing autoimmunity. Perhaps most convincing evidence comes from humans with 

a mutation in the FOXP3 gene. These patients lack functional Treg and a as a result develop 

severe autoimmune disease in multiple organs58;59. In addition, experiments in animal models 

of autoimmunity, for instance in experimental arthritis, have shown that Treg control disease 

development and severity60-62. As a consequence, Treg are now considered for the treatment 

of autoimmune disease including arthritis63 and several strategies to enhance Treg in patients 

with autoimmune disease are being explored (reviewed in Chapter 2, Figure 1). In addition, 

numerous research groups have investigated whether deficiencies in Treg number or function 

underlie human autoimmune pathology, such as RA and JIA (reviewed in Chapter 2, Table 2). 

However, the majority of these studies now indicate that Treg numbers are not declined in 

arthritis patients compared to healthy controls16;64-66 and although some studies report reduced 

functionality of Treg in RA patients16;19;64, others have found no difference66;67. Moreover, Treg are 

enhanced at the actual site of inflammation, in SF obtained from inflamed joints65-70. These SF 

Treg display increased expression of FOXP3 and other functional and activation markers65;66;69;70. 

Most importantly, SF Treg efficiently inhibit Teff and even display enhanced suppressive capacity 

compared to their PB counterparts66;69;70. Thus it appears that numerous and functional Treg 

are present at the site of inflammation in patients with RA and JIA. However, their suppressive 

potential might be attenuated by the local proinflammatory environment.

Treg in a proinflammaTory environmenT
At the site of autoimmune inflammation, in inflamed joints of arthritis patients, specific changes 

in immune cells and mediators are observed. For instance, T cells show distinct skewing towards 

certain T cell subsets (reviewed in Chapter 7). In addition, APCs are present in elevated levels and 

display a highly activated phenotype with enhanced expression of maturation markers; CD40, 

CD80, CD86 and HLA-DR71-77. Finally, as described above, profound levels of proinflammatory 

cytokines are being produced. This local proinflammatory environment might interfere with 

Treg function. For instance, strong and prolonged T cell activation via TCR and CD28 signaling 

can impair Treg mediated suppression77-79. Therefore, highly activated APCs at the site of 

inflammation could reduce Treg function due to their enhanced expression of HLA-DR and 

costimulatory molecules. In addition APCs might interfere with Treg suppressive potential 

through production of proinflammatory cytokines. In both an experimental model80 as well as 

in patients with systemic lupus erythematosus (SLE)81 APCs were found to impair Treg mediated 

control of Teff via production of IL-6 and IFNα, respectively. Other proinflammatory cytokines, 
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such as IL-1, IL-2, IL-7 and IL-15 might also interfere with Treg function70;77, or worse facilitate 

conversion of Treg into pathogenic Teff82;83. Interestingly, many studies specifically point towards 

a direct negative effect of TNFα on human Treg function19;84 and restoration hereof by anti-TNFα 

therapy16;19;85. Thus, at the site of autoimmune inflammation, proinflammatory cytokines, in 

particular TNFα, and high levels of activated APCs are thought to interfere with Treg mediated 

suppression. To gain more insight into the role of Treg in autoimmune pathology and their 

possible application for the treatment of autoimmune disease, it is therefore essential to study 

Treg from the site of inflammation in patients with autoimmune disease. Furthermore, when 

examining Treg function in vitro the in vivo situation should be mimicked as closely as possible.

Treg funcTional assays
FOXP3 is a less definitive marker for human Treg compared to mice, as it can also be 

up-regulated in conventional T cells upon activation without conferring a suppressive 

phenotype86-90. To identify Treg in humans the suppressive function of the cells therefore needs 

to be confirmed using functional assays. Since FOXP3 is an intracellular marker it cannot be 

used to isolate viable Treg for functional testing. Therefore, Treg are purified based on specific 

surface marker expression. Human Treg are usually distinguished from CD4+ Teff based on 

CD25 and low CD127 expression91;92 These purified Treg are then co-cultured with effector cells 

and Treg mediated inhibition of T cell activation is analyzed. In these so-called suppression 

assays, Treg suppressive function is measured by calculating the change in T cell activation 

(measured by cell proliferation and cytokine production) in the presence of Treg compared to 

Teff cultured alone. In this thesis we used several in vitro suppression assays to not only study 

Treg function, but also analyze the susceptibility of Teff to suppression, each with their own 

advantages (summarized in Table 1). Next to performing these different types of suppression 

assays, cross-over experiments were employed to compare cells from the site of inflammation 

to PB, or samples taken at different time points (Figure 1).

Table 1 | Suppression assays used in this thesis to study Treg function and Teff responsiveness to suppression

Chapter Effector cells Suppression by Main characteristics

3 CD4+CD25- T cells CD4+CD25+CD127low Treg
Clearly defined Teff population: reliable 
comparison of different types of Treg

4, 5 Total mononuclear cells CD4+CD25+CD127low Treg
Total mononuclear cells: most 
representative for in vivo situation

4, 5 Total mononuclear cells TGFb Treg independent suppression

4
CD4+CD25-CD45RA+CD45RO-and 
CD4+CD25-CD45RA-CD45RO+ T cells

CD4+CD25+CD127low Treg Comparison of naive and memory Teff

4, 6 CD3+ T cells and CD3-APCs CD4+CD25+CD127low Treg
Dissect T cell- and APC-mediated 
effects on Treg suppression

Abbreviations: Treg, regulatory T cells; TGFb, transforming growth factor b; APC, antigen presenting cell.
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1 scoPe and outLine oF tHis tHesis 
In this thesis we study Treg function in patients with JIA to investigate whether deficiencies in Treg 

play a role in autoimmune pathology and whether these cells may be used to treat autoimmune 

inflammation. In Chapter 2 we review recent literature on Treg numbers and function in 

patients with autoimmune arthritis and describe several approaches to target these cells for the 

treatment of autoimmune disease. In Chapter 3 Treg suppressive mechanisms are investigated 

and we question whether Treg from healthy donors and from the site of inflammation in patients 

with JIA suppress T cell activation by inducing apoptosis in Teff. Treg function in inflamed joints 

of JIA patients is further analyzed in Chapter 4 and we also study the susceptibility of Teff to 

regulation. In Chapter 5 we investigate whether anti-TNFα therapy enhances responsiveness 

of Teff to suppression in JIA. In Chapter 6 APCs present at the site of autoimmune inflammation 

in JIA are characterized and their role in impaired immune regulation is studied. Finally, factors 

contributing to disturbed T cell regulation in inflamed joints of arthritis patients are reviewed in 

Chapter 7. In Chapter 8 the findings described in this thesis are discussed in the context of new 

therapeutic targets to restore immune balance in autoimmune inflammation.

keY Points

•	 Treg are critical in self tolerance and are considered important targets for 

the treatment of autoimmune disease

•	 Accumulating data now indicate that Treg are not deficient in patients 

with autoimmune disease, however, their suppressive function might be 

attenuated by the proinflammatory environment

•	 It is essential to study Treg from the site of inflammation in patients with 

autoimmune disease and mimic the in vivo proinflammatory environment 

in vitro

•	 JIA represents a unique model to study Treg function at the site of 

autoimmune inflammation because immune cells from the inflamed joints 

can be isolated
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abstRact
The discovery of regulatory T cells (Treg) almost 15 years ago initiated a new and exciting 

research area. The growing evidence for a critical role of these cells in controlling autoimmune 

responses has raised expectations for therapeutic application of Treg in patients with 

autoimmune arthritis. Here, we review recent studies investigating the presence, phenotype 

and function of Treg in patients with rheumatoid arthritis (RA) and juvenile idiopathic arthritis 

(JIA) and consider their therapeutic potential. Both direct and indirect methods to target 

these cells will be discussed. Arguably, a therapeutic approach that combines multiple Treg-

enhancing strategies could be most successful for clinical application.
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intRoduction
Rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA) are autoimmune diseases 

characterized by destructive joint inflammation. In the chronic phase of the diseases, a non-

remitting activation of cells and expression of soluble mediators of especially the innate 

immune system dominates the inflammatory process. The resulting synovial inflammation is 

characterized by non-specific infiltration of both lymphocytes and innate immune cells, such as 

synoviocytes, macrophages and neutrophils. The importance of this innate immune activation 

in chronic arthritis is underscored by the success of interventions with biologicals that target 

non-specific effector mediators such as TNFα. In contrast, interventions directed against 

CD4+ T cells have been disappointing. This has led to the assumption that T cells are of less 

importance in the chronic phase of RA and JIA1. 

Data obtained over the last years, however, have shed new light on the role of T cells in 

regulation of the inflammatory response. This line of research started almost 15 years ago with 

the discovery of so-called regulatory T cells (Treg)2. This exciting discovery raised expectations 

for novel ways of treating arthritis by targeting these Treg. Their presence and function in 

RA and JIA, and the questions still surrounding their potential therapeutic application will be 

discussed in this review.

Treg
Treg are capable of suppressing effector cell proliferation and cytokine production, and play 

an important role in immune homeostasis. Several subtypes of CD4+ Treg have been identified 

that can be either naturally occurring, derived from the thymus or induced in the periphery. 

These subtypes of Treg are depicted in Table 1 together with their supposed mechanism of 

action. Natural Treg constitutively express the IL-2 receptor (CD25) and require IL-2 for their 

survival and function2;3. These cells are further characterized by the transcription factor FOXP3, 

which controls the development and suppressive function of the cells4–6. CD25+FOXP3+ Treg 

can suppress via multiple mechanisms, probably depending on the context in vivo7. These cells 

are critical in preventing autoimmune disease in animal models3, which is confirmed in humans 

by the fact that patients with mutations in the FOXP3 gene suffer from immunodysregulation, 

polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome, characterized by autoimmune 

Table 1 | Subtypes of CD4+ Treg and supposed mechanism of action

Term Markers Origin Mechanism of action

Natural Treg
CD25  FOXP3
CTLA-4  GITR

Thymus Cell-cell contact and suppressive cytokines

Adaptive Treg
CD25  FOXP3
CTLA-4  GITR

Induced in the periphery Cell-cell contact and suppressive cytokines

T regulatory 1 (Tr1) - Induced in the periphery IL-10 production

T helper 3 (Th3) - Induced in the periphery TGFb production
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disease in multiple organs8;9. More recently, it has been established in both mice and humans 

that Treg can also be induced in the periphery upon antigen encounter. These cells can be not 

only FOXP3+10–13, but also FOXP3-, such as T regulatory 1 (Tr1) cells that depend on IL-10 for their 

development and function14;15 and T helper 3 (Th3) cells, producing TGFb16. CD25+FOXP3+ Treg are 

highly important in the control of autoimmune arthritis both in experimental models17–19 and in 

human disease20. Therefore, we will further refer to this specific CD25+FOXP3+ subset by the term 

Treg and we will discuss the potential of these cells as a target for immune intervention in arthritis.

presence, pHenoType and funcTion of Treg in arTHriTis paTienTs
Given the convincing evidence that Treg play a critical role in preventing experimental 

autoimmune arthritis, numerous groups have studied the presence, phenotype and function 

of Treg in patients with RA and JIA (summarized in Table 2)20–28. When analysing these data, it 

should be kept in mind that several studies were performed before FOXP3 was identified as a 

marker for Treg. In these studies, Treg were identified based on (high) CD25 expression, which 

is a less definitive marker for Treg compared with FOXP3. In addition, FOXP3 can also be up-

regulated in effector cells during activation29 and this makes it difficult to distinguish Treg from 

activated effector T cells in patients with ongoing autoimmune inflammation.

Nevertheless, the majority of studies suggest that Treg numbers in the periphery are not 

reduced in arthritis patients compared with healthy controls22;23;26;28. Instead, Treg are enriched 

at the site of inflammation, since increased levels of these cells are found in synovial fluid (SF) 

compared with peripheral blood20;21;24–26;28. These SF-derived Treg show enhanced expression 

of FOXP3 mRNA, cytotoxic T lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced tumor 

necrosis factor receptor (GITR), HLA-DR, CD69 and OX4020;25;26;28 and are more efficient in 

inhibiting effector cell activation20;25;26. In contrast, reduced suppressive function has been 

reported for peripheral blood-derived Treg from RA patients in some22;23;27, but not all studies24;26. 

Thus, there is still conflicting evidence on the suppressive function of Treg in arthritis, which 

can result from the different test systems used to analyse the suppressive function of the cells.

For obvious technical reasons, all the above studies investigated Treg-mediated suppression 

in vitro. However, in vivo the local proinflammatory environment can interfere with the 

suppressive function of the cells. High levels of proinflammatory cytokines are present in the 

inflamed synovium of RA and JIA patients, including IL-6, IL-7, IL-15 and TNFα30–32. In addition, 

human CD25hi cells express the TNF receptor, TNF receptor II (TNFRII) and expression of this 

receptor is up-regulated on cells from RA patients27. As a result, TNFα can act directly on 

Treg and, in line with this, it was shown that pre-incubation of Treg with TNFα reduces FOXP3 

expression and abrogates suppression27. Other proinflammatory cytokines, IL-6, IL-7 and IL-15, 

can also interfere with Treg function25;33;34, or even worse facilitate the conversion of Treg 

into IL-17 producing effector cells35–37. Finally, monocytes and dendritic cells from the site of 

inflammation express elevated levels of CD80, CD86 and CD4034;38 and this enhanced expression 

of costimulatory molecules might also interfere with Treg-mediated suppression34. Thus, though 

Treg function in patients with RA and JIA is still incompletely understood, data from both animal 

models and human disease indicate that Treg play an important role in controlling autoimmune 

arthritis. As such, these cells form a promising treatment option for arthritis patients. Here, we 

will discuss several strategies to target these cells, both directly and indirectly.
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direcT approacHes To enHance Treg funcTion
There are several methods available to directly target Treg for the treatment of autoimmune 

disease. These include expansion and induction of Treg in vitro followed by reinfusion into the 

patient, or in vivo by immunomodulatory compounds.

Ex vivo Expansion of TrEg
Treg can be isolated and expanded ex vivo by anti-CD3/anti-CD28 stimulation in the presence 

of IL-239;40. With this protocol up to 3000-fold expansion can be reached without loss of 

suppressive function. Moreover, the cells have a higher inhibitory potential compared with 

directly isolated Treg, even in co-cultures with pre-activated effector cells39. Therefore, 

expanded Treg could have enhanced suppressive capacity in ongoing immune responses in 

vivo and be useful in the treatment of autoimmune disease. In favour of this argument, it has 

been shown that in vitro expanded Treg survive upon transfer in vivo and reverse pathology in 

new-onset diabetic mice41. Similarly, in experimental lupus, adoptive transfer of expanded Treg 

delayed the progression to severe renal disease, resulting in prolonged survival42. 

However, a potential hazard with expanding Treg for therapeutic purposes is the outgrowth 

of contaminating effector cells, since it is difficult to distinguish Treg from activated effector 

cells. This risk can be reduced by adding rapamycin to expansion cultures, which selectively 

allows for regulatory T-cell proliferation and survival, while depleting effector cells43;44. Still, 

expanded Treg can also convert into effector cells themselves. Using the same protocol as 

described before, Hoffmann et al.39, discovered that, although FOXP3 purity at the start of 

culture was almost 100%, subpopulations of Treg lost FOXP3 expression and suppressive 

capacity. Furthermore, these cells started to produce effector cytokines, such as IL-2 and IFNg. 

Only cells that co-expressed CCR7 and CD62L after expansion showed a stable Treg phenotype 

and these cells could be generated by selecting the CD45RA+CD4+CD25high subpopulation 

for Treg expansion45. In addition, Tran et al.46 identified latency-associated peptide and IL-1 

receptor type I/II (CD121a/CD121b) as markers to purify stable Treg after expansion in vitro. 

However, under certain circumstances, FOXP3+ Treg can also convert into effector cells, after 

transfer in vivo47. This could pose a risk for worsening, instead of dampening inflammation, 

especially in autoimmune disease48. Therefore, the stability of ex vivo expanded Treg should 

be further investigated and conditions reinforcing this stability need to be thoroughly 

determined. In addition, expansion of antigen-specific Treg can enhance efficacy41 and reduce 

general immune suppression and this approach should, therefore, be explored in humans as 

well. Altogether, standardized protocols have to be developed to allow for reliable expansion of 

Treg with compliance to the Good Manufacturing Practices approved by the US Food and Drug 

Administration. Only then will clinical application in a large cohort of patients become feasible.

in viTro inducTion of TrEg
In addition to expansion of already existing Treg, Treg can also be induced in vitro from 

non-Treg. This method circumvents the difficulty of obtaining high numbers of natural Treg 

required for expansion. Treg induction works well in mice in which CD4+CD25- cells activated 

in the presence of TGFb develop into FOXP3-expressing cells with suppressive capacity that is 
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maintained after transfer in vivo11. However, TCR stimulation of human CD4+CD25- cells can also 

result in transient expression of FOXP349. Furthermore, activation-induced expression of FOXP3 

in humans does not confirm a regulatory phenotype and can even coincide with IL-2 and IFNg 

production50. Therefore, in vitro induction of Treg is far more complicated in humans compared 

with mice and it still needs to be established which culture conditions reinforce stable FOXP3 

expression and suppressive function.

in vivo Expansion and inducTion of TrEg wiTh immunomodulaTory compounds
Next to expanding and inducing Treg in vitro, several immunoactive agents can be used to 

enhance Treg function in vivo. The most extensively studied Treg-enhancing agents will be 

discussed in this section and are summarized in Table 3.

Anti-CD3 antibodies. The immunosuppressive efficiency of mAbs against CD3 was initially 

established in the transplantation field, where they prevented allograft rejection. After 

humanizing the antibodies into non-Fc-receptor-binding antibodies that are not mitogenic, 

application in the treatment of autoimmune disease was tested as well51. In new-onset Type 1 

Table 3 | Immunoactive compounds with Treg-enhancing capacity

Compound Effect on Treg Results in experimental autoimmune 
disease

Results in human autoimmune 
disease

Anti-CD3 
antibodies

Treg induction Complete and sustained remission in 
recent-onset diabetic NOD mice [56]

Long-term improved insulin 
production in new-onset type 
1 diabetes [52, 53]
Short-term improvement in 
the number of inflamed joints 
in PsA [54]

Neuropeptides Treg induction, 
expansion, 
and enhanced 
function

VIP reduces development of CIA and 
established disease in DBA/1J mice  
[57, 63]
Urocortin reduces severity of established 
CIA in DBA/1J mice [64]

 -

Retinoic acid Treg induction Reduced incidence of diabetes in NOD 
mice with established insulitis [70]
Improved bodyweight and reduced 
colon inflammation in TNBS-induced 
colitis [71]
Reduced severity and incidence of CIA in 
DBA/1J mice [72]

 -

HDAC inhibitors Enhancement  
and stabilization 
of FOXP3 
expression, 
leading to 
enhanced 
function

TSA and SAHA prevent bodyweight loss 
and histological damage in DSS-induced 
colitis [80, 81]
TSA reduces development of renal 
pathology in lupus-prone NZB/W F1 mice 
[82]
VPA reduces the incidence and severity 
of CIA in DBA/1J mice [83]

-

Abbreviations: NOD, non-obese diabetic; PsA, psoriatic arthritis; CIA, collagen induced arthritis; TNBS, 
trinitrobenzene sulfonic acid; DSS, dextran sodium sulphate.
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diabetes patients, treatment with humanized CD3 antibodies led to preserved b-cell function 

and reduced insulin need52;53. Also in rheumatic disease, efficacy of anti-CD3 treatment 

was confirmed: in a Phase I/II trial in patients with psoriatic arthritis (PsA), administration 

of huOKT3g1 led to a 75% improvement in the number of inflamed joints in six out of seven 

patients54. Studies in experimental diabetes further elucidated the mechanisms involved in 

immune suppression by anti-CD3 antibodies. These studies revealed that short-term disease 

improvement was achieved by elimination of pathogenic effector cells and Th2 polarization. 

However, long-term beneficial effects depended on a non-depleting, Treg-inducing activity of 

the antibody55;56. Thus, CD3-specific antibodies are capable of inducing Treg and have already 

been proved to be safe and effective in patients with autoimmune disease. As such, they may 

provide a valuable treatment option for RA and JIA as well, which should be further investigated. 

Neuropeptides. Vasoactive intestinal peptide (VIP), an immune-regulatory neuropeptide, 

has been shown to have suppressive effects in experimental autoimmune disease, including 

CIA. This suppressive effect was accompanied by inhibition of proinflammatory cytokines and 

chemokines and immune deviation towards Th2 responses57;58. However, similarly to the CD3-

specific antibodies, it has become clear that VIP is capable of enhancing Treg numbers and 

suppressive function as well59, presumably via the induction of tolerogenic dendritic cells60–62. In 

CIA, administration of VIP increased both the absolute number and percentage of Treg, leading 

to lower arthritis scores63. Another neuropeptide, urocortin, also reduced disease severity in this 

model via the induction of Treg64. Although clinical trials in human autoimmune disease are still 

awaiting, neuropeptides could be of therapeutic value, due to their Treg-enhancing capacity.

Retinoic acid. All-trans retinoic acid (ATRA) is an active metabolite of vitamin A that 

regulates various cellular functions, including lymphocyte proliferation and differentiation. 

Recently, several research groups have found that ATRA induces Treg, while simultaneously 

inhibiting Th17 development65–68. Therefore, ATRA might be able to restore the balance between 

Treg and pathogenic Th17 cells that is thought to be disturbed in autoimmune pathology69. In 

experimental models of diabetes70 and colitis71, ATRA treatment improved clinical outcome by 

inducing Treg. ATRA-mediated induction of Treg has not been investigated in arthritis models; 

however, ATRA administration has been shown to reduce severity and incidence of CIA. This 

beneficial effect was accompanied by a decrease in proinflammatory cytokines and collagen-

specific antibodies72. Given the therapeutic effects of ATRA in experimental arthritis and its 

potent Treg-enhancing capacity, it would be valuable to further explore this mechanism for the 

treatment of arthritis. In addition, Treg induced in vitro in the presence of ATRA are resistant 

to conversion into FOXP3- cells73 and Treg expanded in the presence of ATRA have enhanced 

suppressive capacity74. Therefore, ATRA can also be used to optimize protocols for the in vitro 

expansion and induction of Treg.

Histone deacetylase inhibitors. The FOXP3 gene is subject to epigenetic modifications, 

including acetylation mediated by histone acetyltransferases (HAT) that increases the negative 

charge of histones in the nucleosome. This leads to an open chromatin structure, allowing 

for gene transcription75. The described induction of Treg by ATRA probably depends on this 

modification, since acetylation of the FOXP3 promotor is enhanced in ATRA-treated cells76. Acetyl 
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groups can also be removed by histone deacetylases (HDACs), introducing a positive charge that 

leads to tight DNA binding and reduced transcription75. In addition, FOXP3 can directly interact 

with HAT and HDAC at the protein level77 and a very recent study shows that hyperacetylation of 

FOXP3, reciprocally controlled by the acetyltransferase p300 and the HDAC SIRT1, prevents poly-

ubiquination and subsequent proteasomal degradation of the protein78. Agents counteracting 

HDAC activity, so-called HDAC inhibitors, can therefore both increase FOXP3 gene transcription 

and prevent protein degradation, thereby enhancing and stabilizing FOXP3 expression.

Two HDAC inhibitors, MS-275 and suberoylanilide hydroxamic acid (SAHA), have been 

shown to induce FOXP3 expression and suppressive function in human CD4+CD25- cells in vitro79. 

Exposure to another HDAC inhibitor, nicotinamide, increased the number of FOXP3+ cells in CD4+ 

cell cultures as well as the amount of FOXP3 per cell and the suppressive capacity of CD4+CD25+ 

cells78. Also in vivo, administration of HDAC inhibitors leads to increased numbers of FOXP3+ 

T cells with enhanced suppressive capacity. Moreover, treatment with HDAC inhibitors reduces 

pathology in dextran sodium sulphate-induced colitis80;81, lupus-prone mice82 and experimental 

arthritis83, by enhancing Treg function. Trichostatin-A (TSA) treatment even improved already 

established colitis and HDAC inhibitors have been shown to reduce the down-regulating 

effect of IL-6 on FOXP384. This makes them attractive candidates for the treatment of ongoing 

inflammation. Interestingly, several HDAC inhibitors are now being developed for application 

in human autoimmune disease based not on their capacity to enhance Treg function, but on 

their more familiar anti-inflammatory and immunosuppressive capacities. Among those agents 

is hydroxamic acid, which is being tested for therapeutic application in arthritis85. In addition, 

HDAC inhibitors can be used to stabilize FOXP3 expression in induced or expanded Treg since 

they prevent conversion of these cells into Th17 cells35.

anTigen-specific inducTion of Treg by mucosal TolerizaTion wiTH self-anTigen
The above-described methods are all based on enhancing the polyclonal Treg population. 

However, these non-specific approaches might lead to increased risk of infections and cancer, 

due to general immune suppression86. These unwanted side effects can be avoided by antigen-

specific induction of Treg. This can be achieved by mucosal administration of self-antigen, which 

is a powerful way of inducing Treg towards a specific antigen87. Oral or nasal administration of 

self-antigens works well in animal models of arthritis, leading to delayed onset of disease and 

reduced severity88–90, presumably via the induction of Treg91–93. Moreover, beneficial effects of 

oral antigen administration have also been described in already established disease, making a 

therapeutic application in humans feasible94;95. 

However, results from animal models have been difficult to translate into humans. Clinical 

trials have shown that oral administration of antigen is safe96–101; however, in many cases 

only small improvements were found97;98, or only a minority of the patients responded to 

treatment100. These disappointing results are presumably caused by the fact that the disease-

triggering antigen in humans is less clear and at the time of intervention multiple antigens are 

involved, due to epitope spreading102. Still, through bystander suppression, Treg specific for 

one antigen can also suppress immune responses towards other antigens that are presented 
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in the same vicinity103;104. This can be achieved by the production of non-specific, inhibitory 

cytokines, such as IL-10 and TGFb by the induced Treg88;91;92. As a result, mucosal tolerization 

with self-antigen could work in human disease as well, as long as an immunogenic antigen is 

used that is presented at the same location as the self-antigens driving the immune response. 

A special class of proteins, termed heat shock proteins (HSPs), are promising antigens for this 

Treg induction via mucosal tolerization.

hsps
HSPs are a set of evolutionarily conserved chaperones that are up-regulated under conditions of 

cellular stress, for instance during infection and inflammation105. As a result, they are abundantly 

present at the site of inflammation in RA and JIA106;107 and, because of their unique features 

HSPs are very immunogenic108–110. Therefore, these antigens are good candidates for mucosal 

tolerization in autoimmune disease, since they trigger T cell responses and are highly present at 

the site of inflammation. Moreover, studies with cells from JIA patients suggest that HSPs might 

have a natural role in controlling inflammation via the induction of regulatory responses111–114.

Several HSP family members have been shown to be protective upon mucosal administration 

in experimental arthritis, even in already established disease115, probably via the induction of 

Treg116;117. Moreover, nasal administration of a mycobacterial HSP peptide inhibited adjuvant 

arthritis, but also arthritis induced by an unrelated, non-microbial stimulus118. Thus, HSPs 

suppress experimental arthritis irrespective of the initial trigger and are effective in already 

established disease. This makes them suitable for therapeutic application in human arthritis. 

Studies with OM-89, an extract of Escherichia coli used for the treatment of RA, provide the first 

evidence that HSP could be effective in the treatment of human arthritis. Multicentre placebo-

controlled trials with OM-89 showed that it ameliorates RA with few side effects119;120. Later 

on, analysis of the OM-89 content revealed that it contained HSP121 and oral administration 

in animal models led to HSP-directed T cell responses122. Therefore, HSP is thought to be 

responsible for the therapeutic effect of OM-89 in arthritis. More direct evidence comes from 

a pilot Phase II trial with a peptide derived from E. coli HSP, dnaJP1. Oral administration of this 

peptide in RA patients was well tolerated and led to enhanced IL-4 and IL-10, and reduced TNFα 

and IFNg production towards the peptide. Furthermore, dnaJP1-induced expression of FOXP3 

in CD25bright cells was increased following treatment123. Subsequently, the clinical efficacy of this 

approach was studied in a placebo-controlled Phase II trial enrolling 160 patients with active 

RA. Again treatment was safe and well tolerated and reduced TNFα responses towards dnaJP1 

were found. Furthermore, a difference in the ACR20 and ACR50 score between treatment and 

placebo groups suggested clinical efficacy124.

indirecT approacHes To enHance Treg funcTion
In addition to the above-described strategies that target the Treg population directly, indirect 

approaches can also be taken to enhance Treg function in patients with autoimmune disease. 

These include reducing the proinflammatory environment and enhancing responsiveness of 

effector cells to suppression.
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inhiBiTion of proinflammaTory cyTokinEs
As described above, the in vivo proinflammatory environment at the site of inflammation 

in patients with autoimmune disease can have profound negative effects on Treg function. 

Therefore, dampening the ongoing inflammation, for instance by inhibiting proinflammatory 

cytokines, can indirectly lead to better Treg-mediated suppression. This is clearly shown by 

two studies that examined Treg function in RA patients before and after anti-TNFα (infliximab) 

therapy. Both studies reported impaired Treg function before therapy, which was completely 

restored after infliximab treatment22;27. Probably, neutralizing the high TNFα levels in these 

patients directly reduced the down-regulating effect of TNFα on Treg27, thereby restoring their 

suppressive function. However, it is also possible that, instead of reconstituting the suppressive 

function of already existing Treg, anti-TNFα therapy actually induced a new Treg population 

with enhanced regulatory potential125.

Enhancing ThE rEsponsivEnEss of EffEcTor cElls To supprEssion
Indirect improvement of Treg function can also be achieved by enhancing responsiveness 

of effector cells to suppression. In Type 1 diabetes, inflammatory bowel disease and lupus, 

effector cells are refractory to inhibition by Treg126–129. Also in the SF of JIA and RA patients, 

effector cells appear to be less responsive to suppression compared with their peripheral 

blood counterparts20;26. Elucidating the cause of this resistance to suppression and subsequent 

targeting will enhance Treg-mediated inhibition and restrict uncontrolled activation of 

effector cells. Several studies suggest that this can, at least partially, be achieved by blocking 

the production of proinflammatory cytokines. In experimental autoimmune encephalomyelitis 

(EAE), it was found that Treg isolated from the CNS could suppress effector cells from the 

spleen, but failed to inhibit effector cells isolated from the site of inflammation. When 

analysing these CNS effector cells, they were found to produce high levels of IL-6 and TNFα. 

Furthermore, adding both these cytokines to naive effector cells reversed their responsiveness 

to suppression. Thus, the increased resistance of effector cells at the site of inflammation in 

EAE mice is caused by TNFα and IL-6 produced by these cells130. Another study describing the 

negative effects of IL-6 on Treg-mediated suppression also found that IL-6 acts on effector cells 

rather than on Treg33. Similarly IL-7, known to reduce Treg-mediated suppression, is expected 

to target effector cells as well34, since expression of the IL-7 receptor (CD127) is low on Treg131. 

Therefore, blocking these proinflammatory cytokines will reduce the resistance of effector 

cells to suppression and thereby enhance control of inflammation by Treg.

combinaTion THerapy
So far, we have described multiple approaches that can be taken to target Treg function in 

patients with autoimmune disease (Figure 1), including direct, antigen-specific induction of Treg 

by tolerization with self-antigen. In addition, inhibition of the inflammatory response increases 

the responsiveness of effector cells to suppression and reduces the down-regulating effect of 

proinflammatory cytokines on Treg, thereby indirectly enhancing Treg function. It is therefore 

expected that clinical outcome can be enhanced by a combination of both these direct and 
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Figure 1 | Methods of enhancing Treg function in arthritis patients. Treg can be enhanced in arthritis 
patients via different methods: A, isolation and ex vivo expansion of natural Treg or B, in vitro induction of 
Treg from non-Treg (n-Tr), followed by reinfusion into the patient; C, in vivo induction and expansion of 
Treg by anti-CD3 antibodies (aCD3), HADC inhibitors (HADCi) and neuropetides, such as VIP; D, mucosal 
tolerization with self-antigen, preferably HSP; E, indirect improvement of Treg function by enhancing the 
responsiveness of effector cells to suppression and blocking proinflammatory cytokines.

indirect strategies. This is nicely illustrated by a study in which antigen-specific induction of 

Treg was combined with anti-TNFα therapy in adjuvant arthritis. Both nasal administration of 

HSP60 peptide as well as a single dose of anti-TNFα (etanercept) treatment, led to a small and 

insignificant reduction in arthritis scores. However, combining the two therapies resulted in 

a highly significant improvement of disease, as shown by lower arthritis scores and reduced 

joint destruction132. In addition, in several models of autoimmune diabetes, mucosal tolerization 

with islet antigen induced Treg and prevented development of disease, but was incapable of 

reversing established disease. Bresson et al.133 now show that, when combined with a suboptimal 

dose of anti-CD3 therapy, intranasal administration of proinsulin peptide reverses recent-onset 

diabetes. Also in humans there is evidence for enhanced effectiveness of Treg induction, when 

combined with anti-inflammatory treatment. In the previously described trial with dnaJP1 in RA 

patients a synergistic clinical effect was found in patients receiving HCQ, a drug with potent 

anti-inflammatory properties124. Together, these data clearly demonstrate that combining Treg 
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induction with anti-inflammatory treatment enhances clinical outcome. In addition to increased 

effectiveness, dampening the ongoing inflammation might also be crucial in preventing adverse 

effects, as it has been shown that in a proinflammatory environment TGFb produced by Treg 

drives Th17 differentiation37;134 and Treg can convert into Th17 cells themselves35–37.

auTologous bone marrow TransplanTaTion as a mulTifacTorial THerapeuTic 
approacH
One very powerful therapy applied for the treatment of refractory autoimmune disease is 

autologous bone marrow transplantation (aBMT). The idea of using aBMT in the treatment 

of autoimmunity stems from observed remission in patients transplanted for co-existing 

haematological malignancies and from efficacy in experimental models135. Initially, the 

mechanism of action was thought to depend on the elimination of autoreactive lymphocytes 

by intensive immune ablation, followed by the development of a new tolerant lymphocyte 

population after aBMT. However, more recently it has become clear that induction of Treg is 

also important in the clinical efficacy of aBMT136. aBMT has been used in the treatment of RA and 

systemic JIA patients who are unresponsive to other treatments135;137. Especially in systemic JIA 

patients, this approach has been successful, leading to long-lasting, drug-free remission in 53% 

of the patients and a partial response in 18% of patients137. In a follow-up study of JIA patients 

receiving aBMT, it was demonstrated that in addition to a more tolerogenic response observed 

in effector T cells, Treg were affected as well. The low Treg levels before treatment were 

restored after aBMT and even after long-term follow-up the numbers of Treg were significantly 

increased compared with pre-treatment138.

The importance of Treg in aBMT has also been investigated in experimental models of 

autoimmune disease. In EAE, pseudo-autologous BMT prevented relapses and resulted in 

increased levels of CD25bright cells and FOXP3 mRNA expression139 and in CIA, co-transfer of 

purified Treg with the graft enhanced clinical outcome18. Furthermore, in proteoglycan-induced 

arthritis, it was found that depletion of CD25+ Treg after pseudoautologous BMT abrogated 

disease remission induced by aBMT140. This last result clearly demonstrates a key role for Treg in 

the clinical efficacy of aBMT, next to elimination of autoreactive T cells and reduced inflammation, 

caused by immune suppression. aBMT is therefore a good example of how a multifactorial 

approach targeting Treg, effector T cells and ongoing inflammation is highly effective, even in 

the treatment of severe, systemic autoimmunity. It also shows that intensive immune ablation 

followed by aBMT provides an environment that is optimally suited for the development of Treg 

and might provide a window of opportunity for the induction of antigen-specific Treg.

concLusion
Treg play a critical role in controlling autoimmune disease and several strategies are now being 

explored to target these cells for therapeutic purposes. For patients with RA and JIA, Treg provide 

a valuable new treatment option, since current therapies, such as anti-TNFα therapy, cause a 

rather general immune suppression and do not induce sustained remission. As a result, side effects 
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occur and life-long treatment is required. To enhance Treg function, the cells can be expanded 

and induced in vitro followed by adoptive transfer. However, these protocols have severe 

drawbacks, especially the risks associated with conversion of Treg into effector cells, and the costs 

and complexities associated with cellular therapy. Alternatively, Treg can be induced in vivo by 

immunomodulatory compounds and some of these agents have already been tested in patients.

Also, to avoid risks associated with general immune suppression, antigen-specific 

induction of Treg provides a potential safe and efficient approach, for which HSPs are promising 

candidate antigens. These proteins induce Treg that specifically recognize antigen at the site of 

inflammation, thereby avoiding systemic immune suppression. Clinical trials have shown that 

HSP treatment is safe and induces clinical improvement. Since the majority of studies indicate 

that Treg are not deficient in arthritis patients, but are functionally compromised by their 

proinflammatory environment, the efficacy of this approach can be optimized by inhibiting 

the ongoing inflammation in these patients. This is illustrated by a synergistic effect of Treg 

induction and anti-inflammatory treatment in both patients and experimental models. When 

combined with HSP treatment, only a single dose of anti-TNFα therapy is sufficient to reduce 

pathology in experimental arthritis. The possibility of lowering the dose of anti-inflammatory 

treatment will have great impact on patient care, since it reduces the side effects associated 

with life-long drug administration. Therefore, Treg targeted approaches may significantly add 

to therapies that are in the clinic for arthritis today and deserve thorough future investigation.

keY Points

•	 Treg are attractive targets for immune modulation in RA and JIA

•	 Antigen-specific induction of Treg will reduce side effects associated with 

general immune suppression

•	 Combination therapy has enhanced clinical efficacy and reduces the risk of 

adverse effects
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3Human ReGuLatoRY t ceLL suPPRessiVe 
Function is indePendent oF aPoPtosis 

induction in actiVated eFFectoR t ceLLs



Hum
an Treg do noT induce Teff apopTosis

3

abstRact

background
CD4+CD25+FOXP3+ regulatory T cells (Treg) play a central role in immune balance and prevent 

autoimmune disease. One outstanding question is how Treg suppress effector immune responses 

in human. Experiments in mice demonstrated that Treg restrict effector T cell (Teff) responses by 

deprivation of the growth factor IL-2 through consumption, resulting in apoptosis of Teff.

principal findings
In this study we investigated the relevance of Teff apoptosis induction for human Treg function. 

To this end, we studied naturally occurring Treg (nTreg) from peripheral blood of healthy 

donors, and, to investigate Treg function in inflammation in vivo, Treg from synovial fluid 

(SF) of juvenile idiopathic arthritis (JIA) patients (SF-Treg). Both nTreg and SF-Treg suppress 

Teff proliferation and cytokine production efficiently as predicted. However, in contrast with 

murine Treg, neither nTreg nor SF-Treg induce apoptosis in Teff. Furthermore, exogenously 

supplied IL-2 and IL-7 reverse suppression, but do not influence apoptosis of Teff.

significance
Our functional data here support that Treg are excellent clinical targets to counteract 

autoimmune diseases. For optimal functional outcome in human clinical trials, future work 

should focus on the ability of Treg to suppress proliferation and cytokine production of Teff, 

rather than induction of Teff apoptosis
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intRoduction
CD4+CD25+FOXP3+ regulatory T cells (Treg) are of critical importance for maintenance of 

immune homeostasis, as numerous experimental mouse models for autoimmune diseases 

correlate the presence of functional Treg with amelioration of disease severity1;2. In humans 

Treg also play an important role in immune balance, since patients lacking functional Treg, 

due to loss-of-function mutations in the transcription factor FOXP3, suffer from severe 

generalized autoimmune disease; immune dysregulation, polyendocrinopathy, enteropathy, 

X-linked (IPEX) syndrome3;4. In addition, in human autoimmune diseases, like juvenile idiopathic 

arthritis (JIA), negative correlations are found between the presence of regulatory T cells and 

disease severity5. Therefore, Treg are considered an important therapeutic target for a large 

range of human immune mediated diseases, and ongoing clinical trials attempt to modulate 

the population of Treg and thereby restore immune balance. For example, in diabetes mellitus 

type 1, patients were treated with anti-CD3 antibodies in order to enhance Treg function, which 

resulted in clinical improvement and increased residual b-cell function6;7. Moreover, in a clinical 

trial applying cord blood transplantation in patients suffering from haematological cancer, 

infusion of donor-derived Treg is tested to prevent or reduce Graft versus Host Disease (GvHD) 

(NCT00602693, www.clinicaltrials.gov). 

Despite these potentially far-reaching applications of Treg in humans, questions remain with 

regard to the underlying mechanisms of Treg action, particularly in humans. Treg may suppress 

effector cells either through cell-cell contact, the production of suppressive cytokines, and/

or through the consumption of cytokines and growth factors such as IL-28. It is clear that IL-2 

in many aspects is crucial for Treg function9;10. For one, it is required for Treg expansion, and 

regulates FOXP3 expression11;12, and it is also indispensable for Treg mediated suppression13. On 

the other hand, FOXP3 suppresses IL-2 transcription, by binding to the IL-2 promoter14;15. As a 

result Treg do not produce IL-2, and may even act as a ‘sink’ for IL-2. Thus, competition for IL-2 

between effector T cells (Teff) and Treg, which express a higher level of IL-2Rα chain (CD25) 

compared to Teff, may counteract proliferation of Teff16;17. Accordingly, Pandiyan et al. recently 

showed that in mice Treg consume IL-2 and thereby induce apoptosis in the Teff population18;19. 

This mechanism of apoptosis through cytokine deprivation was responsible for the suppressive 

function of Treg. Consistently, IL-2 and other IL-2Rg-chain binding cytokines, such as IL-7, were 

able to overcome cell death18, and, in earlier reports, have been shown to interfere with both 

murine and human Treg-mediated suppression17;20.

We aimed to determine whether apoptosis induction via cytokine consumption by 

Treg is an important mechanism for human Treg-mediated suppression of Teff. As it is not 

fully understood how human Treg mediate their suppressive action on Teff, we studied the 

suppressive capacity and induction of apoptosis by naturally occurring Treg from peripheral 

blood and compared it to, assumedly in vivo activated Treg from an inflammatory site, the SF, 

of JIA patients. Our findings demonstrate that apoptosis induction in Teff is not important for 

human Treg mediated suppression.
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mateRiaLs and metHods

eTHics sTaTemenT
This study was conducted according to the principles expressed in the Declaration of Helsinki. 

The study was approved by the Institutional Review Board of the UMC Utrecht. All patients 

provided written informed consent for the collection of samples and subsequent analysis.

cells, medium and reagenTs
Peripheral blood mononuclear cells (PBMC) were isolated from peripheral blood of healthy 

volunteers and JIA patients and SF mononuclear cells (SFMC) from SF of JIA patients, 

after informed consent, using Ficoll Isopaque density gradient centrifugation (Amersham 

Biosciences, NJ, USA). RPMI 1640 containing 10 mM HEPES (Seromed), 2 mM L-glutamine 

100 U/ml penicillin-streptomycin and 10% human AB serum was used as culture medium (all 

Invitrogen, Carlsbad, USA). Where indicated, IL-2 (1000 U/ml (= 60 ng/ml), Chiron, Uxbridge, 

UK) or IL-7 (10 ng/ml, PeproTech Inc, Rocky Hill, NJ, USA), were added.

suppression assay
CD4+CD25- effector T cells (Teff), were magnetically isolated from PBMC using a CD4 T Lymphocyte 

Enrichment Set (BD Biosciences). Subsequently, CD25+ T cells were depleted using CD25 

Magnetic Particles (BD Biosciences). All magnetic cell isolations were performed according to the 

manufacturer’s instructions. CD4+CD25- T cells were labeled with 3 mM CFSE for 10 min at 37°C and 

extensively washed. 25.000 Teff (Teff) were plated into anti-CD3-coated wells (OKT3, 1.5 mg/ml), 

and to control for higher cell numbers in co-cultures (crowdedness) 50.000 Teff were plated 

(Teff + Teff). CD4+CD25+CD127- T cells were sorted as Treg from PBMC37;38 (with an average of 58% 

FOXP3+ cells ± 13% SD) or SFMC39 (with an average of 24% FOXP3+ cells ± 12% SD) by FACS Aria (BD 

Biosciences) and added in different ratios to Teff. T cell depleted, irradiated autologous PBMC 

(3500 Rad) were used as Antigen presenting cells (APCs), 30.000 per well. Cells were cultured 

for 5 days and proliferation was measured by flow cytometry on a FACS Calibur (BD Biosciences). 

The levels of FOXP3+ cells in CD4+CD25+CD127low T cells directly isolated from PBMC or SFMC were 

lower than expected. This is due to an underestimation of the percentage of FOXP3+ cells (See 

Supplementary Figure 4). All data were analyzed using Cellquest software.

flow cyTomeTry sTaining
To determine levels of apoptosis, cells were stained with Annexin V PE and 7-AAD, using a staining 

kit according to the manufacturer’s instructions (all BD Biosciences). CFSE+ cells were gated to 

determine cell death within the Teff population. For FOXP3 analysis, PBMC were washed twice in FACS 

buffer (PBS containing 2% FCS and 0.1% sodium azide), adjusted to 0.5-1x106 cells/ml in FACS buffer 

and blocked with mouse serum (5 minutes at 4°C). Subsequently, the cells were incubated in 50 ml 

FACS buffer containing appropriately diluted PE, FITC or PerCP labeled mAbs against human CD4 

(clone RPAT4), CD25 (clone 2A3), CD127 (clone hIL-7R-m21), all from BD Biosciences. For intranuclear 

staining of APC or Pacific Blue FOXP3 (clone PCH101), V450 FOXP3 (clone 259D, BD Bioscience) or 
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Isotype Control, the cells were first surface stained, then fixed, permeabilized and stained using the 

FOXP3 staining kit (eBioscience) according to the manufacturer’s instructions. Cells were analyzed 

on a FACS Calibur (BD Biosciences). All data were analyzed using Cellquest software.

analysis of cyTokine producTion by mulTiplexed parTicle-based flow 
cyTomeTric assay
Cell culture supernatants were collected, stored at -80°C and processed within 1 month. Cytokine 

concentrations were measured with the Bio-Plex system in combination with the Bio-Plex 

Manager software, version 4.0 (Bio-Rad Laboratories, Hercules, CA, USA), which employs the 

Luminex xMAP technology as previously described40. The following cytokines were measured: 

IL-2, IL-5, IL-7, IL-10, IL-13, IL-17, tumor necrosis factor α (TNFα), and interferon g (IFNg).

sTaTisTical analysis
For statistical analysis of multiple groups One-way ANOVA or nonparametric ANOVA; Kruskal-

Wallis test, were used. Bonferroni or Dunn’s Multiple Comparison Test post test were used, to 

compare between 2 selected groups. To compare between two groups, non-parametric T test, 

Mann Whitney was used. P values below 0.05 were considered significant.

ResuLts

nTreg are HigHly suppressive wiTHouT inducing apopTosis in Teff
We first established that human Treg inhibit proliferation of activated Teff. CFSE labeled Teff 

were co-cultured for 5 days with a graded amount of CD4+CD25+CD127low naturally occurring 

Treg (nTreg), in 200 ml culture medium, and suppression of Teff proliferation and induction of 

Teff apoptosis were determined. As expected, nTreg inhibited proliferation of Teff, as measured 

by decreased CFSE dilution in Teff cells (Figure 1 A). This suppression of proliferation increased 

with titrated amounts of Treg in the culture, in a dose-dependent manner (Figure 1 B).

 Next, cells from the same co-cultures were stained with 7-AAD and Annexin V and gated 

on CFSE+ cells (See Supplementary Figures 1 A and B) to determine apoptosis in Teff. Only few 

apoptotic cells were found in cultures with Teff only, and the percentage of apoptotic cells did 

not increase upon the presence of more nTreg (Figures 1 C and D), which was similar for the 

absolute number of apoptotic cells (Figure 1 E). Thus under normal culture conditions, human 

nTreg do not induce apoptosis in Teff, while efficiently suppressing Teff proliferation.

 We hypothesized that if cytokine consumption by Treg in the vicinity is responsible 

for apoptosis in Teff, culture of the same number of Teff and Treg in a smaller volume should 

enhance suppression mediated by apoptosis induction. Therefore, all further cultures were 

performed in 75 ml instead of 200 ml medium. Under these conditions the level of suppression 

was higher (up to 65% average at a 1-1 ratio) compared to normal culture conditions (up to 48% 

average at a 1-1 ratio) (Figure 1 F). Furthermore, a larger number of Teff became apoptotic (up 

to 750 Annexin V+7-AAD+ cells average for Teff + Teff) (Figure 1 H), but in the co-cultures with 

nTreg the percentage of apoptotic cells only slightly increased (Figure 1 G), and the number of 
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apoptotic Teff even decreased (Figure 1 H). Although we show a low up-regulation of Annexin V 

on highly activated cells (Supplementary Figure 3 A), the level of apoptosis per cell division was 

independent of the presence of Treg (Supplementary Figure 5). To establish that day 5 was the 

appropriate time point to measure apoptosis in our assays, we also measured cell death on day 3 

and 4. Consistently, on day 3 and 4 hardly any apoptosis was seen (Supplementary Figures 1 C and 

D). Furthermore, we show that Teff in our assay are able to go into apoptosis, by titrating Sheath 

Fluid (BD Biosciences), containing ethanol into cultures with Teff (Supplementary Figures 2 A and 

B), causing Teff apoptosis in a dose-dependent manner. Thus, apoptosis induction does not occur 

in Teff + nTreg co-cultures, whereas high levels of suppression are reached. Altogether, these data 

clearly demonstrate that apoptosis induction is not important for nTreg mediated suppression.

il-2 and il-7 overcome suppression, wiTHouT influencing apopTosis
In mice, cytokine consumption was suggested to be pivotal for Treg-mediated apoptosis in 

Teff and suppression. Therefore, we investigated whether absence of IL-2Rg-chain binding 

cytokines plays a role in the induction of apoptosis in Teff and suppression by human nTreg. In 

co-cultures of Teff and nTreg we observed a clear decrease in IL-2, as well as other cytokines 

important for Teff function; IL-5, IL-13, IL-10, IFNg, TNFα, but not IL-17 (Figures 2 A and C; upper 

panel). This lack of IL-17 suppression could be due to a resistance of Th17 cells to Treg mediated 

suppression21;22. The decrease of cytokines in the culture medium in the presence of Treg could 

be due to either a general suppression of Teff cytokine production, or to cytokine consumption. 

To investigate this further, we studied whether exogenously added cytokines could affect 

apoptosis induction of Teff, or suppression of proliferation and cytokine production by Teff. 

When high concentrations of exogenous IL-2 or IL-7 were added, proliferation of Teff cells 

increased (data not shown). Furthermore, suppression of Teff proliferation was abrogated in 

all co-culture ratios (Figure 2 B), which is in line with studies describing abrogation of Treg-

mediated suppression by IL-2 and IL-7, by either Teff stimulation, or, in case of IL-2, abrogation 

of Treg anergy17;20;23–25. The high levels of IL-2 or IL-7 abrogated nTreg-mediated suppression 

of cytokine production by Teff as well (Figure 2 C and Supplementary Table 1). Furthermore, it 

seems that both IL-2 and IL-7 increase cytokine production of Treg, which may have contributed 

Figure 1 | Naturally occurring Treg suppress Teff proliferation, but do not induce apoptosis. A-E, Cells were 
cultured in 200 ml medium for 5 days (n = 3). A, Proliferation of Teff measured by flow cytometry cultured 
alone (left panel) or in co-culture with naturally occurring Treg (1-1) (right panel). 1 representative example 
is shown. B, Level of suppression of Teff proliferation calculated for several ratios of Teff + Treg and Teff + 
Teff (ratio 1-1), compared to culture of Teff alone (suppression = 0%). C, Apoptotic Teff cells (CFSE+) were 
measured after 7-AAD and Annexin V staining by flow cytometry. Percentage of apoptosis in Teff cultured 
alone (left panel) and in co-culture with Treg (1-1) (right panel). 1 representative example is shown. D, 
Average percentage, and E, absolute number, corrected for cell input, of apoptotic Teff expressing 7-AAD 
and Annexin V for several co-culture ratios of Teff + Treg, Teff + Teff (ratio 1-1) and Teff alone. F-H, Cells 
were cultured in 75 ml medium for 5 days (n = 9). F, Level of suppression of Teff proliferation calculated for 
several ratios of Teff + Treg and Teff + Teff (ratio 1-1), compared to culture of Teff alone (suppression = 0%). 
G, Average percentage and H, absolute number, corrected for cell input, of apoptotic Teff cells expressing 
7-AAD and Annexin V for several co-culture ratios of Teff + Treg, Teff + Teff (ratio 1-1) and Teff alone (n = 9). 
Error bars represent means ± SEM., *P < .05, #P < .01, $P < .001.

▶
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to abrogation of suppression. In contrast, although the percentage of apoptotic cells seems to 

decrease (Figure 2 D and Supplementary Figure 3 B), IL-2 and IL-7 did not decrease numbers 

of apoptotic Teff in co-cultures, instead the number of apoptotic cells was even significantly 

increased (Figure 2 E). Thus, IL-2Rg-chain binding cytokines prevent suppression of Teff 

proliferation and cytokine production, but this is not accompanied by a reduction in apoptosis. 

Although we cannot conclude from these data whether cytokine consumption is involved, this 

emphasizes that nTreg mediated suppression is independent of apoptosis induction in Teff.

apopTosis inducTion in Teff is irrelevanT for Treg funcTion in inflammaTion
Last, we wished to establish the relevance of our finding to human Treg function in ongoing 

inflammation. Therefore, we studied Treg from within a chronically inflamed environment, 

the SF of JIA patients (SF-Treg). In SF, Treg are abundantly present and highly activated, due 

to the chronic inflammation. Furthermore, Teff from SF probably have a different activation 

state, which may contribute to the ongoing inflammation in JIA. To make a reliable comparison 

between Treg from the peripheral blood and Treg from the site of inflammation, it is therefore 

preferable to use the same Teff population in all assays. Therefore, we co-cultured SF-Treg 

with Teff obtained from peripheral blood of the same patient in 75 ml medium. Probably due 

a different cellular composition, which may be caused by contaminating activated T cells, 

suppression of Teff proliferation by SF-Treg was less compared to nTreg (Figures 3 A and B), 

whereas suppression of Teff cytokine production was similar to nTreg (Figures 3 C and D, see 

also Supplementary Tables 2 and 3). Still, similar as for nTreg, despite a slight increase in the 

percentage of apoptotic cells, a decreased number of apoptotic Teff was found in the presence 

of SF-Treg (Figures 3 E and F). Altogether, even Treg from an inflammatory environment do not 

induce apoptosis in Teff cells to achieve suppression of Teff.

discussion
Pivotal studies in mice models have pointed out that Treg are indispensable for the 

maintenance of peripheral immune tolerance. Also in humans a similar role of Treg is likely, 

prompting discussions about their clinical applicability. Though comparable in many aspects, 

Figure 2 | Exogenous IL-2 and IL-7 decrease suppression of Teff proliferation and cytokine production, but 
do not decrease apoptosis. Cells were cultured in 75 ml medium for 5 days A, Levels of cytokines present 
in culture medium on day 5 of culture in several co-culture ratios of Teff + Treg, Teff + Teff (ratio 1-1) and 
Teff alone (n = 9). B, Level of suppression of CFSE+ Teff proliferation calculated for several ratios of Teff + 
Treg, Teff + Teff (ratio 1-1) and Teff alone (suppression = 0%) cultured without (black bars), or with IL-2 
(white bars) or IL-7 (grey bars). Suppression was calculated by comparing co-cultures with Teff alone with 
equal cell culture conditions. C, Mean levels of cytokines present in culture medium on day 5 of culture 
in medium (-), with addition of IL-2 (IL-2) or IL-7 (IL-7). A color profile of the means was made to show 
the differences between culture conditions (see also Supplementary Table 1). D, Average percentage and 
E, absolute number, corrected for cell input, of apoptotic CFSE+ Teff cells expressing 7-AAD and Annexin V 
in several co-culture ratios of Teff + Treg, Teff + Teff (ratio 1-1) and Teff alone cultured without, or with IL-2 
or IL-7. (B-E, n = 5). Error bars represent means ± SEM., *P < .05, #P < .01, $P < .001.
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Figure 3 | Synovial fluid-derived Treg suppress Teff proliferation and cytokine production, but do not 
induce apoptosis. Cells were cultured in 75 ml medium for 5 days. A, Proliferation of CFSE+ Teff measured by 
flow cytometry cultured alone (left panel), or in co-culture with SF-Treg (1-1) (right panel). 1 representative 
example is shown. B, Level of suppression of CFSE+ Teff proliferation calculated for several ratios of Teff 
+ SF-Treg and Teff + Teff (ratio 1-1), compared to culture of Teff alone (suppression = 0%). C, Levels of ▶
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several differences between mouse and human Treg phenotype, function and mechanisms of 

suppression have been identified in the past few years. For instance, the expression of FOXP3 

seems to be a more consistent marker for functional Treg in mice, than it is in humans26–28. 

As for mechanisms of suppression, IL-35 production by Treg is important for suppression in 

mice29, while IL-35 is not even expressed by human Treg30. Since Treg are currently tested for 

therapeutic applications in humans, it is especially important to determine to what extend 

results obtained in mice can be translated to human Treg. 

Recently, Pandiyan et al.18 exemplified a new mechanism of action of Treg in mice, namely their 

capacity to induce apoptosis in Teff, based on specific cytokine consumption as Treg can consume 

IL-2 produced by Teff. Also, addition of IL-2 to co-cultures of Teff and Treg prevented apoptosis 

of Teff. Though they did not directly show that addition of IL-2Rg-chain binding cytokines, which 

diminished apoptosis, also prevented suppression in vitro, in vivo they did find that induction of 

Teff apoptosis is indeed important for Treg function. Furthermore, previous reports show that 

suppression in vitro by murine Treg is prevented by addition of IL-2Rg-chain binding cytokines17. 

Our current data show some similarities between the mouse and human system, but also reveal 

an essential difference between mouse and human Treg; human Treg function is not mediated by 

apoptosis of Teff. Obviously, human experiments such as these are restricted to in vitro assays, and 

only limited numbers of cells are available. However, in vitro Treg assays, similar to those used for 

mice, can be performed with human cells and compared to data obtained in experimental models. 

Similar to mice, we show that naturally occurring human Treg very efficiently suppress both 

proliferation and cytokine production by Teff, which can be reversed by addition of IL-2Rg-

chain binding cytokines. These results are consistent with earlier reports on human and murine 

Treg which show both inhibition of Teff IL-2 mRNA production, as well as Teff proliferation by 

Treg, and a decrease of suppression of Teff proliferation by addition of high levels of exogenous 

IL-217;31;32. Also, Treg derived from a highly inflammatory environment, from inflamed joints of JIA 

patients, suppress Teff proliferation and cytokine production. Obviously, mouse splenocytes 

differ in many aspects from human PBMC33. Here we show that human Teff seem to be less prone 

to apoptosis than mouse Teff. When comparing cell death in cultures with only Teff, human 

Teff show hardly any apoptosis (2%), whereas mouse Teff show a higher level of apoptotic cells 

(20%)18. And, importantly, we show that suppression by human Treg does not involve induction 

of apoptosis in Teff; the absolute numbers of apoptotic cells decrease in the presence of Treg.

IL-2 is an important cytokine for Treg function, both in mice and humans. However, we do not 

find a decrease of apoptosis in Teff upon addition of IL-2. This may again be due to the low level 

of apoptosis in Teff in general. However, it could also be explained by the fact that Teff do not 

cytokines present in culture medium on day 5 of culture in several co-culture ratios of Teff + SF-Treg, 
Teff + Teff (ratio 1-1) and Teff alone. D, Mean levels of cytokines present in culture medium on day 5 of 
culture. A color profile of the means was made to show the differences between culture conditions (see 
also Supplementary Table 2). E, Average percentage and, F, absolute number, corrected for cell input, of 
apoptotic CFSE+ Teff for several co-culture ratios of Teff + SF-Treg, Teff + Teff (ratio 1-1) and Teff alone (B-E, 
n = 3). Error bars represent means ± SEM.
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necessarily require IL-2 to survive or become activated. This is confirmed by recent data obtained 

by in vitro tests on peripheral blood cells from a specific group of IPEX patients. In these patients 

Teff produce only low levels of IL-2 and, remarkably, the deficit in Treg function can be overcome 

by addition of IL-2 to cell cultures. Thus, the in vivo lack of Treg function could be explained by 

the decreased production of IL-2 by Teff in these IPEX patients3;34. Altogether, this suggests that in 

humans IL-2 is very important for Treg function, but is not required for Teff survival and function, 

as these Teff, despite low IL-2 production, are still highly activated and causing disease. 

We show here, in line with earlier publications, that addition of IL-2 and IL-7 abrogates 

suppression of both Teff proliferation and cytokine production. This could be due to higher 

activation of Teff, as Teff cultured alone proliferate more and produce more cytokines in the 

presence of IL-2 and IL-7, or, in case of IL-2, to abrogation of Treg anergy. In addition, we do 

not find a decrease of the added IL-2 in these cultures with Treg present. This suggests that IL-2 

is not consumed by the Treg, although we cannot exclude that the level of exogenous IL-2 is 

simply too high to detect consumption by Treg. 

In conclusion, we here point out an important difference between human and murine 

Treg function: human Treg do not induce apoptosis in Teff to achieve suppression. With these 

data we emphasize that experimental data from mouse models should be carefully validated 

in human cells to identify discrepancies, and to ensure that further therapeutic applications 

are efficient and safe. This does not mean that Treg are less valuable targets for intervention. 

It could even be argued that if human Treg, instead of eliminating Teff by inducing apoptosis, 

render Teff either anergic, or even turn them into suppressor cells themselves35;36, they may be 

able to exert stronger bystander suppression in an ongoing inflammatory response. 

Our functional data here support that Treg are excellent clinical targets to counteract 

autoimmune diseases. For optimal functional outcome in human clinical trials, future work 

should focus on the ability of Treg to suppress proliferation and cytokine production of Teff, 

rather than induction of Teff apoptosis.
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Supplementary Figure 1 | Proliferation and apoptosis of Teff after 3, 4, and 5 days of culture in the presence 
and absence of Treg. A, Gated CFSE+ Teff in the presence of APC (left panel) or APC + Treg (middle panel) 
after 5 days of culture. For comparison, Treg only + APC are shown as well (right panel). 1 representative 
example of n =9. B, Gated CFSE+ Teff in the presence of APC (left panel) or APC + Treg (right panel) after 3 
days of culture. For comparison, Treg only + APC are shown as well (right panel). 1 representative example of 
n= 3. C, Average percentage and D, absolute number, corrected for cell input, of apoptotic Teff expressing 
7-AAD and Annexin V for several co-culture ratios of Teff + Treg, Teff + Teff (ratio 1-1) and Teff alone after 3 
(black bars), 4 (white bars) or 5 days (grey bars) of culture (n =3). Error bars represent means ± SEM.
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Supplementary Figure 2 | Sheath Fluid, containing ethanol, dose dependently induces apoptosis in Teff. 
A, Percentage of apoptotic Teff expressing 7-AAD and Annexin V after culture for 5 days without (left 
panel), or with increasing amounts of PBS as a control (middle panel) or Sheath Fluid to induce apoptotic 
cells (right panel). 1 representative of n= 2. B, Average percentage of apoptotic Teff expressing 7-AAD and 
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represent means ± SEM.
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without additional stimuli (left panel), in the presence of 20% Sheath Fluid to induce apoptotic cells (middle 
panel) or in the presence of IL-2 or IL-7 (right panel). 1 representative example for each condition is shown. 
B, Percentage of apoptotic Teff expressing 7-AAD and Annexin V alone or in the presence of Treg (1-1), in the 
absence (left panel) or presence of IL-2 (middle panel) or IL-7 (right panel). 1 representative example of n= 5.
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A, CD25 and CD127 expression of gated CD4+ T cells. The gate used for sorting the CD4+CD25+CD127low Treg 
population is indicated. For comparison of FOXP3 expression CD4+CD25- cells were gated. 1 representative 
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(n= 4) Error bars represent means ± SEM.
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Supplementary Table 1 | IL-2 and IL-7 inhibit nTreg mediated suppression of Teff cytokine production, but nTreg 
do not consume IL-2 or IL-7

IL-2 IL- IL-5 IL-13 IL-10 IFNg TNFα IL-17

Teff
30.7 
(45.1)

0.0
(0.0)

14.6
(14.3)

112.3
(99.6)

141.4
(192.2)

367.8
(340.1)

461.2
(403.6)

773.3
(856.9)

m
ed

ium

Teff + Teff
78.3
(203.1)

0.0
(0.0)

26.7
(26.8)

142.8
(133.4)

286.4
(363.8)

828.3
(745.2)

486.8
(548.0)

2273.6
(2859.2)

10-1
7.4
(5.3)

0.0
(0.0)

14.9
(12.3)

40.2
(35.8)

46.7
(44.8)

253.6
(324.4)

232.8
(319.6)

698.6
(847.7)

5-1
2.9
(2.5)

0.0
(0.0)

14.4
(8.8)

27.2
(25.7)

59.3
(52.1)

131.2
(118.3)

202.6
(290.1)

721.4
(721.7)

2-1
2.1#

(1.7)
0.0
(0.0)

9.1
(8.8)

13.3*
(13.2)

59.8
(36.2)

17.9
(20.7)

110.5
(198.7)

393.5
(314.9)

1-1
3.5#

(6.7)
0.0
(0.0)

5.6
(4.0)

10.1*
(7.7)

61.3
(40.5)

10.9*
(13.7)

32.1
(51.3)

844.2
(973.0)

nTreg
0.6
(1.0)

0.0
(0.0)

2.2
(0.3)

0.0
(0.0)

12.3
(5.3)

0.0*
(0.0)

2.7
(3.4)

44.4
(28.4)

IL-2# IL-7 IL-5$ IL-13$ IL-10* IFNg TNFα# IL-17#

Teff
12878.2
(2170.6)

0.0
(0.0)

360.3
(177.5)

4034.3
(1244.5)

2356.2
(2832.7)

1036.7
(513.5)

1270.8
(560.8)

8328.4
(5514.3)

IL-2

Teff + Teff
8756.7
(2776.0)

0.0
(0.0)

267.6
(168.8)

2811.4
(1054.6)

1853.1
(594.7)

1478.4
(806.8)

1365.7
(985.3)

12036.4
(4362.6)

10-1
13720.8
(4420.5)

0.0
(0.0)

298.7
(150.3)

4459.9
(262.8)

860.6
(822.5)

791.3
(122.1)

1022.6
(1262.0)

9417.6
(4929.7)

5-1
11399.4
(3157.0)

0.0
(0.0)

455.1
(170.7)

3511.6
(1497.2)

885.9
(318.3)

893.5
(353.7)

697.4
(881.1)

6805.1
(5100.3)

2-1
11642.7
(6578.4)

0.0
(0.0)

625.5
(364.7)

3082.3
(612.3)

1241.2
(973.0)

663.5
(223.4)

745.1
(419.3)

10086.6
(4898.7)

1-1
6494.2
(7442.3)

0.0
(0.0)

394.5
(412.2)

1927.7
(1478.0)

2005.5
(1467.8)

513.6
(426.8)

509.0
(442.6)

9473.2
(6655.3)

nTreg
13213.0
(2457.5)

0.0
(0.0)

225.0
(184.6)

329.7#

(159.2)
2214.1
(683.9)

26.0
(4.3)

49.6
(6.4)

5922.7
(1980.1)

IL-2 IL-7$ IL-5 IL-13 IL-10# IFNg TNFα IL-17

Teff
52.0
(94.1)

2245.8
(417.7)

32.6
(11.0)

373.5
(103.5)

2114.2
(1872.5)

1126.4
(1042.2)

778.4
(293.3)

4869.1
(3014.3)

IL-7

Teff + Teff
2.5
(0.8)

983.3#

(127.1)
43.2
(14.4)

334.7
(176.4)

1854.1
(1233.8)

1486.3
(887.6)

906.4
(345.3)

5021.8
(2421.1)

10-1
2.2
(0.7)

2048.7
(557.2)

62.9
(36.9)

403.1
(100.4)

1708.6
(1795.6)

1131.3
(827.4)

662.3
(391.0)

4210.7
(2207.8)

5-1
3.0
(0.2)

2103.1
(257.6)

45.5
(34.0)

331.2
(56.9)

2049.0
(1996.1)

1205.4
(1213.2)

794.1
(286.4)

5026.6
(1879.6)

2-1
3.9
(5.3)

2479.4
(242.1)

62.8
(36.1)

282.7
(81.0)

861.4
(507.6)

570.7
(462.5)

621.3
(227.6)

3822.0
(867.8)

1-1
5.1
(5.4)

3427.8#

(655.3)
86.5
(85.1)

354.1
(128.4)

719.3
(430.3)

342.9
(305.5)

375.0
(117.4)

4396.8
(2152.9)

nTreg
1.2
(0.8)

4590.8$

(77.1)
13.8
(7.4)

38.4
(17.0)

203.3
(53.4)

2.6
(0.6)

20.5*
(2.6)

399.5
(152.2)

Cells were culture in 75 ml medium for 5 days. Mean levels of cytokines present in culture medium on day 5 of 
culture in medium (n = 9), with addition of IL-2 (n = 5), or with addition of IL-7 (n = 5). All values (mean (SD)) are 
expressed in pg/ml.  When values were compared to Teff only: *P < .05, #P < .01, $P < .001.  When cytokine values 
in cultures with IL-2 or IL-7 were compared to medium: *P < .05, #P < .01, $P < .001 (see upper row of  IL-2 and IL-7 
tables; significance is depicted per cytokine).
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Supplementary Table 2 | SF-Treg suppress Teff cytokine production

IL-2 IL-7 IL-5 IL-13 IL-10 IFNg TNFα IL-17

Teff
0.8
(0.9)

0.0
(0.0)

38.9
(38.1)

153.9
(130.3)

210.7
(168.3)

1372.5
(952.8)

380.7
(231.1)

2472.5
(1344.4)

Teff + Teff
0.6
(0.5)

0.0
(0.0)

91.5
(86.8)

284.6
(227.2)

357.9
(258.6)

1777.5
(933.6)

535.3
(166.5)

3626.2
(1693.8)

10-1
0.1
(0.1)

0.0
(0.0)

22.0
(21.4)

140.0
(189.4)

134.1
(81.9)

818.1
(1006.0)

244.5
(287.8)

1257.0
(877.1)

5-1
0.3
(0.6)

0.0
(0.0)

20.3
(17.7)

102.1
(115.5)

104.9
(58.8)

676.4
(1001.0)

202.8
(292.7)

1573.5
(1152.0)

2-1
0.1
(0.1)

0.0
(0.0)

4.8
(5.0)

22.8
(22.2)

83.9
(40.7)

383.7
(638.7)

123.5
(198.7)

940.6
(688.7)

1-1
0.0
(0.1)

0.0
(0.0)

1.3
(2.3)

7.3
(9.5)

70.0
(42.8)

105.8
(183.2)

35.0
(59.6)

487.4
(475.1)

nTreg
0.0
(0.0)

0.0
(0.0)

1.5
(2.5)

3.0
(5.1)

32.0
(24.4)

3.4
(5.9)

2.4
(4.2)

96.3
(143.6)

Cells were cultured in 75 ml medium for 5 days (n = 3). Mean levels of cytokines present in culture medium on 
day 5 of culture. All values (mean (SD)) are expressed in pg/ml. 

Supplementary Table 3 | Level of cytokine suppression for nTreg and SF-Treg

IL-5 IL-13 IL-10 IFNg TNFα IL-17

Teff 0 0 0 0 0 0

n
Treg

 level o
f sup

p
ressio

n

Teff + Teff
-158,6
(209,8)

-32,3
(62,2)

-5940,3
(16939,9)

-275,1
(416,4)

-132065,5
(396125,5)

-74842,6
(223559,2)

10-1
-209,8
(346,7)

57,1
(37,2)

-5260,9
(13951,6)

64,1
(36,1)

-2939,6
(7919,8)

-64657,3*
(170978,5)

5-1
-221,8
(258,1)

73,2
(15,7)

-1958,2
(4821,8)

78,9
(18,1)

57,2
(34,4)

-91260,8
(223069,9)

2-1
-95,6
(224,5)

78,4
(29,5)

-14056,6
(39414,3)

96,2
(4,8)

-2043,2
(6003,1)

-57914,0
(163598,7)

1-1
10,2*
(94,4)

87,2
(11,5)

-14488,1
(43205,0)

96,3
(6,2)

83,0
(32,7)

-80248,3*
(240507,0)

Teff 0 0 0 0 0 0 SF-Treg
 level o

f sup
p

ressio
n

Teff + Teff
-156.6
(45,2)

-124,5
(71,5)

-111,2
(98,6)

-44,8
(37,1)

-73,4
(90,5)

-59,0
(61,4)

10-1
42, 6
(75.8)

43,5
(70,3)

23,2
(26,8)

57,4
(36,8)

52,1
(41,7)

52,2*
(29,3)

5-1
52.2
(54.7)

57,2
(43,2)

33,9
(31,1)

68,3
(39,1)

63,3
(45,5)

43,1
(32,5)

2-1
85.6
(17,1)

90,1
(8,7)

38,5
(46,3)

83,5
(26,3)

78,4
(31,7)

65,4
(22,7)

1-1
95.5*
(7,7)

97,0
(3,5)

50,2
(37,7)

95,6
(7,7)

94,0
(9,7)

81,0*
(19,9)

In this table we show mean + (SD) level of cytokine suppression. We compare per cytokine, per co-culture 
condition whether there is a significant difference in cytokine suppression between nTreg and SF-Treg by 
Mann Whitney U test, *P < .05.

63



Hum
an Treg do noT induce Teff apopTosis

3

ReFeRences
1. You S, Leforban B, Garcia C, Bach JF, 

Bluestone JA, et al. (2007) Adaptive TGF-
beta-dependent regulatory T cells control 
autoimmune diabetes and are a privileged 
target of anti-CD3 antibody treatment. Proc 
Natl Acad Sci USA 104: 6335.

2. Rodriguez-Palmero M, Franch A, Castell 
M, Pelegri C, Perez-Cano FJ, et al. (2006) 
Effective treatment of adjuvant arthritis with 
a stimulatory CD28-specific monoclonal 
antibody. J Rheumatol 33: 110.

3. Bacchetta R, Passerini L, Gambineri E, Dai M, 
Allan SE, et al. (2006) Defective regulatory and 
effector T cell functions in patients with FOXP3 
mutations. J Clin Invest 116: 1713.

4. Le BS, Geha RS (2006) IPEX and the role of 
Foxp3 in the development and function of 
human Tregs. J Clin Invest 116: 1473.

5. De Kleer IM, Wedderburn LR, Taams LS, Patel 
A, Varsani H, et al. (2004) CD4+CD25(bright) 
regulatory T cells actively regulate inflammation 
in the joints of patients with the remitting form of 
juvenile idiopathic arthritis. J Immunol 172: 6435.

6. Keymeulen B, Vandemeulebroucke E, Ziegler AG, 
Mathieu C, Kaufman L, et al. (2005) Insulin needs 
after CD3-antibody therapy in new-onset type 1 
diabetes. N Engl J Med 352: 2598–2608.

7. Herold KC, Hagopian W, Auger JA, Poumian-
Ruiz E, Taylor L, et al. (2002) Anti-CD3 
monoclonal antibody in new-onset type 1 
diabetes mellitus. N Engl J Med 346: 1692–1698.

8. Vignali DA, Collison LW, Workman CJ (2008) 
How regulatory T cells work. Nat Rev Immunol 
8: 523–532.

9. Brandenburg S, Takahashi T, de la Rosa M, 
Janke M, Karsten G, et al. (2008) IL-2 induces 
in vivo suppression by CD4(+)CD25(+)Foxp3(+) 
regulatory T cells. Eur J Immunol 38: 1643–1653.

10. Scheffold A, Huhn J, Hofer T (2005) Regulation 
of CD4+CD25+ regulatory T cell activity: it 
takes (IL)two to tango. Eur J Immunol 35: 1336–
1341.

11. Setoguchi R, Hori S, Takahashi T, Sakaguchi 
S (2005) Homeostatic maintenance of 
natural Foxp3(+) CD25(+) CD4(+) regulatory 
T cells by interleukin (IL)-2 and induction of 
autoimmune disease by IL-2 neutralization. J 
Exp Med 201: 723–735.

12. D’Cruz LM, Klein L (2005) Development and 
function of agonist-induced CD25+Foxp3+ 

regulatory T cells in the absence of interleukin 
2 signaling. Nat Immunol 6: 1152–1159.

13. Furtado GC, Curotto de Lafaille MA, 
Kutchukhidze N, Lafaille JJ (2002) Interleukin 
2 signaling is required for CD4(+) regulatory T 
cell function. J Exp Med 196: 851–857.

14. Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim 
H, et al. (2006) IL-2 regulates FOXP3 expression in 
human CD4+CD25+ regulatory T cells through a 
STAT-dependent mechanism and induces the 
expansion of these cells in vivo. Blood 108: 1571.

15. Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA 
(2007) IL-2 is essential for TGF-beta to convert 
naive CD4+CD25- cells to CD25+Foxp3+ 
regulatory T cells and for expansion of these 
cells. J Immunol 178: 2018–2027.

16. Maloy KJ, Powrie F (2005) Fueling regulation: 
IL-2 keeps CD4+ Treg cells fit. Nat Immunol 6: 
1071–1072.

17. De la Rosa M, Rutz S, Dorninger H, Scheffold 
A (2004) Interleukin-2 is essential for 
CD4+CD25+ regulatory T cell function. Eur J 
Immunol 34: 2480–2488.

18. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo 
MJ (2007) CD4(+)CD25(+)Foxp3(+) regulatory 
T cells induce cytokine deprivation-mediated 
apoptosis of effector CD4(+) T cells. Nat 
Immunol 8: 1353.

19. Scheffold A, Murphy KM, Hofer T (2007) 
Competition for cytokines: T(reg) cells take 
all. Nat Immunol 8: 1285–1287.

20. Van Amelsfort JM, Van Roon JA, Noordegraaf 
M, Jacobs KM, Bijlsma JW, et al. (2007) 
Proinflammatory mediator-induced reversal 
of CD4+,CD25+ regulatory T cell-mediated 
suppression in rheumatoid arthritis. Arthritis 
Rheum 56: 732–742. 

21. Stummvoll GH, DiPaolo RJ, Huter EN, 
Davidson TS, Glass D, et al. (2008) Th1, Th2, 
and Th17 effector T cell-induced autoimmune 
gastritis differs in pathological pattern and in 
susceptibility to suppression by regulatory T 
cells. J Immunol 181: 1908–1916.

22. Chauhan SK, El Annan J, Ecoiffier T, Goyal 
S, Zhang Q, et al. (2009) Autoimmunity in 
dry eye is due to resistance of Th17 to Treg 
suppression. J Immunol 182: 1247–1252.

23. Koenen HJ, Fasse E, Joosten I (2003) IL-15 and 
cognate antigen successfully expand de novo-
induced human antigen-specific regulatory 

64



3

Hum
an Treg do noT induce Teff apopTosis

CD4+ T cells that require antigen-specific 
activation for suppression. J Immunol 171: 
6431–6441.

24. Earle KE, Tang Q, Zhou X, Liu W, Zhu S, et al. 
(2005) In vitro expanded human CD4+CD25+ 
regulatory T cells suppress effector T cell 
proliferation. Clin Immunol 115: 3–9.

25. Hoffmann P, Eder R, Kunz-Schughart LA, 
Andreesen R, Edinger M (2004) Large-scale in 
vitro expansion of polyclonal human CD4(+)
CD25high regulatory T cells. Blood 104: 895–903.

26. Wang J, Ioan-Facsinay A, van dV, Huizinga TW, 
Toes RE (2007) Transient expression of FOXP3 
in human activated nonregulatory CD4(+) T 
cells. Eur J Immunol 37: 129.

27. Ziegler SF (2006) FOXP3: of mice and men. 
Annu Rev Immunol 24: 209–226.

28. Tran DQ, Ramsey H, Shevach EM (2007) 
Induction of FOXP3 expression in naive 
human CD4+FOXP3 T cells by T-cell receptor 
stimulation is transforming growth factor-
beta dependent but does not confer a 
regulatory phenotype. Blood 110: 2983.

29. Collison LW, Workman CJ, Kuo TT, Boyd K, 
Wang Y, et al. (2007) The inhibitory cytokine 
IL-35 contributes to regulatory T-cell function. 
Nature 450: 566–569.

30. Bardel E, Larousserie F, Charlot-Rabiega P, 
Coulomb-L’Hermine A, Devergne O (2008) 
Human CD4+ CD25+ Foxp3+ regulatory T cells 
do not constitutively express IL-35. J Immunol 
181: 6898–6905.

31. Thornton AM, Donovan EE, Piccirillo CA, 
Shevach EM (2004) Cutting edge: IL-2 is 
critically required for the in vitro activation 
of CD4+CD25+ T cell suppressor function. J 
Immunol 172: 6519–6523.

32. Oberle N, Eberhardt N, Falk CS, Krammer 
PH, Suri-Payer E (2007) Rapid suppression of 
cytokine transcription in human CD4+CD25 

T cells by CD4+Foxp3+ regulatory T cells: 
independence of IL-2 consumption, TGFbeta, 
and various inhibitors of TCR signaling. J 
Immunol 179: 3578–3587.

33. Mestas J, Hughes CC (2004) Of mice and not 
men: differences between mouse and human 
immunology. J Immunol 172: 2731–2738.

34. Roncarolo MG, Gregori S (2008) Is FOXP3 a 
bona fide marker for human regulatory T cells? 
Eur J Immunol 38: 925–927.

35. Qiao M, Thornton AM, Shevach EM (2007) 
CD4+ CD25+ [corrected] regulatory T cells 
render naive CD4+ CD25- T cells anergic and 
suppressive. Immunology 120: 447–455.

36. Zanin-Zhorov A, Cahalon L, Tal G, Margalit 
R, Lider O, et al. (2006) Heat shock protein 
60 enhances CD4+ CD25+ regulatory T cell 
function via innate TLR2 signaling. J Clin Invest 
116: 2022.

37. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, 
et al. (2006) CD127 expression inversely 
correlates with FoxP3 and suppressive 
function of human CD4+ T reg cells. J Exp Med 
203: 1701–1711.

38. Seddiki N, Santner-Nanan B, Martinson J, 
Zaunders J, Sasson S, et al. (2006) Expression 
of interleukin (IL)-2 and IL-7 receptors 
discriminates between human regulatory and 
activated T cells. J Exp Med 203: 1693.

39. Raghavan S, Cao D, Widhe M, Roth K, Herrath 
J, et al. (2008) FOXP3 expression in blood, 
synovial fluid and synovial tissue during 
inflammatory arthritis and intra-articular 
corticosteroid treatment. Ann Rheum Dis 68: 
1908–1915.

40. De Jager W, Hoppenreijs EP, Wulffraat NM, 
Wedderburn LR, Kuis W, et al. (2007) Blood and 
synovial fluid cytokine signatures in patients 
with juvenile idiopathic arthritis: a cross-
sectional study. Ann Rheum Dis 66: 589–598.

65





Ellen J. Wehrens1, Gerdien Mijnheer1, Chantal L. Duurland1, Mark Klein1, 
Jenny Meerding1, Jorg van Loosdregt1,2, Wilco de Jager1, Birgit Sawitzki3,4, 

Paul J. Coffer1,2, Bas Vastert1, Berent J. Prakken1* and Femke van Wijk1*

* equally contributed

1 Center for Molecular and Cellular Intervention; 2 Molecular Immunology Lab, 
Department of Immunology, Wilhelmina Children’s Hospital, University Medical 
Center Utrecht, Utrecht, The Netherlands; 3 Institute of Medical Immunology; 

4 Berlin-Brandenburg Center for Regenerative Therapies, Berlin, Germany

Blood 2011;118:3538-3548

4FunctionaL Human ReGuLatoRY t ceLLs FaiL to 
contRoL autoimmune inFLammation due to 

Pkb/c-akt HYPeRactiVation in eFFectoR ceLLs



pkb/c-akT m
ediaTed resisTance of Teff To suppression

4

abstRact
During the last decade research has focused on the application of FOXP3+ regulatory T cells (Treg) 

in the treatment of autoimmune disease. However, thorough functional characterization of 

these cells in patients with chronic autoimmune disease, especially at the site of inflammation, is 

still missing. Here we studied Treg function in patients with juvenile idiopathic arthritis (JIA) and 

observed that Treg from the peripheral blood as well as the inflamed joints are fully functional. 

Nevertheless, Treg-mediated suppression of cell proliferation and cytokine production by 

effector cells from the site of inflammation was severely impaired, because of resistance to 

suppression. This resistance to suppression was not caused by a memory phenotype of effector 

T cells (Teff) or activation status of antigen presenting cells (APCs). Instead, activation of protein 

kinase B (PKB)/c-akt was enhanced in inflammatory effector cells, at least partially in response to 

TNFα and IL-6, and inhibition of this kinase restored responsiveness to suppression. We are the 

first to show that PKB/c-akt hyperactivation causes resistance of effector cells to suppression 

in human autoimmune disease. Furthermore, these findings suggest that for a Treg enhancing 

strategy to be successful in the treatment of autoimmune inflammation, resistance because of 

PKB/c-akt hyperactivation should be targeted as well.
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intRoduction
Since their discovery 15 years ago1, it is now well established that CD25+ regulatory T cells (Treg) 

are indispensable for immune homeostasis and self-tolerance. Treg suppress the activation, 

proliferation, and effector functions of a wide range of immune cells via multiple mechanisms2. 

FOXP3 has been identified as a master transcription factor, controlling both Treg development 

and functionality3;4. In addition, human Treg can be identified by high CD25 and low IL-7 

receptor (CD127) expression5;6. A critical role of Treg in controlling autoimmune responses 

is demonstrated in various animal models of autoimmune disease7. Furthermore, lack of 

functional Treg leads to severe, systemic autoimmunity in humans8;9. 

Because of their unique function, Treg are considered important for the treatment of 

autoimmune disease, and several strategies are now being explored to target these cells for 

therapeutic purposes10. However, there is still an ongoing debate whether the numbers and/

or function of Treg are changed in patients suffering from chronic autoimmune inflammation11. 

In rheumatoid arthritis (RA) and multiple sclerosis, similar Treg numbers12;13, or even enhanced 

numbers in RA14, were observed in peripheral blood (PB) of patients compared with healthy controls 

(HC). Thus, it appears that Treg numbers are not reduced in patients suffering from autoimmune 

inflammation. In addition, it remains unclear whether Treg function is impaired; some studies report 

reduced functioning of Treg in PB of patients12;13;15, whereas others have found no difference14;16. 

In addition to these discrepancies concerning Treg numbers and function in the periphery, 

characterization of Treg functionality at the site of autoimmune inflammation in humans is 

missing. High levels of Treg have been found at the inflammatory sites in patients with arthritis 

and inflammatory bowel disease and these cells can suppress CD4+CD25- effector cells in 

vitro17. Also at the site of inflammation in juvenile idiopathic arthritis (JIA), one of the most 

common childhood autoimmune diseases, we have previously shown that Treg are present 

in high numbers and suppress proliferation of CD4+CD25- effector cells in vitro18. However, in 

vivo inflammation persists despite the large numbers of Treg present, suggesting that these 

cells are defective in their ability to control the ongoing autoimmune response. This may result 

from the local proinflammatory environment, because in vitro experiments have shown that 

proinflammatory cytokines can affect both Treg function15;19-21 as well as effector T cell (Teff) 

responses22;23. These data suggest that increasing Treg numbers or enhancing their function for 

therapeutic purposes might be less effective in a chronic inflammatory environment. However, 

ex vivo data from patients with autoimmune disease are required to clarify the role of Treg at 

the site of inflammation in humans. 

Here, we studied Treg function at the site of inflammation in patients with JIA and compared 

their inhibitory potential to Treg from PB of both patients and HC. With this approach, we show 

that Treg from inflamed joints demonstrate efficient suppressive capacity similar to Treg from 

HC, but control of effector cell proliferation and cytokine production is severely impaired, 

because of resistance of Teff to suppression. This unresponsiveness to suppression is, at least 

partially, caused by hyperactivation of protein kinase B (PKB)/c-akt and can be restored by 

selectively inhibiting PKB/c-akt activation. Taken together, these findings identify resistance of 
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effector cells to suppression and, more specifically, enhanced PKB/c-akt activation of effector 

cells as a potential new target in the treatment of autoimmune inflammation.

metHods

paTienTs and HealTHy conTrols
34 patients with oligoarticular and 3 with extended oligoarticular JIA, according to the revised 

criteria for JIA24, were included in this study. All patients had active disease and underwent 

therapeutic joint aspiration at the time of sampling. Patients were between 5 and 18 years of 

age and were either untreated or treated with nonsteroidal anti-inflammatory drugs (NSAIDs), 

methotrexate (MTX), or both at the time of inclusion. Informed consent was received from 

parents/guardians or from participants directly when they were over 12 years of age. 27 volunteers 

from the laboratory with no history of autoimmune disease were included as HC. The study 

procedures were approved by the Institutional Review Board of the University Medical Center 

Utrecht (UMCU) and performed according to the principles expressed in the Helsinki Declaration.

cell isolaTion
From JIA patients, synovial fluid (SF) was collected during therapeutic joint aspiration, and, at 

the same time, blood was drawn via veni puncture or intravenous drip. Blood was collected 

from HC via veni puncture. SF mononuclear cells (SFMC) and peripheral blood mononuclear 

cells (PBMC) were isolated using Ficoll Isopaque density gradient centrifugation (GE Healthcare 

Bio-Sciences AB) and were used either directly, or frozen in FCS (Invitrogen) containing 10% 

DMSO (Sigma-Aldrich) until further experimentation.

cell culTure condiTions
Cells were cultured in RPMI 1640 supplemented with 2mM L-glutamine, 100 U/ml penicillin-

streptomycin, and 10% human AB serum or 10% FCS (all obtained from Invitrogen) in round-

bottom 96-well plates (Nunc). Cells were stimulated with 1.5 mg/ml plate-bound anti-CD3 

(clone OKT3; eBioscience) and cultured at 37°C and 5% CO2.

suppression assays
Total SFMC or PBMC were used as effector cells and cultured at 200.000 or 100.000 cells 

per well in 200 or 100 ml culture volume. CD4+ cells were isolated by magnetic cell sorting, 

using a CD4 T Lymphocyte Enrichment Set (BD Biosciences), according to the manufacturer’s 

instructions. Subsequently, CD4+CD25+CD127low Treg were sorted by flow cytometry on FACS 

Aria (BD Biosciences; Supplementary Figure 1 A). Treg were co-cultured with effector cells 

at a 1:8 and 1:4 ratio. To control for cell density, effector cells instead of Treg were added at 

a 1:4 ratio. In some experiments, PKB/c-akt inhibitor VIII (0.1 mM; Calbiochem) was added from 

the start of culture. At day 4, proliferation of effector cells was analyzed or supernatant was 

collected to measure cytokine production.
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analysis of cell proliferaTion
To measure proliferation, effector cells were labeled with 2 mM CFSE (Invitrogen) for 10 minutes 

at 37°C and extensively washed before use in suppression assays. At day 4, proliferation of 

effector cells was analyzed by flow cytometry by gating on CFSE+ cells. Proliferation of CD4+ and 

CD8+ T cells was measured by subsequently gating on CD3+ cells, followed by gating on CD4+ 

and CD8+ cells, respectively.

deTecTion of cyTokines in culTure supernaTanT, pb, and sf
Supernatant was collected from suppression assays, stored at -80°C and processed within 1 

month. Plasma was obtained by centrifugation of PB at 150g and SF at 980g for 10 minutes 

and stored at -80°C. Cytokine concentrations were measured with the Bio-Plex system in 

combination with the Bio-Plex Manager Version 4.0 software (Bio-Rad Laboratories), which 

employs the Luminex technology as previously described25.

suppression assay wiTH sorTed memory and naive Teff
To study suppression of naive and memory Teff, CD4+ T cells were isolated by magnetic 

cell sorting, using a CD4 T Lymphocyte Enrichment Set (BD Biosciences, according to the 

manufacturer’s instructions), and subsequently CD4+CD25+CD127low Treg, CD4+CD25- total Teff, 

CD4+CD25-CD45RA+CD45RO- naive Teff, and CD4+CD25+CD45RA-CD45RO+ memory Teff were 

sorted by flow cytometry on FACS Aria (BD Biosciences). Teff (25.000 cells) were cultured in 75 ml 

culture volume. Irradiated (3500 rad), autologous PBMC (30.000 cells per well) depleted of CD3+ 

cells by magnetic cell sorting with anti-human CD3 particles (BD Biosciences, according to the 

manufacturer’s instructions) were used as APCs. Treg were added at a 1:2 ratio to Teff and at day 

5 proliferation of Teff was analyzed and supernatant collected to measure cytokine production.

suppression assay wiTH sorTed apcs and T cells
To study suppression of synovial T cells in the presence of PB- or SF-derived APCs, 

CD4+CD25+CD127low Treg, CD3+ T cells, and CD3- APCs were sorted by flow cytometry on FACS 

Aria (BD Biosciences). CFSE labeled CD3+ T cells (100.000 cells per well) were cultured together 

with 100.000 unlabeled CD3- APCs in the presence of Treg at a 1:4 and 1:8 ratio. At day 4, 

proliferation of T cells was analyzed.

Tgfb suppression assay
To investigate suppression of SFMC and PBMC by TGFb, CFSE-labeled SFMC and PBMC were 

cultured in the presence or absence of 40 ng/ml recombinant human TGFb1 (Koma Biotech). 

In some experiments, PKB/c-akt inhibitor VIII (0, 0.01, 0.1, and 1mM; Calbiochem) was added 

from the start of culture. Cells were cultured for 4 or 5 days and proliferation of CD4+ T cells 

was analyzed by gating on CD3+ cells and subsequently on CD4+ cells. To study the effect of 

TNFα and IL-6 on TGFb-mediated suppression, cells were untreated or pre-treated overnight 

with TNFα (50 ng/ml), IL-6 (100 ng/ml) or both, CFSE labeled and cultured in the presence or 

absence TNFα and IL-6 with or without TGFb.
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meTHylaTion of foxp3 Treg-specific demeTHylaTed region (Tsdr)
To determine methylation of FOXP3 TSDR, male HC and JIA patients were included. DNA 

was isolated from sorted CD4+CD25+CD127low Treg, using QiaAmp DNA Mini Kit (QIAGEN). 

Demethylation of the FOXP3 TSDR was determined as previously described26.

flow cyTomeTry
To detect intracellular cytokine production, cells were stimulated for 4.5 hours with PMA 

(20 ng/ml; MP Biomedicals) and ionomycin (1 mg/ml; Calbiochem), with Golgistop (1/1500; BD 

Biosciences) added for the last 4 hours of culture. Before staining, cells were washed twice in 

FACS buffer (PBS containing 2% FCS (Invitrogen) and 0.1% sodium azide (Sigma-Aldrich)) and 

subsequently incubated with surface antibodies. After surface staining, cells were washed twice 

in FACS buffer and acquired directly, or fixed, permeabilized, and intracellularly stained using 

antihuman FOXP3 staining set (eBioscience, according to the manufacturer’s instructions). 

To stain for phosphorylated PKB/c-akt, cells were fixed, permeabilized and stained using 

BD Phosflow method according to the manufacturer’s instructions. Cells were acquired on 

FACSCalibur or FACSCanto II and analyzed using CellQuest Version 3.3 or FACS Diva Version 6.13 

software, respectively (all BD Biosciences). All antibodies used for flow cytometry are described 

in the Supplementary Information.

sTaTisTical analysis
For statistical analysis of multiple groups, 1-way ANOVA, or in case of unequal variances, 

Kruskal-Wallis test was used. Bonferroni or Dunns posthoc test were used to compare between 

selected groups and Dunnet posthoc test to compare all groups versus a control group. To 

analyze paired patient samples, paired T test, or in case of unequal variances, Wilcoxon matched 

pairs test were used. P values below 0.05 were considered significant. Statistical analysis was 

performed using GraphPad Prism Version 5.03 (Graphpad Software).

ResuLts

incompleTe suppression of T cell proliferaTion aT THe siTe of auToimmune 
inflammaTion
To study Treg function at the site of autoimmune inflammation, mononuclear cells were 

isolated from the inflamed synovium of patients with oligoarticular JIA. Consistent with previous 

reports18;19 Treg numbers were enriched at the site of inflammation in these patients (Figures 1 A 

and B), whereas Treg levels in PB did not differ between patients and HC (Figure 1 B). To investigate 

suppressive capacity, CD4+CD25+CD127low Treg were sorted by flow cytometry5;6 (Supplementary 

Figure 1 A) and functionally analyzed in in vitro suppression assays. FOXP3 analysis consistently 

revealed a high percentage of FOXP3+ cells within the sorted CD4+CD25+CD127low population, 

which did not differ between SFMC (84% ± 9.1%) and PBMC of both patients (81% ± 3.9%) and HC 

(82% ± 7.6%). However, when synovial fluid (SF) derived Treg were co-cultured with effector cells 
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Figure 1 | Treg-mediated suppression of T cell proliferation is impaired at the site of autoimmune 
inflammation. A-B, PBMC and SFMC were stained for CD4 and FOXP3 expression by flow cytometry. 
A, Dotplots showing the percentage of FOXP3+ cells within CD4+ cells in paired PBMC (left panel) and 
SFMC (right panel) of JIA patients, 1 representative of n = 16. B, Accumulative data of the percentage of 
CD4+FOXP3+ cells in PBMC of HC and paired PBMC and SFMC from JIA patients (n = 16), ***P < .001. C-E, 
CD4+CD25+CD127low Treg were sorted by flow cytometry and co-cultured with CFSE-labeled effector cells. 
At day 4, proliferation of CFSE+ effector cells was analyzed. C, Proliferation of CD4+ (left panel) and CD8+ 
(right panel) SFMC in the absence (open histograms) or presence of Treg at 1 to 4 ratio (filled histograms). 
Percentages indicate the percentage of proliferating cells, 1 representative of n = 3. D-E, Suppression of 
CD4+ (D) and CD8+ T cell proliferation (E) in the presence of Treg at a 1:8 and 1:4 ratio or additional effector 
cells (+eff) at a 1:4 ratio for PBMC from HC (black bars), PBMC from JIA patients (gray bars) and SFMC from 
JIA patients (white bars). The results show percentage of suppression in the presence of Treg or additional 
effector cells relative to effector cells cultured alone. Bars represent mean ± SEM of n = 6 PBMC HC, n = 2 
PBMC JIA, and n = 3 SFMC JIA, *P < .05, ***P < .001 compared with PBMC HC.
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and proliferation of CD4+ and CD8+ T cells was analyzed, only a minor reduction in the percentage 

of proliferating cells was observed (Figure 1 C) and this suppression of both CD4+ (Figure 1 D) and 

CD8+ T cell proliferation (Figure 1 E) was significantly reduced in SFMC (white bars) compared 

with PBMC of patients (gray bars) and HC (black bars). In contrast, no difference in suppression 

was observed between PBMC from JIA patients and PBMC from HC. To control for cell density, 

effector cells instead of Treg were added, which did not result in suppression (Figure 1 D-E; +eff). 

These data demonstrate that, locally, at the site of autoimmune inflammation, proliferation of 

both CD4+ and CD8+ T cells is poorly controlled by Treg.

DEFICIENT INHIBITION OF CELL PROLIFERATION IS CAUSED BY RESISTANCE OF EFFECTOR 
CELLS TO SUPPRESSION
Both reduced functioning of Treg as well as resistance of effector cells to suppression could play 

a role in the incomplete control of proliferation of effector cells from the site of inflammation11. 

Phenotypical analysis of paired patient samples revealed that FOXP3 content per cell (mean 

fluorescence intensity (MFI)) was increased in SF derived CD4+CD25+CD127low Treg compared with 

PB Treg (Supplementary Figures 1 B and C). In addition, the percentage of cells with demethylated 

FOXP3 TSDR was not different for Treg from SF (Supplementary Figure 1 D), suggesting that these 

cells do not display decreased stability. Other Treg markers, such as, the percentage of CTLA-4 

expressing cells (Supplementary Figure 1 E) and both the percentage of GITR expressing cells as 

well as GITR content per cell (MFI; Supplementary Figure 1 F) were enhanced in SF CD4+FOXP3+ 

Treg compared with PB Treg. Thus, SF derived Treg are stable and show enhanced expression of 

functional and activation markers suggesting that these cells are not deficient in their suppressive 

capacity. To confirm this, cross-over experiments were performed, in which SF derived Treg 

(SF-Treg) were co-cultured with PB effector cells, and vice versa. When SF-Treg were co-cultured 

with PBMC (light gray bars), inhibition of CD4+ (Figure 2 A) and CD8+ T cell proliferation (Figure 2 B) 

was completely comparable with suppression of PBMC by PB derived Treg (PB-Treg; black bars). 

Thus, Treg from the site of inflammation show similar suppressive capacity to Treg from PB and, 

in line with their phenotype, are not impaired in their suppressive function. However, when 

PB-Treg were co-cultured with SFMC (dark gray bars), the level of suppression of both CD4+ 

(Figure 2 A) and CD8+ T cell proliferation (Figure 2 B) was markedly reduced compared with 

PB-Treg cultured with PBMC (black bars). Thus, in the presence of the same PB-Treg, SFMC are 

less responsive to suppression compared with PBMC. Furthermore, this decrease in suppression 

was comparable with the decrease in suppression in cultures with both Treg and effector cells 

from the site of inflammation (SF-Treg + SFMC; white bars). Therefore, the reduced suppression 

of cell proliferation observed in suppression assays with cells from the site of inflammation is 

attributable to unresponsiveness of effector cells to suppression.

IMPAIRED CONTROL OF CYTOKINE PRODUCTION BECAUSE OF RESISTANCE OF EFFECTOR 
CELLS TO SUPPRESSION
Because we observed impaired Treg-mediated suppression of proliferation of Teff from 

the site of inflammation, we wondered whether suppression of other Teff functions, such 
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as cytokine production, was also impaired. After 4.5 hours PMA and ionomycin stimulation, 

CD4+ (upper panel) and CD8+ (lower panel) SFMC (gated as shown in Supplementary Figure 2 

A) not only express proinflammatory cytokines associated with autoimmune pathology, such 

as IL-17, TNFa, and IFNg, but also IL-10 (Figure 3 A) and expression of these cytokines was 

enhanced compared with paired PBMC (Supplementary Figures 2 B-E). When suppression 

assays were performed using PBMC from either HC (Figure 3 B) or JIA patients (Figure 

3 C), the amount of IL-5, IL-13, IL-10, TNFa, and IFNg in the culture supernatant generally 

declined when Treg were added at a 1:8 ratio and further decreased with higher numbers of 

Treg present (1:4). No clear reduction in IL-17 levels was observed, consistent with previous 

reports27;28. Adding additional effector cells instead of Treg (+eff ) did not result in a decrease 

in cytokine levels and Treg cultured alone did not produce significant amounts of cytokines 

(data not shown). In contrast to these results with PBMC from patients and HC, cytokine 

levels in SFMC cultures (Figure 3 D), did not decrease when Treg were added at a 1:8 ratio and 

only modestly in the presence of Treg at a 1:4 ratio. When the level of suppression at a 1:4 ratio 

was calculated for each cytokine, suppression was significantly lower in SFMC (white bars) 

compared with PBMC of both patients (gray bars) and HC (black bars), whereas, again, there 

was no clear difference between PBMC of JIA patients and PBMC from HC (Figure 3 E). These 

data demonstrate that a broad range of cytokines produced by effector cells from the site of 

inflammation are insufficiently controlled by Treg.

To study the role of Treg malfunctioning versus resistance of effector cells to suppression in 

the incomplete restriction of cytokine production, cross-over experiments were again performed 

Figure 2 | Normal Treg function at the site of inflammation, but resistance of effector cells to suppression 
of cell proliferation. PBMC and SFMC were isolated from paired PB and SF samples from JIA patients. 
CD4+CD25+CD127low Treg were sorted from PBMC by flow cytometry and co-cultured with CFSE-labeled 
PBMC (black bars) or SFMC (dark gray bars) at 1:8 and 1:4 ratio. Conversely, CD4+CD25+CD127low Treg were 
sorted from SFMC and co-cultured with CFSE-labeled PBMC (light gray bars) or SFMC (white bars). At day 
4, suppression of CD4+ (A) and CD8+ T cell proliferation (B) was measured. The results show percentage 
of suppression in the presence of Treg relative to effector cells alone. Bars represent mean ± SEM of n = 2, 
*P < .05 compared with PB-Tr + PBMC.
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Figure 3 | Effector cytokine production at the site of inflammation is insufficiently controlled, because 
of resistance of effector cells to suppression. A, SFMC were stained for cytokine expression by flow 
cytometry after 4.5 hours of PMA and Ionomycin stimulation. Dotplots showing the percentage of IL-10, 
IL-17, TNFα, and IFNg-positive cells in CD4+ (upper panel) and CD8+ cells (lower panel), 1 representative 
of n = 4. Percentages indicate the percentage of positive cells from representative data, or, in upper line, 
average percentage ± SD from accumulative data of n = 4. B-F, CD4+CD25+CD127low Treg were sorted by flow 
cytometry and co-cultured with effector cells. At day 4, cytokine production in the culture supernatant 
was analyzed. B-D, IL-5, IL-13, IL-10, IL-17, TNFα, and IFNg levels in the absence (eff) or presence of Treg 
at 1:8 and 1:4 ratio or additional effector cells (+eff) at a 1:4 ratio for PBMC from HC (B), PBMC from JIA 
patients (C), and SFMC from JIA patients (D). Data represent mean cytokine levels in pg/ml ± SEM of n = 
4 PBMC HC, n = 4 PBMC JIA and n = 8 SFMC JIA, *P < .05, ***P < .001 compared with effector cells (eff). E-F, 
Percentage suppression of IL-5, IL-13, IL-10, IL-17, TNFα and IFNg production in the presence of Treg at a 
1:4 ratio relative to effector cells alone. E, Percentage suppression in co-cultures of Treg and effector cells 
from PBMC of HC (black bars), PBMC of JIA patients (gray bars), and SFMC of JIA patients (white bars). 
Bars represent mean ± SEM of n = 4 PBMC HC, n = 4 PBMC JIA and n = 8 SFMC JIA, **P < .01, ***P < .001. F, 
Percentage suppression in co-cultures of PB derived Treg and PBMC (black bars), PB Treg and SFMC (white 
bars), or SF derived Treg and PBMC (gray bars). Bars represent mean ± SEM of n = 4, **P < .01, ***P < .001 
compared with PB-Tr + PBMC.
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(Figure 3 F). In these assays, levels of suppression were clearly reduced when PB-Treg were co-

cultured with SFMC (white bars) compared with PB-Treg and PBMC co-cultures (black bars), 

demonstrating that effector cells from the site of inflammation show resistance to suppression 

of cytokine production. In contrast, the level of suppression was not affected in SF-Treg and 

PBMC cultures (gray bars) compared with PB-Treg and PBMC co-cultures, showing that SF-Treg 

are not impaired in their cytokine suppressive capacity. Together our data show that, despite 

normal Treg function, suppression of proliferation and cytokine production by cells from the site 

of autoimmune inflammation is impaired, because of resistance of effector cells to suppression.

resisTance of auToimmune effecTor cells To suppression is noT caused by a 
memory pHenoType
To mimic the in vivo situation as closely as possible, total mononuclear cells from the site of 

inflammation were used as effector cells in our assays. These SFMC differ in cellular composition 

from PBMC, which could contribute to the reduced responsiveness of these cells to suppression. 

Therefore, we carefully phenotyped paired SFMC and PBMC ex vivo by flow cytometry to 

gain insight into these differences in cellular constitution. We observed a significant increase 

in CD45RA-CD45RO+ memory cells in SFMC compared with PBMC in both CD4+ (p < .01) and 

CD8+ T cells (p < .05; Figures 4 A-C), which was accompanied by a decrease in the presence of 

CD45RA+CD45RO- naive cells. In mice, it has been shown that memory effector cells are more 

resistant to Treg-mediated suppression compared with naive cells29. Therefore the high numbers 

of memory T cells present among effector cells from the site of inflammation might influence 

the responsiveness of these cells to suppression. To investigate this, we determined whether 

in our assays memory CD4+ T cells sorted from PBMC of HC are less responsive to suppression 

compared with naive cells (Figures 4 D-E). We found that in the absence of Treg (open histograms) 

CD25-CD45RA-CD45RO+ memory CD4+ effector cells (Figure 4 D; right panel) showed enhanced 

proliferation compared with CD25-CD45RA+CD45RO- naive effector cells (Figure 4 D; middle 

panel). However, on addition of Treg (filled histograms), T cell proliferation was significantly 

reduced in both memory and naive cells (Figure 4 D). Similarly, IL-5, IL-13, TNFα, and IFNg 

production was suppressed in both memory (white bars) and naive cells (gray bars), albeit to a 

slightly lower extend in memory cells compared with naive and total cells (Figure 4 E; black bars). 

In conclusion, consistent with previous results29 memory cells show reduced responsiveness to 

suppression, but, the difference in suppression is minimal and not comparable with the highly 

diminished suppression observed in SFMC. Therefore, the general memory phenotype of cells at 

the site of autoimmune inflammation cannot explain their resistance to suppression.

Figure 4 | Effector cells from the site of inflammation have a general memory phenotype, which is not the 
cause of their resistance to suppression. A-C, Paired PBMC and SFMC were stained for CD45RA and RO 
expression by flow cytometry. A, Dotplots showing the percentage of CD45RA-CD45RO+ memory cells in 
PBMC (left panel) and SFMC (right panel) CD4+ (upper panel) and CD8+ T cells (lower panel), 1 representative 
of n = 4. B-C, Percentage of CD45RA-CD45RO+ memory (black bars) and CD45RA+CD45RO- naive cells (white 
bars) in CD4+ T cells (B) and CD8+ T cells (C) of paired SFMC and PBMC of n = 4. D-E, CD4+CD25+CD127low Treg ▶
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were sorted by flow cytometry and co-cultured with CFSE-labeled total, naive, and memory Teff at a 1:2 ratio. 
At day 5, proliferation of CFSE+ Teff (D) and cytokine production in the culture supernatant (E) was analyzed. 
D, CFSE profile of CD4+CD25- total Teff (left panel), CD4+CD25-CD45RA+CD45RO- naive Teff (middle panel) 
and CD4+CD25-CD45RA-CD45RO+ memory Teff (right panel) cultured in the absence (open histograms) or 
presence of Treg (filled histograms). Percentages indicate the percentage suppression of cell proliferation 
in the presence Treg relative to effector cells alone, one representative of n = 2. E, Percentage suppression 
of IL-5, IL-13, TNFα and IFNg production by CD4+CD25- total Teff (black bars), CD4+CD25-CD45RA+CD45RO- 
naive Teff (gray bars) and CD4+CD25-CD45RA-CD45RO+ memory Teff (white bars) in the presence of Treg 
relative to effector cells alone. Bars represent mean ± SEM of n = 2.
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Figure 5 | Resistance of SFMC to suppression is not caused by activation status of APCs. A-B, Monocytes 
from paired PBMC and SFMC of JIA patients were analyzed for CD80, CD86, and HLA-DR expression by 
flow cytometry. A, Histograms showing CD80 (left panel), CD86 (middle panel), and HLA-DR (right panel) 
fluorescence intensity in paired PBMC (filled histograms) and SFMC (open histograms), one representative 
of n = 4. B, MFI of CD80 (left panel), CD86 (middle panel) and HLA-DR (right panel) in monocytes from 
paired PBMC and SFMC of n = 4. C-D, CD3+ T cells, CD3- APCs and CD4+CD25+CD127low Treg were sorted by 
flow cytometry. PB T cells were co-cultured with PB APCs (black bars) and SF T cells were co-cultured with 
SF APCs (gray bars) or PB APCs (white bars) in the absence or presence of SF Treg at a 1:8 and 1:4 ratio or 
additional effector cells (+eff) at a 1:4 ratio. Suppression of CD4+ (C) and CD8+ T cell proliferation (D) was 
measured. The results show percentage of suppression in the presence of Treg or additional effector cells 
relative to effector cells alone. Bars represent mean ± SEM of n = 3.
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resisTance To suppression noT caused by acTivaTion sTaTus of apcs
In RA patients it was demonstrated that monocytes from the site of inflammation displayed 

a more activated phenotype that interfered with Treg-mediated suppression20. Because the 

effector cell population in our experiments contained monocytes, we investigated whether 

changes in monocyte number and/or activation could explain the resistance of SFMC to 

suppression. Monocytes were gated on forward side scatter (Supplementary Figure 3) and 

phenotypically analyzed. No difference in percentage of monocytes between SFMC (24% ± 12%) 

and PBMC (23% ± 12%) was observed. However, in line with previous reports in RA20 and JIA30, 

monocytes from SF displayed higher expression of CD80, CD86 and HLA-DR (Figures 5 A and B), 

which could interfere with Treg inhibition. Therefore, we investigated whether in our in vitro 

suppression assays CD3- APCs contribute to resistance of SFMC to suppression or whether this 

resistance solely resides within the CD3+ T cell population (Figures 5 C and D). When SF CD3- 

APCs were co-cultured with SF CD3+ T cells in the presence of Treg (gray bars), suppression of 

both CD4+ (Figure 5 C) and CD8+ T cell proliferation (Figure 5 D) was again reduced compared 

with cultures containing PB-derived APCs and T cells (black bars). However, this reduction in 

suppression was similar when SF T cells were co-cultured with PB APCs (white bars), clearly 

demonstrating that the resistance of SFMC to suppression resides within CD3+ T cells and is not 

caused by enhanced activation of SF APCs.

HyperacTivaTion of pkb/c-akT leads To resisTance of effecTor cells To suppression
In addition to a general memory phenotype, CD4+ cells from the site of inflammation 

expressed higher levels of proliferation and activation markers compared with cells from PB 

(Supplementary Figure 4), indicating that these cells are in a highly activated state. Because 

the PI3K-PKB/c-akt module is an important intracellular signaling pathway involved in T cell 

activation31 and in mice hyperactivation of this pathway has been shown to induce resistance 

to suppression32, we investigated whether hyperactivation of this pathway may be responsible 

for the resistance of SFMC to suppression. First, we analyzed PKB/c-akt activation in paired 

SFMC and PBMC ex vivo by measuring the level of phosphorylated PKB/c-akt, a measure of 

activation status, by flow cytometry (Figure 6 A). We found that compared with HC (black bars), 

the level of phosphorylated PKB/c-akt was unchanged in CD4+ T cells from the PB of JIA patients 

(gray bars), however, cells from the site of inflammation (white bars) clearly showed enhanced 

phosphorylated PKB/c-akt levels (Figure 6 B). Thus, Teff at the site of autoimmune inflammation 

show increased levels of PKB/c-akt activation.

In mice, expression of constitutively activated PKB/c-akt renders effector cells resistant to both 

Treg- as well as TGFb-mediated suppression33, therefore, we investigated whether SFMC, showing 

enhanced PKB/c-akt activation, are also refractory to TGFb-mediated suppression. Proliferation 

of CD4+ T cells from PBMC of HC (black bars) and JIA patients (gray bars) was clearly suppressed 

by the presence of TGFb, whereas, only very low levels of suppression were detected in SF CD4+ T 

cells (white bars; Figure 6C), showing that these cells are resistant to TGFb-mediated suppression. 

To investigate whether increased PKB/c-act activation directly leads to resistance of these cells 

to suppression, we determined whether inhibiting this kinase restored responsiveness to TGFb. 
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Culture of SFMC in the presence of a specific PKB/c-akt inhibitor dose-dependently decreased 

PKB activation in these cells as measured by flow cytometry (Supplementary Figure 5 A). As a 

result, TGFb-mediated suppression of SFMC (white bars), but not already responsive PBMC (gray 

bars), was enhanced in the presence of this inhibitor (Figure 6 D). 

In addition, PKB/c-akt inhibition restored responsiveness of SFMC (triangles) to Treg-

mediated suppression, without affecting suppression of PBMC (squares; Figure 6 E). Importantly, 

PKB/c-akt inhibitor treatment did not affect proliferation of SFMC in the absence of TGFb and 

Treg (Supplementary Figure 5 B), showing that it specifically targets the unresponsiveness 

of these cells to suppression, and does not inhibit proliferation in general. Together these 

data clearly demonstrate that the resistance of effector cells to suppression at the site of 

inflammation is caused by PKB/c-akt hyperactivation. Furthermore, by pharmacologically 

targeting this pathway responsiveness of the cells to suppression can be restored.

Tnfα and il-6 presenT aT THe siTe of inflammaTion induce pkb/c-akT acTivaTion 
and resisTance To suppression
We are the first to show that PKB/c-akt hyperactivation occurs under physiologic conditions at 

the site of inflammation in human autoimmune disease. It is therefore intriguing to identify the 

cause of this enhanced PKB/c-akt activation. To investigate whether soluble factors present in 

the inflammatory environment lead to enhanced PKB/c-akt activation, we first measured the 

expression of proinflammatory cytokines in PB plasma of HC and paired PB plasma and SF of JIA 

patients (Figure 7 A). In line with previous reports25 and regarding effectiveness of TNFα- and 

IL-6–blocking strategies in arthritis34, we observed elevated levels of TNFα and IL-6 in SF of JIA 

patients. Incubation of PBMC from HC with these cytokines resulted in an up-regulation of p-PKB 

(Figure 7 B) and reduced responsiveness to TGFb-mediated suppression (Figure 7 C), which was 

Figure 6 | PKB/c-akt hyperactivation causes resistance of effector cells to suppression. A-B, PBMC and 
SFMC were stained for phosphorylated PKB/c-akt expression by flow cytometry. A, Histogram showing 
phosphorylated PKB/c-akt (p-PKB) fluorescence intensity in CD4+ T cells from paired PBMC (filled histogram) 
and SFMCs (open histogram), 1 representative of n = 3. B, MFI of phosphorylated PKB/c-akt (p-PKB) in CD4+ 
T cells from paired PBMC (gray bar) and SFMC (white bar) of JIA patients relative to PBMC from HC (black 
bar). Bars represent mean ± SEM of n = 3, *P < .05. C-D, CFSE-labeled PBMC and SFMC were cultured in the 
presence or absence of recombinant human TGFb1 (40 ng/ml) and increasing concentrations of PKB/c-akt 
inhibitor VIII (PKBinh VIII; 0, 0.01, 0.1, 1mM). At day 5, proliferation of CD4+ T cells was analyzed. C, TGFb-
mediated suppression of CD4+ T cell proliferation for PBMC from HC (black bars) and PBMC (gray bars) 
and SFMC (white bars) from JIA patients. The results show percentage of suppression in the presence of 
TGFb relative to cells cultured without TGFb. Bars represent mean ± SEM of n = 3 PBMC HC, n = 4 PBMC JIA, 
and n = 5 SFMC JIA, *P < .05. D, TGFb-mediated suppression of CD4+ T cell proliferation for paired PBMC 
(gray bars) and SFMC (white bars) in the presence of increasing concentrations of PKB/c-akt inhibitor VIII. 
The data show the change in TGFb-mediated suppression for each concentration of PKB/c-akt inhibitor 
relative to cultures without PKB/c-akt inhibitor. Bars represent mean ± SEM of n = 3, *P < .05 compared 
with 0 mM PKB/c-akt inhibitor VIII. E, CD4+CD25+CD127low Treg were sorted from SFMC by flow cytometry 
and co-cultured with CFSE-labeled PBMC (squares) or SFMC (triangles) at a 1:4 ratio in the presence or 
absence of PKB/c-akt inhibitor VIII (PKBinh VIII) (0.1 mM). At day 4, Treg-mediated suppression of CD4+ T 
cell proliferation was analyzed. The data show the change in Treg-mediated suppression in the presence 
PKB/c-akt inhibitor relative to cultures without PKB/c-akt inhibitor.

▶
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Figure 7 | TNFα and IL-6 present at the 
site of inflammation induce PKB/c-akt 
activation resulting in resistance to 
suppression. A, IL-1b, IL-6, IL-17, IL-2, TNFα 
and IFNg expression in n = 4 PB plasma of 
HC and n = 8 paired PB plasma and SF of JIA 
patients measured by Luminex. B-C, PBMC 
from HC were untreated or incubated 
overnight with TNFα (50 ng/ml), IL-6 
(100 ng/ml) or both TNFα and IL-6. After 
incubation period, cells were stained for 
phosphorylated PKB/c-akt expression by 
flow cytometry (B) or CFSE labeled and 
cultured in the presence or absence of 
recombinant human TGFb1 (40 ng/ml) and 
TNFα and IL-6 to measure TGFb-mediated 
suppression (C). B, MFI of phosphorylated 
PKB/c-akt (p-PKB) in CD4+ T cells in the 

presence of TNFα (dark gray bars), IL-6 (light gray bars) or both (white bars) relative to cultures without 
cytokines added (black bars). Bars represent mean ± SEM of n = 5, *P < .05. C, TGFb-mediated suppression 
of CD4+ T cell proliferation in the absence (black bars) or presence of TNFα (dark gray bars), IL-6 (light gray 
bars) or both (white bars). The data show the change in TGFb-mediated suppression in the presence of 
cytokines compared with cultures without cytokines added. Bars represent mean ± SEM of n = 5, *P < .05.

significant when both TNFα and IL-6 were added (p < .05). Together, these data identify TNFα 

and IL-6 as proinflammatory factors that contribute to enhanced PKB/c-akt activation and 

subsequent resistance to suppression at the site of human autoimmune inflammation.

discussion
After 15 years of research into Treg biology the main question is whether these cells can be used 

in treatment of autoimmune disease. To resolve this issue more information on Treg function at 

the site of autoimmune inflammation in humans is required. Here we studied Treg function in 

patients with JIA and show that both in the periphery and at the site of inflammation, Treg are not 

deficient in number and function. Nevertheless, effector cells from the site of inflammation are 

poorly controlled, because these cells are resistant to suppression. We further demonstrate that 
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this unresponsiveness to suppression is, at least partially, caused by PKB/c-akt hyperactivation 

and can be restored by specific PKB/c-akt inhibition. These data therefore identify PKB/c-akt as 

a potential novel target for the treatment of autoimmune disease.

In PB of JIA patients, no change in the numbers of Treg was observed and these cells 

suppressed both cell proliferation and cytokine production similar to Treg from HC. In contrast, 

defective Treg function has previously been described in peripheral blood of RA patients12;15. 

Perhaps differences in Treg function in the periphery are less pronounced in oligoarticular 

JIA, because of its relative mild and local pathology. Alternatively, because CD127 has become 

available as an additional marker to isolate Treg5;6, the differences in results could also be 

explained by differences in Treg purity. Other studies are, however, in agreement with our data 

and report no difference in Treg function in patients with established arthritis14;16;35.

At the site of inflammation in patients with JIA, increased numbers of Treg were present and 

these cells showed normal suppressive capacity. Thus, we and others14;16;18;19;36 have observed 

that Treg from the site of inflammation are fully functional. However, by mimicking the in 

vivo situation as closely as possible and using total mononuclear cells as effector cells in our 

assays, we were able to demonstrate that these Treg still failed to control effector cells from 

the site of inflammation. This was caused by reduced responsiveness of these effector cells to 

suppression. In other experimental models of autoimmune disease and some patient studies, 

most profoundly systemic lupus erythematosus and type 1 diabetes, resistance of effector cells 

to suppression has also been described22;37-42. However, in oligoarticular JIA unresponsiveness 

of effector cells to suppression occurs locally, at the site of inflammation, and not systemically. 

In genetically prone mice effector cells become resistant to suppression before clinical overt 

disease37;39, suggesting that this phenomenon acts early in disease pathology and is therefore an 

important target in controlling autoimmune inflammation. However, to target this resistance 

of effector cells effectively, the underlying mechanism needs to be clarified.

Here, we show that autoimmune inflammatory effector cells are resistant to both TGFb- 

as well as Treg-mediated suppression and that this resistance does not result from a general 

memory phenotype of the cells or activation status of APCs. Instead, hyperactivation of PKB/c-akt 

is responsible for the unresponsiveness to suppression, as CD4+ Teff from the site of inflammation 

showed increased PKB/c-akt phosphorylation and selective inhibition of this kinase restored 

responsiveness of cells to suppression. We are the first to show that PKB/c-akt is involved in 

resistance to suppression in human autoimmune disease, consistent with findings in mice33;43.

Phosphorylation and activation of PKB/c-akt is regulated by the generation of lipid 

products by phosphoinositide 3 kinases (PI3Ks) and PI3Ks become activated in lymphocytes 

upon binding of antigens, costimulatory molecules, cytokines, and chemokines32;44. PI3K-PKB 

activation by chemokines is, however, both rapid and transient44, therefore, enhanced 

PKB/c-akt activation in cells at the site of inflammation is likely to result from either TCR, 

CD28, or cytokine signaling. We show that TNFα and IL-6 are elevated in synovial fluid of JIA 

patients and induce PKB/c-akt activation and resistance to suppression, in line with previous 

reports showing that these cytokines can confer resistance to suppression in mice22;23. Other 

cytokines and CD28 signaling can activate the PI3K-PKB pathway as well45, therefore it is likely 
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that a combination of environmental factors contributes to resistance to suppression at the 

site of human autoimmune inflammation. However, given the effectiveness of TNFα and IL-6 

blockade in the treatment of arthritis34, it is intriguing to speculate that TNFα and IL-6 are 

critical in inducing resistance to suppression and that the effectiveness of these strategies can 

partially be explained by inhibiting PKB/c-akt activation.

Independent of the initial cause of PKB/c-akt activation, we show that selective PKB/c-akt 

inhibition is sufficient to restore responsiveness of effector cells to suppression, making this 

kinase an attractive target for therapeutic intervention. Clinical efficacy of PI3K inhibition, 

upstream of PKB/c-akt, has already been demonstrated in experimental models of arthritis46 and 

systemic lupus erythematosus47. Targeting this pathway might therefore be beneficial in a wide 

range of autoimmune inflammatory conditions. However, for a PKB/c-akt targeted approach to 

be successful negative effects on Treg function must be prevented. In human PB-derived Treg 

PKB/c-akt was hypoactivated and this hypoactivation was essential for their suppressive function48. 

Therefore, PKB/c-akt inhibition might not negatively affect Treg function and could even enhance 

de novo generation of Treg49;50. As a result, selective PKB/c-akt inhibition might be especially 

effective when combined with a Treg enhancing strategy, ensuring responsiveness of effector 

cells to suppression and simultaneously creating an environment suited for Treg induction.

In conclusion, the data presented in this study provide new insights in the pathology of 

autoimmune disease and raise important therapeutic implications. Our findings argue for a Teff instead 

of Treg-targeted approach to control autoimmune inflammation. More specifically, responsiveness 

of effector cells to suppression should be restored by selectively inhibiting PKB/c-akt activation.
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suPPLementaRY inFoRmation

anTibodies used for flow cyTomeTry. 

To stain cells for sorting of Treg, Teff and APCs, the following monoclonal antibodies were 

used: anti-CD3 PerCp/Cy5.5 (UCHT1, Biolegend), anti-CD4-FITC, anti-CD4-APC or anti-CD4-

PcBlue (all clone RPA-T4, eBioscience), anti-CD25-APC, anti-CD25-PE/Cy7 (both clone M-A251, 

BD Biosciences) or anti-CD25-PerCp/Cy5.5 (BD96, Biolegend), anti-CD45RA-FITC (JS-83, 

eBioscience), anti-CD45RO PcBlue (UCHL-1, Biolegend), and anti-CD127-PE (hIL-7R-M21, BD 

Biosciences). To check for FOXP3 expression in sorted CD4+CD25+CD127low Treg, anti-CD4-PercP 

(SK3, BD Biosciences) or anti-CD4 PerCP/Cy5.5 (RPA-T4, Biolegend), anti-CD25-FITC (MA251), 

anti-CD127-PE (hIL-7R-M21, both BD Biosciences) and anti-FOXP3-PcBlue or anti-FOXP3-

eFluor450 (both clone PCH101, eBioscience) were used. Anti-CD3-PerCp (SK7, BD Biosciences) 

or anti-CD3 PerCp/Cy5.5 (UCHT1), anti-CD4-PcBlue (RPA-T4, both from Biolegend) and anti-
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CD8-APC (SK1, BD Biosciences) were used to distinguish between CD4+ and CD8+ T cells within 

CFSE-labeled effector cells. For phenotyping, paired SFMC and PBMC were stained with the 

following antibodies: anti-CD4-PE (RPA-T4), anti-CD4-PerCp (SK3, both from BD Biosciences) 

or anti-CD4-PcBlue (RPA-T4, Biolegend), anti-CD8-PerCp (SK1), anti-CD25-PE/Cy7 (M-A251), 

anti-CD62L-FITC (Dreg 56), anti-CD69-APC (FN50), anti-CD80-FITC or anti CD80-PE (both 

L307.4), anti-CD86-FITC or anti-CD86-PE (both IT2.2), anti HLA-DR-PE/Cy7 (L243), anti-Ki67-

FITC (B56, all obtained from BD Biosciences), anti-CD45RA-FITC (JS-83, eBioscience), anti-

CD45RO-PcBlue (UCHL-1, Biolegend), anti-FOXP3-APC or anti-FOXP3-PcBlue (both clone 

PCH101, eBioscience), anti-IL-10-PE (JES3-19F1, BD Biosciences), anti-IL-17-PE (eBio64DEC17, 

eBioscience), anti-TNFα-APC (Mab11, Biolegend), anti-IFNg-FITC (25723,11), anti-CD152(CTLA-

4)-APC (BNI3, both BD Biosciences), and anti-GITR-FITC (110416, R&D Systems). To measure 

phosphorylated PKB/c-akt in CD4+ T cells, cells were stained with anti-CD3-PE/Cy7 (UCHT1), 

anti-CD4-PcBlue (RPA-T4, both Biolegend), and anti-akt (PKB)-PE (pS473) (BD Biosciences). 

supplemenTary figures
Supplementary Figure 1 shows the purity of sorted Treg and ex vivo phenotype of SF and PB 

derived Treg. Supplementary Figure 2 represents intracellular cytokine production in paired 

PBMC and SFMC. Supplementary Figure 3 depicts gating strategy applied to analyze monocytes 

by flow cytometry. Supplementary Figure 4 shows ex vivo expression of proliferation and 

activation markers in CD4+ T cells of paired SFMC and PBMC. Supplementary Figure 5 represents 

p-PKB MFI and proliferation of CD4+ T cells upon treatment with PKB/c-akt inhibitor.
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Supplementary Figure 1 | Purity of sorted Treg and ex vivo 
phenotype of SF and PB derived Treg, showing enhanced 
FOXP3 content per cell in SF CD4+CD25+CD127lowTreg. A, 
Sorting strategy applied to isolate CD4+CD25+CD127low 
Treg by flow cytometry as described in Methods. The 
areas depicted represent the gates used to sort the cells 
or analyze the percentage of FOXP3+ cells. B, Histogram 
showing FOXP3 fluorescence intensity in sorted SF 
derived CD4+CD25+CD127low Treg (filled black histogram), 
paired PB derived CD4+CD25+CD127low Treg (filled gray 
histogram) and isotype control (open histogram), one 
representative of n=14. C, FOXP3 MFI in sorted SF derived 
CD4+CD25+CD127low Treg (black bar) relative to paired PB 
derived CD4+CD25+CD127low Treg (gray bar). Bars represent 
means ± SEM of n = 14, **P < .01. D, Percentage of cells with 
demethylated FOXP3 TSDR in sorted CD4+CD25+CD127low 
Treg from n = 4 PBMC of HC, n = 3 PBMC of JIA patients 
(2 patients pooled) and n = 3 SFMC of JIA patients. E, 
Percentage of CTLA-4 expressing cells (left panel) and 
CTLA-4 content per cell (right panel) in paired CD4+FOXP3+ 

PBMC (squares) and SFMC (triangles) of n = 3. F, Percentage of GITR expressing cells (left panel) and GITR 
content per cell (right panel) in paired CD4+FOXP3+ PBMC (squares) and SFMC (triangles)  of n = 3.
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Supplementary Figure 2 | Cytokine 
production in paired PBMC and SFMC after 
short PMA and Ionomycin stimulation. A, 
Gating strategy applied to analyze intracellular 
cytokine production in CD4+ and CD8+ cells by 
flow cytometry. B-E, Percentage of IL-10 (B), 
IL-17 (C), TNFα (D) and IFNg (E) positive cells 
in CD4+ cells (left panels) and CD8+ cells (right 
panels) in paired PBMC (squares) and SFMC 
(triangles) of n=4 JIA patients.
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Supplementary Figure 3 | Gating strategy applied to analyze phenotype of SF and PB derived monocytes by flow 
cytometry. After exclusion of dead cells, monocytes were gated on forward side scatter using the depicted area.
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Supplementary Figure 4 | CD4+ cells from SFMC show enhanced expression of proliferation and activation 
markers ex vivo compared to PBMC. Percentage of Ki67 (A), CD25 (B), CD62L (C) and CD69 (D) positive 
cells in CD4+ cells from paired PBMC and SFMC from JIA patients measured ex vivo by flow cytometry. 
Representative dotplots showing the percentage of positive cells within CD4+ cells (left panels) and 
accumulative data (right panels) of n = 4, *P < .05.
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Supplementary Figure 5 | Treatment with PKB/c-akt inhibitor dose-dependently reduces PKB phosphorylation, 
but does not change cell proliferation. A-B, CFSE-labeled PBMC and SFMC were cultured in the presence of 
increasing concentrations of PKB/c-akt inhibitor VIII (PKBinh VIII) (0, 0.01, 0.1, 1 mM). At day 5, expression of 
phosphorylated PKB/c-akt (A) and proliferation of CD4+ T cells (B) was analyzed by flow cytometry. A, MFI of 
phosphorylated PKB/c-akt (p-PKB) in CD4+ SFMC, n=1 in duplicate. B, Proliferation of CD4+ T cells from paired 
PBMC (gray bars) and SFMC (white bars) of JIA patients, bars represent means ± SEM of n = 3.
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abstRact

objecTive
Resistance of effector T cells (Teff) to suppression contributes to disturbed immune regulation 

in autoimmune disease. Targeting this unresponsiveness to suppression might therefore 

have beneficial effects in autoimmune inflammation. In juvenile idiopathic arthritis (JIA) we 

have recently shown that Teff from inflamed joints are refractory to suppression, which was 

associated with enhanced PKB/c-akt activation in these cells. Here we investigated whether 

anti-IL-6 and anti-TNFα target unresponsiveness of Teff to suppression in patients with JIA.

meTHods
Resistant Teff from the inflamed joints of JIA patients were cultured in the presence of 

etanercept or anti-IL-6 in vitro and PKB/c-akt activation and responsiveness to suppression 

was measured. In addition, in vivo effects of TNFα blockade were investigated using peripheral 

blood samples of patient before and after start of etanercept therapy.

resulTs
In vitro treatment of synovial fluid Teff with anti-IL-6 led to improved Treg-mediated 

suppression of cell proliferation in some, but not all patients. Blocking TNFα with etanercept 

however clearly enhanced suppression in all samples analyzed. In the presence of etanercept 

PKB/c-akt activation of Teff was reduced and Teff became more susceptible to TGFb-mediated 

suppression, indicating that anti-TNFα directly targets resistant Teff. This was confirmed by ex 

vivo data from patients treated with etanercept demonstrating enhanced responsiveness of 

effector cells to suppression after therapy.

conclusion
This study is the first to show resistance of Teff to suppression as a target of anti-TNFα therapy 

in arthritis, resulting in improved regulation of inflammatory effector cells. 
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intRoduction
Both TNFα and IL-6 are involved in perpetuation of the inflammatory response associated 

with autoimmune arthritis1 and monoclonal antibodies against TNFα, such as infliximab 

and adalimumab or the soluble receptor, etanercept, are now widely used in the treatment 

of rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA)1;2. In addition, efficacy of a 

humanized anti-IL-6 receptor antibody, tocilizumab, has recently been verified in clinical 

trials and is now approved for application in RA and systemic JIA3. Anti-TNFα and anti-IL-6 

clearly have direct anti-inflammatory effects on the innate immune system. In addition, these 

biologicals can target the adaptive immune response, for instance by improving regulatory 

T cell (Treg) function4;5 or by inducing6;7 or expanding Treg8. 

We9 and others10 have recently shown that effector T cells (Teff) from the inflamed synovium 

of patients with JIA are refractory to suppression, resulting in impaired Treg- and TGFb-mediated 

suppression of cell proliferation and cytokine production. This resistance to suppression has been 

described in RA and other human autoimmune diseases as well11. In the inflamed joints of patients with 

JIA, resistance to suppression correlated with the activation status of the cells10. More specifically, 

we demonstrated that the unresponsiveness to suppression resulted at least partially from 

PKB/c-akt hyperactivation in inflammatory Teff9. TNFα and IL-6 are likely candidates to induce this 

local resistance to suppression, since these cytokines are highly present at the site of inflammation 

and incubation of peripheral blood mononuclear cells (PBMC) from healthy donors with TNFα and 

IL-6 led to reduced responsiveness of these cells to suppression9. Also in a mouse model of multiple 

sclerosis (MS), resistance of Teff to suppression was detected locally in the inflamed central nervous 

system and was found to be associated with high TNFα and IL-6 production12. Therefore our results 

in JIA patients and these data from mice suggest that anti-TNFα and anti-IL-6 may directly target 

auto-aggressive T cells by enhancing the responsiveness of these cells to suppression.

Here, we investigated whether blocking TNFα and IL-6 influences PKB/c-akt hyperactivation 

and subsequent resistance of Teff to suppression in human autoimmune inflammation. We 

studied this not only ex vivo using resistant Teff from inflamed joints of JIA patients, but also in 

patients treated with etanercept. 

Patients and metHods

sTudy populaTion
5 patients with oligoarticular JIA, 2 patients with extended oligoarticular JIA and 11 patients with 

polyarticular JIA, according to the revised criteria for JIA13 with an average age of 11 ± 5.5 years were 

included in this study. Informed consent was obtained from all patients either directly or from 

parents/guardians when they were under 12 years of age. The study was approved by the local 

ethics committee. Synovial fluid (SF) was obtained from 10 patients with active disease undergoing 

therapeutic joint aspiration. These patients were either untreated (n = 6), or treated with non-

steroidal anti-inflammatory drugs (NSAIDs) (n = 3) or methotrexate (MTX) (n = 1) at the time of 

inclusion. In addition, peripheral blood was drawn from 6 rheumatoid factor negative polyarticular 
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and 2 extended oligoarticular JIA patients before and shortly after (3.4 ± 2.3 months) start of 

etanercept therapy. These patients were treated with etanercept 0.8mg/kg body weight once a 

week. They additionally received MTX (n = 7), NSAIDs (n = 4), or low dose steroids (<0.3 mg/kg, n = 1).

cell isolaTion
SF Mononuclear Cells (SFMC) and PBMC were isolated using Ficoll Isopaque density gradient 

centrifugation (GE Healthcare Bio-Sciences, AB) and frozen in foetal calf serum (FCS) 

(Invitrogen) containing 10% DMSO (Sigma-Aldrich) until further experimentation.

cell culTure and reagenTs
Mononuclear cells (2 x 105/200 ml or 1 x 105/100 ml) were cultured in RPMI 1640 supplemented 

with 2 mM L-glutamine, 100 U/ml penicillin-streptomycin, and 10% human AB serum (all 

obtained from Invitrogen) at 37°C and 5% CO
2 

in round-bottom 96-well plates (Nunc). Cells 

were stimulated with 1.5 mg/ml plate-bound anti-CD3 (clone OKT3, eBioscience). In some 

conditions etanercept, anti-human IL-6 (eBioscience) or tocilizumab was added at 1 mg/ml. 

suppression assays
Total SFMC or PBMC were used as effector cells. To measure proliferation cells were stained with 

a cell tracer violet cell proliferation kit (Invitrogen). CD4+CD25+CD127low Treg were sorted by flow 

cytometry on FACS Aria (BD Biosciences) and co-cultured with effector cells at a 1 to 8 ratio. In 

some experiments mononuclear cells were enriched for CD4+ T cells before sorting using a CD4 T 

Lymphocyte Enrichment Set (BD Biosciences). To study TGFb-mediated suppression, 40 ng/ml 

recombinant human TGFb (Koma Biotech) was added. At day 4, proliferation of Teff was analyzed 

by flow cytometry and/or supernatant was collected to measure cytokine production. 

pkb/c-akT acTivaTion assay
SFMC were cultured for 3 days and the amount of phosphorylated PKB/c-akt was measured by 

flow cytometry.

cyTokine measuremenT
Supernatant was collected from suppression assays and cytokine concentrations were 

measured by Luminex technology.

flow cyTomeTry
Cells were stained by flow cytometry as previously described9.

sTaTisTical analysis
For statistical comparison between two groups Mann Whitney test was used. To analyze paired 

patient samples, paired T test, or in case of unequal variances, Wilcoxon matched pairs test 

were used.  P values below 0.05 were considered significant. Statistical analysis was performed 

using GraphPad Prism (GraphPad Software).
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ResuLts

in viTro exposure To eTanercepT improves Treg-mediaTed suppression 
of synovial fluid Teff 
We9 and others10 have shown that Teff from the inflamed joints of JIA patients are resistant to Treg 

mediated suppression of cell proliferation and cytokine production. Furthermore, we established 

that TNFα and IL-6, highly present at the site of inflammation, contribute to this resistance to 

suppression9. Therefore, we questioned whether blocking TNFα and IL-6 can reduce resistance 

to suppression and enhance inhibition of autoimmune inflammatory effector cells. To investigate 

this we cultured SFMC from the inflamed joints of JIA patients and blocked TNFα or IL-6 in vitro. 

Blocking TNFα by etanercept did not alter Teff proliferation in the absence of Treg (data not shown). 

However, suppression of both CD4+ and CD8+ T cell proliferation by CD4+CD25+CD127low Treg was 

significantly increased (Figures 1 A and B). The short term in vitro TNFα blockade was not sufficient 

to completely alleviate resistance of inflammatory effector cells to suppression, since there was no 

increase in suppression of a broad range of cytokines, including IL-13, IL-17, TNFα and IFNg in these 

cultures (data not shown). Blocking IL-6 also increased Treg-mediated suppression of synovial fluid 

Teff (Figure 1 C), but only in 6 out of 9 patients (Figure 1 D). Since blocking TNFα resulted in a profound 

and significant increase in Treg-mediated suppression of cell proliferation we further investigated 

the mechanism behind this improvement of Teff inhibition in our next set of experiments.

eTanercepT TargeTs pkb/c-akT induced resisTance of synovial fluid Teff  
To suppression
We have previously shown that impaired control of synovial fluid Teff by Treg resulted from 

resistance of Teff to suppression and this unresponsiveness to suppression was at least partially 

caused by PKB/c-akt hyperactivation9. To establish that the improved suppression in the 

presence of etanercept resulted from reduced PKB/c-akt induced resistance to suppression, 

we therefore measured phosphorylated PKB/c-akt (p-PKB) as a measure of activated PKB/c-akt 

by flow cytometry. When SFMC were cultured in the presence of etanercept p-PKB levels in 

both CD4+ and CD8+ T cells were significantly reduced (Figures 2 A and B), indicating that in 

vitro etanercept treatment targets PKB/c-akt mediated resistance of these cells to suppression. 

To further confirm a direct effect on Teff we cultured SFMCs in the presence of TGFb to measure 

Treg independent inhibition of cell proliferation. In correspondence with reduced p-PKB levels, 

an increase in TGFb-mediated suppression of cell proliferation in the presence of etanercept 

was observed (Figure 2 C). In line with a significantly stronger reduction in PKB activation in 

CD8+ T cells (0.78 ± 0.08 compared to 0.89 ± 0.05 in CD4+ T cells, p = 0.03; figures 2 A and B), 

the increase in TGFb-mediated suppression was more pronounced in CD8+ T cells for which a 

significant increase in suppression was observed in all patients analyzed (Figure 2 C; right panel). 

In contrast, TGFb-mediated suppression of CD4+ T cell proliferation was increased in 5 out of 

10 patients (Figure 2 C; left panel). These data indicate that TNFα blockade more effectively 

targets resistance of CD8+ T cells to suppression; possibly because CD8+ T cells contain more 
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TNFα producing cells when analyzed directly ex vivo (Figure 2 D). In conclusion, in vitro 

etanercept directly targets resistance of Teff to suppression as shown by reduced PKB/c-akt 

activation and enhanced TGFb-mediated suppression of these cells. We next investigated the 

long-term in vivo effects of TNFα blocking in JIA patients receiving etanercept therapy. 
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Figure 1 | In vitro blocking of TNFα by etanercept enhances Treg mediated suppression of synovial 
fluid Teff. A-D, SFMC were labeled with cell trace violet to measure cell proliferation and stimulated 
with anti-CD3 in the absence or presence of etanercept (A and B) or anti-IL-6 (C and D) for 4 days. To 
measure suppression of cell proliferation CD4+CD25+CD127low Treg were added. A, Proliferation of CD4+ 
(upper panel) and CD8+ T cells (lower panel) in the absence (control) or presence of etanercept with (filled 
histogram) or without Treg (open histogram). Percentages indicate the percentage of suppression in the 
presence of Treg, one representative of n = 10. B, Treg mediated suppression of CD4+ and CD8+ T cell 
proliferation in the presence of etanercept (black bars) relative to control (gray bars), mean ± SEM of n = 
10.  C, Treg mediated suppression of CD4+ and CD8+ T cell proliferation in the presence of anti-IL-6 (black 
bars) relative to control (gray bars), mean ± SEM of n = 9. D, Relative suppression CD4+ (left panel) and CD8+ 
T cell proliferation (right panel) in the presence of anti-IL-6, individual data of n = 9. **P < .01.
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Figure 2 | Etanercept targets PKB/c-akt induced resistance to suppression in vitro. A and B, SFMC were 
stimulated with anti-CD3 in the absence or presence of etanercept for 3 days.  Phosphorylated PKB/c-akt 
(p-PKB) was measured by flow cytometry. A, p-PKB staining in CD4+ (upper panel) and CD8+ T cells (lower 
panel) in the absence (open histogram) or presence of etanercept (filled histogram), one representative 
of n = 6. B, p-PKB fluorescence intensity (MFI) in CD4+ (black square) and CD8+ T cells (gray square) in the 
presence of etanercept relative to control, mean ± SEM of n = 6. C, SFMC were labeled with cell trace violet 
to measure cell proliferation and stimulated with anti-CD3 in the absence or presence of etanercept for 4 
days. To measure suppression of cell proliferation TGFb was added. Suppression of CD4+ (left panel) and 
CD8+ T cell proliferation (right panel) in the presence of etanercept relative to control, individual data of 
n = 10. D, Percentage of TNFα+ cells in CD4+ and CD8+ T cells analyzed ex vivo by flow cytometry, individual 
data of n = 5. *P < .05; **P < .01; ***P < .001.

in vivo eTanercepT THerapy does noT alTer Treg numbers or funcTion, buT 
TargeTs resisTance of Teff To suppression 
Although we have previously shown local impairment of T cell regulation in oligoarticular JIA 

patients, occurring only in inflamed joints9, we hypothesized that in patients with extended 

oligoarticular or polyarticular JIA changes in immune regulation might be detected systemically 

due to a more severe and less localized pathology. Therefore, we used peripheral blood samples 

of extended oligoarticular and polyarticular JIA patients before and after start of etanercept 
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therapy to study the long-term effects of in vivo TNFα blockade. In line with McGovern et al.6 

we observed no change in the percentages of CD4+FOXP3+ Treg upon in vivo etanercept therapy 

(Figure 3 A; left panel). In addition, the percentage of CD4+FOXP3+ Treg expressing CTLA-4 and 

GITR (Figure 3 A; middle and right panel) and FOXP3, CTLA-4 and GITR expression levels per 

cell (MFI) (data not shown) were not different before and after treatment. In line with these 

results Treg function was not altered upon etanercept therapy: Treg mediated suppression of 

cytokine production was similar when Treg from before (Treg pre) or after treatment (Treg 

post) were tested in in vitro suppression assays (Figure 3 B). However when effector cells from 

before (eff pre) and after therapy (eff post) were compared, significant higher suppression of 

IL-13, TNFα and IFNg was observed after treatment (Figure 3 C), clearly demonstrating enhanced 

responsiveness of Teff to suppression upon etanercept therapy. Thus, in vivo etanercept 

administration effectively targets resistance of Teff to suppression, resulting in enhanced 

suppression of cytokine production. In line with this decreased resistance of Teff to suppression, 

p-PKB levels were reduced in both CD4+ and CD8+ T cells from patients after therapy (Figure 3 D). 

All together, these data demonstrate that anti-TNFα therapy in JIA patients does not target Treg 

numbers or function, but reduces PKB mediated resistance of Teff to suppression.

discussion
We9 and others10 have recently shown that resistance of Teff to suppression contributes to 

disturbed T cell regulation in patients with JIA. In addition, this unresponsiveness of Teff to 

suppression has now been described in patients with RA and other autoimmune diseases as 

well11, indicating that it is a general mechanism underlying autoimmune pathology. Therefore, 

effectively targeting this resistance to suppression could restore T cell regulation and reduce 

ongoing autoimmune inflammation. Here, we show that anti-IL-6, and especially anti-TNFα 

therapy, target resistance of Teff to suppression and thereby improve Treg mediated control of 

both CD4+ and CD8+ T cells. 

Using resistant synovial fluid mononuclear cells from the inflamed joints of JIA patients 

we established that blocking TNFα with etanercept in vitro resulted in improved Treg 

mediated suppression of cell proliferation. Another TNFα blocking agent, adalimumab, was 

also shown to enhance Treg mediated suppression of SFMC proliferation in vitro14. However, 

we were able to show that etanercept directly targets Teff and not Treg, as TGFb-mediated 

suppression of cell proliferation, independent of Treg was enhanced as well. In addition 

PKB/c-akt activation, previously shown to cause resistance of synovial fluid Teff to suppression9, 

was reduced upon exposure to etanercept. Anti-IL-6 treatment also resulted in enhanced 

Treg-mediated suppression of synovial fluid Teff in line with Herrath et al.14, but less profound 

effects compared to TNFα blocking were observed. This might result from a strong positive 

feedback loop between TNFα and PKB/c-akt signaling. Very recently it has been shown that 

PKB/c-akt activation positively regulates pro-inflammatory cytokine production, which was 

more pronounced for TNFα than for IL-615. In addition, we have shown that TNFα induces 

PKB/c-akt activation9. Thus, a positive feedback loop exists in which PKB/c-act induces TNFα 
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Figure 3 | In vivo etanercept treatment targets resistance of Teff to suppression. A-D, PBMC were isolated 
from JIA patients before and after start of etanercept therapy. A, Percentage FOXP3+ cells within CD4+ T 
cells (left panel); CTLA-4+ (middle panel) and GITR+ cells (right panel) within CD4+FOXP3+ T cells measured 
ex vivo by flow cytometry, individual data of n = 7. B-C, CD4+CD25+CD127low Treg were added to PBMC 
effector cells stimulated with anti-CD3 and at day 4 cytokine production was measured. B, Suppression of 
cytokines by Treg isolated from before (Treg pre; white bars, n = 6) or after therapy (Treg post; gray bars, 
n =3), mean ± SEM. C, Suppression of cytokines in the presence of effector cells from before (eff pre; white 
bars, n = 3) or after therapy (eff post; black bars, n = 6), mean ± SEM. D, Relative p-PKB MFI after (post) 
compared to before therapy (pre) in CD4+ (left panel) and CD8+ T cells (right panel) measured ex vivo by 
flow cytometry, individual data of n = 3. *P <. 05.

105



anTi-Tnfα
 THerapy TargeTs resisTance of effecTor cells To suppression

5

and vice versa. Blocking TNFα will target and interrupt this positive feedback loop, explaining 

the profound effect of etanercept on resistance to suppression.

Interestingly, etanercept treatment appeared to more effectively targeting resistance 

of CD8+ T cells to suppression compared to CD4+ T cells. This was not likely due to increased 

responsiveness of CD8+ T cells to TNFα, since TNF receptor (TNFR)II expression was higher on 

CD4+ T cells and TNFRI expression was low on both CD4+ and CD8+ T cells (data not shown). 

However, a higher number of TNFα producing cells was detected within the CD8+ T cell 

population, which might explain the more extensive effects of etanercept on these cells.

We were able to confirm our in vitro results with data from patients receiving etanercept 

therapy in vivo. We show that upon etanercept treatment Treg numbers and function do not 

change, in line with a recent publication by McGovern et al.6. However, we extended these 

findings by showing that etanercept reduces resistance of Teff to suppression and thereby 

improves T cell regulation without targeting Treg. 

In conclusion, our data identify a novel mechanism of action of anti-TNFα, etanercept, therapy, 

namely restoring responsiveness of Teff to suppression by inhibiting their PKB/c-akt activation 

status. This is probably not a long lasting effect, since patients relapse after discontinuation of 

therapy. Therefore, more research into what determines long-lasting remission is required and the 

data described in this study might aid to that search. In addition, our results provide new insight in 

the pathology of autoimmune disease as they again stress the importance of hyperactivated Teff 

in disturbed immune regulation during autoimmune inflammation.
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abstRact
Ever since their discovery research has focused on whether deficiencies in FOXP3+ regulatory 

T cells (Treg) underlie human autoimmune pathology. Recently also Treg extrinsic factors have 

been identified as a cause of regulatory defects in autoimmune disease. More specifically, 

resistance of effector T cells (Teff) to suppression has been shown to contribute to disturbed 

immune regulation in autoimmune inflammation. Therefore, targeting this unresponsiveness 

to suppression could be a promising treatment option for patients with autoimmune disease. 

To effectively target resistance of Teff to suppression, however, more information on how this 

resistance is induced and maintained is required. Recently, different subpopulations of human 

antigen presenting cells (APCs) have been described, but their presence and function at the 

site of autoimmune inflammation remains unclear. Here, we characterized APCs present at the 

site of inflammation in patients with juvenile idiopathic arthritis (JIA) and investigated their role 

in inducing Teff resistance to suppression. We observed a clear difference in the composition 

of APCs in synovial fluid (SF) obtained from inflamed joints compared to peripheral blood (PB). 

Moreover, SF monocytes displayed strong proinflammatory characteristics with especially high 

TNFα and IL-6 production directly ex vivo. Upon co-culture with Teff, these SF monocytes 

and not SF dendritic cells (DCs) induced unresponsiveness of Teff to suppression, resulting 

in impaired Treg mediated control of cell proliferation and cytokine production. These data 

shed new light on the role of monocytes in autoimmune pathology, indicating that monocytes 

actively contribute to the ongoing inflammation by interfering with T cell regulation. 

Moreover, our results identify inflammatory monocytes and their ability to induce resistance to 

suppression as a new target to treat autoimmune inflammation.
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intRoduction
Given their central role in maintaining self tolerance intensive research over the years has 

focused on whether deficiencies in FOXP3+ regulatory T cells (Treg) underlie human autoimmune 

pathology. However, Treg numbers and function are often not declined in patients with 

autoimmune disease, but extrinsic factors at the site of inflammation can limit their suppressive 

outcome1. Specifically data from mouse models and patients with autoimmune disease now 

point towards resistance of effector T cells (Teff) to suppression, instead of malfunctioning of 

Treg, as an important mechanism of immune dysregulation in autoimmunity2. Also in patients 

with juvenile idiopathic arthritis (JIA) we3 and others4 have shown that Teff from inflamed 

joints are resistant to Treg mediated suppression. This resistance to suppression is T cells 

intrinsic, as it is maintained ex vivo without the presence of antigen presenting cells (APCs) 

from the site of inflammation. Furthermore, we showed that specific PKB/c-akt hyperactivation 

in inflammatory Teff caused their unresponsiveness to suppression. However, induction of 

resistance to suppression is still incompletely understood and might involve local APCs present 

at the site of autoimmune inflammation.   

In both RA5;6 and JIA3;7 monocytes and dendritic cells (DCs) from inflamed joints have a more 

activated phenotype compared to their peripheral blood (PB) counterparts. In addition, in vitro 

experiments have indicated that highly activated APCs can interfere with T cell regulation5;8. 

However, ex vivo data on the role of inflammatory monocytes and DCs in the disturbed 

Treg/Teff balance in patients with autoimmune disease are still missing. Recently, human PB 

monocyte and DC subpopulations have been thoroughly characterized by use of cell surface 

markers and genetic profiling9;10. Although APC subset nomenclature is still evolving, at present 

3 subsets of human monocytes, as well as 2 types of conventional DCs (cDCs) and plasmacytoid 

DCs (pDCs) are being recognized11. The presence and function of these newly characterized 

APCs at the site of inflammation in patients with autoimmune disease has yet to be determined.

Here, we not only characterized the recently described subsets of APCs in inflamed joints 

of JIA patients, but also ex vivo analyzed the role of these cells in inducing Teff resistance 

to suppression. We observed clear differences in the composition of monocytes and DCs 

in synovial fluid (SF) compared to PB. Importantly, we show that monocytes from the site of 

autoimmune inflammation, and not DCs, induce T cell resistance to suppression, leading to 

impaired Treg-mediated control of Teff.

metHods

paTienTs
15 patients with JIA (10 with oligoarticular JIA, 2 with extended oligoarticular JIA and 3 with 

polyarticular JIA) according to the revised criteria for JIA12, were included in this study. 

All patients had active disease and underwent therapeutic joint aspiration at the time of 

inclusion. Patients were between 2 and 18 years of age and were either untreated or treated 
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with non steroidal anti inflammatory drugs (NSAIDs), methotrexate (MTX) or both. Informed 

consent was received from parents/guardians or from participants directly when they were 

over 12 years of age. The study procedures were approved by the Institutional Review Board 

of the University Medical Center Utrecht (UMCU) and performed according to the principles 

expressed in the Helsinki Declaration.

cell isolaTion
Synovial fluid (SF) was collected during therapeutic joint aspiration and at the same time blood 

was drawn via veni puncture. Synovial fluid mononuclear cells (SFMC) and PB mononuclear cells 

(PBMC) were isolated using Ficoll Isopaque density gradient centrifugation (GE Healthcare Bio-

Sciences, AB) and were used either directly, or frozen in FCS (Invitrogen) containing 10% DMSO 

(Sigma-Aldrich) until further experimentation.

cell culTure condiTions
Cells were cultured in RPMI 1640 supplemented with 2mM L-glutamine, 100 U/ml penicillin-

streptomycin, and 10% human AB serum (all obtained from Invitrogen) in round-bottom 

96-well plates (Nunc). Cells were stimulated with 1.5 mg/ml plate-bound anti-CD3 (clone OKT3 

(eBioscience)) and cultured at 37°C and 5% CO2.

suppression assays wiTH sf and pb apcs
To study suppression of PB T cells in the presence of PB- or SF-derived APCs, CD4+CD25+CD127low 

Treg, CD3+ T cells, and CD3- APCs were sorted by flow cytometry on FACS Aria (BD Biosciences). 

PB CD3+ T cells were labeled with 2mM CFSE (Invitrogen) for 7 minutes at 37°C and extensively 

washed before used in suppression assays. 100.000 CD3+ T cells were co-cultured with 100.000 

CD3- APCs in the presence of SF Treg at a 1 to 4 and 1 to 8 ratio in 200 ml culture volume. To 

control for cell density Teff instead of Treg were added at a 1 to 4 ratio. At day 4, proliferation of 

T cells was analyzed by flow cytometry.

suppression assays wiTH sf monocyTes and dcs
To study suppression of PB T cells in the presence of SF-derived monocytes and DCs, 

CD4+CD25+CD127low Treg, CD3+ T cells, CD11c+CD14+ monocytes and CD11c+CD14- DCs were 

sorted by flow cytometry on FACS Aria (BD Biosciences). PB CD3+ T cells were labeled with 2mM 

cell trace (Invitrogen) for 7 minutes at 37°C and extensively washed before used in suppression 

assays. 70.000 CD3+ T cells were co-cultured with 30.000 SF-derived monocytes or DCs in the 

presence of SF Treg at a 1 to 4 and 1 to 8 ratio in 100 ml culture volume. To control for cell density 

Teff instead of Treg were added at a 1 to 4 ratio. At day 4, proliferation of T cells was analyzed by 

flow cytometry and supernatant was collected to measure cytokine production.

cyTokine measuremenT 
To measure cytokine production by SF-derived monocytes and dendritic cells, CD11c+CD14+ 

monocytes and CD11c+CD14- DCs were sorted by flow cytometry and 90.000 cells were cultured 
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in 100 ml culture volume. Cells were either untreated or stimulated with LPS (100 ng/ml (Sigma-

Aldrich)) or Poly(I:C) (30 mg/ml (Sigma-Aldrich)). After overnight culture supernatant was 

collected and stored at -80°C until analysis. To measure Treg mediated suppression of cytokine 

production, supernatant was collected from suppression assays and stored at -80°C until analysis. 

Cytokine concentrations were measured by Luminex technology as previously described13.

flow cyTomeTry
To detect intracellular cytokine production, cells were cultured in the absence or presence of 

LPS (1 mg/ml (Sigma-Aldrich)) for 4 hours with Golgistop (1/1500 (BD Biosciences)) added for the 

last 3 hours of culture. Before staining, cells were washed twice in FACS buffer (PBS containing 

2% FCS (Invitrogen) and 0.1% sodium azide (Sigma-Aldrich)). To prevent aspecific binding to Fc 

receptors cells were incubated with purified human FcR binding inhibitor (eBioscience). After 

this blocking step cells were washed twice in FACS buffer and incubated with surface antibodies. 

Upon surface staining cells were washed again in FACS buffer and acquired directly, or fixed 

and permeabilized using BD Cytofix/Cytoperm (BD Biosciences) followed by intracellular 

cytokine staining. Cells were acquired on FACSCanto II and analyzed using FACS Diva Version 

6.13 software (all BD Biosciences). 

sTaTisTical analysis
For statistical comparison between two groups T test, or in case of unequal variances, Mann 

Whitney test was used. To analyze paired patient samples, paired T test, or in case of unequal 

variances, Wilcoxon matched pairs test were used. P values below 0.05 were considered significant. 

Statistical analysis was performed using GraphPad Prism Version 5.03 (GraphPad Software).

ResuLts

apcs from THe siTe of auToimmune inflammaTion induce resisTance To suppression
We have previously shown that T cells isolated from SF of patients with JIA are resistant to 

suppression and that APCs from inflamed joints are not required to maintain this resistant 

phenotype ex vivo3. However, we hypothesized that local APCs present in inflamed joints may still 

play a role in the induction of T cell resistance to regulation. To investigate this, paired patients 

samples were used and PB T cells were cultured in the presence of PB or SF APCs from the same 

patient. To analyze T cell responsiveness to suppression, FACS sorted CD4+CD25+CD127low Treg 

were added and inhibition of T cell proliferation was measured. As a control for cell density, in 

some wells additional Teff instead of Treg were added (+Teff), which did not result in evident 

suppression. However, in the presence of Treg at either a 1 to 8 (1:8) or a higher 1 to 4 ratio (1:4) 

proliferation of both CD4+ (Figure 1 A) and CD8+ T cells (Figure 1 B) was clearly inhibited in co-

cultures with PB APCs (black bars). In contrast, in the presence of SF APCs (gray bars) suppression 

of T cell proliferation was much lower, indicating that in the presence of SF APCs T cells become 

less responsive to suppression. Thus, our ex vivo data suggest that APCs present at the site of 

autoimmune inflammation are able to induce T cell resistance to suppression.
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differenT composiTion of apcs in inflamed joinTs compared To pb
Since our data indicated that APCs in SF are able to induce T cell resistance to suppression, 

we next aimed to identify the APC subset responsible. Therefore, we characterized APCs in 

SF compared to PB by FACS analysis. In contrast to PB, percentages of B cells in SF were very 

low (Supplementary Figure 1), suggesting that B cells do not play a major role in resistance to 

suppression observed in the presence of SF APCs. To further identify the cell type responsible, 

we therefore phenotypically analyzed the remaining Lin-(CD3-CD19-CD56-) HLA-DR+ population 

according to previously described classifications11 (Figure 2 A). In general, SF appeared to 

contain more Lin- HLA-DR+ APCs compared to PB (Figure 2B). When further analyzing these SF 

APCs we detected both CD14+ monocytes as well as a large population of CD14- DCs (Figures 2 A 

and C). These SF CD14- DCs consisted of both CD1c+ cDCs as well as CD123+ pDCs (Figures 2 A and 

D). However, the main population of DCs present in SF were CD141+ cDCs (Figures 2 A and D).  

In contrast, in PB the percentage of CD14- DCs was lower and the majority of Lin- HLA-DR+ 

cells consisted of CD14+ monocytes (Figure 2 C). Furthermore, the subtypes of DCs present 

in PB were different from SF. In PB CD1c+ cDCs and CD123+ pDCs were the main DC populations 

present, whereas CD141+ cDCs that are highly present in SF were only marginally detected in 

PB (Figure 2 D). Together, these ex vivo data demonstrate clear differences in the number and 

subtypes of APCs present in SF compared to PB and reveal a unique composition of DCs at the 

site of autoimmune inflammation with high percentages of CD141+ cDCs. Given this distinction 

in DC subsets and the observation that DCs have superior T cell activating capacity compared 

to other APC subsets14, it is tempting to speculate that DCs are responsible for the induction of 
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Figure 1 | SF APCs induce T cell resistance to suppression. A-B, PB CD3+ T cells, PB and SF CD3- APC and SF 
CD4+CD25+CD127low Treg were sorted by flow cytometry. T cells and APCs were co-cultured in the absence or 
presence of Treg and at day 4 proliferation of CFSE labeled T cells was analysed. Suppression of CD4+ T cell 
(A) and CD8+ T cell proliferation (B) in the presence of PB (black bars) or SF derived APCs (gray bars) and Treg 
at a 1 to 8 (1:8) and 1 to 4 (1:4) ratio, or additional Teff at a 1 to 4 ratio (+Teff). The results show percentage of 
suppression in the presence of Treg or additional Teff relative to T cells cultured alone, mean ± SEM of n = 4.
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Figure 2 | Different composition of APCs in SF compared to PB. A-D, Paired PBMC and SFMC were analysed 
ex vivo by flow cytometry. A, Gating strategy used to analyze CD14- monocytes and CD14+ DC subsets 
in SF compared to PB. B, Percentage total Lin-HLA-DR+ APCs in PBMC (black bar) and SFMC (gray bar), 
mean ± SEM of n = 5. C, Percentage CD14+ monocytes (black bars) and CD14- DCs (hatched bars) of Lin-HLA-

DR+ PBMC and SFMC, mean ± SEM of n = 5. D, Percentage CD1c+ cDCs (black bars), CD141+ cDCs (white bars) 
and pDCs (gray bars) of Lin-HLA-DR+CD14- PBMC and SFMC, mean ± SEM of n = 2. 
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resistance to suppression observed in the presence of SF APCs. However, monocytes from SF 

of both RA5 and JIA patients3 have a highly activated phenotype with enhanced expression of 

costimulatory molecules. As a result, also these cells could induce profound T cell activation, 

which might lead to reduced responsiveness to Treg mediated suppression5;15.  Therefore we 

identified both DCs and monocytes from the site of inflammation in JIA that may have the 

capacity to induce resistance to suppression and we next performed suppression assays with 

sorted DCs and monocytes from SF to further investigate this.

monocyTes from THe siTe of inflammaTion induce T cell resisTance To suppression
The distribution and activation status of DCs and monocytes differs in SF compared to PB and 

both types of APCs could play a role in inducing resistance to suppression. To investigate whether 

SF DCs and/or monocytes are able to induce resistance to suppression, we therefore sorted 

these two main APC populations present in SF based on CD14 expression (Figure 3 A) and co-

cultured them with PB T cells from the same patient.  We first analyzed proliferation of PB T cells 

in the presence of these different subsets of SF APCs. Both CD4+ and CD8+ T cells proliferated 

more in the presence of SF DCs (black bars) compared to monocytes (gray bars) (Figure 3 B), in 

line with a potent antigen presenting capacity described for DCs14. To investigate responsiveness 

of Teff to suppression, FACS sorted CD4+CD25+CD127low Treg were added to the same APC and T 

cell co-cultures.  Although CD4+ and CD8+ T cells highly proliferated in the presence of SF DCs 

(Figures 3 B and C; left panel, open histogram), this proliferation was still efficiently suppressed 

by the presence of Treg (Figure 3 C; left panel, filled histogram). In contrast, in the presence 

of SF monocytes, Treg mediated suppression of both CD4+ and CD8+ T cell proliferation was 

almost completely abrogated (Figure 3 C; right panel). This severely reduced suppression of cell 

proliferation in the presence of SF monocytes was detected at both a 1 to 8 and a 1 to 4 ratio of 

Treg added to effector cells (Figure 3 D). Furthermore, suppression of a broad range of cytokines 

measured in the culture supernatant was highly decreased in the presence of SF monocytes 

(Figure 3 E).  In conclusion, although SF DCs induce high levels of T cell activation, Treg mediated 

suppression of cell proliferation and cytokine production remains intact. In contrast, monocytes 

Figure 3 | SF monocytes induce T cell resistance to suppression. A-E, PB CD3+ T cells, SF CD11c+CD14+ 
monocytes, SF CD11c+CD14- DCs and SF CD4+CD25+CD127low Treg were sorted by flow cytometry. T cells and 
APCs were co-cultured in the absence or presence of Treg. At day 4 proliferation of cell trace labeled T cells 
was analysed and supernatant was collected to analyze cytokine production. A, Gating strategy applied to 
sort CD11c+CD14+ monocytes and CD11c+CD14- DCs from SF. B, Proliferation of CD4+ and CD8+ T cells in the 
presence of SF CD14- DCs (black bars) or SF CD14+ monocytes (gray bars), mean ± SEM of n = 4, *P < .05. C, 
Proliferation profile of CD4+ (upper panel) and CD8+ T cells (lower panel) upon co-culture with SF CD14- DCs 
(left panel) or SF CD14+ monocytes (right panel) in the absence (open histogram) or presence of Treg at a 1 
to 4 ratio (filled histogram), one representative of n = 4. D, Suppression of CD4+ T cell (upper panel) and CD8+ 
T cell proliferation (lower panel) in the presence of SF CD14- DCs (black bars) or SF CD14+ monocytes (gray 
bars) and Treg at a 1 to 8 (1:8) and 1 to 4 ratio (1:4), or additional Teff at a 1 to 4 ratio (+Teff). The results show 
percentage of suppression in the presence of Treg or additional Teff relative to T cells cultured alone, mean ± 
SEM of n = 4, *P < .05. E, Suppression of cytokine production in the presence of SF CD14- DCs (black bars) or SF 
CD14+ monocytes (gray bars) and Treg added at a 1 to 4 ratio. The results show percentage of suppression in 
the presence of Treg relative to T cells cultured alone, mean ± SEM of n = 4, **P < .01, ***P < .001. ▶
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from the site of inflammation reduce responsiveness of Teff to suppression leading to severely 

impaired suppression of both cell proliferation and cytokine production. Thus, monocytes from 

the site of autoimmune inflammation, and not DCs, induce T cell resistance to suppression.

sf monocyTes Have a proinflammaTory pHenoType wiTH HigH Tnfα and il-6 
expression
Since our results showed that monocytes from the site of autoimmune inflammation are able 

to induce resistance to suppression, we further phenotypically and functionally characterized 

these cells ex vivo. First we analyzed cytokine production in overnight cultures after sorting 

SF monocytes and DCs as described in Figure 3 A. Whereas IL-8 production was higher in DC 

cultures, monocytes produced high levels of a broad range of proinflammatory cytokines, 

including IL-1α, IL-1b, IL-6, TNFα and CCL-2 (Figures 4 A en B). Interestingly, production of 

these cytokines by SF monocytes was high even in the absence of any stimulus, especially 

for TNFα and IL-6 (Figure 4 A). In contrast, DCs produced TNFα and IL-6 only after in vitro 

stimulation, upon exposure to LPS and especially Poly(I:C) (Figure 4 B). We confirmed this 

increased IL-6 and TNFα production by SF monocytes compared to DCs by intracellular 

cytokine staining both ex vivo and upon LPS stimulation (Figures 4 C and D). Together, these 

data indicate that SF monocytes have strong proinflammatory capacities by producing high 

levels of proinflammatory cytokines, such as TNFα and IL-6.  

To investigate whether these functional data correlate with a more proinflammatory 

phenotype, we next characterized the different subsets of human monocytes in SF compared 

to PB. Initially human monocytes were categorized into CD14++CD16- classical monocytes and 

a CD16+ subset that was considered proinflammatory based on its proinflammatory cytokine 

production16;17 and the observation that these cells are expanded under inflammatory 

conditions17;18, including RA17;19. However, more recently two separate populations within the 

CD16+ subset have been identified; a nonclassical CD14+CD16++ population and a CD14++CD16+ 

intermediate subset9;11. This latter subset was found to be responsible for the increase in CD16+ 

monocytes observed in PB of RA patients20;21. However, data on the presence of these different 

monocyte subsets at the actual the site of inflammation; the inflamed joint, are still missing. 

Therefore, we characterized the different subsets of human monocytes; CD14++CD16- classical 

monocytes, CD14+CD16++ nonclassical monocytes and CD14++CD16+ intermediate monocytes 

in SF compared to PB (Figure 4 E). We observed a significant decrease in the amount of 

CD14++CD16- classical monocytes in SF compared to PB, which was accompanied by a specific 

increase in the CD14++CD16+ intermediate population (Figure 4 F). Thus, SF monocytes have a 

more proinflammatory phenotype compared to their PB counterparts. Together our data show 

that monocytes from the site of autoimmune inflammation display strong proinflammatory 

characteristics reflected phenotypically by high CD16 expression as well as functionally by 

spontaneous production of proinflammatory cytokines. In contrast DCs isolated from inflamed 

joints do not produce large quantities of proinflammatory cytokines directly ex vivo.
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Figure 4 | SF monocytes display proinflammatory phenotypical and functional characteristics. A-B, SF 
CD11c+CD14+ monocytes and CD11c+CD14- DCs were sorted by flow cytometry. A, Cytokine production in 
overnight cultures of SF CD11c+CD14- DCs (black bars) or SF CD14+ monocytes (grey bars), mean ± SEM of 
n = 4, *P < .05. B, Cytokine production in overnight cultures of SF CD11c+CD14- DCs (black bars) or SF CD14+ 
monocytes (grey bars) upon stimulation with LPS (left panel), mean ± SEM of n = 6, *P < .05, **P < .01, ***P < 
.001, or Poly(I:C) (right panel), mean ± SEM of n = 2. C-D, Paired PBMC and SFMC were cultured 4 hours in 
the absence (upper panel) or presence of LPS (lower panel) and TNFa and IL-6 expression was measured by 
intracellular cytokine staining. C, TNFa and IL-6 expression in SF CD14- DCs (left panel) or CD14+ monocytes 
(right panel), one representative of n = 2. D, Percentage of IL-6+, TNFa+ and IL-6+TNFa+ SF CD14- DCs (black 
bars) or SF CD14+ monocytes (grey bars), mean ± SEM of n = 2. E-F, PBMC and SFMC were analysed ex vivo 
by flow cytometry. E, Distribution of CD14++CD16-, CD14++CD16+ and CD14+CD16++ monocytes in paired PBMC 
and SFMC, one representative of n= 4. F, Percentage CD14++CD16- (black bars), CD14++CD16+ (white bars) and 
CD14+CD16++ (grey bars) of Lin-HLA-DR+CD14+ PBMC and SFMC, mean ± SEM of n = 5, *P < .05.
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DISCUSSION
Because of their profound anti-inflammatory properties Treg are considered for therapeutic 

application in patients with autoimmune disease22. More recently, also Treg extrinsic factors 

have been identified as a cause of regulatory defects in human autoimmune disease and 

especially resistance of Teff to suppression contributes to disturbed immune regulation 

in autoimmune inflammation2. For a Treg based strategy to be successful, this resistance to 

suppression should therefore be targeted as well. As a result, more information on how Teff 

resistance to suppression is induced and maintained is required. Ex vivo data from patients 

with autoimmune disease, especially from the site of inflammation, are thereby indispensable. 

In this study, using mononuclear cells from inflamed joints of JIA patients, we were able to 

show that local APCs present at the site of autoimmune inflammation induce T cell resistance 

to suppression. Moreover, we established that proinflammatory monocytes, and not DCs, are 

responsible for this induction of resistance to suppression.

We are the first to demonstrate with ex vivo patient material that APCs present in inflamed 

joints interfere with T cell regulation. These data are in line with in vitro experiments indicating 

that highly activated APCs can interfere with Treg-mediated suppression5;8. In addition, in 

systemic lupus erythematosus (SLE) it has been shown that APCs from patients with active 

disease can impair Treg-mediated inhibition of Teff23. However, in these experiments total T cell 

depleted PBMC were used as APCs and therefore no conclusion could be drawn on the subtype 
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of APC responsible for interfering with suppression. In contrast, we characterized APC subsets 

present at the site of autoimmune inflammation and were able to show that SF monocytes and 

not DCs are able to induce unresponsiveness to suppression. Besides phenotypic data showing 

that SF monocytes have an enhanced activation status3;5 and a role for these cells in promoting 

Th17 cells24 these are the first functional data showing that monocytes from inflamed joints 

interfere with T cell regulation in arthritis.

We further characterized SF monocytes and observed that a large proportion of these 

cells belong to the CD14++CD16+ intermediate subset. This finding correlates with a study in 

RA reporting an increased percentage of monocytes expressing CD16 in SF compared to PB19. 

However, in this study no distinction between different subsets of CD16+ monocytes was made, 

since heterogeneity of the CD16+ population has only recently been recognized9;11.  At present 

two populations within the CD16+ monocyte population are being identified: CD14+CD16++ 

nonclassical monocytes and a CD14++CD16+ intermediate subset9;11. This latter population of 

monocytes has been found to be expanded under many inflammatory conditions9, including 

in PB of RA patients20;21. However, until now it has been unclear whether these cells actively 

contribute to the ongoing inflammation or just expand secondary to inflammatory stimuli. The 

high proportion of CD14++CD16+ intermediate monocytes in SF suggests that this CD16+ subset 

specifically contribute to induction of resistance to suppression.  We have some preliminary data 

supporting this hypothesis, since CD14+CD16++ nonclassical monocytes isolated from inflamed 

joints failed to induce resistance to suppression (data not shown). These data suggest that 

CD14++CD16+ intermediate monocytes have an active role in chronic inflammation by interfering 

with T cell regulation. Interestingly, Rossol et al. showed that CD14++CD16+ monocytes specifically 

expand Th17 cells21 and these cells have been known to be less responsive to suppression 

compared to other T helper subsets25-28. However our ex vivo data revealing impaired suppression 

of a broad range of cytokines in the presence of SF monocytes argue against specific expansion 

of Th17 cells as a mechanism behind the observed resistance to suppression. 

Proinflammatory cytokines might play a role in the capacity of SF monocytes to induce 

resistance to suppression. We detected extensive production of proinflammatory cytokines in 

overnight cultures of SF monocytes, whereas cytokine production by SF DCs, which failed to 

induce resistance to suppression, was low.  Moreover, in contrast to what has been reported for 

monocytes from healthy controls29;30, production of proinflammatory cytokines by SF monocytes 

was high even in the absence of any stimulus, especially for TNFa and IL-6. We have previously 

shown that incubation of PBMC from healthy donors with TNFa and IL-6 leads to reduced 

responsiveness of these cells to suppression3. In addition, in a mouse model for multiple sclerosis 

(MS) Teff from the inflamed central nervous system were found to be refractory to suppression 

and this resistance to suppression was associated with high TNFa and IL-6 production31. Finally, 

murine in vitro experiments have shown that activated APCs can render Teff unresponsive to 

suppression, partially dependent on IL-68. Therefore, TNFa and IL-6 are likely candidates to play 

a role in the mechanism by which SF monocytes induce resistance to suppression.

In conclusion, our data show that monocytes from the site of autoimmune inflammation are 

able to induce Teff resistance to suppression, leading to impaired Treg mediated control of T cell 
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proliferation and cytokine production. These data shed new light on the importance of monocytes 

in autoimmune pathology. In addition, these results have clinical implications as they point 

towards monocytes and their ability to induce resistance to suppression as a new target to treat 

autoimmune inflammation. Addressing these inflammatory monocytes might create a window of 

opportunity for a Treg based therapy to be successful in patients with autoimmune disease.
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abstRact
Since the discovery of FOXP3+ regulatory T cells (Treg) over 15 years ago, intensive research has 

focused on their presence, phenotype and function in autoimmune disease. Whether deficiencies in 

Treg underlie autoimmune pathology and whether, or how, therapeutic approaches based on these 

cells might be successful is still the subject of debate. The potential role of Treg extrinsic factors, 

such as proinflammatory cytokines and resistance of effector T cells (Teff) to suppression, as the 

cause of regulatory defects in chronic autoimmune inflammation is an intensive area of research. It 

is now clear that, at the site of inflammation, antigen presenting cells (APCs) and proinflammatory 

cytokines drive Teff skewing and plasticity, and that these T cells can become unresponsive 

to regulation. In addition, expansion and function of Treg is affected by the inflammatory 

environment; indeed, new data suggest that, in certain conditions, Treg promote inflammation. 

This Review summarizes the latest findings on changes in Teff homeostasis in autoimmune disease 

and focuses on how mechanisms that normally regulate these cells are affected in the inflamed 

joints of patients with arthritis. These findings have important clinical implications and will affect 

the development of new therapeutic strategies for autoimmune arthritis.
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intRoduction
Our understanding of autoimmune diseases, including rheumatoid arthritis (RA) and juvenile 

idiopathic arthri tis (JIA), has been broadened by the identification of new key players in 

autoimmune inflammation. The discovery of CD25+FOXP3+ regulatory T cells (Treg)1, capable of 

suppressing T cell activation, proliferation and effector function, opened an exciting new area of 

immunological research. FOXP3+ Treg originate from the thymus and are therefore commonly 

referred to as natural Treg; they can, however, also be induced in the periph ery from naive T 

cells in the presence of transforming growth factor b (TGFb) and are then termed induced 

Treg (Figure 1, part 1)2. Because of their suppres sive function, Treg are crucial in maintaining 

self-tolerance and preventing autoimmune responses2. As a result, their discovery stimulated 

extensive research into whether deficiencies in the number or function of Treg underlie human 

autoimmune disease, such as RA3;4. Accumulating data are now showing, however, that it is not 

just a question of insufficient or nonfunctional Treg in the perpetuation of autoimmune arthritis. 

The proinflammatory environment in affected joints can also interfere with T cell regulation5. In 

particular, findings in 2011 indicated that resistance of effector T cells (Teff) to suppression has 

an important role in synovial inflammation6;7. In addition, insights into T cell plas ticity, especially 

in inflamed joints8;9, have extended our understanding of autoimmune pathology. Here we 

summarize our current knowledge on how T cells lose control in autoimmune inflammation. 

We discuss how proinflammatory mediators can induce T cell plastic ity and interfere with T 

cell regulation, especially in the inflamed joints of patients with arthritis. We also focus on how 

highly activated T cells influence antigen pre senting cells (APCs) by modifying their infiltration 

and differentiation. Finally, we consider how these ineffective regulatory mechanisms might 

contribute to the chronic ity of inflammation, which should be kept in mind when developing 

new therapies for autoimmune arthritis.

T cell subseTs in auToimmune arTHriTis
In RA, the synovium becomes infiltrated by multiple types of immune cells, including granulocytes, 

monocytes and/or macrophages, B cells and high levels of CD4+ and CD8+ T cells, which are 

mostly activated memory cells, leading to the production of high levels of proinflam matory 

cytokines10;11. Genetic association studies have generated evidence for an important role of T 

cells, par ticularly CD4+ T cells, in RA pathogenesis. For example, HLA-DR1 and HLA-DR4, which are 

involved in antigen presentation and T cell selection, have been associated with the development 

of RA10. In addition, in two spon taneous mouse models of arthritis, adoptive transfer of T cells 

from diseased mice induced disease in recipient mice11;12. Classically, type 1 T helper (Th1) cells, 

which produce IFNg, were thought to drive RA pathology. Since the discovery of type 17 T helper 

(Th17) cells (characterized by the production of IL-17), however, this concept of disease has been 

revised as these cells seem to be even more important in promoting autoimmune disease11;13. In 

RA, IL-17 promotes synovial inflamma tion by enhancing the influx of inflammatory cells, such as 

neutrophils, and is a major contributing factor to bone and cartilage damage10;14.
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synovial fluid
The relative contribution and commitment of CD4+ T cell subsets in RA pathology was 

investigated using epigenetic immune lineage analysis15. Epigenetic information is not encoded 

by changes in DNA sequence but by differen tial methylation of the DNA and chromatin 

modifica tion, which results in heritable but plastic modifications. These epigenetic processes 

have been shown to be key determinants in T helper (Th) cell differentiation and sta bility16. By 

analyzing DNA methylation levels of several key genes in Th cell differentiation, Janson and col-

leagues established that demethylation of the Ifng locus is significantly enhanced in CD4+ T cells 

isolated from the synovial fluid of patients with RA15, which is indica tive of enhanced skewing 

towards the Th1 lineage. In line with this finding, CD4+ T cells in the synovial fluid were found 

to predominantly produce IFNg in response to type II collagen, one of the main constituents 

of articu lar cartilage17. Interestingly, both studies also reported Th17 cell responses at the site 

of inflammation, although this phenotype was less pronounced than Th1 skewing. Moreover, 

in patients with JIA, higher levels of IFNg than IL-17 were observed and Th17 cells were found to 

co-produce IFNg in inflamed joints8;9;18. However, as described above, Th17 cells are key players 

Figure 1 | Reciprocal development of peripherally induced Treg and Th17 cells. Under specific circumstances, 
including high levels of TGFb, Treg can be induced in the periphery from naive cells upon interaction with 
APCs (1). Development of Th17 cells is also dependent on TGFb and proinflammatory cytokines, such as 
IL-6 and IL-21, whereas it is inhibited by IL-2 (2). Therefore, Treg can promote the development of Th17 cells 
in a proinflammatory environment by producing TGFb and consuming IL-2. 
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in joint pathol ogy and their lower levels in the inflamed joint compared with Th1 cells might 

result from limited expansion of these cells at the inflammatory site19. 

In addition to Ifng demethylation, Janson et al.15 also observed increased demethylation 

of the Foxp3 locus in synovial fluid CD4+ T cells. Thus, in addition to Th1 skewing, an enhanced 

commitment towards the Treg lineage is also observed. This observation is in line with studies 

showing that FOXP3+ Treg are enriched in the synovial fluid of patients with RA and JIA: these 

studies also confirm the high levels of demethylation of the Foxp3 Treg specific demethylated 

region (TSDR), suggesting stable FOXP3 expression5;6. Enhanced expres sion of the antigen Ki67 (a 

marker of cell proliferation) in these cells5 (and Wehrens et al. unpublished observa tion) further 

suggest that Treg are expanding locally in the inflamed joints. Although little is known about 

the role of CD8+ T cells in joint pathology, high levels of these cells are present in synovial fluid, 

mainly with an effector memory phenotype, and produce marked amounts of proinflammatory 

cytokines, such as tumour necrosis factor α (TNFα) and IFNg6,20. Furthermore, in patients with 

JIA high levels of synovial fluid CD8+ T cells are correlated with a more progressive course of 

disease than is observed in patients with lower levels of these cells21.

spEcific T cEll skEwing in inflamEd joinTs
Notably, in the peripheral blood of patients with RA, the level of demethylation of Ifng and Il-17a is 

the same as in healthy controls15. Thus, skewed CD4+ T cell commitment occurs specifically at the 

site of inflammation, likely as a result of an interaction between CD4+ T cells and local APCs, which 

are found in increased numbers in inflamed joints22–28. Moreover, synovial fluid mono cytes22;24;26 

and dendritic cells (DCs)23;25–28 have a more activated phenotype with enhanced expression of the 

maturation markers CD40, CD80, CD86 and HLA-DR than those isolated from peripheral blood. Upon 

inter action with CD4+ T cells these monocytes derived from synovial fluid specifically induce Th17 

responses, in contrast to monocytes isolated from peripheral blood22. In experimental autoimmune 

encephalomyelitis (EAE), an animal model for multiple sclerosis, DCs promote maintenance of 

Th17 cells at the site of inflammation via production of IL-2329. In addition, the acute phase protein 

serum amyloid A, which is highly present during inflammation, induces Treg prolifera tion without 

abrogating their suppressive function in a monocyte-dependent manner30. Thus, in an inflammatory 

environment, monocytes may also induce expansion of Treg, potentially explaining the high levels of 

proliferating Treg observed in the inflamed joints of patients with arthritis5,6. In conclusion, Treg, Th1 

and Th17 cells are key T cell subsets in joint inflam mation. Although it is unlikely that priming of naive 

T cells takes place at the site of inflammation, T cell expansion, differentiation and effector functions 

are probably further promoted following interactions with local activated APCs (Figure 2).

Treg in auToimmune inflammaTion
Given their central role in maintaining self-tolerance and suppressing inflammation, research 

has focused on the clinical application of Treg in patients with autoimmune disease, including 

RA31. However, whether Treg are actually deficient in these patients remains con troversial31;32. 

Indeed, as described above, high levels of Treg are present in the inflamed joints of patients 

with arthritis and numerous publications have shown that synovial fluid Treg are functional 

131



im
paired im

m
une regulaTion in THe inflam

ed joinT

7

in vitro6;7;33–36. Nevertheless, the proinflammatory environment might interfere with their 

effectiveness at the site of inflamma tion. For example, highly activated APCs in inflamed 

joints might reduce Treg function, as strong and prolonged T cell stimulation through the 

concomitant stimulation of the T cell receptor and CD28 signaling pathways can impair 

Treg-mediated suppres sion24;37;38. In addition, in an experimental model of systemic lupus 

erythematosus (SLE)39 and in patients with SLE40, APCs were found to impair Treg-mediated 

inhibition through production of the proinflammatory cytokines IL-6 and IFNα, respectively.

Tnfα
Research over the past 8 years has particularly focused on the effects of TNFα on Treg function, 

probably because its receptor (TNF receptor II (TNFRII)) is preferentially expressed on the 

surface of Treg in both mice and humans41–43. Extensive data on the effect of TNFα on Treg 

function have now been retrieved from both human and experimental studies, with partially 

conflicting results. Indeed, a direct TNFRII-mediated impairment of human Treg function has 

been described in vitro43–45 and, from the reverse perspective, inhibition of TNFα improves Treg-

mediated suppression both in vitro5 and in patients treated with infliximab43;45;46. Interestingly, 

a novel Treg population with enhanced suppressive capacity seems to be induced in patients 

treated with either infliximab45;47 or adalumimab48, although cytotoxic T-lymphocyte protein 4 

(CTLA-4) expression by Treg remains unaffected49. By contrast, data from mouse models revealed 

that TNFα can actually boost Treg expansion50;51 and, as such, protect mice from subsequent 

induction of autoimmune disease51. TNFα might, there fore, have different effects on Treg - 

reducing their suppressive function - but, at the same time, promoting their expansion. The 

latter could be another mechanism behind the high levels of proliferating Treg observed in the 

inflamed joints of patients with arthritis5;6. However, the relationship between TNFα levels and 

Treg number still remains a conundrum: in humans TNFα has a negative effect on Treg expansion 

in vitro52 and, in the inflamed joints of patients with arthritis, a nega tive correlation between 

TNFα levels and the percentage of FOXP3+ T cells was observed5. Furthermore, in mice, TNFα 

was found to increase Treg suppressive capac ity50;51, which contradicts with the data obtained 

from humans5;43;46. Thus, mouse and human Treg might respond differently to TNFα and so far all 

human data point towards a negative effect of TNFα on Treg func tion. In our opinion, the effect 

of TNFα is species specific: TNFα induced expansion of Treg only occurs in mice, whereas, in 

humans, TNFα negatively affects both Treg expansion and function. Other cytokines, such as 

IL-2, IL-7 and IL-15 have also been described to interfere with human Treg function24;35. Thus, in 

the inflamed joint of patients with arthritis, proinflammatory cytokines, in particular TNFα, and 

highly activated APCs are thought to interfere with Treg function (Figure 3, part 1).

oThEr inhiBiTory paThways
The proinflammatory synovial environment may also hinder other pathways of T cell regulation. 

For instance, the programmed cell death protein 1 (PD-1) is up-regulated on synovial fluid T cells, 

but these cells display impaired responsiveness to PD-1-mediated restriction of proliferation 

and cytokine production. This pheno type can be mimicked in vitro by culturing cells from 
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healthy donors in the presence of synovial fluid53, sug gesting that soluble proinflammatory 

mediators have a role in impaired responsiveness to PD-1 signaling. In addition, Hidalgo et 

al.54 showed that CD130, which is involved in IL-6 signaling, is not down-regulated in synovial 

tissue, presumably owing to the local presence of IL-10. The specific cytokine environment 

therefore sup presses negative feedback mechanisms in the inflamed synovium, allowing for 

continuous IL-6 signaling and unresponsiveness to PD-1-mediated inhibition54. All together, 

these data implicate that T-cell regulation, and specifically Treg function, are diverted by the 

proinflammatory environment in the inflamed joint.

Teff resisTance To suppression
In addition to the impairment of Treg function described above, resistance of Teff to suppres sion 

also markedly contributes to uncontrolled inflam mation. In 2003, in vitro mouse experiments 

showed that activated APCs could render Teff unresponsive to suppression by a mechanism 

dependent, in part, on IL-655. The phenomenon of Teff becoming refractory to suppression 

was additionally sug gested in vivo in EAE56;57. Treg isolated from the site of inflammation in 

EAE were functional, as these cells suppressed naive Teff in vitro. However, sup pression was 

reduced following co-culture with primed Teff from the inflamed central nervous system, 

demonstrating that Teff from the site of inflammation are less responsive to suppression56;57. 

Notably, these primed Teff produced high levels of TNFα and IL-6; adding these cytokines to 

naive Teff reversed their suppression by Treg56.

Resistance of Teff to suppression was also reported for cells from the site of inflammation 

in patients with JIA. We6 and others7 have shown that Treg-mediated suppression is impaired 

when cells are isolated from the inflamed joints of these patients. Interestingly, this finding is 

not a result of a functional defect in synovial fluid Treg, as these cells suppressed Teff isolated 

from peripheral blood to a similar level as was observed in healthy controls6;7. Instead Teff from 

the site of inflammation showed reduced responsiveness to suppression, which, although not 

associated with a memory phenotype of the cells, did correlate with their activation status6;7. 

More specifically, we established that protein kinase B (PKB)/c-akt hyperactiva tion contributed 

to resistance of synovial fluid Teff to suppression. In our opinion, PKB/c-akt hyperactivation 

results from the proinflammatory synovial environment, because TNFα and IL-6, both highly 

present in inflamed joints, induce PKB/c-akt activation and subsequent resistance to suppression 

in Teff from healthy donors6. These findings are in agreement with the before men tioned studies 

in EAE showing a role for TNFα and IL-6 in Teff resistance to suppression55;56. In patients with JIA, 

unresponsiveness to suppression was not only observed in CD4+ T cells, but also highly apparent 

in syn ovial fluid CD8+ T cells6, in line with their correlation to a more severe outcome of disease21. 

Furthermore, although this resistance to suppression is intrinsic to T cells and maintained in vitro 

even in the absence of synovial fluid APCs6, it seems that synovial fluid APCs are responsible for 

the initial induction of resistance to suppression in JIA (Wehrens et al. unpublished observations).

In patients with RA, resistance of Teff to suppression - although to a lesser degree than 

resistance to suppression observed in the synovial fluid of patients with JIA - was also detected 

in peripheral blood of patients when compared with healthy controls58, perhaps owing to a more 
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systemic pathology in RA than JIA. In other autoimmune diseases, including type I diabetes 

mellitus (T1DM), SLE and inflammatory bowel disease, resistance of Teff to suppression has 

been described as well, both in patients59–63 and in animal models39;64–67 (Table 1). Teff resistance 

to suppression therefore seems to be a general mechanism involved in autoimmune pathology 

and chronic inflammation. In line with this conclusion, Th17 cells, identified as key players in 

autoimmune inflammation, are less suscep tible to suppression than other Th subsets57;68–70. In 

conclusion, Teff in the inflamed joints of patients with arthritis are refractory to suppression, 

which probably contributes to uncontrolled synovial inflammation (Figure 3, part 2).

inflammaTion induced T cell plasTiciTy
TrEg
The proinflammatory environment is known to interfere with Treg-mediated suppression, but 

it might also induce plasticity of these cells. Purified human Treg can down-regulate FOXP3 

expression in the presence of proinflammatory cytokines, such as IL-1b and IL-6, in vitro71;72. This 

loss of FOXP3 expression is associated with reduced suppressive function72 and, more impor-

tantly, production of IL-1771;72. Although it is impossible to exclude outgrowth of contaminating 

FOXP3– cells in a human system, data from transgenic mice confirmed that cells expressing FOXP3 

tagged with green fluores cent protein could differentiate into effector cells that produce IL-17 

Figure 2 | The main CD4+ T cell subsets in synovial inflammation. Th1 cells, which produce IFNg, and Treg, 
which can inhibit Teff and APC activation, are key T cell subsets in the inflamed joints of patients with 
arthritis. Th17 cells, which produce IL-17, contribute to synovial inflammation by enhancing neutrophil 
infiltration and bone destruction. The differentiation, expansion and effector function of these T cells are 
modulated by interaction with local APCs. 
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and IFNg in an autoimmune inflamma tory environment73;74. Together these data suggest that 

Treg from patients with autoimmune disease exhibit enhanced plasticity because of ongoing 

inflammation. In patients with multiple sclerosis75 and T1DM76, increased numbers of peripheral 

blood FOXP3+ T cells co-express IFNg and, as a result, display reduced suppressive capac ity. These 

unstable Treg are thought to arise as a consequence of their proinflammatory environment, as 

exposure to IL-12 in vitro also induced IFNg production in FOXP3+ cells from healthy donors75;76.

How these findings translate to Treg cells present in the inflamed joints of patients with 

arthritis is still unclear and might be obscured by the transient up-regulation of FOXP3 expression 

in human activated Teff77;78. Although IFNg levels are very low, low levels of IL-17 expression can be 

found in FOXP3+ T cells isolated from synovial fluid of patients with arthritis, but it is not clear how 

these levels compare to Treg from peripheral blood5. In addition, we did not observe any IFNg 

and IL-17 production in synovial fluid FOXP3+ T cells in our cohort of patients with JIA (Wehrens 

et al. unpublished observation). Furthermore, FOXP3+ cells from synovial fluid of patients 

with JIA have high TSDR demethylation levels, similar to FOXP3+ cells from peripheral blood5;6, 

suggesting that these cells have a relatively stable pheno type despite their proinflammatory 

environment. Data in mice have now shown that only a minor subpopulation of FOXP3+ T cells 

with a fully methylated TSDR region become unstable79;80, whereas the majority of FOXP3+ T cells 

are resistant to conversion into Teff and have a fully demethylated TSDR region80. Notably, these 

unstable FOXP3+ cells are mainly present within periph erally induced and not natural Treg and 

preferentially expand under inflammatory conditions80. Thus, unsta ble peripherally induced Treg 

might predominantly contribute to Treg plasticity observed in the presence of proinflammatory 

cytokines71;72;74. It is not possible to distinguish between natural and induced Treg in humans, 

however, but in support of the data from mice studies, only a subpopulation of human FOXP3+ 

cells was found to be unstable and displayed impaired suppressive capacity72;81. Natural FOXP3+ 

Treg might, therefore, be more stable than initially recognized. Although no data so far indicate 

that synovial fluid Treg are unstable, it is still possible that in the inflamed synovium some Treg 

display enhanced plasticity due to the highly proinflammatory environment (Figure 3, part 3).

Th17 cElls
Although it is still unclear whether Treg plasticity takes place in the inflamed joint, plasticity of 

Th17 cells in the synovium of patients with JIA has been reported. Compared with peripheral 

blood, a high proportion of Th17 cells in synovial fluid co-express IFNg8;9;18 and display both Th17 

(RORC)8;9 and Th1 (T-bet) transcrip tion factors9. Instability of these synovial fluid Th17 cells is 

confirmed ex vivo as, following culture, a substantial proportion start to produce IFNg, whereas 

Th17 cells from peripheral blood remain IL-17 single positive8. However, Th17 cells derived from 

peripheral blood can convert into Th1 cells when cultured in the presence of synovial fluid in 

a mechanism dependent on high levels of IL-12 in the synovial fluid8;9. Thus, Th17 cells in the 

synovium of patients with JIA probably become unstable owing to their proinflammatory 

environment containing high levels of IL-12. This inflammatory mediated conversion of Th17 

has also been observed in vivo in mouse models of autoimmune disease82–84. CD161 expression 

by a proportion of Th1 cells in the synovium9 and clonal overlap of these cells with Th17 cells and 
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Th17 cells co-expressing IFNg8;9 suggest that unstable Th17 cells give rise to a population of Th1 

cells in the inflamed joints, potentially explaining the more pronounced Th1 responses in the 

inflamed synovium described earlier8;16;17.

T cells modulaTe apcs: closing THe loop
Highly activated APCs at the site of autoimmune inflam mation influence T cell homeostasis, which 

is reflected by the preferential induction of Th17 cells by monocytes from the inflamed joints of 

patients with RA22. Studies in mice and humans over the past 3 years have demonstrated that T cells 

also influence the infiltration and differen tiation of APCs. Human monocytes express high levels 

of IL-17 receptor and IL-17 serves a chemoattractant for these cells. More specifically, synovial fluid 

from patients with RA, which contains high levels of IL-17, induces monocyte migration, which 

is abrogated by antibodies against IL-17 or its receptors85. Thus, in inflamed joints, monocytes 

induce Th17 cell differentiation whereas IL-17 produced by these cells promotes the infiltration 

of new monocytes into the synovium (Figure 3, part 4). In addition to enhancing monocyte 

infiltration, the diff erentiation of these cells into DCs is also promoted by cytokines produced by 

Teff (Figure 3, part 5). Human CD4+ T cells induce differentiation of monocyte-derived DCs in vitro, 

which is triggered by production of granulocyte-macrophage colony stimulating factor (GM-CSF) 

and TNFα86. Furthermore, during inflammation in vivo the generation of monocyte-derived DCs 

seems to be dependent on CD4+ T cells producing GM-CSF87. When acute inflammatory arthritis 

is induced in mice that lack GM-CSF producing CD4+ T cells, the numbers of monocyte-derived 

DCs in draining lymph nodes are significantly reduced. As a result, histological arthritis scores in 

these mice are moderated, indicating that T cell dependent differentiation of monocyte-derived 

DCs contribute to the severity of joint inflammation87.

In addition to promoting DC differentiation in general, one study now indicates that human 

CD4+ T cells can actually modulate the type of DC that is generated, depending on the subset 

of Th cell and the cytokines it produces86. DCs differentiated in the presence of Th1, Th2 or 

Th17 cells differ in phenotype and cytokine pro duction. As a result, following co-culture with 

naive T cells they preferentially induce the same type of Th cell that they were generated with. 

Some evidence now indi cates that this T cell instructed DC differentiation also occurs during 

inflammation in vivo, as DCs isolated from psoriatic skin lesions in which Th1 and Th17 cells 

predominate resemble those that are generated in the presence of Th1 and Th17 cells in vitro86. 

Together, these data suggest that at the site of autoimmune inflamma tion, a loop exists in which 

T cells act back on APCs, not only by enhancing their recruitment (Figure 3, part 4), but also by 

promoting and probably modulating their differentiation into DCs (Figure 3, part 5). As a result, 

the proinflammatory type of immune response is further reinforced. Reduced killing of activated 

monocytes might also contribute to this ongoing loop of inflam mation. Under homeostatic 

conditions effector cells can induce monocyte apoptosis, but this response is impaired in 

patients with RA, especially in cells from synovial fluid88, which might result from resistance of 

synovial fluid monocytes to FAS-induced apoptosis89. Finally, although Treg normally inhibit APC 

function, APCs become less responsive to suppression following activa tion90. Therefore, it will be 

very interesting to investigate whether Treg are capable of suppressing the highly activated APCs 
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Figure 3 | Perpetuating loop of uncontrolled synovial inflammation. In the inflamed joints of patients 
with arthritis, activated APCs and proinflammatory cytokines impair the function of Treg (1) and induce 
resistance of Teff to suppression (2). In the presence of proinflammatory APCs, a small population of 
unstable Treg might convert into pathogenic Teff (3). Cytokines produced by highly activated uncontrolled 
Teff further drive the inflammatory response by recruiting monocytes to the site of inflammation (4) and 
promoting their differentiation into dendritic cells (5). 

found in the inflamed joints of patients with arthritis. In conclusion, insufficiently controlled Teff 

in the inflamed synovium (Figure 3, part 2) can further enhance the ongoing inflammation by 

promoting monocyte infiltration (Figure 3, part 4) and differentiation into DCs (Figure 3, part 5).

Treg and cHronic inflammaTion
So far we have described several pathways involved in T cell regulation that are up-regulated at 

the site of autoimmune inflammation. However, their regulatory outcome is clearly restricted 

by the proinflammatory environment. In particular, FOXP3+ Treg are present at high levels in 

the inflamed joints of patients with arthritis5;6, but ineffective in controlling Teff, at least partly 

owing to the resistance of Teff to suppression6;7. Besides being ineffective, could these Treg 

actually contribute to ongoing inflammation? For example, as induction of pathogenic Th17 cells 

is dependent on TGFb84;91–93 but inhibited by IL-284;94, Treg could promote Th17 differentiation by 

138



7

im
paired im

m
une regulaTion in THe inflam

ed joinT

produc ing TGFb and consuming IL-284;95 (Figure 1). Indeed, in mice, highly purified FOXP3+ Treg 

induce Th17 differentiation, in a manner dependent on production of TGFb73;96 or consumption 

of IL-298, or both97. Moreover, this Th17 induction specifically occurs under inflamma tory 

conditions both in vitro73;96 and in vivo97;99. In addi tion, in humans, Treg not only fail to suppress 

IL-17 levels in culture, but actually increase the percentage of IL-17 producing cells100. Of note, 

Treg enhance IL-17 production by effector memory T cells in these assays, suggesting that in 

inflamed joints of patients with arthri tis, in which memory T cells predominate6;7, Treg could 

promote Th17 cellular responses. In addition, if Treg become unstable and subsequently 

convert into pathogenic Teff producing proinflamma tory cytokines, there could be a highly 

detrimental effect on autoimmune inflammation. Indeed, mouse Treg become pathogenic 

following down-regulation of FOXP3 and induce diabetes in RAG2–/– mice101. Finally, although 

Treg inhibit proinflammatory cytokine production by monocytes88;102, they do not induce 

apoptosis of these cells, as shown for Teff88. Therefore, reduced killing of activated monocytes 

might also be a negative consequence of high levels of Treg present at the site of inflammation. 

Thus, besides being ineffective in con trolling the inflammatory response, through a variety of 

mechanisms, Treg might actually contribute to the ongoing inflammation.

concLusion
In the past decade, biologic agents that specifically target essential mediators of autoimmune 

inflammation have been introduced in the clinic to treat autoimmune disease. Of these, 

monoclonal antibodies against TNFα (infliximab and adalimumab), or the soluble TNFα 

receptor (etaner cept), have been very promising in the treatment of auto immune arthritis. 

Anti-TNFα therapy is still not curative and only partially effective in the majority of patients103. 

The search for new treatment options therefore continues. Over the past years the therapeutic 

application of Treg has been thoroughly investigated because of their pro found anti-

inflammatory properties31. However, the local proinflammatory environment can interfere with 

Treg function in patients with autoimmune inflammation and resistance of Teff to suppression 

could restrict the effectiveness of Treg targeted approaches6;7;58;59;61;63. Looking to the future, 

more information on how this resistance is induced and maintained will be essential in the 

development of more effective therapeutic strategies. Data on whether and how current 

therapies target resist ance of Teff to suppression will also help to further understand its 

importance in autoimmune pathol ogy. Indeed, alternative targets might be more efficient in 

the treatment of autoimmune arthritis or could enhance effectiveness of Treg based therapies. 

Moreover, Treg could promote the development of pathogenic Teff in a proinflammatory 

environment71–73;75. Overall, Treg based therapies should be approached with great caution in 

patients with ongoing inflammation and a combi nation with a profound anti-inflammatory 

strategy might be indispensable in preventing adverse events.

139



im
paired im

m
une regulaTion in THe inflam

ed joinT

7

keY Points

•	 The study of immune regulation at the site of inflammation is required to 

improve our understanding of autoimmune pathology

•	 At the site of autoimmune inflammation, proinflammatory mediators 

interfere with T cell regulation and may induce T cell plasticity

•	 Treg are less functional, or might even become pathogenic, in an 

autoimmune inflammatory environment, which should be kept in mind 

when developing Treg based therapies

•	 Resistance of Teff to suppression markedly contributes to the disturbed 

immune balance in the inflamed joints of patients with arthritis

•	 In autoimmune inflammation, a perpetuating loop exists in which APCs 

instruct T cell differentiation and function, and Teff promote and shape the 

infiltration and differentiation of APCs
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tReG in autoimmune disease

of mice and men: Human Treg do noT induce apopTosis in Teff
Despite many years of research into Treg function, the main suppressive mechanisms utilized 

by Treg remain unclear. This especially holds true for human Treg, since the majority of studies 

investigating Treg function have been performed in mice. In Chapter 3 we investigated whether 

a Treg suppressive mechanism described in mice, apoptosis induction in Teff, is also employed 

by human Treg. We show that human Treg efficiently inhibit Teff proliferation and cytokine 

production, but do not induce apoptosis in Teff as has been shown for murine Treg1. Over the 

years, more discrepancies between mice and human Treg have been described. Perhaps most 

obvious differences relate to FOXP3 expression. Compared to mice, expression of FOXP3 less 

consistently correlates with suppressive function in humans, as it can also be up-regulated in 

activated T cells without conferring a suppressive phenotype2-6. In addition, in humans FOXP3 

exists as two isoforms; a full-length form and a splice variant lacking exon 27. These two isoforms 

have functional differences, since full-length FOXP3, but not the isoform lacking exon 2, interacts 

with RORα and thereby inhibits Th17 differentiation8.  Next to these differences in FOXP3 

expression the manner in which Treg respond to environmental cues can also differ between mice 

and human. Both murine and human Treg preferentially express TNF receptor 2 (TNFR)9-11, but 

differ in the way they react to TNFα. In mice TNFα has been found to boost Treg expansion and 

suppressive potential12;13, whereas in human TNFα negatively affects both Treg function11;14;15 and 

expansion16. Finally, Treg from mice and humans can differ in the suppressive mechanisms they 

employ. IL-35 is highly expressed by murine Treg and important for their suppressive function in 

vitro and in vivo17. In contrast, human Treg do not constitutively express IL-3518;19, questioning its 

importance as a suppressive mechanism in humans. Recently, it has been reported that IL-35 is 

up-regulated in human Treg following long-term activation and is involved in their suppressive 

capacity under specific in vitro conditions20. Collectively, these data indicate that IL-35 plays a less 

vital role in Treg function in human compared to mice. Overall, differences in FOXP3 expression, 

response to environmental stimuli and suppressive mechanisms have been described for murine 

and human Treg. As a result, data from mice should always be carefully validated in human cells, 

especially in light of therapeutic application of Treg. Our result revealing apoptosis independent 

suppression by human Treg indicates yet another functional difference between mice and human 

Treg. However, a recent study in mice also questions whether apoptosis induction in Teff is a 

dominant mechanism employed by murine Treg21 and this subject is still under debate22.

Treg sufficienT in auToimmune disease?
Another subject of controversy in the Treg field is whether deficiencies in Treg underlie human 

autoimmune disease. In Chapter 4 we investigated Treg numbers and function in patients with 

JIA and show that Treg levels are not decreased in these patients compared to healthy controls. 

On the contrary, Treg are highly enriched at the site of autoimmune inflammation. Other 

research groups have also found that Treg are not deficient in RA and JIA14;23-29. Moreover, we24 

and others have shown that Treg from PB27;29 and inflamed joints25-28 of arthritis patients are fully 
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functional. However, using cross-over experiments we established that Teff from inflamed joints 

display reduced responsiveness to suppression, resulting in impaired Treg-mediated control of 

these cells. This unresponsiveness to suppression has now been reported for Teff from patients 

with different types of autoimmune diseases, including type 1 diabetes and systemic lupus 

erythematosus (SLE) (reviewed in Chapter 7, Table 1). Collectively, these data imply that simply 

enhancing Treg numbers or function for the treatment of autoimmune disease might not be 

effective. However, Treg employ a variety of suppressive mechanisms30 and although Treg from 

inflamed joints display overall suppressive capacity in vitro, some specific inhibitory mechanism 

could still be impaired. For example, Sakaguchi and colleagues31 have proposed that Treg exert 

different suppressive functions under steady state and inflammatory conditions. They suggest 

that Treg repress activation of naive T cells in lymphoid tissues via deprivation of activating 

signals, for instance by suppressing costimulatory molecule expression on APCs and absorption 

of IL-2. In contrast, under inflammatory conditions, activated Treg might acquire the capacity 

to directly kill Teff and activated APC via production of granzymes and/or perforin. Therefore, it 

will be interesting to investigate whether Treg at the site of autoimmune inflammation produce 

granzymes and perforin, especially in light of unresponsiveness of Teff to suppression. It seems 

unlikely that Teff can escape perforin- and granzyme-mediated cytolysis, even if they are 

refractory to other Treg suppressive mechanisms. 

TrEg funcTional diffErEnTiaTion 
Treg functional specialization is thought to extend beyond inflamed versus non-inflamed tissue 

and might even rely on the specific type of inflammatory response going on. Experiments in 

mice have shown that Treg can functionally differentiate and express hallmark transcription 

factors of CD4+ T helper cells. Thus, subsets of Treg express T-bet32, IRF433 or STAT-334, which 

gives them the ability to specifically control Th1-32, Th2-33 or Th17- type34 inflammatory 

responses, respectively. In addition, Bcl6 expressing Treg specifically control follicular T 

helper cells and germinal center reactions35;36. The mechanisms by which these differentiated 

Treg control specific CD4+ T helper subsets are still unclear, but might involve up-regulation 

of the same chemokine receptors allowing for homing to similar sites of inflammation and/

or competition for limiting factors. Also in human peripheral blood Treg heterogeneity has 

been described with subpopulations of functional Treg expressing Th1, Th2, Th17 and Th22 

transcription factors and chemokine receptors37. In addition, a recent publication by Walter et 

al. indicates that under inflammatory conditions human Treg produce effector cytokines, such 

as IL-17 and IFNg, but still display efficient suppressive capacity38 (see also Addendum 1). Thus, 

while maintaining their suppressive function, Treg can differentiate into T helper-like subsets, 

allowing them to specifically control the type of inflammatory response initiated by the CD4+ T 

helper cell they resemble. Collectively these data might imply that only specific subsets of Treg 

will be efficacious in treating Th1 and Th17 driven autoimmune inflammation. Therefore, Treg 

at the site of human autoimmune inflammation should be further characterized to determine 

whether they show preferential differentiation towards a certain subset and whether this is 

associated with a specific suppressive function.
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Treg: friend or foe in cHronic inflammaTion?
As described above a therapeutic approach based on enhancing the total Treg population 

might not be effective in treating autoimmune disease. However, some findings even raise 

the question of whether Treg could have detrimental effects in autoimmune inflammation by 

converting into pathogenic Teff or promoting inflammatory cells. 

inflammaTion inducEd TrEg insTaBiliTy 
In vitro experiments have shown that in the presence of proinflammatory cytokines, such as IL-1b 

and IL-6, highly purified human Treg can lose FOXP3 expression and suppressive function and start 

to produce IL-1739;40. Although it is impossible to exclude outgrow of contaminating FOXP3- cells in 

a human system, data from FOXP3-GFP mice confirm that FOXP3 expressing cells can differentiate 

into FOXP3- cells producing IL-17 and IFNg in an autoimmune inflammatory environment41;42. 

There are some indications that also in vivo, during autoimmune inflammation, human Treg 

become unstable, since increased numbers of FOXP3+ Treg from patients with multiple sclerosis43 

and type 1 diabetes44 co-express IFNg and, as a result, display reduced suppressive function. It’s 

conceivable that if Treg loose their suppressive capacity and start to produce effector cytokines, 

such as IL-17 and IFNg, this could have highly detrimental effects in autoimmune inflammation. 

Indeed, mouse Treg become pathogenic after down-regulating FOXP3 and induce diabetes 

in RAG2-/- mice45. However, more recent data in mice indicate that only a small population of 

Treg with a fully methylated TSDR region can become unstable46;47. These unstable Treg mainly 

reside within the peripherally induced population and preferentially expand under inflammatory 

conditions47. Thus, a minor population of not truly committed Treg is thought to predominately 

contribute to the instability of Treg observed under inflammatory conditions39;40;42. In line with 

these observations in mice, also in humans only a small population of Treg displayed instability 

and reduced suppressive capacity39;48. Moreover, we (Chapter 4) and others15 have shown that Treg 

from inflamed joints of JIA patients express high TSDR demethylation levels, similar to Treg from 

PB, indicating that these cells are relatively stable despite their proinflammatory environment. In 

line with this, we observed no IL-17 and INFg production by SF Treg in our experiments. Herrath et 

al.15 confirm this low IFNg production, but do measure some IL-17 production by SF Treg, although 

it is unclear how these levels compare to PB. In conclusion, although the field is still evolving, 

accumulating data now indicate that truly committed natural occurring Treg might be more stable 

than initially recognized, even in a proinflammatory environment. In line with this, Treg from the 

site of inflammation in JIA appear to be stable and human Treg cultured with proinflammatory 

APCs produce effector cytokines, but retain suppressive function38. However, even if Treg do not 

convert into pathogenic Teff themselves they could still contribute to the ongoing inflammation.

TrEg conTriBuTing To inflammaTory rEsponsEs
Treg present in high levels at the site of autoimmune inflammation might fuel the ongoing 

inflammation by promoting pathogenic effector cells, such as Th17 cells. Differentiation 

of Th17 cells is dependent on TGFb49-52 and inhibited by IL-252;53. Therefore, via production of 

TGFb and the capacity to consume IL-2 Treg could promote Th17 differentiation52;54. Indeed 
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highly purified murine Treg induce Th17 differentiation dependent on production of TGFb41;55, 

consumption of IL-256 or both57. Moreover, this Treg induced Th17 differentiation specifically 

occurs under inflammatory conditions both in vitro41;55 and in vivo57;58. Thus, in an autoimmune 

inflammatory environment Treg could potentially enhance Th17 responses. Moreover, also 

human Treg appear to be able to enhance Th17 differentiation, since their presence in vitro leads 

to an increase in the percentage of IL-17 producing cells59. Finally, whereas Teff induce apoptosis 

in monocytes, Treg fail to do so60. Therefore, reduced killing of activated monocytes can also 

be a negative consequence of high levels of Treg at the site of autoimmune inflammation. Thus, 

via various mechanisms Treg might even contribute to the ongoing inflammatory response in 

patients suffering from autoimmune disease. 

teFF Resistance to suPPRession
In Chapter 4 we have shown that Teff from inflamed joint of JIA patients are unresponsive 

to regulation, resulting in severely impaired Treg-mediated control of cell proliferation and 

cytokine production. This Teff resistance to suppression has now been described in numerous 

autoimmune diseases, both in patients61-67 and in animal models68-73 of these diseases. However, 

in oligoarticular JIA patients included in our experiments unresponsiveness to suppression 

could only be detected in Teff from inflamed joints and not systemically, in line with the localized 

pathology seen in these patients. This indicates that Teff become refractory to regulation in 

response to inflammatory stimuli and we have further investigated these stimuli as discussed 

later on. In contrast to other studies reporting Teff resistance to suppression (reviewed in 

Chapter 7, Table 1), we used total mononuclear cells in our in vitro suppression assays to mimic 

the in vivo situation as closely as possible (see also Chapter 1, Table 1). With this approach we 

noticed that resistance to suppression was also highly apparent in CD8+ T cells from inflamed 

joints. Since the majority of studies investigating Treg function in autoimmune disease focus on 

suppression of CD4+ T cells, the role of CD8+ T cells in disturbed immune regulation might be 

underestimated and deserves future investigation. However, we cannot exclude that resistance 

of CD8+ T cells to suppression is secondary to the presence of CD4+ T cells in our cultures. 

Suppression assays with sorted CD4+ and CD8+ T cell populations would resolve this issue. 

The observation that Teff become refractory to suppression not only in arthritis66;67;74, but also 

in other human autoimmune diseases, including type 1 diabetes62;63, SLE64;65 and inflammatory 

bowel disease61, indicates that it is a general mechanism underlying autoimmune pathology. 

Moreover, in genetically prone mice Teff resistance to suppression is observed before clinical 

overt disease, suggesting that it acts early in disease pathology69;71. As a result, unresponsiveness 

of Teff to suppression could be an attractive target to treat autoimmune inflammation. However, 

in order to do so, the underlying mechanism of Teff resistance to suppression needs to be clarified.

pkb/c-akT and resisTance To suppression
In Chapter 4 we show that Teff from inflamed joints are intrinsically resistant to regulation and 

this resistance to suppression is at least partially caused by enhanced PKB/c-akt activation in 
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the cells. This raises the question of how PKB/c-akt hyperactivation imposes unresponsiveness 

to Treg-mediated suppression. We have established that PKB/c-akt hyperactivated Teff from SF 

of JIA patients are also refractory to TGFb-mediated inhibition. In addition, resistant Teff from 

either Cbl-b-/- mice that have enhanced PKB/c-akt activation75;76 or transgenic mice expressing a 

constitutively active form of PKB/c-akt77 show reduced responsiveness to TGFb as well. In Cbl-b-/- 

mice it has further been demonstrated that Teff display defective Smad2 phosphorylation in 

response to TGFb78. Moreover, PKB/c-akt has been shown to directly interact with Smad3 and inhibit 

its activity79;80. Therefore, PKB/c-akt hyperactivation probably interferes with TGFb signaling via its 

downstream targets and as such could impose unresponsiveness to Treg-mediated suppression. 

In line with this, a direct link between the ability of Teff to respond to TGFb and their susceptibility 

to Treg-mediated suppression has been established, since T cells expressing a dominant negative 

form of TGFb receptor II (TGFbRII) escape control by Treg81. Thus PKB/c-akt hyperactivation might 

confer resistance to Treg function by rendering Teff unresponsive to TGFb82.

Next to interfering with TGFb signaling, PKB/c-akt hyperactivation might also impair 

responsiveness to suppression by allowing CD28 independent activation of T cells82. The 

PKB/c-akt pathway is one of the key effector pathways downstream of CD28 signaling and murine 

TRAF6-/- Teff, displaying PKB/c-akt hyperactivation and resistance to suppression, do not require 

CD28 ligation for their activation83. Since Treg suppression is thought to involve down-regulation 

of costimulatory molecules on APCs84-92, thereby depriving T cells from CD28 signaling, Teff that 

do not require CD28 ligation to become activated will escape this mechanism of suppression. 

In line with this, one of the first studies describing human Treg already demonstrated that 

bypassing costimulation in vitro, by cross-linking CD28 with a monoclonal antibody, impairs 

Treg-mediated suppression93. In conclusion, although more experimental data are required and 

the main suppressive mechanisms utilized by Treg are still incompletely understood, PKB/c-akt 

hyperactivation might confer resistance to suppression by interfering with TGFb signaling and/

or bypassing the requirement for CD28 signaling in T cell activation (Figure 1).

TargET for ThErapEuTic inTErvEnTion?
In Chapter 4 we show that selective inhibition of PKB/c-akt activation is sufficient to restore 

responsiveness of Teff to suppression. Therefore, PBK/c-akt hyperactivation might be an attractive 

target to treat autoimmune inflammation by restoring Treg-mediated control of inflammatory 

Teff. Although we cannot exclude reduced dephosphorylation of PKB/c-akt in Teff from inflamed 

joints, enhanced PKB/c-akt phosphorylation in T cells is thought to result from phosphoinositide 

3 kinase (PI3K) activity upstream of PKB/c-akt94. Clinical efficacy of PI3K inhibition has already 

been shown in experimental models of arthritis95 and SLE96. Since Teff resistance to suppression 

has been described in arthritis66;67;74 and SLE patients64;65 as well as in animal models of SLE71;72, 

it is likely that the efficacy of PI3K inhibitors in these models partially results from enhanced 

responsiveness of Teff to suppression. As shown in our experiments, direct targeting of PKB/c-akt 

could also be a therapeutic option and clinical trials in cancer patients have demonstrated 

that low dose administration of PKB/c-akt inhibitors is safe97. In addition, targeting PKB/c-akt 

activation might also have positive effects on Treg, since PKB/c-akt hypoactivation has been 
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shown to be essential for human Treg function98 and low levels of activated PKB/c-akt support 

de novo generation of Treg99;100. However, the PI3K-PKB/c-akt pathway obviously controls many 

important cellular functions, including cell growth and survival, in various types of cells94;101. 

Therefore, targeting this pathway can still have considerable side effects on other immune as 

well as on non-lymphoid cells. Furthermore, if the factors inducing PKB/c-akt hyperactivation in 

Teff at the site of autoimmune inflammation are not addressed simultaneously, effectiveness of 

PKB/c-akt targeted approaches might be limited.

inflammaTory monocyTes impair T cell regulaTion
In Chapter 6 we have investigated the role of local APCs in inducing Teff resistance to suppression 

in inflamed joints. Classically DCs have been considered professional APCs and are thought to 

have superior T cell activating capacity compared to other APC subsets102. In line with this, we 

observed enhanced T cell proliferation in the presence of DCs from the site of inflammation, 

compared to monocytes. However, monocytes from inflamed joints, and not DCs, impair Treg-

mediated suppression. These data correspond with the contemporary view that monocytes are 

not just DCs precursors, but play distinct roles in regulating immune responses103. For instance, 
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Figure 1 | Proposed mechanism of PKB/c-akt induced resistance to suppression. Treg are thought to repress 
Teff by down-regulating the costimulatory molecules CD80 and CD86 on APC thereby preventing T cell 
activation via CD28 and by producing the inhibitory cytokine TGFb (left panel). PKB/c-akt hyperactivation 
impairs Treg-mediated suppression by interfering with Smad2 and Smad3 phosphorylation thereby 
abrogating TGFb signaling and allowing CD28 independent activation of Teff (right panel).
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it has been shown that monocytes, and not DCs, are required for optimal induction of human 

Th17 cells59;104. In addition, in line with a functional role in shaping immune responses, different 

subsets of monocytes have been described. Initially a distinction between CD16- and CD16+ 

human monocytes has been made105. Phenotypically, human CD14+CD16- monocytes resemble 

mouse Ly6c(Gr1)+ monocytes, whereas the CD14+CD16+ subset in humans corresponds with 

murine Ly6c(GR1)- cells in terms of CCR2106 and CX
3
CR1107 expression103. However, functionally 

the opposite correlation is true, since human CD14+CD16+ monocyte are the main produces 

of proinflammatory cytokines, such as TNFα108;109, and are specifically expanded under 

inflammatory conditions109;110. Human CD14+CD16+ monocytes are therefore considered 

proinflammatory and the same holds true for murine Ly6c+ monocytes107. Thus, data from mice 

regarding monocyte phenotype and function cannot directly be translated to human and it is 

therefore essential to study monocyte subsets and function in human as well.

Our data in Chapter 6 demonstrate that upon co-culture with SF monocytes, Treg-mediated 

suppression of Teff proliferation and cytokine production is severely impaired. Based on the 

findings in Chapter 4, it is plausible that the impaired suppression in these assays results from 

induction of Teff resistance to suppression. However, we can not exclude that SF monocytes act 

on Treg in these co-cultures, impairing their suppressive function. To confirm a direct effect on 

Teff, Treg independent suppression should be measured using a TGFb-based suppression assay 

(see Chapter 1, Table 1). In addition, measuring PKB/c-akt activation in Teff will also provide 

more clarity on the subject, since in Chapter 4 we show that unresponsiveness to suppression 

directly correlates with enhanced PKB/c-akt activation in Teff. However, in support of a primary 

effect on Teff, in vitro experiments in mice showing impaired Treg-mediated suppression in the 

presence of activated APCs also demonstrate an effect on Teff rather than Treg111. 

In Chapter 6 we further established that the majority of monocytes present in SF of JIA 

patients are CD16+ in line with findings in RA112. More specifically, the more recently identified 

CD14++CD16+ intermediate monocyte subset113;114 seems to be expanded in inflamed joints, 

suggesting that this subset particularly contributes to resistance to suppression. We have some 

preliminary data in support of this hypothesis, since the other CD16+ subset; CD14+CD16++ non-

classical monocytes fail to induce resistance to suppression. These preliminary findings are 

highly intriguing, since CD14++CD16+ intermediate monocytes have been found to be expanded 

under many inflammatory conditions113, including RA115;116. However, besides a role for these cells 

in expanding Th17 cells116, no other active contribution to autoimmune inflammation has been 

described. Our data implying that CD14++CD16+ intermediate monocytes impair T cell regulation 

in JIA, for the first time point towards a role of these cells in disturbed immune regulation in 

autoimmune inflammation, which should be further investigated.

Tnfα and il-6: key deTerminanTs of resisTance To suppression?
Next to APCs, we studied the role of other environmental factors in resistance to suppression 

as well. In Chapter 4 we show that at the site of inflammation in JIA, in SF taken from inflamed 

joints, high levels of TNFα and IL-6 are present, in line with previous reports in RA117 and JIA118. 

In addition, we demonstrate that incubation of PBMC from healthy donors with TNFα and IL-6 
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leads to enhanced PKB/c-akt activation and reduced responsiveness to suppression. Thus, 

TNFα and IL-6 are highly present at the site of autoimmune inflammation and are able to induce 

Teff resistance to suppression. Furthermore, in Chapter 6 we established that SF monocytes 

that interfere with T cell regulation produce very high levels of TNFα and IL-6 directly ex vivo, 

in contrast to monocytes from PB of healthy controls38;104. Therefore, it is reasonable that TNFα 

and IL-6 play a prominent role in the capacity of SF monocytes to impair T cell suppression and 

it will be intriguing to investigate how extensive the relative contribution of TNFα and IL-6 is. 

In conclusion, different datasets described in this thesis point towards an important role for 

TNFα and IL-6 in Teff resistance to suppression. In line with this, resistance of murine Teff to 

suppression has also been associated with high TNFα and IL-6 production70;111. 

If TNFα and IL-6 play a prominent role in inducing and/or maintaining Teff resistance 

to suppression, than blocking these cytokines should lead to enhanced responsiveness to 

suppression. Indeed in Chapter 5 we show that blocking TNFα, and to a lesser extend IL-6, 

enhances responsiveness of inflammatory Teff to suppression in vitro. Moreover, a reduction 

in PKB/c-akt activation and resistance to suppression was also observed after anti-TNFα 

treatment of JIA patients, demonstrating in vivo relevance for TNFα induced resistance to 

suppression. Thus, a biological frequently applied in the treatment of autoimmune arthritis 

not only affects the innate immune system, but also targets resistance of Teff to suppression. 

However, anti-TNFα is not able to completely restore immune balance, since patients relapse 

after discontinuation of therapy119. 

oThEr candidaTEs?
Next to TNFα and IL-6, other environmental factors at the site of inflammation probably 

contribute to PKB/c-akt hyperactivation in Teff and subsequent resistance to suppression 

as well. Besides cytokine signals, both antigen binding to the T cell receptor (TCR) and 

costimulation can induce strong and sustained activation of PKB/c-akt in T cells94. Thus a 

combination of proinflammatory cytokines, antigen signals and costimulation is likely to be 

involved in Teff PKB/c-akt hyperactivation at the site of autoimmune inflammation. Obviously, 

APCs play an essential role in initiating immune responses and are able to deliver all these signals 

to T cells. Indeed, in Chapter 6 we show that proinflammatory monocytes can interfere with 

T cell regulation during autoimmune inflammation. Targeting the infiltration and differentiation 

of these inflammatory monocytes might therefore be an attractive approach to eliminate 

multiple proinflammatory signals and restore immune balance at the site of inflammation. In 

line with this, GM-CSF, involved in monocyte differentiation, plays an essential pathogenic role 

in experimental models of autoimmune disease120-122. Moreover, corticosteroids, which rapidly 

and often durably moderate synovial inflammation in arthritis patients123, selectively deplete 

CD14+CD16+ monocytes124;125. This observation illustrates that targeting inflammatory monocytes 

could indeed have potential in treating autoimmune arthritis. In addition, it has been reported 

that low expression of CD16 on monocytes before therapy, which did not reflect reduced 

disease activity, predicts responsiveness to MTX in early RA patients115. Thus, inflammatory 

monocytes might be key variables in determining the outcome of immune regulation and 
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targeting these monocytes might also enhance effectiveness of other therapeutic approaches. 

However, clinical effectiveness of autologous stem cell transplantation (ASCT), which is 

preceded by severe immune ablative conditioning126, suggests that it takes a multifactorial 

approach to restore immune balance in patients with autoimmune disease. ASCT has been the 

only immunosuppressive strategy able to induce long-lasting, drug-free remission in patients 

with autoimmune disease. Its effectiveness is thought to depend on an almost complete 

renewal of the immune system together with the induction of a regulatory repertoire126-131. Thus, 

simply targeting some inflammatory mediators might not be sufficient in treating autoimmune 

inflammation and more research into the critical factors that need to be addressed in order to 

permanently restore immune balance in patients with autoimmune disease is required.

concLusion
Since their discovery it has been thought that deficiencies in Treg numbers or function underlie 

human autoimmune pathology and intensive research has focussed on how these cells can be 

targeted to treat autoimmune inflammation. In this thesis we show that human Treg differ in 

their suppressive mechanism from murine Treg, again stressing the importance of studying Treg 

characteristics in human. When analysing Treg function in JIA, we established that Treg are not 

deficient in these patients, as high levels of functional Treg are present at the site of autoimmune 

inflammation. Nevertheless, Treg fail to control Teff from inflamed joints due to PKB/c-akt induced 

resistance of these cells to suppression. This resistance to suppression probably results from 

high levels of TNFα and IL-6 present at the site of inflammation. In addition, proinflammatory 

monocytes in inflamed joints contribute to disturbed T cell regulation (summarized in Figure 2). 

These data indicate that targeting Treg for the treatment of autoimmune disease might be 

less efficient than initially anticipated. Instead, restoring responsiveness of Teff to suppression 

either directly, by targeting PKB/c-akt, or indirectly by interfering with the proinflammatory 

environment might hold greater promise. However, clinical effectiveness of ASCT, which is 

preceded by very intense immune ablative conditioning, illustrates that probably a multifactorial 

approach is required to permanently restore immune balance in patients with autoimmune 

disease. Further research should focus on the critical inflammatory mediators that need to be 

targeted in order to establish long-lasting disease remission, taking into account the factors 

interfering with T cell regulation described in this thesis. 
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Figure 2 | Impaired T cell regulation in inflamed joints of JIA patients. In peripheral blood of healthy 
controls Treg efficiently inhibit Teff (left panel). In inflamed joints of JIA patients Treg fail to control 
Teff due to PKB/c-akt induced resistance to suppression resulting from high levels of TNFα and IL-6 and 
proinflammatory monocytes present (right panel).
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abstRact
Regulatory T cells (Treg) are crucial for the maintenance of immune tolerance. As in experimental 

models of autoimmunity the presence or absence of Treg determines disease, qualitative and/

or quantitative deficiencies in Treg are suggested as potential cause of human autoimmune 

diseases such as rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA). Recent studies 

have shed more light on the function and role of Treg in synovial inflammation in RA and JIA. 

The proinflammatory environment in the synovium promotes the activation of various forms 

of Treg, including Treg that can co-produce IL-17, while remaining suppressive in vitro. A better 

understanding of the role of Treg in RA and JIA is pivotal for further development of therapies 

that can specifically target Treg in order to restore immune tolerance.
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About 25 years ago the introduction of methotrexate (MTX) revolutionized the treatment 

of rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA). In the late nineties this 

was followed by the second revolution: the introduction of biologicals. Since this, progress 

has not stopped as new targets for biological therapies emerge and second generations of 

biologicals are being generated. Still, this development mostly represents progress in terms of 

diversification and optimization but not a new revolution. The next challenge in the treatment 

of RA and JIA is to re-establish self-tolerance with the goal to achieve a long-term medication-

free remission; in other words a cure1.  

The discovery, first in animal models and later in humans, of regulatory T cells (Treg) offered 

a complete new perspective into the establishment and maintenance of self-tolerance2. Treg 

regulate immune responses through their ability to suppress other immune cells, such as 

(effector) T cells, NK cells and antigen presenting cells (APCs). In humans, Treg mostly reside 

within the population of CD4+CD25+CD127low T cells. They are characterized by the expression 

of the lineage-specific transcription factor FOXP3. In various experimental models Treg indeed 

make the difference and were shown to be crucial for maintenance of self-tolerance and immune 

homeostasis. The subsequent discovery that a gene mutation in FOXP3 leads to uncontrolled 

inflammation autoimmunity in children with IPEX syndrome raised expectations that in human 

autoimmune diseases chronic inflammation may be caused by a deficiency in the Treg population.  

However, at a closer look, the answer to the question of the role of Treg in humans turned out to 

be more complex. Data on peripheral FOXP3+ Treg numbers and function in human autoimmune 

diseases are contradictory and still subject of debate3. To complicate this point further, it has 

become clear that FOXP3 expressing T cells are not a homogenous population (Table 1). Firstly, 

FOXP3 is not a definitive marker for human Treg: conventional T cells can temporarily up-regulate 

FOXP3 upon activation without displaying suppressive function4, which hampers identification 

and isolation of human Treg. Moreover, it has been demonstrated that FOXP3+ Treg may have 

a certain degree of plasticity5 or instability6,7  resulting in differentiation into T effector (-like) 

subtypes with reduced, or complete loss of suppressive function, especially under inflammatory 

conditions. To add to this conundrum: new data have emerged indicating that Treg are not one 

of a kind: various subtypes can be determined, including specific populations that share Th cell 

characteristics but retain their suppressive capacities 8.  

In RA and JIA various groups have reported an increased number of Treg in the synovial fluid 

(SF) of inflamed joints3,9-11. This inevitably leads to the question why these Treg in the synovium 

Table 1 | The different faces of FOXP3+ T cells in humans

1 ‘Classical’ stable Treg with normal suppressive function

2
Treg that share cytokine production with T helper subsets but retain FOXP3 expression and suppressive 
function

3 Plastic Treg that start to make proinflammatory cytokines and have reduced suppressive function

4
Unstable Treg that loose FOXP3, differentiate into T effector cells and do not maintain suppressive 
function 

5 T effector cells that temporarily up-regulate FOXP3 but have no suppressive function
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are not capable to control inflammation. Is the proinflammatory environment simply too strong 

for Treg to overcome or are Treg in inflamed synovial fluid not true Treg but effector cells in 

disguise that have temporarily up-regulated FOXP3?  

In this issue of Arthritis and Rheumatism, Walter and co-workers now present important 

new data that shed light on this puzzle. In elegantly performed in vitro studies they show 

convincingly that activated monocytes induce expression of anti-inflammatory (IL-10) but 

also proinflammatory (IL-17, IFN-g, TNF-α) cytokines by human CD4+CD45RO+CD25+CD127low 

Treg. Importantly, despite their capacity to express proinflammatory cytokines, these Treg 

maintain a regulatory phenotype in vitro and still can effectively suppress T cell proliferation 

and cytokine production (Figure 1 A). The authors conclude that these cytokine-expressing 

FOXP3+ T cells are true Treg and thus may still be potent suppressors at sites of inflammation. 

This is especially intriguing as these Th1- and Th17-like Treg produce exactly those cytokines 

that are most closely associated with the detrimental proinflammatory immune response in RA, 

and are being targeted for immune intervention with biologicals.   

It has to be noted that Walter et al. made use of an in vitro system that mimics the activation 

of Treg in the SF using APC that are pre-incubated with cytokines that are dominantly present 

in SF. Directly stimulating such cells with SF from active arthritis joints is practically not feasible, 

while cells directly isolated from SF are scarcely available in RA. This is an important drawback 

as phenotype and function of T cells and APCs from the SF compartment likely differ from their 

PB counterparts because of their residence in a chronic inflammatory environment. Moreover, 

in vitro suppression assays as used by Walter et al. – though being the state of the art technique 

for testing Treg function - have important limitations. They reflect the suppressive effects on T 

effector function, while obviously many more cells contribute to joint inflammation in a real-life 

situation. Lastly, in vitro suppression may not adequately reflect in vivo suppression. 

Despite these obvious limitations, this study provides an important step forward in 

unraveling the role of Treg in arthritis. The results support recent observations suggesting 

that Treg present in the inflamed SF are bona fide, stable Treg9,11. Furthermore, by showing that 

Treg cultured in an inflammatory environment not only retain suppressive function but also 

acquire specific proinflammatory cytokine suppressive capacities, they add to the concept 

of phenotypical and functional specialization of Treg8,12.  The emerging picture contains a 

broad pallet of activated T cells that appears to include not only “true” Th17 and Th1 cells, but 

also Th1-like and Th-17 like Treg cells that may develop in parallel, co-localize, and act as a 

counterbalance8. 

Other important questions remain, e.g. on the role of effector cells (Figure 1 B). Various 

studies have implied that not so much a deficiency in Treg function or number but a resistance 

of effector T cells may be crucial3,13. Interestingly, it seems that APCs play a pivotal role in 

priming both Treg and T effector cells. Next to APCs it seems likely that other cells, including 

neutrophils will both affect and be affected by Treg function. 

Treg are crucial for restoring immune tolerance in chronic inflammation and the study by 

Walter et al. underscores that they also are likely to play a regulatory role in RA. Future studies 

need to reveal the full picture of the different subtypes of Treg, their function and their relation 
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Figure 1 | Treg function under inflammatory conditions. A, In this issue of Arthritis and Rheumatism it 
is shown by Walter et al. that IL-6, TNF-α and IL-1b proinflammatory cytokine secretion by in vitro LPS 
activated monocytes (1) induces IL-17, IFN-g, TNF-α, and IL-10 production by CD4+CD45RO+CD25+CD127low 
Treg (2). Despite their capacity to express proinflammatory cytokines these Treg maintain a regulatory 
phenotype and effectively suppress in vitro T cell proliferation and especially IFN-g and IL-17 cytokine 
production by Th1 and Th17 cells (3). In addition they suppress proinflammatory cytokine production by 
the activated monocytes (4). B, Under in vivo inflammatory conditions Treg function may still be hampered 
by impaired suppression of highly activated APC (5), Treg plasticity or instability accompanied by loss of 
function (6), or effector T cells that have become resistant to suppression (7). 

to other immune cells at the site of inflammation. This is a clear challenge, but worth the efforts 

as true comprehension of the role of Treg in joint inflammation may hold the clue for a new and 

truly innovative way to treat RA and JIA.
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scientiFic abstRact
FOXP3+ regulatory T cells (Treg) control T cell activation and effector functions and are key 

players in immune homeostasis and self-tolerance. Given their central role in preventing 

autoimmune responses, Treg are considered important targets for the treatment of autoimmune 

inflammation and several strategies are being explored to enhance Treg numbers or function 

for the treatment of autoimmune disease. In addition, numerous research groups have studied 

the presence, phenotype and function of Treg in patients with autoimmune disease. Whether 

deficiencies in Treg underlie human autoimmune pathology, however, is still a subject of debate.

In this thesis we investigated Treg numbers and function in patients with juvenile idiopathic 

arthritis (JIA), one of the most common autoimmune diseases in children, characterized by 

chronic inflammation of the joints. In these patients Treg from the site of inflammation can 

be studied, because during treatment synovial fluid is taken from inflamed joints from which 

immune cells can be isolated. With this approach we established that Treg are not deficient 

in JIA patients and are even enriched at the site of autoimmune inflammation. Furthermore, 

Treg from inflamed joints display efficient suppressive capacity. Still, effector T cells (Teff) 

from the site of inflammation are insufficiently controlled, because these cells are resistant to 

suppression. This unresponsiveness to regulation has now been shown for Teff from patients 

with other autoimmune diseases as well, including type 1 diabetes and inflammatory bowel 

disease, indicating that it is a general mechanism underlying autoimmune pathology. As a 

consequence, Teff resistance to suppression might be an attractive target to treat autoimmune 

inflammation. However, to effectively target unresponsiveness to suppression the underlying 

mechanism needs to be clarified.

Our experiments using JIA patient material demonstrate that Teff resistance to suppression 

is, at least partially, caused by PKB/c-akt hyperactivation. Teff from inflamed joints display 

enhanced PKB/c-akt activation and treatment with a specific PKB/c-akt inhibitor restores 

responsiveness of the cells to suppression. Proinflammatory cytokines TNFα and IL-6, which 

are highly present in inflamed joints, are involved in inducing this PKB/c-akt activation and 

subsequent resistance to suppression. As a result, inhibition of TNFα, and to lesser extend 

IL-6, reduces PKB/c-akt activation in inflammatory Teff and enhances their responsiveness 

to suppression. In addition, we show that proinflammatory monocytes present at the site of 

autoimmune inflammation contribute to impaired T cell regulation as well. 

The data described in this thesis indicate that targeting Treg for the treatment of autoimmune 

disease might be less efficient than initially anticipated. Instead, restoring responsiveness of 

Teff to suppression, either directly, by targeting PKB/c-akt, or indirectly, by interfering with the 

proinflammatory environment, might hold greater promise. However, to permanently restore 

immune balance in patients with autoimmune disease, in other words to cure disease, a multifactorial 

approach might be required. Future research should focus on the critical inflammatory mediators 

that need to be targeted in order to establish long-lasting disease remission, taking in to account 

the factors interfering with T cell regulation described in this thesis. 
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Juveniele idiopathische artritis (JIA), ook wel jeugdreuma genoemd, komt voor bij ongeveer 

1 op de 1.000 kinderen. In deze patiënten valt het immuunsysteem, dat normaal gesproken 

binnendringende ziekteverwekkers bestrijdt, het gewricht aan. Hierdoor ontstaat een 

langdurige ontsteking in bijvoorbeeld knieën, enkels en heupen. Omdat het immuunsysteem 

lichaamseigen cellen aanvalt (auto=zelf), wordt ook wel gesproken van een auto-immuunziekte. 

Andere voorbeelden van auto-immuunziekten zijn de ziekte van Crohn, waarbij immuuncellen 

ontstekingen in de darm veroorzaken, en Diabetes type 1, waarbij insulineproducerende cellen 

worden aangetast. Normaliter worden de aanvallende cellen van het immuunsysteem onderdrukt 

door regulatoire T-cellen (Treg). Deze cellen vormen zo een belangrijke schakel in het voorkomen 

van auto-immuunziekte. Omdat in JIA en andere auto-immuunziekten de aanvallende cellen toch 

de overhand krijgen, is lang gedacht dat er sprake is van te weinig of niet goed functionerende 

Treg. Er wordt daarom onderzocht of het vermeerderen van Treg of het verbeteren van hun 

onderdrukkende kracht gebruikt kan worden als therapie voor auto-immuunziekte. 

In dit proefschrift hebben we gekeken naar het aantal Treg en hun onderdrukkende 

werking in patiënten met JIA. Opvallend genoeg vonden we dat er geen tekort is aan Treg in 

deze patiënten. Integendeel, in de ontstoken gewrichten zijn juist verhoogde aantallen Treg 

aanwezig en deze cellen hebben een sterk onderdrukkende werking. Ons onderzoek toont 

echter aan dat de ontstekingscellen in het gewricht zo geactiveerd zijn, dat ze zich niet langer 

laten onderdrukken. In plaats van de Treg te vermeerderen zouden de ontstekingscellen in 

het gewricht dus aangepakt moeten worden. In dit proefschrift laten we zien dat lokale 

omgevingsfactoren, zoals bepaalde typen signaalstoffen en immuuncellen, de activiteit van 

de ontstekingscellen in het gewricht aanwakkeren. Wanneer we deze omgevingsfactoren 

verminderen, of direct de activiteit van de cellen remmen, worden de ontstekingscellen wel 

weer onderdrukt. Deze aanpak kan daarom bijdragen aan een betere behandeling van JIA en 

andere auto-immuunziekten in de toekomst.
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Promoveren is zonder hulp van anderen simpelweg onmogelijk. Het is absoluut noodzakelijk 

om collega’s om je heen te hebben, die weten hoe ze met droogijs moeten spelen, het belang 

van tijdig lunchen inzien en zo nodig een rondje extra hardlopen. Bovendien zorgen deze 

bijzondere mensen ervoor dat promoveren, ondanks alle onvermijdelijke frustraties, toch 

ontzettend leuk is!

Berent, de kans die jij me gaf om in jouw lab AIO te worden heeft mijn beeld van onderzoek 

doen en groepsleiders voorgoed veranderd! Ongelooflijk hoeveel oog jij hebt voor de mensen 

in jouw lab en hoeveel credits je hun geeft voor het werk dat ze doen. Jij hebt een unieke 

onderzoeksgroep samengesteld en ik heb de eerste weken in het lab echt verbaasd rond 

gelopen over zoveel aardige en enthousiaste onderzoekers! Bedankt dat ik nog wat langer van 

de goede sfeer in het lab mocht genieten (en ondertussen dit boekje af kon maken).

Femke, jouw begeleiding reikt veel verder dan dit proefschrift! Bedankt voor jouw vertrouwen 

in mijn onderzoekskwaliteiten toen ik daar zelf nog aan twijfelde. Zonder jou was dit 

boekje er misschien wel nooit gekomen. Bedankt voor al jouw hulp en advies niet alleen op 

onderzoeksgebied, maar ook op persoonlijk vlak en bij het realiseren van mijn toekomstplannen. 

Naast een ontzettend goede begeleidster ben je gelukkig ook een grote bron van gezelligheid 

en afleiding. De bezoekjes in San Diego en het feit dat ik zomaar 3 weken bij jou en Stefan 

mocht blijven logeren waren onvergetelijk! Stefan, heel veel dank voor jouw onuitputtelijke 

bron van kennis en zeer nuttige discussies tijdens mijn onderzoek! 

Yvonne, je bent pas echt ingewerkt in het lab als je met jou hebt samengewerkt! JYNE was 

onvergetelijk; een zeer efficiënte samenwerking (“maar wat kan ik nu nog doen dan?”) en 

tegelijkertijd heel veel lol. Fantastisch hoe jij in sneltreinvaart enorme experimenten inzet 

om vervolgens tijd over te houden voor sport, lekker eten en vooral heel veel gezelligheid. 

Onze minibreak in San Francisco was dankzij jou en Frank een groot gastronomisch succes! 

Binnenkort een cocktailtje in Santa Barbara?

Bas, ik ben mijn AIO project ooit begonnen door letterlijk achter jou aan te hollen. Ongelooflijk 

hoe jij kliniek, onderzoek en gezin weet te combineren en dan ook nog tijd overhoudt voor 

het helpen van anderen! Bedankt voor jouw interesse en input in mijn onderzoek. Van het 

includeren van patiënten tot het geven van inhoudelijk advies, jouw bijdrage was simpelweg 

onmisbaar. Heel veel succes bij het afronden van jouw eigen promotie! Ook heel veel dank aan 

Nico, Joost en Annet voor het includeren van patiënten en het delen van kennis en inzicht op 

het gebied van JIA en klinische immunologie.

Mark, zonder jouw flexibiliteit wat betreft sort-tijden was dit boekje nu pas half afgeweest. 

Dankzij jou heb ik heel veel kostbare patiënten samples kunnen verwerken. Bovendien was 

sorten met jou altijd een ontzettend leuk moment in mijn labdag! Ook heel veel dank aan 

de andere sort-helden: Jenny, Gerrit, Koos en Ger. Liesbeth; heel fijn dat je ondanks lange 

reistijden toch altijd bereid was om in noodgevallen nog laat met mij te sorten! 
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Sytze, waar moet ik beginnen? Met gedeelde frustratie is halve frustratie? Maar toch zeker ook 

met gezamenlijke aanpak leidt tot zeer mooi resultaat! Van het beter begeleiden van studenten 

tot het organiseren van labretraites en als absoluut hoogtepunt natuurlijk WESR WTF?!?! Heel 

fijn dat je als paranimf ook dit laatste stuk van mijn promotietraject letterlijk gezamenlijk wilt 

aanpakken. Heel veel dank voor al je inzichten en ontnuchterende opmerkingen tijdens het tot 

stand komen van dit boekje en alles wat daarbij komt kijken!

Eveline, je kwam terug in het lab alsof je nooit was weggeweest. Wat ontzettend fijn om jouw 

opgewekte persoonlijkheid weer om ons heen te hebben! Bedankt voor al jouw interesse, niet 

alleen in het onderzoek, maar ook naast het werk. Ik ga ervan uit dat jij als paranimf die akelige 

tijd in het zweetkamertje met gemak vol kletst!

Een goed georganiseerd lab is van onschatbare waarde, hiervoor heel veel dank aan de 

echte hoofdpersonen in het lab: Mark, niet alleen manager van de Mark Klein Research 

Group, maar ook van sociale aangelegenheden binnen en buiten het lab. Jenny, Sexy Bitch! 

Verdorie, nu heb ik het toch nog hardop in het openbaar gezegd. Voordat ik met mijn ogen 

kon knipperen had jij alles al geluminexed, wat een luxe! Bedankt voor het met harde hand 

regeren van lab en radio. Rianne, heel veel dank voor het pipetteren, luminexen, uitzoeken van 

samples en natuurlijk de nu al onvergetelijke Danoontje challenge! Wilco, bedank voor héél 

veel inhoudelijk en praktische informatie, soms meer dan ik op dat moment aankon. Lieneke, 

naast het ondersteunen van praktisch hyperactieve Boesers, toch altijd tijd om te helpen met 

de patiënten database en het zoeken naar samples. Mariska, hoewel we inmiddels met meer 

onderzoekers zijn dan er in het lab passen, missen we je nog steeds!

Eén van de leukste aspecten van promoveren is het werken met studenten. Hun soms 

onverwachte en altijd kritische vragen houden je scherp. Nienke - dikke schizzle! - tijdens de 

JYNE experimenten hebben we heel wat - soms tot in de late uurtjes - samengewerkt, waar ik 

nog steeds met heel veel plezier op terug kijk. Gerdien, ik heb ontzettend veel bewondering 

voor hoe jij je door moeilijke tijden heen slaat. Met al jouw bijzondere kwaliteiten moet het wel 

helemaal goed komen met jouw onderzoeksproject. David - natte tosti?! - iemand die al door 

Annick en Yvonne begeleid is moet wel heel goed zijn, maar dat heb je zeker ook aan jezelf 

te danken! Chantal, jij vliegt ondertussen de hele wereld over om onderzoek te doen, heel 

veel succes in Londen! Kitty, naast immunologisch ook nog eens heel veel sociaal en muzikaal 

talent. Heel veel succes bij het Nederlands Studenten Orkest en je tweede stage in Spanje!

Paul en Jorg jullie bijdrage reikt veel verder dan hoofdstuk 4, ontzettend bedankt voor al jullie 

kennis en input! Paul, bedankt dat je in de leescommissie van mijn proefschrift wilde zitten. 

Jorg, ik hoop dat we elkaar in San Diego straks weer regelmatig tegen zullen komen. Alle 

andere Coffers: bedankt voor de gezonde sport rivaliteit en geslaagde borrels. Het is een stuk 

prettiger werken als bij de buren het licht nog brandt!

(Ex)-onderzoekers in het Prakken lab: Annick, wat een eer om paranimf te mogen zijn bij iemand 

met zo’n gigantisch boek! Je hebt de lat onbereikbaar hoog gelegd, maar door alle (film)borrels, 

concerten en hardlooprondjes is je dat vergeven. Eva, ik kijk met heel veel plezier terug op al 
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onze gezamenlijk congres bezoeken en dat zijn er heel wat! Arigato gosai máááááááááás! Lieke, 

eigenlijk is doorwerken tijdens de lunch natuurlijk onvergeeflijk, maar jij maakt het gelukkig 

goed met koffiepauzes en borrels! Theo, bedankt voor het doorsturen van artikelen, opvangen 

van samples en  het tijdig en op originele wijze aankondigen van de lunch. Maja, ik heb nooit 

geweten dat het missen van een vlucht zo hilarisch kon zijn. Marloes, ster in het lab én op de 

dansvloer! Henk, team Schipper heeft een onvergetelijke indruk achter gelaten! Sanne - mede 

TIP fellow - wat baalde ik als jij in de kliniek zat en ik weer eens alleen naar de meetings moest. 

Joost, leuk dat je af en toe belt, ook al is het per ongeluk. Annemarie, Selma, Annemieke, 

Genoveva, Felicitas, Alessandra, Sarah, Lianne, Alvin, Ruud, Evelien, Isme, Krijn, Judith en alle 

andere studenten, wat een plezier om met jullie samen in een lab te werken! 

Erica, Angela en Heleen bedankt voor alle hulp met faxen, het organiseren van vergaderingen 

en het nodige papierwerk! 

Maarten, bedankt voor het mede mogelijk maken van mijn onderzoeksproject. Wietse, hoewel 

de kroketten soms uitbleven, waren de promovendi-lunches altijd een grote bron van inspiratie! 

Patiënten en hun ouders, bedankt voor jullie medewerking aan dit onderzoek. Ik hoop dat mijn 

onderzoek ooit een klein steentje kan bijdragen aan een betere behandeling voor jeugdreuma.

Het lab zal nooit meer hetzelfde zijn dankzij de komst van de Boesers. Marianne, heel veel dank 

voor al jouw kritische input! Robert, Ewoud, Arjan en Thijs, bedankt voor het meedenken met 

mijn projecten en alle leuke dingen buiten het lab. Willemijn – gezellige multitasker -  als ik nog 

niet op kraamvisite ben geweest als je dit leest mag je me slaan. 

De nieuwste aanwinsten; Maud, Lotte en Nina heel veel succes in jullie projecten! Colin, wat 

ontzettend leuk om jou in het WKZ weer tegen te komen. Helaas zijn we voor het versieren van 

Nico en appelkratten nu toch echt te oud.

Ook heel veel dank aan de Nieuwenhuisgroep; Edward, Simone, Sylvia, Sabine en Michal. 

Kerstin, bedankt voor de cursus Duits voor beginners, inclusief excursies! Na een paar 

glühweintjes op de kersmarkt is mijn Duits pas echt vloeiend. Caroline - top chaoot! - bedankt 

voor de gezellige etentjes naast het werk.

Beekmannen en vrouwen: Jeffrey, bedankt voor al jouw kennis en input, niet alleen in hoofdstuk 

3! Marit, Florijn, Jennifer, Lodewijk en Pauline heel veel succes in jullie onderzoek!

Naast een plezierig lab, heb ik dankzij hele leuke kamergenoten ook altijd een fijne plek gehad 

om achter mijn computer te werken. Alma, ik heb jouw goede voorbeeld van zeer georganiseerd 

promovoren niet helemaal weten te volgen, maar het is toch gelukt! Eltje, Gertrude en Margreet, 

bedankt voor alle gezellige praatjes onder het genot van een kopje koffie of thee. Pauline, 

niemand zo attent als jij! Bedankt voor alle cadeautjes, gedichten en kaarten. Ik was heel blij met 

jouw rust en morele support tijdens het schrijven van dit boekje; je hebt me soms letterlijk aan het 

werk gezet. Annelotte, van aerobics oefensessies, tot compleet gestoorde liedjes en Deutsche 

Freitagen, wat een lol heb ik gehad met jou op de kamer! En dat alles zonder van het werk af te 
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leiden. Ik ben bang dat er op mijn volgende werkplek niemand zal zijn om mijn mandarijntjes te 

versieren of een liedje in te starten op mijn verjaardag. Ik draag de stift met liefde aan jou over!

Naast een leuke werkkamer is het op de 4e verdieping ook altijd heel gezellig dankzij Ingrid, 

Femke en Marie-Jeanne. Niets zo ontspannend als het geluid van MJ’s schaterlach over de gang!

Dan natuurlijk vrienden en familie buiten de werkvloer, maar minstens zo belangrijk:

Maaike, soms is hardlopen het enige wat helpt tijdens een frustrerend moment in je onderzoek. 

Bovendien werkt het heel relativerend om te merken dat je qua onderzoek toch wel wat 

vooruitgang hebt geboekt, terwijl je na een jaar nog steeds in week 1 van je hardloopschema 

hangt. Ontzettend knap hoe jij je door al die langdurige veldstudies heen hebt weten te slaan. 

Heel veel succes bij de laatste loodjes!

Suzan, tijd managen en samenwerken zijn heel belangrijke vaardigheden in het onderzoek en 

daar kun je maar beter zo vroeg mogelijk mee beginnen. Het samen invullen van tentamens en 

spijbelen tijdens de middelbare school zijn dus zeker niet voor niets geweest. Super fijn dat we 

nog steeds vriendinnen zijn!

Marlou, ik denk dat wij wel bewezen hebben dat een goede vriendschap absoluut niet 

afhankelijk is van hoe vaak je elkaar ziet. Bedankt voor jouw betrokkenheid in zoveel fasen van 

mijn leven. Binnenkort maar weer eens een wijntje doen?

Ondanks dat ik er nog steeds uitgelachen wordt om mijn ‘Zittersje’ accent voel ik me in Stein 

toch wel heel erg thuis. Wat een geluk om opgenomen te worden in zo’n bijzondere groep lieve, 

nuchtere en compleet gestoorde sportfanaten! Mijn referentie kader wat betreft zwemmen, 

fietsen en hardlopen, zal helaas nooit meer hetzelfde zijn. Silvia, Raymond, Jochen, Birgit, 

Lasse, Marie-Louise, Bart, Stefan, Mariëlle, Jurre, Siri, Rutger, Björn, Debby, Jill, Ralph, Patrick, 

Daniëla, Julia, Fenna, Jochem, Marloes, Marte, Dana, Kars, Luna, Nora, Peter, Marjanne, Duncan 

en Jason ontzettend bedankt voor alle weekendjes weg, etentjes en foute oud en nieuw feestjes.

Liek en Suus, dat het woord “sample-mania” tegenwoordig gebruikt wordt als één van ons te 

laat is voor een etentje geeft maar aan hoe begripvol jullie zijn ten opzichte van een gestreste 

AIO. Bedankt voor alle relativerende gesprekken tijdens lunch of diner en nog zo veel meer! Ik 

ben ontzettend blij met jullie vriendschap!

Roel, Sanne en Jort, bedankt voor de nodige afleiding en gezelligheid, al dan niet onder het 

genot van een glaasje wijn. Het tevreden houden van een baby verdient pas echt een promotie!

Mamma Annie, wat heerlijk om een tweede thuis te hebben! Bedankt voor alle liefde, warmte en 

gezelligheid. In drukke tijden kan een meegekregen, zelfgemaakte lasagne heel veel uitmaken. 

Paul, wat had ik het fijn gevonden als je deze promotie (en andere, nog veel belangrijkere 

gebeurtenissen ) nog had kunnen meemaken. Ik hoop dat je stiekem toch een beetje meekijkt.
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Bart en Ivo, ik voel me ontzettend gesteund door jullie in alles wat ik doe. Al heb ik het vage 

vermoeden dat bij de support om naar de VS te gaan ook een beetje eigen belang komt kijken… 

Niets zo ontspannend en afleidend als een vakantie met jullie, zelfs als het regent! Daarnaast 

heel veel dank voor het beschikbaar stellen van Viktor en Rolf als stressafleiders.

Mam, alleen doordat jij altijd zo sterk bent geweest, heb ik alles kunnen doen wat ik graag 

wilde doen. Bedankt voor je onvoorwaardelijke liefde, vertrouwen en steun! Een goede outfit 

kan soms heel belangrijk zijn, daarom ook veel dank voor al onze gezellige winkel middagjes. 

Pap, ik had jou graag nog veel langer bij me gehad, maar ik ben ook heel dankbaar voor de tijd 

die we wel samen gehad hebben. Die basis draag ik voor altijd bij me en heeft zeker ook een rol 

gespeeld in het tot stand komen van dit boekje.

Bart, van Adobe-Illustrator-snel-cursussen tot figuren-afzeik-sessies, jouw bijdrage aan dit 

boekje is misschien nog wel het grootst. Naast een gedeeld interesse voor het onderzoek 

gelukkig ook nog zo veel meer! Op naar de volgende gezamenlijke uitdaging!

You won’t find faith or hope down a telescope

You won’t find heart and soul in the stars

You can break everything down to the chemicals

But you can’t explain a love like ours

It’s the way we feel, yeah this is real

The Script – Science & Faith
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