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arthritis 
ConA  concavalin A 
CPM  counts per minute 
DC  dendritic cell 
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FACS   fluorescence activated cell 
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Fc constant and crystallizable 
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Foxp3 forkhead box protein P3 
FSC  forward scatter 
GFP   green fluorescent protein 
HLA   human leukocyte antigen 
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-HRP  horse radish peroxidise 

labeled  
HSP  heat shock protein 
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IFN-    interferon-
Ig  immunoglobulin (antibody) 
IL-   interleukin- 
IL-1RA   IL-1  receptor antagonist 
i.p.   intraperitoneal 
IRES   interribosomal entry site 

i.v.   intravenous 
LN  lymph node 
LPS  lipopolysacharide 
LTR   long terminal repeat 
mAb   monoclonal antibody 
MACS   magnetic adsorbent cell sorter 
MFI  mean fluorescence intensity 
MHC major histocompatibility 

complex
mPG   mouse cartilage proteoglycan 
mRNA  messenger ribonucleic acid 
MSCV   mouse stem cell virus 
OVA   ovalbumin 
PBS  phosphate buffered saline 
PCR   polymerase chain reaction 
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labeled
PG proteoglycan 
PGIA proteoglycan-induced arthritis 
PRR pattern recognition receptor 
RA   rheumatoid arthritis 
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macrophage colony-stimulating 
factor

SCID  severe combined 
immunodeficiency 

SEM  standard error of the mean 
SI  stimulation index 
SSC  side scatter 
Tc  cytotoxic T cell (CD8+)
TCR   T cell receptor 
Teff   effector T cell 
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TGFP   GFP-transduced (CD4+) T cell 
TGF-   transforming growth factor-
Th   T helper cell (CD4+)
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TIL-1RA   IL-1RA/GFP-transduced 

(CD4+) T cell 
TIL-4   IL-4/GFP-transduced (CD4+) T 

cell
TLR  Toll like receptor 
TNF- R-Ig  TNF-  receptor-Ig  
TNF-    tumor necrosis factor-
TR1  regulatory T cell type 1 
Treg   regulatory T cell 
Tresp  responder/responding T cell 
TTNF-R-Ig  TNF-R-Ig/GFP-transduced 

(CD4+) T cell 
WT  wild type
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THE IMMUNE SYSTEM 

A sophisticated army defending the body from unwanted intruders 
In everyday life the body has to deal with many different pathogenic micro-organisms, toxins 
or possible growth of malignant tumor cells. An army of cells fighting these harmful and 
redundant materials to defend the body comprises one of the most complex organs: the 
immune system. This defense system contains a broad repertoire of different white blood 
cells (also called leukocytes), each with its own specialized function but acting in concert with 
other cells for efficient eradication and neutralization of harmful micro-organisms and other 
unwanted materials. White blood cells use the blood stream as a highway to travel 
throughout the body, and they leave the blood flow to enter tissues where their action as 
safety guard is (or is expected to be) needed. Moreover, immune cells unite in lymph nodes. 
These structures are organized to sample body fluids from the different tissues in search of 
harmful materials. They function as meeting points for different immune cells and harmful 
substances.

Like a sophisticated army, immune cells have to meet some requirements in order to 
properly fight unwanted intruders. They must recognize the “enemy” and must therefore be 
able to discriminate between its “own soldiers” and the “other forces”. At the same time, they 
must distinguish between “dangerous enemies” and “innocent or collaborating crews”, and 
discern in what shape these appear. This must all be done in order to decide when to act and 
in what manner to respond in order to efficiently eliminate the enemy and not destroy the 
own harmless forces, i.e. there is no use for sending out submarines to fight a battle in the 
desert and placing hidden mines often does not eliminate only the enemy forces. Another 
indispensable skill for successful function is good co-operation between the different troops, 
which requires sufficient communication. Like armies have developed many different devices 
and strategies for defense over the past thousands of years, the immune system has evolved 
into a diverse organ during the struggle with evolution of the high variety of micro-organisms 
over the past millions of years.

Leukocytes carry receptors that function as detectors to specifically sense common 
patterns in either pathogenic or harmless materials. These receptors are therefore called 
pattern-recognition receptors (PRRs). Interaction between these PRRs and their ligands (the 
structures that are specifically detected by receptors) will provide signals to leukocytes to 
instruct them what action to undertake in response to detected materials. Such responses 
can range from “neglect or a friendly conversation” to an “aggressive and deadly gun fire”. 
Two types of leukocytes carry receptors that allow them to recognize structures in more 
detail than PRRs do. The cells that express such receptors are the B cells and the T cells 
(lymphocytes). The restricted structures (epitopes) of substances that are detected with 
extreme precision by these receptors are called antigens, because they generate action 
against (anti) such structures by the antigen-specific B- or T cells. In terms of warfare; PRRs 
sense general features that allow cells to discriminate enemies from innocent bystanders and 
activate a first line of defense. Additionally, B- and T cells recognize names and other 
characteristics of the individual soldiers with their antigen-specific receptors and create a 
sophisticated form of precision warfare.

Upon activation through recognition of their antigens, lymphocytes sustain ongoing 
immune responses and will form immunological memory that allows for quicker responses 
during a next encounter with that same pathogen or otherwise antigenic material. In general, 
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T cells recognize their specific antigens with their T cell receptor only when presented via the 
major histocompatibilty complex (MHC in animals, or human leukocyte antigen (HLA) 
complex in humans) by other cells. B cells can recognize antigens with their B cell receptor 
without processing and presentation via MHC by other cells. However, B cells themselves 
can process and efficiently present antigens to T cells via their MHC. Moreover, B cells can 
target pathogens over a huge distance by the action of secreted antigen-specific antibodies 
that specifically recognize particular pathogens.

For effective co-operation cells communicate with each other by interaction of ligand-
receptor pairs on cell surfaces during physical cell-cell contact and with cytokines. Cytokines 
are messenger molecules that act over a rather short distance between cells and instruct 
cells that carry receptors for these cytokines to either stimulate or inhibit particular responses 
of cells. Individual immune signals can in its simplest form be divided in either immune 
activators or immune suppressors, but the combination of all individual signals will determine 
the net result of immune stimulation. Thus, the complex mixture of the types of cytokine 
signals that are sent out by a cell, together with signaling by cell-cell contact and antigenic- 
and/or PRR-mediated signals, provide the information that sets the “tone” of action by 
responding cells.

When the action gets out of hand 
Different leukocytes and the molecules they secrete must act in concert in a balanced 
manner to set the correct tone of an immune response to fight unwanted materials, while 
avoiding damage to the host (1, 2). Sometimes this delicate balance is lost and, as a result, 
the immune system will react aberrantly to normally innocuous materials. This is the case in 
allergies, where the immune system overreacts to environmental antigens. On the other 
hand, when the immune system overreacts to body’s own tissues, autoimmune diseases like 
diabetes, multiple sclerosis or rheumatoid arthritis can develop. The exact cause of such 
misbalanced immune responses that lead to pathology has not been clarified, but many 
human and animal studies have revealed that auto-immune pathologies are mediated by B 
and helper T (Th) cells with a pro-inflammatory appearance (phenotype) that specifically 
recognize tissue antigens (3). 

IMMUNITY IN RHEUMATOID ARTHRITIS

Rheumatoid arthritis 
Inflammation that is mainly targeted to a particular (set of) tissue(s) of the body characterizes 
autoimmune disorders. Although different target organs are affected in different autoimmune 
disorders respectively, mechanistically these disorders share fundamental features in terms 
of the (auto)immune responses that participate in inflammation. Examples of autoimmune 
disorders that are seen frequently in Western-societies are insulin-dependent diabetes 
mellitus (affecting the pancreatic islets), multiple sclerosis (inflicting damage to the central 
nervous system) and rheumatoid arthritis. Rheumatoid arthritis (RA) is a chronic 
inflammatory disorder that primarily affects the diarthrodial joints and occurs in 1% of the 
adult human population in the Western world. The polyarticular inflammation features joint 
swelling, pain and stiffness, can be accompanied by fever and leads to irreversible deformity 
and ankylosis (4, 5).
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Morphologically, RA expresses abundant hyperplasia of the intimal lining of the 
synovium which results from a massive increase in fibroblast-like synoviocytes. The function 
of these fibroblast-like cells will be explained later on. Accumulation, or so called pannus 
formation, of invaded cells in the synovial membrane that extends to cartilage and bone is 
characteristic of RA. In addition, during RA the otherwise relatively a-cellular synovium is 
abundantly invaded by macrophages, B cells and CD4+ T cells that sometimes organize into 
lymphoid aggregates with germinal centers (6). Also mast cells, abundant numbers of 
neutrophils and many other cell types have been found in the inflamed tissue and are 
considered to have destructive effects in RA (reviewed in (7, 8)). The arthritic synovium 
contains excessive amounts of pro-inflammatory cytokines, among which TNF-  and IL-1
(4, 5, 9). The etiology of common autoimmune disorders like RA is unknown, but genetic 
factors (10-12) as well as environmental factors like infection or smoking (13-15) may 
contribute to pathogenesis.

FIGURE 1.  Simplified schematic representation of ubiquitous pro-inflammatory cells and their respective 
mediators in arthritis. Macrophages and fibroblast-like cells belong to the most prominent cells present in the 
synovium of the inflamed joint and secrete pro-inflammatory cytokines like TNF-  and IL-1 . These cytokines can 
activate macrophages and fibroblast-like cells to express more pro-inflammatory cytokines and cartilage- and 
bone destructive proteolytic enzymes. Th1or Th17 cells contribute to inflammation by activating innate cells in the 
joint through their respective hallmark cytokines IFN-  or IL-17. Moreover, pro-inflammatory cytokines have been 
reported to induce mechanisms that attract leukocytes into the inflamed joint and to activate tissue-destructive 
immune responses in other cells that localize in the inflamed joint. Th1 cells also sustain B cells to produce 
pathogenic antibodies that can activate pro-inflammatory complement pathways and can form immune complexes 
with cartilage antigens. These complexes activate pro-inflammatory leukocyte responses through Fc receptors 
expressed by leukocytes in the joint. In addition, cartilage-specific B cells are efficient antigen presenting cells for 
cartilage-specific T cells. The role of B-Th17 interaction is unclear. The depicted interactions can participate in 
many inflammatory reactions and are not necessarily unique for rheumatoid arthritis. Adapted from Firestein et al.
(4) and McInnes and Schett (9). 
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The involvement of immune cells and many of their pro-inflammatory and anti-
inflammatory mediators in rheumatoid arthritis has been described extensively (4, 5, 9), but 
the complex network of interactions between these cells and their respective cytokines still 
remains far from understood. Although it seems an impossible challenge to find coherence in 
all ever growing knowledge on cellular interactions, we can use simplified models of these 
processes to fit data in order to understand them. Some of the major cell types involved in 
RA and their interactions are schematically represented in figure 1 and briefly introduced in 
the next section. 

Synovial fibroblasts 
Synovial fibroblasts are thought to have a prominent role in the pro-inflammatory processes 
that lead to joint-tissue damage as they release pro-inflammatory effector molecules that act 
on a variety of cells (reviewed in (9, 16)). Synovial fibroblasts can be activated by cytokines 
like TNF-  and IL-1  and through binding of IgG to Fc RI (type I receptor for IgG antibodies) 
on their membrane (17).

Activated synovial fibroblasts show an enormous capacity to proliferate, to produce 
matrix degrading molecules like collagenase and gelatinase, and they have been reported to 
produce the pro-inflammatory cytokines TNF- , IL-1-  and IL-6 that induce the production of 
catabolic enzymes such as MMPs (which cleave cartilage collagen fibres) and aggrecanases 
(18, 19). Furthermore, synovial fibroblasts from inflamed joints of RA patients promote 
migration and expansion of B cells (20) and T cells (21) by producing chemokines and 
cytokines, and they produce abundant quantities of macrophage inhibitory factor (MIF). This 
is a pro-inflammatory cytokine that can induce T cell activation and promote phagocytotic 
activity and production of TNF-  by macrophages (22).

Apart from producing pro-inflammatory cytokines in arthritis, synovial fibroblasts can 
also produce mediators that inhibit matrix degradation and stimulate bone formation under 
conditions of the normal steady state of cartilage and bone turn-over. In addition, cultured 
fibroblasts have been shown to constitutively produce the anti-inflammatory cytokine IL-10, 
which could be enhanced by TNF-  and IL-1 . IL-10 is also present at high levels in inflamed 
joints of RA patients, and addition of exogenous IL-10 to rheumatoid synovial membrane 
suppressed IL-1  and TNF-  production (23). This suggests that IL-10 is produced in 
response to inflammatory conditions to control inflammation. However, the IL-10 in the 
inflamed joints is not sufficient to completely suppress inflammation, indicating a relative 
deficiency of expression of anti-catabolic or anti-inflammatory cytokines in the inflamed joint 
during RA.

Macrophages
Macrophages that are present in the inflamed synovial membrane and at the cartilage-
pannus junction have a highly activated appearance. At the site of tissue destruction these 
innate cells abundantly express IL-1 , TNF- , GM-CSF and proteases like matrix 
metalloproteinases (MMP) (24-27). In addition, macrophages show over-expression of MHC 
class II molecules, which can be up-regulated by IFN-  (28), indicating positive feedback 
interactions of macrophages with Th1 cells. Interaction of macrophages with activated T cells 
induces production of metalloproteinases, TNF-  and IL-1 , but also IL-10, which is known 
for its many immunosuppressive actions (29). Another indication for T cell-macrophage 
interaction comes from data showing pro-inflammatory effects of IL-17 on cytokine 
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expression of human macrophages (30). IL-17, which is predominantly produced by T cells, 
is often found in synovial cells, present in T cell rich areas of RA synovial samples and 
strongly stimulates macrophages to produce IL-1  and TNF-  (30).

In addition, interaction of macrophages with fibroblasts has been demonstrated to 
elicit production of pro-inflammatory molecules like IL-6 (31). Moreover, production of TNF-
and IL-1  by macrophages suggests that these cells can induce activation of fibroblasts to 
produce pro-inflammatory and joint-destructive mediators since these cytokines have been 
described to activate synovial fibroblasts as described in the previous section. 

B lymphocytes in rheumatoid arthritis 
The concept of autoantigen-specific immunity in disease arose from the discovery of 
autoantibodies in diseases like RA in the early 20th century (32). A well known autoantibody 
that is often -though not uniquely- found in sera of RA patients is rheumatoid factor. This 
antibody is specific for Fc of self IgG. It was only in the 1970’s when pathogenic potential of 
rheumatoid factor in RA as an initiator of immune complex-mediated disease was 
hypothesized (33). This hypothesis stated that immune complexes formed by rheumatoid 
factors fix complement and release chemotactic factors that attract inflammatory cells to the 
rheumatic joint. These cells, such as neutrophils, accumulate in the synovial fluid where they 
engulf immune complexes and get activated to release proteolytic enzymes. Later on, 
antibodies against autoantigens such as collagen type II, cartilage aggrecan and citrullinated 
peptides in synovial tissue were found in RA patients (34-37), and their presence correlated 
with disease (34, 35, 37).

Arthritic potential of B cells and autoantibodies has now been demonstrated by animal 
studies. For example, transfer of arthritis with sera or antibodies of arthritic donor animals or 
RA patients and depletion of antibody secretion have confirmed the arthritogenic potential of 
cartilage antigen-specific antibodies (38-43). Complementary to the role of the B cell as 
producer of pro-inflammatory antibodies is its potential as antigen-presenting cell to activate 
T cells, which is required to induce autoimmune disease like arthritis (3, 38, 44-49). 

CD4+ T lymphocytes in rheumatoid arthritis 
A strong indication for involvement of CD4+ T cells in RA came from studies showing 
association of HLA-DR genes, which determine what epitopes are presented to CD4+ T cells, 
and risk for development of RA (50-52). In addition, the presence in the inflamed joint of 
CD4+ T cells showing clonal restriction of TCR variable (V)-gene usage (53, 54) and T cell 
proliferation in response to cartilage antigens collagen type-II (55, 56), human cartilage 
glycoprotein 39 (57) and proteoglycan (58-61) found in human studies have also pointed to 
an active role of CD4+ T cells in RA. Studies on expression profiles of T cell-associated 
cytokines in joint-tissue and CD4+ T cells in synovial tissue and peripheral blood of RA 
patients indicated dominance of IFN-  expression, suggesting a dominant role for the Th1 cell 
phenotype in RA (62-66). 
 T cell transfer studies in animal models have mechanistically shown that CD4+ T cells 
are critical for induction and exacerbation of arthritis and especially Th1-like responses have 
been found to be arthritogenic (67-71). Although arthritis has long been considered a Th1-
mediated disorder, recent studies implicate IL-17 produced by Th17 cells as crucial T cell-
mediated effector cytokine in cartilage breakdown, induction of pro-inflammatory cytokines 
like IL-6 in macrophages and fibroblasts and induction of RA (30, 72-76). In addition to cell-
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contact-mediated activation of macrophages and fibroblasts producing pro-inflammatory 
cytokines in the joints, pathogenic CD4+ T cells help to induce arthritogenic B cell responses 
(Fig. 1 and reviewed in (9)). 

Because CD4+ T cells have a central role in pathogenesis of autoimmune disease as 
they have the possibility to antigen-specifically interact with many cells involved in RA, they 
can be employed as a useful tool to study autoantigen-specific immune responses in RA.

LYMPHOCYTE’S INTERPLAY 
The studies presented in this thesis focuses mainly on autoimmunity that causes 
inflammation. Particularly T and B cell biology will therefore be addressed in more detail. 
Antigen-specific B and T cells and cytokines they produce have been demonstrated to 
contribute to pathogenesis of arthritis and other autoimmune disorders. During ontogeny 
most highly self-reactive lymphocytes are excluded from the final lymphocyte repertoire by 
clonal deletion. Still, many antigen-specific lymphocytes escape this process of elimination 
and enter the periphery to participate in immune responses (77-79). Therefore, tolerating 
mechanisms must exist that prevent harmful responses to autoantigens (or harmless 
environmental antigens) by these lymphocytes. T cells derive stimulatory signals from other 
cells through presentation of antigens via MHC together with co-stimulatory signals and 
cytokines. A well exemplified and important subset of such antigen presenting cells (APCs) 
that interact with T cells are dendritic cells (DCs), which are considered professional APCs 
that scavenge the body for antigens to be presented to T cells. In turn, T cells and their 
cytokines provide signals to APCs during APC-T cell interaction. Other cells that interact with 
T cells as APC in RA are macrophages and B cells. B-T cell interaction has been shown to 
be required for effective activation to generate effector phenotypes of B cells and T cells (3, 
38, 46, 47, 80-84). On the other hand, some phenotypes of T and B cells (Table I, Fig. 2) will 
prevent rather than induce inflammatory effector responses (85, 86), indicating that not the 
mere activation but rather differentiation of cells and balance between effector and regulatory 
phenotypes of lymphocytes are detrimental to induction and regulation of inflammation (2, 
65). This implicates that therapeutic interference in immune responses should not aim only at 
suppressing pro-inflammatory responses, but also on boosting the natural regulatory 
functions that down-modulate these inflammatory responses. 

Origin Phenotype Mode of action 

Effector cells    

Th1 Periphery IFN- , IL-2 IFN-

Be1 Periphery (?) IFN-  IFN-  (?) 

Th2 Periphery IL-4, IL-13, IL-5 IL-4, IL-13, IL-5 

Be2 Periphery (?) IL-4 IL-4 (?) 

Th17 Periphery IL-17 IL-17 

Regulatory cells    

Th3 Periphery TGF-  and/or IL-10 TGF-  and/or IL-10 

CD4+CD25+ Treg Thymus, periphery Foxp3, constant CD25+ IL-10, TGF- , cell-cell contact 

Tr1 Periphery IL-10, IFN-  IL-10 and TGF-

Breg Periphery (?) IL-10 IL-10 

Table I. Some characteristics of defined CD4+ T and B cell populations
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Th1/Th2-mediated lymphocyte biology 
Effector phenotypes of CD4+ cells have long been subdivided into the two distinct lineages of 
Th1 cells and Th2 cells as first described in 1986 by Tim Mosmann (87). Th1 cells are 
characterized by production of IFN-  and IL-2, but no IL-4. Th1 cells generally have been 
described to contribute to cellular responses to intracellular pathogens and autoimmunity. 
Th2 cells are characterized by production of IL-4, IL-13 and IL-5, but little production of IFN- .
In general, Th2 cells have been described to contribute to responses against extracellular 
pathogens and to allergic reactions and were initially described as main effectors in B cell 
immunoglobulin synthesis (1, 88, 89). However, both Th1 and Th2 cells can stimulate B cells 
to enhance switching of different antibody classes (90). Th1- and Th2 cell-derived cytokines 
were found to be mutually exclusive as IFN-  promoted development of Th1 cells but 
prevented development of Th2 cells, whereas IL-4 promoted development of Th2 cells and 
prevented development of Th1 cells (91-93) (Fig. 2). Regarding these opposing Th cell 
phenotypes, a breakdown of the Th1/Th2 balance had become an explanation for the 
pathological outcome of T cell mediated disorders like allergies or autoimmune disease (89). 
 The interplay of Th1 and Th2 cytokines and T cell differentiation can be extended to B 
cell biology (94). Th1 cells polarize differentiation of B cells into Be1 cells, characterized by 
high IFN-  production and Th2 cells provide a context that induces Be2 cells, which are 
characterized by low IFN-  but high expression of IL-4. In turn, Be1 and Be2 cells presenting 
cognate antigen to CD4+ T cells induce Th1 cells and Th2 cells respectively (Fig. 2). 

Although classification of T cell phenotypes and functions into either Th1 or Th2
subsets has provided a valuable model to explain and investigate many immune reactions, 
this highly restricted and rigid classification may give a flawed and incomplete view on 
complexity of T cell responses (95). The identification of T cells with other phenotypes has 
now extended our view on T cell biology and helped to better understand the processes that 
are mediated by T cells as we will discuss later on.   

Regulatory T cells 
The paradigm of dichotomous T cell polarization was challenged by the discovery of CD4+ T 
cells that could suppress differentiation of effector functions of both Th1 and Th2 cells (Fig. 2). 
Interest in this T cell mediated regulation that does not restrict to the Th1/Th2 classification 
has exploded by the discovery of a subset of CD25+ (IL-2 receptor -chain) CD4+ T cells that 
maintain immune tolerance (96). T cells that are specialized to regulate T cell responses 
which may otherwise cause inflammation are designated regulatory T (Treg) cells. 
CD25+CD4+ Treg cells, which are induced and characterized by expression of the transcription 
factor Foxp3 (97-99), are generated in the thymus as a functionally distinct population (100) 
and are therefore often called natural Treg cells. Besides only suppressing T cell responses, 
CD4+CD25+ Treg cells inhibit autoantibody responses (101). CD25+CD4+ Treg cells are anergic 
in vitro unless an excess of the growth factor IL-2 is provided. In vivo, however, these Treg

cells can replicate rather efficiently (102-104). For active regulation these Treg cells require 
expression of IL-10, although this is not necessarily to be produced by the CD25+CD4+ Treg

cells themselves, as IL-10 producing neighboring cells can mediate the regulatory actions 
(105-107). Another feature of natural CD4+CD25+ Treg cells is the requirement for expression 
of TGF-  to suppress immune responses (108), although TGF-  may not necessarily be 
produced by the natural CD4+CD25+ Treg cells themselves. In addition to the regulatory action 
of immunosuppressive cytokines, Treg cells may require cell-cell contact with T cells that are 
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to be suppressed by interaction of molecules on cell membranes like CTLA-4 and B7-family 
members that provide negative co-stimulation upon interaction (109).

FIGURE 2. Simplified representation of interplay between B cells and helper T cells in lymphocyte 
differentiation. Th1 and Th2 cells and their characteristic cytokines, IFN-  and IL-4 respectively, counteract on 
each other’s differentiation while favoring differentiation of their own phenotype. Th1 cells that interact with B cells 
in the presence of antigenic stimulation induce IFN-  production in these activated effector B cells (Be1 cells) and 
vice versa.  Th2 cells that interact with B cells in the presence of antigenic stimulation induce IL-4 production in 
these activated effector B cells (Be2 cells) and vice versa. Th1 and Th2 derived cytokines have been reported to 
inhibit differentiation of the Th17 cell lineage. Regulatory T (Treg) cells have been described to suppress effector 
responses and differentiation of Th1, Th2 and Th17 cells. Treg mediated suppression is in many cases mediated by 
expression of IL-10. However, the effect of IL-10 produced by antigen-specific Treg cells on the B cell response is 
poorly understood. In addition, the effect of IL-10 produced by antigen-specific Treg cells in arthritis has not been 
well described. 

 Besides natural CD25+CD4+ Treg cells, different subsets of Treg cells exist that can be 
induced in vitro and in vivo under particular conditions of antigen and cytokine exposure (2, 
86). Among those Treg cells, Treg type 1 (Tr1) and helper T type 3 (Th3) cells are well studied. 
Tr1 cells can be generated by antigenic stimulation in the presence of IL-10 in vitro and 
suppress antigen-induced proliferation naive CD4+ T cells and T cell-mediated colitis in a 
murine model for inflammatory bowel disease (110, 111). Tr1 cells characteristically produce 
high levels of IL-10 and low levels of IL-2. Such IL-10 Treg cells can also be induced by co-
stimulation via CD46 (112) or immunosuppressive drugs (113). This induction could be 
enhanced by neutralization of typical Th1- and Th2-inducing cytokines, such as IFN-  and IL-
4 respectively  (113). Another subset of Treg cells that can be distinguished is the Th3 cell 
population. Cytokine expression in Th3 cells has characteristically shifted to a high level of 
regulatory TGF-  and sometimes IL-10 and the mucosal immune system is an important 
environment for induction of this subset of Treg cells (114-116).  In vitro studies have shown 
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that differentiation of Th3 cells is enhanced by culture in the presence of exogenous IL-10 
and TGF-  (116).

TGF-  and IL-10 have been shown not only to enhance differentiation of Tr1 cells or 
Th3 cells, but TGF-  and IL-10 have also been shown to enhance numbers of Foxp3+ and 
CD25+CD4+ T cells with regulatory capacities (117-121). However, this can only occur as 
long as abundant levels of the pro-inflammatory cytokines are absent (122), as will be 
explained later on in more detail. The capacity of IL-10 and TGF-  to induce Treg cell 
phenotypes adds to their well known immunosuppressive functions such as down regulation 
of antigen presentation, T cell proliferation and release of pro-inflammatory cytokines (29, 
123) and underscore the complexity of immune regulation by Treg cells and their cytokines. 
Although extensive efforts have been made to delineate functions of the cytokines IL-10 and 
TGF-  and the transcription factor Foxp3+ in Treg cells (124), data on the induction of these 
molecules in T cells by Treg cells that produce IL-10 are scarce. 

Regulatory B cells 
B cells are typically known for their ability to produce antibodies and their antigen-presenting 
functions that activate CD4+ T cells. As with T cells, the B cell compartment of the immune 
system contains distinct subsets of effector cells (94). Recent studies add to different effector 
functions of B cells as they describe critical regulatory capacities of B cells (85). Regulatory B 
(Breg) cells have been described to suppress chronic inflammation and Th1-type responses in 
models for a wide range of chronic inflammatory disorders, among which experimental 
encephalomyelitis (125), colitis (126) and arthritis (127-129). In many studies, Breg cells have 
been described to produce large amounts of IL-10, but also TGF- + Breg cells have been 
identified (85). Although the origin of such Breg cells may not be fully understood, the 
expression of IL-10 by B cells seems crucial for regulation of inflammation (125, 128).

Induction of a regulatory IL-10+ phenotype in B cells could be actively induced by 
stimulation via the B cell receptor in the presence of an agonistic anti-CD40 monoclonal 
antibody (128), whereas TGF- + Breg cells could be induced with LPS (130, 131). Breg cells 
were also induced by apoptotic cells in an IL-10 dependent manner, and these B cells were 
able to affect the cytokine profile of antigen-specific CD4+ T cells (129). Also naive B cells, 
which previously had been considered ineffective antigen-presenting cells for CD4+ T cells, 
have been demonstrated to induce Treg cells upon close B-T cell interaction (132). These 
data indicate close collaboration of antigen-presenting B cells and responding T cells that is 
needed to induce IL-10 production and concomitant regulatory activity in CD4+ T 
lymphocytes preventing inflammation. However, the role of Treg cells that produce IL-10 in 
differentiation of cytokine responses of B cells, especially the induction of IL-10, in a pro-
inflammatory setting remains to be elucidated. 

Th17 cells 
Another identified phenotype that has expanded the repertoire of Th cells, is the IL-17 
producing Th17 cell (133, 134). This T cell subset has been discovered only quite recently, 
but emerging data suggest a highly inflammatory and prominent role for these cells in the 
induction of arthritis (73) and other inflammatory autoimmune diseases (135). Although Th17
and Th1 cells were initially thought to derive from a common pre-Th1 precursor, today Th17
cells are considered to be a separate lineage of helper T cells that develop from naïve CD4+

T cells (133, 136, 137). Differentiation of Th17 cells is induced by TGF-  in the presence of 



General introduction 

17

pro-inflammatory cytokines like IL-6 or IL-1  and growth of the Th17 cell population is further 
promoted by IL-23 (138-142). Moreover, the lymphocyte growth factor IL-2 ultimately leads to 
expansion of the Th17 cell population, though this cytokine inhibits the early differentiation of 
Th17 cells (141-143). Differentiation of Th17 cells can be inhibited by Th1- and Th2 cell-
derived cytokines (136, 137, 143) and it has also been postulated that Foxp3+ Treg cells may 
block differentiation of Th17 cells (144, 145). The role of Th17 cells in B cell differentiation and 
autoantibody production, however, has remained unclear. 

IMMUNOTHERAPY FOR AUTOIMMUNE DISEASE 
Many forms of pre-clinical and clinical immune therapies for autoimmune diseases aim to 
specifically antagonize or eliminate the inflammatory cells or cytokines by use of biological 
immune mediators. Together with yielding curative effects, such interventions provide insight 
in ongoing inflammatory processes.

Targeting of pro-inflammatory cytokines has been established as a feasible and 
widespread method for treating chronic inflammatory disease. Blockade of a broad range of 
different pro-inflammatory cytokines with biological agents specific for these cytokines has 
been studied in animal models and are now being tested in clinical trials and used for clinical 
treatment of RA. The most successful agents used are agents like TNF-specific antibodies or 
TNF-receptor Fc fusion protein and interleukin-1 receptor antagonist (IL-1RA) that target 
TNF-  and IL-1 respectively (9, 146). However, because repeated systemic application of 
such agents results in systemic inactivation of effector immune responses, such therapy 
increases the risk of serious infection (147).

As explained in the previous paragraphs, B cells provide signals to T cells through 
antigen presentation and cytokines and T cells provide help to B cells through delivery of 
cytokines and cell-surface-ligands. These interactions are central in pathogenesis of 
autoimmune disease. Several therapies therefore aim at depleting pathogenic B cells by use 
of anti-CD20 monoclonal antibodies (32) or T cells by use of anti-CD3 monoclonal antibodies 
(148). Despite successful application of such agents, unwanted side effects may occur 
because therapy is not restricted to the immune responses involved in the autoimmune-
mediated inflammation.

Antigen-specific intervention 
To overcome unwanted non-specific side effects, current research aims at more antigen-
specific intervention. An extensively studied approach is the induction of antigen-specific 
regulatory T cells by application of defined autoantigens or allergens via the mucosal route. 
Such studies have indicated that mucosal lymph nodes are a microenvironment that supports 
the induction of antigen-specific Treg cells (149, 150). This approach requires definition of the 
autoantigens involved in the inflammatory immune responses. Although this method has 
been proven successful in animal models for autoimmunity, translation to the clinic is difficult.

An alternative but promising approach to correct immune balance by restoring the 
regulatory T cell compartment is treatment with heat shock proteins (HSPs) (151). HSPs are 
highly conserved between animals and bacteria and application of HSP has been 
demonstrated to induce regulatory T cells in several immune-mediated models.  Expression 
of HSP increases at sites of inflammation and may lead to enhanced presentation of 
epitopes that are recognized locally by HSP-specific Treg cells and therefore mediate immune 
regulation at these sites of inflammation (152, 153).
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Adoptive cellular gene therapy 
Since the introduction of recombinant DNA technology the use of gene therapy in prevention 
and treatment of many diseases has evolved rapidly. Cloning of genes that code for anti-
inflammatory molecules has created the possibility to introduce long time expression and 
provision of theoretically any recombinant biological agent expressed by genes introduced in 
tissues of patients as has now been successfully shown in many inflammatory models, 
among which arthritis (154). Transfer of active genes to eukaryotic cells to establish stable 
expression of such genes in these cells can be done by infection of cells with (retro)viruses 
that contain the transgene (Fig. 3). Such viral systems have been developed to eliminate 
pathogenic characteristics of viruses while the capability to efficiently transfer selected genes 
into the genome of the host cell has been left intact.

Because CD4+ T cells are antigen-specific, play a central role in autoimmune disease 
and accumulate in inflammatory lesions, ex vivo modification of autoantigen specific T cells 
by gene transfer in order to express immunosuppressive biologicals may be a refined 
method for treatment of autoimmune disease. This so called adoptive cellular gene therapy 
to interfere specifically in antigen-specific pathological immune responses has been 
demonstrated successfully first in experimental encephalomyelitis, a murine model to study 
multiple sclerosis (155). Thereafter, many studies have demonstrated the efficacy of cellular 
gene therapy with CD4+ T cells expressing different biologicals in restoring immune balance 
in different models of disease like RA (156), MS, diabetes and allergy (157).  

Although success of cellular gene therapy with T cells was claimed in most of these 
studies, many of these studies were done with T cell hybridoma’s instead of primary T cells, 
with T cells with undefined specificity or with antigens that are not naturally expressed in 
inflamed tissues. In the studies presented in this thesis we aimed to explore ex vivo
manipulated primary CD4+ T cells with different phenotypes but defined specificity for an 
antigen that is naturally expressed in the inflamed joint tissue in a chronic model of RA; 
proteoglycan-induced arthritis. This may not only indicate what approach may be useful for 
treatment of disease, but may also provide insight in the function of certain T cell phenotypes 
mechanistically.

PROTEOGLYCAN-INDUCED ARTHRITIS 
Proteoglycan-induced arthritis (PGIA) is a chronic relapsing-remitting arthritis that is induced 
in BALB/c mice by immunization with human cartilage proteoglycan. An extensive overview 
of this model can be found in Glant et al. (158). In brief, PGIA is a chronic model that 
represents many features of RA (159). The arthritis is dominated by Th1 responses and can 
be prevented by Th2-like mediators (69, 160-162), but activation of both B and CD4+ T cells 
is required for full blown disease. The arthritogenic antigen-specific immune response is 
based on cross-reactivity to both immunizing (human) and self (mouse) proteoglycan (38, 67, 
68, 163, 164). B cell epitopes of proteoglycan have been defined in the regions that are 
hidden by keratan sulphate chains, whereas arthritogenic CD4+ T cell epitopes have been 
identified within regions that are hidden by keratan sulphate side chains (165). Moreover, 
immunodominant arthritogenic CD4+ T cell epitopes have been identified especially within 
the G1 N-terminal domain of proteoglycan (48, 165). B cells serve a dual purpose because 
they are required as antigen-presenting cells to stimulate T cells and as producers of 
arthritogenic antibodies that provoke inflammatory effects through activation of Fc antibody 
receptors (38, 44, 166).  
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Altogether, this model provides a system to study chronic B and T cell mediated 
inflammation that is directed to a well defined tissue (self) antigen. In addition, an 
arthritogenic proteoglycan specific T cell hybridoma (68) is a premise to initiate studies using 
cartilage-antigen specific CD4+ T cell mediated intervention in this model. 

FIGURE 3. Schematic representation of the use of retrovirally transduced T cells expressing 
immunosuppressive agents as vectors to target autoimmunity in arthritis. Active genes coding for known 
immunosuppressive agents were inserted into the genome of CD4+ T cells expressing a T cell receptor that 
specifically recognizes the cartilage antigen proteoglycan. This gene transduction was done through infection with 
retroviral particles that have encapsulated the respective genes. Upon infection the gene is released from the viral 
particles, stably integrated into the T cell genome and thus expressed by this T cell. Due to the specificity of such 
T cells for the arthritogenic cartilage antigen T cells have the ability to interfere with the arthritogenic response 
and are therefore supposed to specifically target the pathogenic pro-inflammatory immune response that leads to 
arthritis. As such, proteoglycan-specific CD4+ T cells were tested in a B and CD4+ T cell mediated arthritis model 
that is induced by generation of an immune response against cartilage derived antigen proteoglycan in mice.
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OUTLINE AND AIM OF THIS THESIS 
The aim of this thesis was to explore cartilage-antigen specific CD4+ T cells specifically 
targeting inflammation in rheumatoid arthritis with immunomodulatory agents to ameliorate 
inflammation in arthritis. For this purpose cartilage-specific CD4+ T cells were provided with 
active genes encoding immunomodulatory agents through retroviral transduction and were 
then transferred in proteoglycan-induced arthritis (Fig. 3); a chronic B and T cell-mediated 
model for rheumatoid arthritis in mice. 

Chapter 2 describes the generation of a T cell receptor transgenic mouse expressing a 
T cell receptor that is specific for the immunodominant epitope of cartilage proteoglycan on 
its T cells. These mice served as donor for proteoglycan specific CD4+ T cells to be used in 
antigen specific interventions in PGIA.

Chapter 3 describes how genes encoding different agents that previously have been 
shown to regulate arthritis were expressed by proteoglycan-specific CD4+ T cells through 
retroviral transduction and how these T cells were tested in PGIA.

Chapter 4 shows how cartilage antigen-specific CD4+ T cells expressing a transduced 
IL-10 gene regulate the cytokine and antibody response in the chronic phase of arthritis, and 
how these T cells require recognition of their cognate antigen to ameliorate arthritis. 
Moreover, the requirement for IL-10 expression by the treated host to regulate arthritis was 
determined as we hypothesized that induction of endogenous IL-10 expression is part of the 
regulatory mechanism that is induced by IL-10+ T cells.

Chapter 5 concerns the effect of cartilage antigen-specific T cells expressing a 
transduced IL-10 gene on early differentiation of (both pro-inflammatory and 
immunosuppressive) cytokine expression of B cells and CD4+ T cells and CD4+ T cell 
proliferation during the early arthritogenic immune response.

Finally, in chapter 6, the data presented in this thesis are discussed in the context of 
current knowledge on T cell mediated regulation of immune differentiation.
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ABSTRACT
 To better understand the role of antigen (arthritogenic epitope)-specific T cells in the 
development of autoimmune arthritis, a transgenic (Tg) mouse expressing the T cell receptor 
(TCR) V 1.1 and V 4 chains specific for a dominant arthritogenic epitope (designated 5/4E8) 
of human cartilage proteoglycan (hPG) aggrecan was generated. This TCR-Tg mouse strain 
was backcrossed into the PG-induced arthritis (PGIA)-susceptible BALB/c strain and tested 
for arthritis incidence and severity. CD4+ TCR-Tg T cells carried functionally active TCR 
specific for a dominant arthritogenic epitope of hPG (5/4E8). T cells of naive TCR-Tg mice 
were in an activated stage, since the in vitro response to hPG or to peptide stimulation 
induced interferon-  and interleukin-4 production. TCR-Tg mice uniformly, without exception, 
developed severe and progressive polyarthritis, even without adjuvant. Inflamed joints 
showed extensive cartilage degradation and bone erosions, similar to that seen in the 
arthritic joints of wild type BALB/c mice with PGIA. Spleen cells from both naive and hPG-
immunized arthritic TCR-Tg mice could adoptively transfer arthritis when injected into 
syngeneic BALB/c.SCID recipient mice. Thus, TCR-Tg BALB/c mice display increased 
arthritis susceptibility and develop aggravated disease upon in vivo antigen stimulation. This 
model using TCR-Tg mice is a novel and valuable research tool for studying mechanisms of 
antigen (arthritogenic epitope)-driven regulation of arthritis and understanding how T cells 
recognize autoantigen in the joints. This type of mouse could also be used to develop new 
immunomodulatory strategies in T cell-mediated autoimmune diseases.  
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INTRODUCTION
Rheumatoid arthritis (RA) is one of the most common human autoimmune diseases, 
characterized by chronic inflammation of the synovium of diarthrodial joints. Although the 
etiology of RA is unknown, accumulating evidence indicates that it is a T cell-mediated and 
autoantibody-dependent disease in which both genetic and environmental factors play crucial 
roles (1-3). The RA synovium is infiltrated with CD4+ T cells of the Th1 phenotype (4, 5), and 
antibodies are also involved in the pathologic mechanisms of joint inflammation and 
progression of the disease (6, 7). The demonstrated therapeutic efficacy of agents that block 
T cell activation (8) or deplete B cells (6) in RA patients has confirmed the critical role of the 
adaptive immune system. Among the candidate autoantigens, the cartilage proteoglycan 
(PG) aggrecan is one of the target autoantigens in RA joints (9-14). PG is a complex 
macromolecule consisting of a large core protein (>2,200 amino acids) to which more than 
100 glycosaminoglycan and oligosaccharide side chains are covalently attached (15, 16). 
The core protein of aggrecan is heavily degraded by proteases released during either 
degenerative or inflammatory processes, resulting in the loss of normal function of articular 
cartilage (17). 

Immunization of BALB/c mice with human cartilage PG (hPG) induces chronic 
progressive polyarthritis (18). This PG-induced arthritis (PGIA) has many similarities to 
human RA, as indicated by clinical assessments, radiographic analyses, scintigraphic bone 
scans, laboratory tests, and histopathologic examination of the peripheral joints (18-21). The 
development of the disease is based on the development of T and B cell responses that are 
cross-reactive between the immunizing hPG and self (mouse) cartilage PG (mPG). This 
cross-reactivity, most likely achieved through epitope spreading, could explain why these T 
cells home to mouse joints to initiate arthritis (22, 23). 

Several lines of evidence indicate T cell involvement in the pathogenesis of PGIA. For 
example, CD4+ T cells selectively proliferate in response to hPG (24, 25), and arthritis can be 
prevented when CD4+ T cells are depleted either in vivo (26) or in vitro prior to adoptive 
transfer to naive mice (27, 28). A PG-specific T cell hybridoma clone, 5/4E8, can induce 
arthritis in BALB/c mice (29). Furthermore, CD4+ T cells from arthritic animals are resistant to 
activation-induced cell death (30). Finally, susceptibility to PGIA is associated with the class 
II major histocompatibility complex (MHC) (H-2d haplotype in BALB/c) (20). In addition, 
immunization of BALB/c mice with PG induces a dominant Th1 cell response, and treatment 
of arthritic mice with interleukin-4 (IL-4) can prevent disease development by inducing a 
switch from the originally Th1-polarized response to a Th2-polarized response (20, 31). The 
importance of CD4+ Th1 cells was further supported by the observation that IL-4-deficient 
BALB/c mice develop a significantly more severe form of the disease than that seen in wild 
type BALB/c mice (32). 

The arthritogenic 5/4E8 T cell hybridoma has a CD4+ Th1 phenotype and expresses 
the T cell receptor (TCR)  and  chains (29). These hybridoma cells secrete IL-2 and 
interferon-  (IFN- ), but not IL-4, upon stimulation with hPG, and the antigen-specific 
response is class II MHC (I-Ad) restricted (29). The epitope recognized by 5/4E8 cells is 
located in the G1 domain of hPG and has been identified in previous mapping studies as an 
immunodominant, and possibly the most arthritogenic, T cell epitope of hPG (15, 29). The 
5/4E8 hybridoma shows cross-reactivity with a homologous epitope of mPG (15). 

In this study, to gain more insight into the role of antigen-specific T cells in the 
development of autoimmune arthritis, we generated transgenic (Tg) mice expressing the 
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TCR of the 5/4E8 hybridoma. We found that a single PG injection provoked a severe form of 
PGIA in TCR-5/4E8-Tg (hereafter referred to as TCR-Tg) BALB/c mice. Our experiments 
demonstrated that splenocytes from both naive TCR-Tg mice, after in vivo activation, and 
hPG-immunized arthritic TCR-Tg mice could adoptively transfer arthritis into BALB/c.SCID 
recipient mice. 
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MATERIALS AND METHODS

Isolation, amplification, and cloning of the - and -chains of TCR-5/4E8 
T cell hybridoma 5/4E8 (29), a CD4+ Th1 cell line, recognizes the most dominant arthritogenic 
peptide sequence, 70ATEGRVRVNSAYQDK84 (referred to as peptide P70; underline 
indicates the core sequence), in the G1 domain of hPG, and cross-reacts with the mouse 
homolog sequence, ATEGQVRVNSIYQDK (mPG P70; italics indicate the substitutions). T 
cell hybridoma 5/4E8 carries V 1.1 chain and V 4 chain of the TCR (GeneBank accession 
no. AY823583 and U19234, respectively). 

Genomic DNA was isolated from 5/4E8 hybridoma cells to obtain full-length, 
rearranged TCR  and TCR  DNA, including leader and intron sequences, and the 
corresponding regions were amplified by polymerase chain reaction (PCR). The 2 PCR 
fragments were cloned into the pGEM-T Easy Vector (Promega, Madison, WI), introduced in 
Escherichia coli DH5  cells (Invitrogen, Breda, The Netherlands), and sequenced. The Xma
I- and Not I-released DNA fragment containing the TCR-5/4E8 -chain was recloned into the 
pT  cassette, and the Xho I- and Sac II-digested and purified TCR-5/4E8 -chain fragment 
was inserted into the pT  cassette (33). Both of the in vivo expression plasmid constructs 
(pT  and pT ) were generous gifts from C. Benoist and D. Mathis (Brigham and Women's 
Hospital, Boston, MA). Subsequently, XL10-Gold cells (Stratagene, La Jolla, CA) were 
transfected with the constructs, and the correct sequences were confirmed. 

Generation of TCR / -Tg mice 
Linearized pT  TCR-5/4E8 and pT  TCR-5/4E8 DNA fragments were purified by 
electroelution, phenol extraction, and ethanol precipitation. Both TCR fragments were 
coinjected in equal amounts into the pronuclei of fertilized eggs of (CBAxC57BL/6)F1 mice 
(Charles River Laboratories, Sulzfeld, Germany). TCR-Tg founders were identified by PCR 
analysis of tail genomic DNA. The TCR 1 chain was genotyped by PCR using forward 
primer 5’-TGC TCC AGG CTA ATG GTA CA-3’ and reverse primer 5’-CGC TCT CCT GAC 
TAG GGA TG-3’; the V 4 chain was detected using forward primer 5’-CTC GAG CAC TGC 
TAT GGG CTC CAT-3’ and reverse primer 5’-CCC AAT CCC GCG GAG AAC-3’. The 
expression of TCR-V 4 was confirmed by flow cytometric analysis on blood lymphocytes. 
Unfortunately, flow cytometric analysis of the V 1.1 chain was impossible due to a lack of 
V 1-specific antibody. 

Since PGIA was restricted to the susceptible BALB/c strain and the CD4+ hybridoma 
5/4E8 was of H-2d class II MHC (BALB/c origin), the TCR-Tg founders were backcrossed 
onto BALB/c (H-2d). A marker-assisted genome screening process was used (20) until the 
pure BALB/c genomic background was achieved (backcross 8). This was confirmed by using 
244 simple sequence-length polymorphic markers as described previously (20). Throughout 
the backcross processes with the TCR-Tg mice, the coexpression of V 1.1 and V 4 chains 
was always detected in one Tg mouse line by genotyping, and all heterozygous TCR-Tg 
mice were tested for PGIA susceptibility at each backcross level (see below). Finally, male 
and female heterozygous TCR-Tg BALB/c mice were  
intercrossed to select homozygous offspring. 
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Antigens, animals, immunization, and experimental groups
The use of human cartilage, obtained from joint replacement surgeries, for isolation of PG 
was approved by the Institutional Review Board of Rush University Medical Center (Chicago, 
IL). hPG aggrecan was extracted with 4M guanidinium chloride as described in detail 
previously (21, 34). For immunoassays (T cell proliferation or antibody measurements), hPG 
and mPG were further purified on cesium chloride gradient centrifugation prior to treatment 
with chondrotinase ABC and endo- -galactosidase (18, 21, 35). 

All animal experiments were approved by the Institutional Animal Care and Use 
Committee of Rush University Medical Center and by the Animal Experiment Committee of 
Utrecht University (Utrecht, The Netherlands). hPG was used for immunization of 16-26-
week-old TCR-Tg mice or their wild type littermates and age-matched female BALB/c mice 
(National Cancer Institute (NCI), Kingston Colony, NY), using a standard immunization 
protocol as described earlier (19, 21). Briefly, the antigen injection (100 µg hPG protein in 
100 µl PBS, pH 7.2) was administered intraperitoneally, with or without 2 mg of the synthetic 
adjuvant dimethyl-dioctadecyl-ammonium bromide (DDA), on days 0 and 21. hPG-
immunized TCR-Tg and wild type littermate mice were killed within 3-9 days after the onset 
of primary PGIA. Spleen cells were isolated for transfer experiments and in vitro tests, and 
sera were collected for antibody and cytokine measurements. Female SCID mice of the 
BALB/c background (NCI/NCrC.B-17-scid/scid; herein designated BALB/c.SCID) were 
purchased from the NCI and maintained under germ-free conditions. 

Transfer of arthritis using spleen cells from naive and hPG-immunized wild type or 
TCR-Tg BALB/c mice with arthritis 
Approximately 60 BALB/c.SCID mice were used for adoptive transfer experiments 
(summarized in Table I) to optimize the cell number, time interval between injections (if 
repeated), and dose of hPG peptide P70 or hPG. For the adoptive transfer experiments, 
BALB/c.SCID mice received unseparated spleen cells (30 or 15x106 intraperitoneally) from 
either naive or hPG-immunized arthritic mice. Spleen cells were injected first with 100 µg 
peptide P70 or 100 µg hPG, or were injected without antigen (see Table I), as described 
previously (27).

Assessment of arthritis 
The paws of mice were examined daily to record abnormalities due to arthritic changes of the 
joints. The onset and severity of arthritis were determined using a visual scoring system 
based on swelling and redness of the paws (19, 21). The degree of joint swelling for each 
paw (scored from 0 to 4) was assessed and expressed as the cumulative arthritis score of 4 
paws, with a possible maximum severity index of 16 per animal. The first day of the clinical 
appearance of paw swelling was recorded as the onset of arthritis. At the end of the 
experiments, the limbs of arthritic and nonarthritic mice were dissected, fixed, decalcified, 
and sectioned. The tissue sections were then stained with hematoxylin and eosin for 
histopathologic examination. 

Flow cytometric analysis 
Single-cell suspensions of the thymus and spleens of naive or hPG-immunized arthritic wild 
type and TCR-Tg mice were separated and washed with PBS containing 0.5% bovine serum 
albumin and 0.01% sodium azide (FACS buffer). Cells were stained with phycoerythrin (PE)-
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conjugated anti-V 4, anti-CD8, or anti-CD25, fluorescein isothiocyanate (FITC)-conjugated 
anti-CD19, anti-CD44, or anti-V 4, allophycocyanin-conjugated anti-CD4 or peridinin 
chlorophyll protein-conjugated anti-CD3 monoclonal antibodies (mAb), or identically labeled 
relevant IgG isotypes as controls (BD Biosciences PharMingen, San Diego, CA) for 30 
minutes on ice. After incubation, cells were washed twice with FACS buffer and analyzed 
using a FACSCalibur flow cytometer and CellQuest software (BD Biosciences 
Immunocytometry, San Jose, CA). 

Measurement of antigen-specific T cell responses 
Iscove's modified Dulbecco's medium supplemented with 10% fetal bovine serum (Bodinco, 
Alkmaar, the Netherlands), 2 mM L-glutamine, 100 units/ml penicillin, 100 µg/ml 
streptomycin, and 5x10-5 M -mercaptoethanol was used as culture medium. Single-cell 
suspensions of spleens were cultured in triplicate in 96-well flat-bottom plates (Corning Life 
Sciences, Schiphol-Rijk, the Netherlands) at 2x105 cells per well, in the presence or absence 
of peptide P70 (0.1 µg/ml), hPG (10 µg protein/ml), or control mouse peptide P70 (50 µg/ml). 
Proliferation was determined by overnight incorporation of 3H-thymidine (0.4 µCi per well; 
Amersham Biosciences Europe, Roosendaal, the Netherlands) and measured using a liquid 
scintillation counter (Microbeta; Perkin-Elmer, Boston, MA). The magnitude of the 
proliferative response was expressed as the change in counts per minute, calculated by 
subtracting the cpm in nonstimulated cultures from the cpm in stimulated cultures. 

Cytokine analysis 
Supernatants were collected for cytokine assays after 72 hours of culture and analyzed for 
IL-4 and IFN-  simultaneously using the Luminex 100 system (Becton Dickinson, Mountain 
View, CA) according to the method described by Carson and Vignali (36). Briefly, 
fluoresceinated microbeads coated with enzyme-linked immunosorbent assay (ELISA) 
capture antibodies (BD Biosciences PharMingen) were added to 50 µl of culture supernatant. 
Beads were centrifuged after a 45-minute incubation period at room temperature and then 
washed twice. Biotinylated detection antibodies (BD Biosciences PharMingen) were added, 
incubated for 15 minutes, and washed, and PE-labeled streptavidin was subsequently 
added. Cytokines were measured using a Luminex model 100 (Luminex, Austin, TX), and 
results were analyzed using LMAT software (Becton Dickinson). 

Measurement of antigen (PG)-specific antibodies 
PG-specific antibodies were measured by ELISA as described previously (19, 27). The 96-
well ELISA plates (Corning) were coated overnight with hPG (0.1 µg protein/well) or mPG 
(0.15 µg protein/well), and the free binding sites were blocked with 1% fat-free milk in PBS. 
Sera were applied at increasing dilutions, and both total anti-PG antibodies and isotypes of 
PG-specific antibodies were determined using peroxidase-conjugated goat anti-mouse IgG 
(Accurate Chemical & Scientific, Westbury, NY) or rat mAb to mouse IgG1 or IgG2a (BD 
Biosciences PharMingen) as secondary antibodies (27). Serum antibody levels were 
calculated relative to the corresponding mouse IgG isotype (IgG1 or IgG2a) standards (all 
from BD Biosciences PharMingen) or mouse serum Ig fractions (Sigma-Aldrich, St. Louis, 
MO) (19, 27). 
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Statistical analysis 
Data are expressed as the mean ± SEM or mean ± SD, as indicated. Statistical analyses 
were carried out with the nonparametric Mann-Whitney U test, using Prism software (version 
3.0; Graphpad Software, San Diego, CA). The significance level was set at a P value less 
than 0.05. 
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RESULTS

In vivo expression of the transgenic TCR 
The CD4+ cell ratio was higher in the thymus of TCR-Tg mice than in their wild type 
littermates, and almost all thymocytes (mean ± SEM 91.8 ± 4.0%) from TCR-Tg mice 
displayed the transgenic TCR-V 4 chain (Fig. 1A). In addition, spleen cells from naive TCR-
Tg and wild type (littermate) mice were analyzed for surface marker expression. The 
CD4:CD8 ratio in the spleen cells of TCR-Tg mice was significantly higher (9:1) than that in 
wild type animals (2:1) (Fig. 1B).

FIGURE 1. Flow cytometric analysis of the expression of cell surface molecules in T cell receptor-
transgenic (TCR-Tg) mice. A-C, Cells were isolated from the thymus (A) and spleen (B) of naive 
(nonimmunized) mice or the spleen (C) of human cartilage proteoglycan-immunized arthritic TCR-Tg mice and 
their wild type (wt) littermates. The percentages of single- or double-positive cells (the mean values of at least 5 
independent assays in A and B, and summary of 8 flow cytometry results in C) are indicated in the quadrants of 
the scatter plots or in the histograms.  * = P < 0.05; ** = P < 0.01 versus wt mice, by nonparametric Mann-Whitney 
U test. 
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Nearly all CD4+ T cells in the TCR-Tg mice expressed the V 4 chain, whereas the 
CD4+:V 4+ cell ratio was low (mean ± SEM 2.15 ± 0.93%) in the wild type littermates (Fig. 
1B). The T cell:B cell ratio, measured as CD4+:CD19+ expression, was comparable in TCR-
Tg and wild type mice (data not shown). Moreover, the expression levels of CD25 and CD44 
were comparable in both the spleen cells (Fig. 1B) and popliteal lymph node cells (data not 
shown) of TCR-Tg and wild type mice, and the V 4 chain was present in the majority of 
TCR-Tg CD3+ T cells (Fig. 1C).

Arthritis in TCR-Tg mice 
Since TCR / -5/4E8 was already present in heterozygous TCR-Tg mice, and because these 
CD4+ T cells were hPG reactive (without priming) and also cross-reacted with mPG, we were 
interested in determining whether the peripheral T cells in Tg mice were spontaneously 
activated by endogenous mPG. Spontaneous activation of the self-reactive T cells might 
cause autoimmune arthritis in TCR-Tg mice. Indeed, during the backcrossing process to 
BALB/c (H-2d), some TCR-Tg mice spontaneously developed arthritis (<15%). However, the 
majority of nonimmunized TCR-Tg mice, even on a BALB/c background, remained symptom-
free.

FIGURE 2. Incidence and severity of arthritis in T
cell receptor-transgenic (TCR-Tg) and wild type (wt)
littermate BALB/c mice. Heterozygous TCR-Tg and
wt mice (20-26 weeks old) were immunized with human
cartilage proteoglycan in dimethyl-dioctadecyl-
ammonium bromide (hPG/DDA) on days 0 and 21
(arrows). A, Incidence of arthritis is expressed as the
percentage of arthritic animals relative to the total
number of TCR-Tg or wt mice. B, Disease severity is
expressed as the mean ± SEM cumulative arthritis
score in 2 independent experiments in arthritic animals
only, using heterozygous TCR-Tg mice and their
littermates after 8 backcrosses to BALB/c (representing
the same groups as shown in A). The arthritis score
was determined 3-4 times a week by 2 independent
investigators, but only the weekly (cumulative) results
are shown. *** = P < 0.001 between groups from day
27 until the end of the experiment (day 67). 
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We injected TCR-Tg and wild type BALB/c mice with hPG in DDA adjuvant 
intraperitoneally on day 0 and, if necessary, on day 21, using a standard immunization 
protocol (19, 21). Approximately 25-30% of the TCR-Tg mice developed arthritis after the first 
hPG-DDA injection, whereas in the wild type littermates, onset of arthritis occurred 8-10 days 
after the second hPG-DDA injection (Fig. 2A). When unaffected TCR-Tg mice and their wild 
type littermates were boosted on day 21, the incidence of arthritis increased quickly and, in 
the TCR-Tg mice, reached 100% within a few days, with development of more severe 
disease than that in their wild type littermates (Fig. 2A and B). Nevertheless, 95-96% of age-
matched wild type littermates also developed arthritis, but with later onset (after the second 
hPG-DDA injection) and milder clinical symptoms than in the TCR-Tg mice (Fig. 2A and B).

We also tested whether hPG alone (without adjuvant) could induce arthritis in TCR-Tg 
mice, especially in aging animals (older than 20-26 weeks). These experiments indicated that 
hPG without adjuvant could induce arthritis in TCR-Tg mice, but not in wild type animals (Fig. 
3). Although disease severity was lower in the TCR-Tg mice injected with hPG alone as 
compared with the TCR-Tg mice that received hPG in DDA adjuvant, our results suggest that 
constitutive (over)expression of TCR / -5/4E8 partially bypassed the requirement for 
adjuvant in the induction of arthritis.

The clinical appearance and histopathologic features of arthritis in the TCR-Tg mice, 
as indicated by comparable arthritis scores and patterns of onset (Fig. 4B), were very similar 
to those seen in the primary form of PGIA (18, 20) in wild type BALB/c mice. Joint 
inflammation resulted in pannus formation and extensive cartilage and bone erosions, 
leading to massive ankylosis and deformities of the peripheral joints in TCR-Tg mice 
(compare Fig. 4A with Fig. 4B), as has been reported for PGIA in wild type BALB/c mice (18-
20).

FIGURE 3. Immunization of T cell receptor-
transgenic (TCR-Tg) mice with human cartilage
proteoglycan (hPG) with or without adjuvant
dimethyl-dioctadecyl-ammonium bromide (DDA) (at
backcross level 8) in relation to severity of arthritis,
as compared with wild type (wt) littermates. Each
circle (either solid or open) represents 1 animal. The
first 2 groups represent the same animals as in the
longitudinal study shown in Figure 2. Mean values are
indicated with horizontal lines. The mean ± SEM
maximum arthritis scores were 14.6 ± 1.9 (n = 44), 8.6
± 4.9 (n = 34), and 3.2 ± 2.1 (n = 24) in the the TCR-Tg
and wt groups receiving hPG/DDA and the TCR-Tg
group receiving hPG alone, respectively; this was
negligible in the wt group receiving hPG alone (n = 24).
*** = P < 0.001 between groups, by nonparametric
Mann-Whitney U test. 
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FIGURE 4. Histological analysis of inflammation in ankle joints. A-D, Histologic analysis of the ankle joints 
(insets) of naive (nonimmunized) mice (A) and human cartilage proteoglycan (hPG)-immunized T cell receptor-
transgenic (TCR-Tg) BALB/c mice (B), and after adoptive transfer into BALB/c.SCID mice (C and D). These 
BALB/c.SCID mice received spleen cells intraperitoneally (30x106 and 15x106 cells, 1 week apart) from naive 
TCR-Tg mice (C) or from hPG-immunized arthritic TCR-Tg mice (D). The first cell injection was administered 
along with 100 g of hPG, and spleen cells were harvested from acutely arthritic (having arthritis for <1 week) or 
naive TCR-Tg mice. Arthritic mice were killed 6-7 days after the onset of arthritis, when the joints showed massive 
cartilage and bone erosions (arrows). SynCav indicates the expanded synovial cavity filled with a large volume of 
synovial fluid and inflammatory cells. Synovial hyperplasia accompanied by infiltrating cells and pannus formation 
is evident in all arthritic joints (B-D). The overall histopathologic features of joint inflammation and tissue 
destruction in a BALB/c.SCID mouse receiving spleen cells from naive TCR-Tg mice (C) are similar, but the joint 
damage is less extensive, than in another BALB/c.SCID mouse that received spleen cells from arthritic TCR-Tg 
mice (D). Sections are stained with hematoxylin and eosin. PGIA = proteoglycan-induced arthritis. 

Recognition of peptide P70 and hPG by peripheral T cells of TCR-Tg mice 
Peripheral T cells of Tg mice were examined for in vitro responses to peptide P70 and to 
hPG. Spleen cells from naive TCR-Tg mice proliferated vigorously when stimulated with 
peptide P70 or hPG (Fig. 5A), but did not respond to the control peptide (data not shown). A 
hPG-specific response was not detected in spleen cell cultures from naive wild type 
littermates (Fig. 5A). Although T cell responses to hPG or peptide P70 were higher in naive 
TCR-Tg mice than in hPG-immunized arthritic TCR-Tg or wild type mice, T cell proliferation 
in the presence of self (mouse) peptide P70 (5/4E8 epitope homolog) was detectable only in 
cell cultures of arthritic mice (Fig. 5A).  

IL-4 and IFN-  production was detected in naive TCR-Tg mice after in vitro
stimulation with peptide P70, which then dramatically shifted toward the Th1 bias (IL-4 < IFN-

Adoptive transfer into SCID/BALB/c mice
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) at the time of onset of arthritis (Fig. 5B). In contrast, the production of IFN-  after in vitro
stimulation was much higher in hPG-DDA-immunized arthritic TCR-Tg mice. These data 
indicate that T cells from naive Tg mice were not tolerized; instead, they appeared to be 
differentiated in vivo because they responded vigorously to peptide P70 by proliferation, as 
well as by production of IFN-  and IL-4. 

FIGURE 5. Analysis of antigen-specific T and B cell responses in naive and arthritic T cell receptor-
transgenic (TCR-Tg) mice. The human cartilage proteoglycan-dimethyl-dioctadecyl-ammonium bromide 
(hPG/DDA)-immunized arthritic TCR-Tg and wild type (wt) mice were killed 9 days after arthritis onset (at ~31 
days). Naive TCR-Tg and wt mice were used as controls. Bars show the mean and SEM of 4-10 mice per group. 
A, Proliferation assays involving spleen cells (2 × 105/well) cultured in the presence of peptide P70 (0.1 µg/ml), 
hPG (10 µg/ml), or murine PG (mPG) P70 peptide (50 µg/ml). B, Cytokine production in supernatants of peptide 
P70-stimulated spleen cell cultures of naive and hPG-immunized (arthritic) TCR-Tg mice. Cells were harvested 
after 72 hours and assayed by Luminex analysis for interferon-  (IFN- ) and interleukin-4 (IL-4). C and D, 
Production of serum PG-specific antibodies to immunizing hPG (C) and mPG (D) in the sera of arthritic TCR-Tg 
and wt mice. * = P < 0.01. 

PG-specific antibodies could not be detected in nonimmunized mice but were present 
at high levels in hPG-immunized wild type and TCR-Tg mice. Most of the antibodies were 
specific for the immunizing hPG (Fig. 5C), although there was a clear antibody response 
against self PG (mPG) (Fig. 5D). The amounts of hPG-specific IgG1 and IgG2a antibodies 
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were significantly higher in TCR-Tg mice than in wild type mice (P < 0.01). While antibodies 
of the IgG1 isotype were predominantly against either hPG (Fig. 5C) or mPG (Fig. 5D) in both 
TCR-Tg and wild type BALB/c mice, the IgG2a:IgG1 ratios of antibodies to either hPG or mPG 
were ~10 times higher in Tg mice than in wild type control mice. 

Adoptive transfer to BALB/c.SCID mice 
To test whether spleen cells of TCR-Tg mice could transfer arthritis adoptively, we injected 
unseparated spleen cells from naive and arthritic TCR-Tg mice and from arthritic wild type 
(BALB/c) mice into syngeneic BALB/c.SCID recipient mice. The results of these transfer 
experiments are summarized in Table I. When SCID mice were injected with naive TCR-Tg 
cells alone (without activation), no arthritis was adopted. However, when these naive TCR-Tg 
cells were injected together with either peptide P70 or hPG, some of the recipient animals 
developed arthritis (Table I). The onset of arthritis was relatively late (~27 days after 
transfer), with a maximum incidence of 57% (Table I). In contrast, spleen cells from arthritic 
TCR-Tg mice could induce arthritis upon a single transfer, which was even faster and more 
severe when cells from arthritic mice were coinjected with either peptide P70 or hPG. 
Remarkably, in this case, only 1 cell transfer was sufficient to induce arthritis in the 
BALB/c.SCID recipient mice (Table I), which cannot be easily achieved using spleen cells 
from arthritic wild type BALB/c mice (27). 

The clinical appearance of the disease and the histopathologic characteristics of the 
acutely inflamed joints of TCR-Tg and wild type mice with adoptively transferred arthritis 
were similar (Fig. 4C and D) and indistinguishable from those described in primary PGIA (18, 
20). Synovial hyperplasia accompanied by infiltrating cells and pannus formation were 
evident in all arthritic joints. The overall histopathologic features of joint inflammation and 
tissue destruction in the BALB/c.SCID mice that received spleen cells from naive TCR-Tg 
mice were somewhat less extensive than in the BALB/c.SCID mouse that received spleen 
cells from arthritic TCR-Tg mice (Fig. 4C and D). 
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Table I. Summary of adoptive transfer experiments using spleen cells from wild type and TCR-5/4E8-Tg mice into 
syngeneic BALB/c.SCID mice

Arthritis onset (days) 
Source of 

donor cells

Number of cells 
(x106) per 
transfera

Challenging
antigen

(peptide or 
hPG)a

No. of 
arthritic
animals/ 

total no. of 
animals

Incidence
(%) Earliest Mean

(± SD) 

Maximum
arthritis

severity scoreb

(mean ± SD) 

up to 4x30 None 0/8 0 NA NA NA 

30 + 15 P70-5/4E8 2/10 20 24 28.0 ± 5.7 3.25 ± 1.77 
Naive

TCR-Tg
Mice

30 + 15 hPG 8/14 57 22 26.3 ± 4.0 5.43 ± 2.99 

     

30 + 15 None 7/10 70 14 18.4 ± 4.6 4.14 ± 4.68

30 P70-5/4E8 8/9 89 16 18.6 ± 2.8 9.75 ± 4.98 

Arthritic
TCR-Tg

mice
(PGIA)

30 hPG 13/15 87 6 9.8 ± 2.9 8.85 ± 2.94 

        

30 + 15 None 1/15 6.7 42 42 3 

30 + 15 P70-5/4E8 1/9 11 36 36 4 

Arthritic
wild type 
(BALB/c)

mice
(PGIA) 30 + 15 hPG 15/17 88 7 12.1 ± 3.3 9.53 ± 4.63 

aSpleen cells (30x106) were injected intraperitoneally alone or with 100 µg human cartilage proteoglycan (hPG) 
P70-5/4E8 peptide (peptide P70; 70ATEGRVRVNSAYQDK) or 100 µg hPG alone. A second spleen cell transfer 
(15x106 cells), if indicated, was administered 1 week later without peptide or hPG The first group received 4 
times 30x106 spleen cells from naive (nonimmunized) T cell receptor-transgenic (TCR-Tg) mice. NA = not 
applicable. bAnimals were scored daily for arthritis symptoms (maximum score of 16 per animal), and all were 
killed on days 49-52 after the first transfer. Adoptive transfer experiments were performed after the backcrossing 
process into the BALB/c background was completed. 
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DISCUSSION
PGIA is a T cell-dependent and antibody (B cell)-mediated autoimmune model of RA (20). 
We herein describe a novel and exaggerated model of PGIA, wherein TCR-5/4E8-Tg mouse 
T cells, mostly CD4+, respond only to a single arthritogenic epitope of hPG. These TCR-Tg 
mice represent a unique source of naive antigen (arthritogenic epitope)-specific T cells that 
are capable of inducing progressive chronic arthritis. Histologic analysis of the inflamed joints 
showed extensive cartilage and bone erosions similar to those seen in arthritic joints of wild 
type BALB/c mice, and these features were reminiscent of the histopathologic appearance of 
RA-affected joints. Arthritis onset, however, was much faster and the disease was more 
severe in the TCR-Tg mice compared with their wild type littermates. 

CD4+ T cells of the TCR-Tg mice carrying the V 1.1 and V 4 chains of the TCR with 
class II MHC-restricted specificity for the consensus sequence of 73GRVRVNSAY of hPG 
(15) were positively selected in the thymus and exported to the periphery, where they 
constituted the vast majority of T cells (Fig. 1). The dominant arthritogenic peptide P70 (the 
consensus sequence flanked with 3 amino acids at both sides) induced T cell proliferation 
(Fig. 5A), indicating that a functional TCR was indeed generated in the TCR-Tg mice. In 
contrast to the classic (original) form of PGIA in wild type BALB/c mice, which required 
multiple immunizations with hPG in adjuvant (18, 20, 21), a single dose of hPG, even in the 
absence of adjuvant, produced disease in TCR-Tg mice, whereas injection of the peptide 
P70 or adjuvant DDA alone did not induce arthritis. Altogether, this new model of PGIA is 
much more efficient, in the sense that it is epitope restricted. Moreover, since more than 90% 
of CD4+ T cells carry peptide P70-specific TCRs (Fig. 1A), this transgenic model offers an 
excellent opportunity to test T cell activation events via a single epitope-specific TCR. 

Flow cytometric analysis of cells from TCR-Tg mice showed a marked reduction in 
the CD8+ thymocyte population (Fig. 1A). This reduction, however, was expected on the 
basis that the 5/4E8 epitope was class II MHC-restricted. Shrinkage of the CD8+ T cell pool 
has also been observed in other class II MHC-restricted TCR-Tg mice expressing TCR 
specific for self antigens, such as type II collagen (37-39) or myelin basic protein (40). In 
addition to the reduced number of CD8+ cells and the expression of the TCR-V 4 chain on 
almost all CD4+ T cells in TCR-Tg mice, the expression of all other surface markers tested on 
naive T cells was comparable between TCR-Tg and wild type mice. In vitro studies (Fig. 5), 
however, showed extensive proliferation of TCR-Tg T cells in response to either peptide P70 
or hPG, without clear evidence of activation-induced cell death (AICD). 

Both IL-4 and IFN-  cytokine-producing cells were present, in either naive or hPG-
immunized Tg mice prior to the onset of inflammation (data not shown). However, the IL-
4:IFN-  ratio shifted significantly toward a Th1 dominance at the time of onset of arthritis, 
illustrating a dynamic polarization during in vivo T cell activation. The presence of antibodies 
to both hPG and mPG in sera of arthritic TCR-Tg mice demonstrated that although CD4+ Tg 
T cells were capable of providing sufficient help in vivo for PG-specific B cells (41), and vice 
versa, B cells probably can transfer signals for T cell activation. Autoantibodies, such as 
those produced against mPG, could play a role in initiating inflammation in the joints by 
binding to the cartilage surface (42), and by inducing chemokine and complement-dependent 
leukocyte recruitment (43). 

A remarkable observation from this study was that we could transfer the disease into 
syngeneic BALB/c.SCID recipients using splenocytes from naive TCR-Tg mice, upon 
activation of these cells not only with hPG, but also with peptide P70. Moreover, spleen cells 
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of arthritic TCR-Tg donor mice were able to induce arthritis in recipient BALB/c.SCID mice 
without exogenous hPG or specific peptide, which was not possible using splenocytes from 
arthritic wild type donor BALB/c mice (20, 27, 28). In addition, adoptive transfer of PGIA was 
achieved by the injection of cells from arthritic TCR-Tg mice (Table I). It is conceivable that T 
cells from arthritic TCR-Tg mice migrate to the joints upon adoptive transfer and become 
reactivated by mPG in the mouse joint, where self peptides are released during the normal 
turnover of the cartilage matrix. Production of mPG peptides might be increased when PG 
degradation occurs in the inflamed joint, thus amplifying the inflammatory response. 

T and B cell responses against cartilage matrix components are known to occur in 
RA, at least in a subset of patients, although the pathogenic role of these autoimmune 
responses is controversial (1, 44, 45). Among these matrix components, hPG could be a 
candidate autoantigen in humans. Relevant to this, we previously demonstrated that several 
predicted epitopes within the core protein of hPG were recognized by T cells in the context of 
human class II MHC in HLA-DR4- and HLA-DQ8-Tg mice (34). Collectively, the results of the 
present and earlier studies suggest that hPG, especially the 5/4E8 epitope, not only plays a 
critical role in PGIA, but more importantly, may become a target of disease-associated T cell 
responses in patients with RA (12-14). 

There are a number of fundamental questions regarding autoimmunity, including the 
processes seen in RA, which cannot be answered with the use of currently available 
technology. By using these TCR-Tg mice as a unique source of antigen (epitope)-specific 
arthritogenic CD4+ T cells, many of these questions, at least in part, can be answered. One 
of our immediate goals using these TCR-Tg mice is to understand the mechanisms of AICD, 
which, if defective, may lead to uncontrolled proliferation of antigen-specific peripheral T 
cells, creating an autoimmune homeostasis. Several lines of evidence indicate that a defect 
in the apoptotic process is a key component of autoimmunity (46, 47). However, the 
mechanisms of T cell apoptosis in the breakdown of peripheral T cell tolerance in RA are 
poorly understood. Each lymphocyte produces only one type of TCR from billions of 
possibilities (48), and therefore the activation mechanisms of a relatively low number of self-
reactive T cells cannot be studied. Consequently, AICD is studied in vitro by an indirect 
method using immobilized anti-CD3 and soluble anti-CD28 antibodies, which activate all T 
cells in a nonspecific manner. Although the activation of all T cells by anti-CD3/CD28 
antibodies is an artificial approach, this has been the only, and widely used, method to 
monitor intracellular events of activated T cells. 

We have detected AICD in our PGIA model (30), which is characteristic of T cells in 
RA patients (49), but the mechanisms could be studied only through this nonspecific and 
general T cell activation, i.e., via all TCRs of all T lymphocytes. The high expression of 
antigen (peptide)-specific TCR of the CD4+ T cells of these TCR-Tg mice allows us to directly 
study AICD via an arthritogenic epitope-specific mechanism. Recently, we generated HLA-
DR4+/DQ8+ (and human CD4+), humanized BALB/c.SCID Tg knockout mice, which do not 
have their own MHC (H-2d). These humanized immunodeficient mice are being intercrossed 
with TCR-Tg animals to create a highly specific autoimmune environment, in which additional 
compounds (antibodies, B cells of different specificity, peptide P70 with altered sequence) 
can be used in a highly controlled environment (50). 

In summary, based on the clinical and histopathologic features and the autoimmune 
aspects shared between PGIA and RA (20), we believe that these TCR-Tg mice are valuable 
tools for further analysis of the mechanisms associated with the initiation and pathogenesis 
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of autoimmune arthritis, and more specifically, for the analysis of the role of antigen-specific 
T cells in disease development. Our TCR-Tg model also supports the hypothesis that 
antigen-specific T cells play a critical role in the initiation of arthritis, since disease could be 
induced in the absence of adjuvant. Given the paucity of relevant animal models for RA, this 
novel TCR-Tg mouse model is a valuable addition to the arthritis research armamentarium. 
Furthermore, these TCR-Tg mice may be useful for developing new immunomodulating 
agents, which might provide further insights into the immunopathogenic mechanisms of RA. 
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ABSTRACT
Systemic administration of agents that neutralize or antagonize Th1-mediated pro-
inflammatory responses has been demonstrated to ameliorate inflammation in chronic 
autoimmune disease. However, systemic administration of such immunosuppressive 
biologicals causes serious side effects and has only limited success. To minimize these side 
effects, autoantigen-specific lymphocytes have been proposed as a carrier to deliver 
immunosuppressive agents to sites of inflammation. Here we studied the effects of primary 
cartilage proteoglycan-specific CD4+ T cells that were transduced using an efficient method 
of viral transduction with active genes encoding IL-1  receptor antagonist, soluble TNF-
receptor-Ig, IL-4 or IL-10 in chronic proteoglycan-induced arthritis in mice. This is the first 
study describing such gene therapy using primary CD4+ T cells in a chronic arthritis. 
Moreover, the impact of proteoglycan-specific Th1, Th2 or naive T cells was studied. Although 
proteoglycan-TCR transgenic CD4+ T cells can transfer arthritis to lymphopenic recipients, 
none of the proteoglycan-TCR transgenic T cell phenotypes that were tested induced 
worsening of arthritis in wild type hosts. Proteoglycan-specific T cells ameliorated arthritis 
when expressing the transduced IL-10 gene, and not when expressing the other 
transgenes/phenotypes. Although all of the tested biologicals can suppress in a wide range 
of different inflammatory disorders, especially IL-10 would therefore serve as a promising 
candidate to be used in cellular gene therapy for chronic arthritis. 
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INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease exhibiting chronic inflammation 
in the synovia of the joints that leads to progressive destruction of articular tissue. In RA-
patients the balance between expression of pro-inflammatory cytokines and their inhibitors 
has shifted to that of an aggressive pro-inflammatory response. In addition, extensive studies 
in animal models indicate that tissue antigen (cartilage)-specific CD4+ T cells are pivotal in 
the pathogenesis of arthritis (1, 2). Moreover, human studies have shown that T cells from 
patients with RA respond to cartilage antigens like proteoglycan (PG) (3-6). Thus, T cell 
immunity in RA seems dominated by a Th1 response that may have escaped immune 
regulation by Treg or counteracting Th2 responses (7). Synovial inflammation is dominated by 
high concentrations of TNF-  and IL-1  (8) produced by synovial fibroblasts, mediating joint 
inflammation and destruction by production of catabolic metalloproteinases. 
  Biological agents neutralizing activity of pro-inflammatory cytokines such as IL-1 
receptor antagonist (IL-1RA), anti-TNF-  antibody and soluble TNF-  receptors can exert 
considerable beneficial clinical effects in patients (9). In addition, treatment with cytokines 
like IL-4 and IL-10 that are known to down-regulate Th1 responses has been proven 
beneficial in several models of RA (9, 10). However, alleviation of clinical disease outcome 
by systemic administration of such agents is accompanied by a high risk for adverse 
reactions. A major problem is the increased susceptibility to serious infection due to systemic 
immunosuppression (11). To avoid such unwanted effects, vectors that target 
immunosuppressive drugs to the site of the autoantigen-specific response may be a useful 
alternative for the treatment of autoimmune mediated disease.

Because CD4+ T cells carry an antigen specific TCR, they have the ability to 
recognize antigens and interfere with certain immune responses in an antigen-specific 
manner. For this reason CD4+ T cells that recognize tissue-specific autoantigens have been 
proposed as vectors that can be deployed to specifically target the pro-inflammatory 
autoimmune response with immunomodulatory agents (12, 13). This concept was first 
successfully demonstrated in experimental autoimmune encephalomyelitis, a model for 
multiple sclerosis, in which a myelin-specific T cell line transduced with a gene encoding 
nerve growth factor exerted anti-inflammatory effects (14). Promising possibilities of this so-
called adoptive T-cell-based gene therapy have now become demonstrated for a wide range 
of different molecules in several models of autoimmunity and also of allergy (12, 13, 15).

In many studies either T cell hybridoma’s or T cells with rather undefined antigen-
specificities were used as carriers. The study presented here describes for the first time T-
cell-based gene therapy with immunosuppressive proteins expressed by primary CD4+ T 
cells with a defined specificity for cartilage-derived antigen in a chronic model of RA.  We 
transduced proteoglycan-specific CD4+ cells from a TCR-transgenic mouse (16, 17) with 
TNF-  receptor-Ig, IL-1 receptor antagonist, IL-4 or IL-10 and tested the immunomodulatory 
capacities of these CD4+ cells in cartilage proteoglycan-induced arthritis (PGIA). The 
progressive inflammation in PGIA is caused by Th1 immunity (10, 18, 19), depends on B cells 
(20) and bears similarities with clinical features and genetics of rheumatoid arthritis (RA) as 
reviewed in (1). In addition to transduction with modulatory genes, PG-specific T cells were 
forced to differentiate into either Th1 or Th2 cells ex vivo in the presence of immune deviating 
cytokines and then transferred to test their impact on PGIA. Although PG-specific T cells are 
arthritogenic (16, 17, 21) in lymphopenic hosts, naive or Th1 PG-specific T cells, as well as 
the other phenotypes that were tested, did not add to severity of arthritis when transferred in 



Chapter 3 

52

PGIA in wild type hosts. Surprisingly, most T cells expressing the different transgenes 
encoding well known immunosuppressive agents did not suppress arthritis. However, PG-
specific T cells transduced with the active IL-10 gene significantly reduced both arthritis 
severity and arthritis incidence, indicating IL-10 as a very powerful immunosuppressive 
cytokine to be used in (adoptive gene) therapy.
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MATERIALS AND METHODS 

Mice and antigens
Retired breeder BALB/c mice (Charles River Laboratories, Maastricht, The Netherlands) 
were kept at the animal facility of the University of Utrecht; “Gemeenschappelijk 
Dierenlaboratorium” (GDL) under standard conditions in filtertopped cages. TCR-5/4E8-Tg 
BALB/c (PG-TCR Tg) mice (16, 17) were bred and kept at the GDL under specific pathogen 
free conditions. Human PG (hPG) and murine PG (mPG) were prepared as described 
elsewhere (22). All animal experiments were approved by the Animal Experimental 
Committee of the Veterinary Faculty of the University of Utrecht.

Generation of retroviral constructs 
DNA sequences encoding IL-10, IL-4, TNF  Receptor Ig, and IL-1  receptor antagonist were 
generated as described below and cloned into the MSCV2.2 plasmid. mRNA was isolated 
from Balb/c cells and reversely transcribed to the cDNA that was used as template for all 
specific amplifications with PCR. 

Murine IL-10 cDNA was amplified using primers F 5’-AGA TCT TTG CAG AAA AGA 
GAG CTC CA-3’ and R 5’-GTC GAC TGG AGT CCA GCA GAC TCA AT-3’, murine IL-4 
cDNA was amplified using the primers F 5’-ACG GCA CAG AGC TAG TGA TG-3’ and R 5’-
GTC GAC AAG TTA AAG CAT GGT GGC TCA -3’. Murine IL-1 RA was amplified using 
primers F 5’-CTC GGG ATG GAA ATC TGC T-3’ and 5’-GTC GAC TTA TTA CAG GCC TCG 
GCA GT-3’, TNFR cDNA was amplified using primers F 5’-GCG GCC GCC AAT GGG GGA 
GTG AGG-3’ and R 5’-TCT AGA GGG GTT TGT GAC ATT TGC AAG C-3’. The amplified 
TNFR cDNA was BAMHI/SalI restricted and cloned into pEDMIgG2a mut+L to generate the 
TNFRIgG sequence. Amplified products were sequenced to confirm sequences. 

Production of retrovirus 
Ecotropic replication-deficient retrovirus was produced with a Phoenix-Eco packager cell line. 
Packager cells were cultured per 3x106 cells in 10 ml complete DMEM (Gibco Life 
Technologies, Breda, The Netherlands) at 37°C. The next day the culture medium was 
refreshed and 500 µl of 0.25 M CaCl2 containing 20 µg MSCV-plasmid + 5µg PCL-Eco 
plasmid was mixed with an equal volume HBS buffer pH 7.02 and added to the cells. At 20 
hours after transfection supernatant was replaced with fresh medium. After 24 and 48 hours, 
supernatant containing the retrovirus was harvested, filtered with a 0.45 µM filter and stored 
frozen until use. Prior to T cell transductions, retroviral activity was tested on NIH3T3 cells 
using the protocol that was used for T cell transfection one day after seeding the 3T3 cells at 
a concentration of 3x104/ml in supplemented DMEM. 

Stimulation, retroviral transduction and transfer of transduced CD4+ T cells 
CD4+ T cells were isolated from pooled spleens and lymph nodes of TCR-5/4E8-Tg BALB/c 
with anti-CD4 (L3T4) magnetic microbeads using the manufacturer’s protocol (MACS, 
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and stimulated with magnetic M-450 
Tosylactivated Dynabeads (Dynal Biotech ASA, Oslo, Norway) coated with anti-CD3 (145-
2C11) and anti-CD28 (PV-1) mAbs  in a 1:10 ratio. Anti-CD3/anti-CD28 mAb-coated beads 
were added to 1x106 CD4+ T cells (in a 2:1 ratio). After 48 hours of culturing, 750µl of the 
culture supernatant was replaced with 1 ml of retroviral supernatant supplemented with 
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8µg/ml hexadimethrine bromide (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) 
for retroviral infection. Plates were then centrifuged at 930xG at 20°C for 2 hours. 
Subsequently, 1 ml of supernatant was replaced with fresh medium and cells were cultured 
for another 48 hours. Cells were removed from the stimulating beads and transduced cells 
were sorted by GFP expression with a FACSVantage SE (Becton Dickinson). Per recipient 
1x106 transduced CD4+ cells were injected i.p. in PBS.

Differentiation of Th1 and Th2 cells 
CD4+ T cells from pooled spleens and lymph nodes of TCR-5/4E8-Tg BALB/c were isolated 
and activated as described for retroviral transduction. For differentiation to a Th1-phenotype
10 ng/ml recombinant mouse IL-12p70 (BD Pharmingen) and 10 g/ml anti-IL-4 mAb 
(11B11) were added to the culture. For differentiation to a Th2-phenotype 20 ng/ml 
recombinant mouse IL-4 (BD Pharmingen) and 10 g/ml anti-IFN-  mAb (XMG1.2) were 
added to the culture. After four days of stimulation, cells were removed from the stimulating 
beads and prepared for phenotyping by flow cytometry or washed for transfer as described 
for transduced cells. After Th1- or Th2-differentiation protocols blastoid cells were gated as 
was done for sorting of transduced cells and sorted for transfer. Per recipient 1x106 CD4+

cells were injected i.p. in PBS. 

Analysis of transgene expression 
Anti-TNF-  activity of TNF R-Ig was assessed using the WEHI-164 cytotoxicity bioassay as 
previously described (23). Alamar Blue was used to assess cell viability at OD 550/595. 
Activity of IL-1RA was assessed using a NF- B-luciferase bioassay (24). IL-4 and IL-10 were 
measured using fluoresceinated microspheres coated with ELISA capture antibodies (BD 
Pharmingen) as described elsewhere (16) with a Luminex model 100 (Luminex, Austin, TX). 

Flow cytometry
For flow cytometry of surface marker and GFP expression, cells were washed and stained 
with Allophycocyanin (APC) or Phycoerythrin (PE)-conjugated anti-CD4 mAb (BD 
Pharmingen), thoroughly washed with PBS/2% FCS and fixed in 4% paraformaldehyde 
(PFA; Sigma-Aldrich Chemie BV). For analysis of intracellular IFN-  and IL-4 cells were 
washed and stimulated prior to staining as described in Openshaw et al. (25) at 106/ml with 
50 ng/ml PMA (Sigma-Aldrich Chemie BV) and 500 ng/ml ionomycin (Sigma-Aldrich Chemie 
BV) for 4 hours with Brefeldin A (Sigma-Aldrich Chemie BV) added at 10 g/ml after the first 
2 hours of stimulation.  Before staining for intracellular cytokines cells were washed 
thoroughly, fixed in 4% PFA and washed again. Then cells were permeabilized with PBS/ 2% 
FCS/ 0.5% saponin and stained for intracellular cytokines with Fluorescein isothyocyanate 
(FITC)-conjugated anti-IL-4 mAb and PE-conjugated IFN-  mAb (BD Pharmingen) in PBS/ 
2% FCS/ 0.5% saponin (Sigma-Aldrich Chemie BV). After 3 washes cells were analyzed with 
a FacsCalibur flowcytometer (Becton Dickinson). Data were analyzed with Flow-Jo software.

Induction and assessment of arthritis 
Arthritis was induced by i.p. injections of 2 mg hPG (crude extract) emulsified in 2 mg of the 
synthetic adjuvant dimethyl-dioctadecyl-ammoniumbromide (DDA) (Sigma) in PBS (total 
volume of 200 µl) on day 0 and day 21 as described elsewhere (16, 22). Paws were 
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examined three times per week in a blinded set-up to determine onset and severity of 
arthritis using a standard visual scoring system based on swelling and redness of the paws.

Statistics
Statistical analysis was done for comparison of T cell-recipients with the PBS-control group 
with a two-tailed t-test. P values less than 0.05 were considered significant. Unless stated 
otherwise, variation was shown as standard error of the means (SEM). 
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RESULTS

Generation of genetic constructs and transduction of CD4+ cells 
To generate genetically modified cartilage antigen-specific CD4+ T cells, CD4+ cells from 
mice expressing a PG-specific TCR were retrovirally transduced with different genes 
encoding immunomodulatory proteins. PG-specific CD4+ cells were isolated from TCR-
5/4E8-Tg BALB/c mice. In all experiments >90% of the CD4+ cells express the V 4 chain, 
which is part of the PG-specific 5/4E8-Tg TCR. Wild type littermates express V 4-chains on 
only 6% of the CD4+ T cells (16).

FIGURE 1. Retroviral constructs containing the different transgenes used to transduce CD4+ T cells. (A)
Genes encoding murine IL-1RA, TNF- RIg that are known to block pro-inflammatory activity of IL-1  and TNF-
were inserted into the MSCV-GFP vector in front of the IRES sequence, enabling bicistronic translation of inserted 
genes and GFP. Alternatively, genes encoding murine IL-4 or IL-10, which are known to modulate Th1-biology,
were inserted into the MSCV-GFP vector. (B) CD4+ cells from 5/4E8 TCR-Tg mice were activated with anti-CD3 + 
anti-CD28 mAbs and retrovirally transduced with the constructs described in figure 1A. Transduced cells were 
sorted by expression of GFP using the sort gates indicated. Left panel of figure B shows CD4+ cells without 
transduction, right panel of figure B shows CD4+ cells after transduction with MSCV-IL-10(GFP). 

Constructs that were designed for T cell transduction were generated by PCR on 
murine cDNA and cloned into the murine stem cell virus (MSCV) plasmid. Ecotropic 
replication deficient retrovirus was produced from transiently plasmid-transfected Phoenix-
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Eco producer cells that pack the designed construct into retroviral particles. The construct 
encodes the following sequence: LTR-cloning site-IRES-GFP-LTR (figure 1A). The LTR 
sequence enables stable genomic integration and contains promoter and enhancer activity 
for constant expression of cloned transgenes. Green fluorescent protein (GFP) allows for 
selection of transduced cells and is translated into a separate protein that is not conjugated 
to the immunomodulatory proteins due to the interribosomal entry site (IRES).

T cells must be in division to enable retroviral transduction (26) and were therefore 
activated in vitro to induce proliferation. To effectively induce T cell proliferation without the 
need for antigenic peptides and to circumvent the need to separate T cells from antigen 
presenting cells after stimulation and transduction we choose an APC-free T cell stimulation 
system. For this we used magnetic beads coated with anti-CD3 mAb and superagonistic anti-
CD28 mAb as described earlier (27). Using this protocol numbers of T cells that were 
transduced reached up to 80% of the T cells in culture as analyzed by flow cytometry of GFP 
expression (figure 1B). CD4+ purity after four days of culturing was usually >95%. GFP+ cells 
were enriched especially in the blastoid fraction observed in the forward scatter/side scatter 
(FSC/SSC) plots. The sorted fractions used for transfer were >99.5% GFP+. Altogether, 
these results show that stimulation via the CD3/TCR-complex plus CD28-mediated co-
stimulation with mAbs is a very efficient means to stimulate T cells for retroviral transduction. 

Table I. Transgene expression by transfected cells and transduction rates of TCR transgenic CD4+ T-cells 
Transgene
from MSCV 

vector

Transgene
expression
(secreted
protein)

% transduction 
(GFP+) of CD4+

cells

MFI of GFP in 
transduced
CD4+ cells 

IL-1RA 20 ng/ml 86% 627 
TNF- RIg 147 ng/ml 55% 70 

IL-4 16 ng/ml  78%  457 
IL-10 11 ng/ml 73% 370 

GFP (control) - 80% 1216 

Expression of transgenes
In order to show that proteins encoded by the constructed transgenes were secreted and 
biologically active, culture supernatant of transfected cells was analyzed for the presence of 
these proteins (table I). To analyze for the presence of functional IL-1RA, neutralizing IL-1RA 
activity was measured with a luciferase-reporter assay for IL-1RA activity. Active IL-1RA was 
found at a concentration of 20 ng/ml, indicating that biologically active IL-1RA was expressed 
from the MSCV-IL-1RA construct. Neutralizing activity of the constructed TNF- RIg was 
analyzed with a TNF- -sensitive WEHI-164 celline cultured with different concentrations of 
murine TNF-  inducing different levels of apoptosis of the WEHI-164 cells. Supernatant of 
MSCV-TNF- RIg-GFP-transfected cells contained a blocking activity of 147 ng/ml murine 
TNF-  per ml compared with MSCV-GFP-transfection supernatant. Thus, the constructed 
TNF- RIg encoded biologically active TNF- RIg. To analyze expression of the cytokines IL-
10 and IL-4, concentrations were measured in cell culture supernatant with a multiplex assay 
for quantification of protein expression. The concentrations of IL-4 and IL-10 secreted were 
about the same level (16 and 11 ng/ml) as IL-1RA. Altogether, these results show that all 
transgenes constructed were expressed and secreted.
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Th1/Th2-differentiation
In order to stimulate differentiation of PG-specific T cells into Th1 or Th2, freshly isolated 
TCR-5/4E8-Tg CD4+ cells were stimulated with anti-CD3 and anti-CD28 mAbs in vitro. For 
differentiation into Th1 cells, CD4+ cells were stimulated in the presence of IL-12p70 and anti-
IL-4 mAb. To stimulate differentiation into Th2 cells, PG-specific CD4+ cells were stimulated 
in the presence of IL-4 and anti-IFN-  mAb. After four days of stimulation, cells within the 
blastoid population, as selected by the FSC/SSC profile of these cells, were sorted and 
transferred in PGIA as described later on. This was done in order to select for the stimulated 
cells from the in vitro culture, thus to avoid transfer of undifferentiated cells. As shown in 
figure 2, numbers of CD4+ cells expressing IFN-  exceeded the number of IL-4 producers 
after anti-CD3/anti-CD28 stimulation in the absence of exogenous cytokines or cytokine-
antibodies as analyzed at the cellular level by flow cytometry. The Th1-skewing factors 
almost completely reduced this number of cells producing IL-4, while the number of IFN- -
producers had doubled. In the presence of Th2-differentiation factors the number of cells 
producing IFN-  was reduced more than 50%, while the number of IL-4 producers had 
increased more than three fold.

FIGURE 2. Differentiation of Th1 and Th2 cells. CD4+ cells from 5/4E8 TCR-Tg mice were activated with anti-
CD3 + anti-CD28 mAbs in the presence of anti-IL-4 mAb + recombinant murine IL-12p70 to stimulate 
differentiation to a Th1-phenotype (middle panel), in the presence of anti-IFN-  mAb + recombinant murine IL-4 to 
stimulate differentiation to a Th2-phenotype (right panel) or in the absence of added differentiation factors (left 
panel).  After four days of stimulation cells were analyzed for expression of IL-4 and IFN-  upon stimulation by 
PMA and ionomycin. Numbers in the plots show the percentages of cells staining positive for IL-4 or IFN-  within 
the CD4+ population. 

Pro-inflammatory effects of PG-specific T cells in PGIA 
Arthritis is dominated by autoantigen-specific CD4+ T cells which are characterized by a Th1

phenotype. The arthritogenic role for cartilage antigen-specific T cells was demonstrated also 
by an increased susceptibility for arthritis in transgenic mice that express a PG-specific TCR 
on their T cells (16). Therefore, we hypothesized that adding PG-specific CD4+ T cells to the 
endogenous pool of cartilage antigen-specific CD4+ T cells might exacerbate PGIA in wild 
type mice. This potential pro-inflammatory effect of PG-specific T cells in PGIA was 
assessed in two sets of experiments. In a first experiment 1x106 naive PG-specific CD4+ cells 
were transferred in PGIA. A group of mice receiving only PBS was used as untreated control. 
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Also, CD4+ cells that were transduced with MSCV-GFP (TGFP), thus without any gene 
encoding an immunosuppressive molecule, were transferred in PGIA. These TGFP cells were 
used as a control for T cells that were transduced to express immunosuppressive proteins as 
described later on. In a second experiment, Th1-differentiated and TGFP cells were transferred 
to test for any additive pro-inflammatory, arthritogenic effect. On day 20, the day before the 
second arthritogenic PG-immunization, 1x106 T cells were transferred to each mouse.  

Six days after transfer, the earliest clinical symptoms of arthritis were observed. 
Neither 1x106 naive PG-specific T cells (figure 3A, left panel) nor 1x106 PG-specific TGFP cells 
(figure 3A, right panel) induced exacerbation of arthritis severity during the course of disease 
and also the day of arthritis onset and the maximum arthritis severity observed during the 
experiment were not affected by these T cells. Moreover, PG-specific Th1 cells did not 
worsen inflammation either as shown in a second experiment (figure 3B, left panel and table 
II). In addition, these naive T cells, TGFP cells or Th1 cells did not induce a higher incidence of 
arthritis (figure 4).

FIGURE 3. Effects of PG-specific CD4+ T cells with different phenotypes on arthritis severity. (A) Mice were 
immunized with PG on day 0 and day 21 to induce arthritis and received  either 1x106 naïve CD4+ cells (n=5), Th2
cells (n=5) (left panel) or IL-4 transduced (n=5), IL-10 transduced (n=4), GFP-only transduced CD4+ cells (n=4) 
from 5/4E8 TCR-Tg mice or PBS instead of cells (n=4) (right panel) on day 20. (B) In another experiment either 
1x106 Th1 cells (n=5) (left panel) or IL-10 transduced (n=8), IL-1RA transduced (n=5), TNF- RIg transduced 
(n=5), GFP-only transduced CD4+ cells (n=6) from 5/4E8 TCR Tg mice or PBS instead of cells (n=5) were 
transferred. Arthritis severity was scored by redness and swelling of the joints and the mean cumulative arthritis 
score is shown. *p<0.05 for groups compared with the PBS control group.
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FIGURE 4. Effects of PG-specific CD4+ T cells with different phenotypes on arthritis incidence.  (A) Mice 
were treated as described in figure 3 and received 1x106 naïve CD4+ cells (n=5), Th2 cells (n=5), IL-4 transduced 
(n=5), IL-10 transduced (n=4), GFP-only transduced CD4+ cells (n=4) from 5/4E8 TCR Tg mice or PBS instead of 
cells (n=4) on day 20. (B) In a second experiment 1x106 Th1 cells (n=5), IL-10 transduced (n=8), IL-1RA 
transduced (n=5), TNF- RIg transduced (n=5), GFP-only transduced CD4+ cells (n=6) from 5/4E8 TCR-Tg mice 
or PBS instead of cells (n=5) were transferred as described in figure 1A. Arthritis severity was scored by redness 
and swelling of the joints and the cumulative arthritis incidence score is shown. Graphs are split in two for 
convenience of understanding. 

Disease-suppressing effects of PG-specific transduced T cells and Th2 cells in PGIA 
The potential anti-inflammatory effect of PG-specific T cells that were either transduced to 
express immune modulatory agents or differentiated into a Th2 phenotype, was assessed in 
PGIA similar to testing of the Th1 and naive PG-specific T cells described above. PG-specific 
CD4+ T cells were either transduced with IL-1RA, TNF- RIg, IL-4 or differentiated to Th2 cells 
in vitro and 1x106 of these T cells were transferred in PGIA. Although they were expected to 
counteract the arthritogenic Th1 response, Th2 cells or T cells transduced with the gene 
expressing the Th2 characteristic cytokine IL-4 (TIL-4 cells), did not suppress arthritis severity 
(figure 3A; left and right panel respectively). Also day of disease onset and maximum arthritis 
severity observed were not affected compared to the PBS-control group as found in 
experiment 1 (table II). Moreover, PG-specific T cells transduced with IL-1RA/GFP (TIL-1RA

cells) or TNF- RIg (TTNF- RIg cells) did not have a beneficial effect on the course of arthritis 
(figure 3B, right panel) or on the day of onset and maximum arthritis severity observed (table 
II) as shown in the second experiment. Moreover, no effect was found on the cumulative 
incidence of arthritis for all of these T cells (figure 4). 
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So far, none of these transferred populations of 1x106 PG-specific T cells expressing 
anti-inflammatory molecules were able to suppress inflammation in PG-induced arthritis. 
However, when PG-specific T cells were transduced with the IL-10 gene (TIL-10 cells), these T 
cells significantly reduced arthritis severity during the course of disease in both experiments 
(right panels figure 3A and 3B) compared with the PBS-control. In addition, maximum 
arthritis severity observed was significantly lower after transfer of PG-specific TIL-10 cells
(table II) and cumulative incidence was lower (figure 4, right panels) in mice that received TIL-

10 cells. Although PG-specific TIL-10 cells tended to slightly delay the onset of disease, this 
effect on the day of arthritis onset was not significant. Altogether, these data indicate that IL-
10 may be a very promising candidate to be expressed by antigen-specific T cells in order to 
suppress inflammation. 

Table II. Arthritis onset, arthritis incidence and maximum arthritis severity
Th1-modulating 

cytokines
PBS GFP IL-10 IL-4 naive Th2

Day of onset 11 (±3.4) 13.5 (±1.0) 20.3 (±4.9) 7.0 (±0.8) 17.4 (±5.0) 11.6 (±3.0) 
Maximum severity      9.8 (±1.4)   8.4 (±0.9)    2.0 (±0.9)* 6.2 (±2.9)   9.4 (±2.7)   9.3 (±2.2) 

Blocking cytokines 
PBS GFP IL-10 IL-1RA TNF- RIg Th1

Day of onset 9.8 (±1.0) 13.4 (±3.12) 13.5 (±3.8) 9.3 (±1.0) 13.5 (±3.4) 14.6 (±2.3) 
 Maximum severity 4.0 (±1.1)   4.9 (±2.43)     0.8 (±0.4)* 4.0 (±1.4)    4.9 (±2.4)    3.4 (±1.2) 

Day of arthritis onset (shown as mean of day from transfer SEM) and maximum severity (mean of maximum 
scores SEM) are shown. In an experiment in which cytokines modulating Th1 cells (IL-4, IL-10) were tested, 
arthritis was analyzed up to day 54,. Another experiment, in which agents blocking pro-inflammatory IL-1  or 
TNF-  were tested, arthritis was analyzed up to day 44. PG-specific T cells, or PBS as a control, were injected i.p. 
on day 20. The second PG immunization was given on day 21 to induce arthritis. *, p<0.05.
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DISCUSSION 
Proteoglycan-induced arthritis is a chronic and progressive model of RA (1) and is 
characterized by a dominating Th1 response (10, 18, 19, 21, 28). The generation of a TCR-
specific mouse (16, 17) as a source for PG-specific CD4+ T cells allows for studies on CD4+

T cell-mediated functions in this arthritis model. In this study we examined the possibility to 
target inflammation in PGIA with ex vivo modulated PG-specific CD4+ T cells.  Because 
arthritogenic and PG-specific T cells can migrate not only to the lymphoid organs but also to 
inflamed joints (29), they may be suitable tools to deliver such anti-inflammatory agents at 
the site of inflammation. Application of (genetically) modified CD4+ T cells expressing anti-
inflammatory agents to successfully target autoimmune mediated inflammation was 
proposed and carried out previously (13). However, this is the first study which combined 
immunomodulatory molecules expressed by primary arthritogenic CD4+ T cells, with a well 
defined specificity for a cartilage antigen, in a chronic and progressive arthritis driven by 
cartilage-specific immune responses.

To genetically modify T cells using a retroviral system we activated T cells with anti-
CD3/anti-CD28 mAb-conjugated magnetic beads (27). Rheumatic joints contain clonally 
expanded T cell populations. This indicates that these cells are specifically involved in the 
inflammatory auto-antigen specific immune response and these T cells may therefore be 
used for adoptive cellular gene therapy. The use of anti-CD3/anti-CD28-stimulation by mAbs 
used for T cell activation is less time consuming than use of APC as has often been done 
since no APCs have to be sorted prior to and after T cell stimulation. This method turned out 
to be a very efficient method to stimulate T cells since transduction with retrovirus, which 
requires T cell division, resulted in up to 80% transduced T cells. Stimulation with anti-
CD3/anti-CD28 mAbs resulted in a higher IFN-  response over an IL-4 response, which is 
indicative of Th1 cells as has been described before (27). However, this phenotype could be 
skewed to a more pronounced Th1 phenotype or to a Th2 phenotype when either IL-12p70 
and anti-IL-4 mAb or IL-4 and anti-IFN-  mAb were present during T cell activation, 
respectively. This indicates that further (co-)stimulatory molecules or cytokines expressed by 
APCs are not crucial for T cell differentiation of IL-4 or IFN-  responses in the presence of 
these cytokines, although they may enhance this differentiation (30, 31).

Induction of PGIA requires a Th1 response (10, 19) and can be achieved by transfer 
of PG-primed CD4+ T cells to lymphopenic hosts (17, 21, 28). Moreover, TCR-Tg mice 
expressing a PG-specific TCR are more susceptible to PGIA (16). Therefore, we reasoned 
that transfer of PG-specific Th1 cells to wild type recipients would exacerbate PGIA. 
However, 1x106 PG-specific Th1 cells did not promote disease development. Recently, it was 
shown that Th1 cells, and also Th2 cells, may block differentiation of CD4+ T cells producing 
IL-17 (Th17 cells), which is a newly identified T cell phenotype that is crucial for the induction 
of autoimmune disorders like arthritis (32). Therefore, it is possible that PG-specific Th1 cells 
could prevent differentiation or activity of pro-inflammatory Th17 cells instead of exacerbating 
disease. No suppressive effect of Th1 cells on disease was observed either. Therefore, 
suppression of an arthritogenic Th17 response is unlikely. Moreover, naive PG-specific
PG-specific CD4+ T cells that were transferred from highly arthritis susceptible TCR-Tg mice 
without prior ex vivo stimulation/ differentiation to wild type mice with PGIA, exerted no 
clinical effects. Therefore, a likely explanation may be that the number (1x106) of PG-specific 
T cells added to the already existing pool of arthritogenic lymphocytes is not enough to 
exacerbate arthritis in wild type recipients.
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Neither PG-specific Th2 cells nor PG-specific IL-4-transduced T cells suppressed 
arthritis, although Th2 cells and their derived cytokines like IL-4 are well known to regulate 
Th1 responses in inflammatory diseases like PGIA (10, 19, 33). This is in contrast with 
studies where OVA-specific Th2 cells could suppress disease in an OVA-induced arthritis 
model (34) or where anti-inflammatory effects of collagen-specific TIL-4 cells have been 
demonstrated in collagen-induced arthritis (CIA) (35).  Maybe the phenotype of such T cells 
in our studies was not strong enough or the number of transferred T cells not sufficient to 
counteract on an arthritogenic immune response. Whereas in our study 1x106 primary CD4+

T cells were used, in CIA CD4+ T cell hybridoma’s were used as a source of cartilage 
antigen-specific T cells. Such hybridoma’s proliferate without antigenic-stimulation. 
Therefore, such hybridoma’s constantly proliferate irrespective of their location and will 
therefore probably be present in larger numbers secreting higher amounts of cytokines. 
Discrepancy between our findings and previously documented findings may also be 
explained by differences between models.  Although both CIA and PGIA are dominated by 
Th1 cells, these models may be slightly differently regulated in terms of Th1 and Th2 immunity 
as the natural immunological backgrounds of the mice used for these models differ (1). In 
addition, a likely explanation may be found in the differences of CD4+ T cells used in different 
studies.

IL-1  and TNF-  have prominent pro-inflammatory functions within the joint tissue 
and act downstream Th1 cell-mediated immunity (8). Blocking the biological activities of these 
cytokines with IL-1RA or TNF- R respectively has been demonstrated a successful approach 
to ameliorate inflammation in a wide range of arthritis models and other models for 
autoimmune mediated inflammation (9). Agents blocking these cytokines have also been 
shown to suppress arthritis when expressed by transduced cartilage antigen-specific CD4+ T 
cell hybridoma’s (36) or synovial fibroblasts (37). However, in our study 1x106 TIL-1RA or TTNF-

RIg cells did not suppress clinical symptoms of inflammation in PGIA, although IL-1RA and 
TNF- RIg were expressed functionally. Again, these contrasting findings may be explained 
by the use of different models, the use of T cell hybridoma’s or the number of T cells 
transferred.

IL-10 and TGF-  have been described as the major immunosuppressive cytokines 
required for different subsets of regulatory T cells (Treg cells) to down regulate pro-
inflammatory immune responses that lead to autoimmune disease, allergy or exaggerated 
responses to pathogens. Like IL-4, IL-10 has been shown to suppress PGIA when 
administered systemically (10). However, unlike PG-specific TIL-4 cells, PG-specific TIL-10 cells
showed significant beneficial effects on PGIA. Because of all the anti-inflammatory agents 
tested IL-10 was the only one that suppressed arthritis when expressed by transduced PG-
specific T cells, IL-10 may be a very promising to be used in T cell mediated intervention in 
arthritis. Not only transduction with the IL-10 gene, but also ways to promote IL-10 producing 
Treg cells have been very promising in interventions in inflammatory diseases (38-40). 
Therefore, mechanisms that propagate the expression of IL-10 altering the autoimmune 
response that sustains inflammation may be more effective than blocking the resulting 
downstream effects such as expression of pro-inflammatory molecules that are amplified by 
this autoimmune response. 
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ABSTRACT
Deficient T cell regulation can be mechanistically associated with development of chronic 
autoimmune diseases. Therefore, combining the regulatory properties of IL-10 and the 
specificity of autoreactive CD4+ T cells through adoptive cellular gene transfer of IL-10 via 
autoantigen-specific CD4+ T cells seems an attractive approach to correct such deficient T 
cell regulation that avoids the risks of non-specific immunosuppressive drugs. Here, we 
studied how cartilage proteoglycan-specific CD4+ T cells transduced with an active IL-10 
gene (TIL-10) may contribute to the amelioration of chronic and progressive proteoglycan-
induced arthritis in BALB/c mice. TCR-transgenic proteoglycan-specific TIL-10 cells
ameliorated arthritis, whereas TIL-10 cells with specificity for ovalbumin had no effect, showing 
the impact of antigen-specific targeting of inflammation. Furthermore, proteoglycan-specific 
TIL-10 cells suppressed autoreactive pro-inflammatory T- and B cells, as TIL-10 cells caused a 
reduced expression of IL-2, TNF-  and IL-17 and a diminished proteoglycan-specific IgG2a

antibody response. Moreover, proteoglycan-specific TIL-10 cells promoted IL-10 expression in 
recipients but did not ameliorate arthritis in IL-10 deficient mice, indicating that TIL-10 cells 
suppress inflammation by propagating the endogenous regulatory IL-10 response in treated 
recipients. This is the first demonstration that such targeted suppression of pro-inflammatory 
lymphocyte responses in chronic autoimmunity by IL-10-transduced T cells specific for a 
natural antigen can occur via the endogenous regulatory IL-10 response. 
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INTRODUCTION
Rheumatoid arthritis (RA) is a progressive autoimmune disease, characterized by chronic 
inflammation of the articular joints. The inflammation results in irreversible destruction of 
cartilage and bone by enzymes produced by macrophages and fibroblast-like cells that have 
invaded the inflamed synovium. Different types of cells that are involved in arthritis and in 
other autoimmune disorders have been exploited as a tool to study or treat disease (1-4). T 
cells are promising candidates for immunological interventions in autoimmunity because of 
their antigen-specificity and their ability to modulate other cells that are involved in 
autoimmune disease. 

Although the actual triggers leading to a disease like RA are unknown, in vitro
proliferation of T cells from RA-patients in response to several autoantigens (5, 6) and 
restriction of the synovial T cell repertoire to common clonotypes (7, 8) are indicative of an 
autoantigen driven T cell expansion in RA. Transfer and depletion studies using CD4+ T cells 
and the use of T cell receptor-transgenic (TCR-Tg) animals in arthritis models have 
underscored that joint-antigen specific CD4+ T cells with a Th1-like phenotype mediate the 
induction and/or aggravation of arthritis (9-13).

In addition, B cells invade the inflamed synovium and are implicated in the 
pathogenesis of RA as producers of autoantibodies (14, 15) and as efficient antigen-
presenting cells (14, 16, 17). Both autoreactive T and B cell responses are required to induce 
severe arthritis, suggesting that both lymphocyte subsets contribute to development of 
arthritis (9, 14).
A current hypothesis states that excessive development and/or function of (auto)aggressive 
CD4+ T cells is controlled by regulatory T cells (Treg cells) (18-22). For example, a recent 
study by Lohr et al. (23) has shown that Treg cells can control development of the IL-17 
producing Th17 cells which are crucial for development of inflammation in several 
autoimmunity models (24). Several subsets of Treg cells have been described to suppress 
inflammation. Of these subsets, naturally occurring CD4+CD25+ T cells, CD4+ Tr1 cells and 
CD4+ Th3 cells are the best studied Treg cells. Although their exact phenotypes and 
mechanisms of suppression are still not fully understood and may vary between different 
subsets, most Treg cells have been described to require interleukin-10 (IL-10) for successful 
suppression as summarized by Bluestone et al.(1).

IL-10 plays an important role in the homeostatic regulation of the autoreactive T cell 
repertoire (25). In addition, IL-10 depletion and IL-10 treatment in murine arthritis models (26-
29) have demonstrated the anti-inflammatory properties of IL-10 in arthritis. Moreover, 
reduced IL-10 expression by CD4+ T cells is related to a higher frequency of Th1 cells and 
more severe disease in RA (30). Extensive studies (reviewed by Moore et al. (31)) have 
demonstrated that IL-10 inhibits the production of pro-inflammatory cytokines and 
chemokines in activated monocytes/macrophages and inhibits proliferation of CD4+ T cells by 
downregulation of APC function. Moreover, IL-10 drives the generation of a population of IL-
10 producing Tr1 cells that suppress antigen-specific T cell responses and prevent colitis (32, 
33). Thus, exploiting antigen-specific IL-10+ T cells to propagate anti-inflammatory responses 
can be a promising method for therapy of autoimmune diseases. 

Since peripheral blood of RA patients contains CD4+ T cell populations that are 
cartilage antigen-specific (5, 34, 35), ex vivo induction of a regulatory phenotype in such 
antigen specific T cells may provide a tool for antigen-specific interventions in the chronic 
inflammation of RA. Therefore, we explored the potential mechanisms of targeting the 
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inflammatory autoimmune response in cartilage proteoglycan (PG)-induced arthritis (PGIA) 
with PG-specific CD4+ T cells expressing IL-10 through retroviral transduction with an active 
IL-10 gene. PGIA is a chronic and progressive arthritis model induced by immunization with 
PG, representing many features of RA (36). A recently generated PG-specific TCR (PG-
TCR)-Tg mouse served as donor of PG-specific CD4+ T cells to be studied in this arthritis 
model (10, 11). We questioned if PG-specific TIL-10 cells would suppress a chronic arthritis 
and whether these cells would modulate by propagating a protective immune response in
vivo.

The results indicated that PG-specific TIL-10 cells are suppressive in vitro, reduced the 
PG-specific inflammatory immune response in vivo and promoted the endogenous IL-10 
response. The observed arthritis-suppressive effect of TIL-10 cells depended on the presence 
of their PG-specific TCR. Interestingly, PG-specific TIL-10 cells could not reduce the 
inflammatory response in IL-10 deficient recipients, indicating that autoantigen-specific TIL-10

cells regulated chronic arthritis via induction of the endogenous IL-10 response. 
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MATERIALS AND METHODS 

Mice and antigens
BALB/c mice (obtained from Charles River Laboratories, Maastricht, The Netherlands) and 
IL-10 knockout BALB/c mice (kind gift from Dr. A. van Oosterhout) were kept at the animal 
facility of the University of Utrecht; “Gemeenschappelijk Dierenlaboratorium” (GDL) under 
standard conditions. DO11.10 (OVA-TCR Tg) and TCR-5/4E8-Tg (PG-TCR Tg) (10, 11) 
were bred and kept at the GDL under specific pathogen free conditions. Human PG (hPG) 
and murine PG (mPG) were prepared as described elsewhere (11). All animal experiments 
were approved by the Animal Experimental Committee of the Veterinary Faculty of the 
University of Utrecht.

Constructs and production of retrovirus 
Murine IL-10 cDNA was obtained using specific primers (5’-AGA TCT TTG CAG AAA AGA 
GAG CTC CA-3’ and 5’-GTC GAC TGG AGT CCA GCA GAC TCA AT-3’) and cloned into 
the MSCV2.2 plasmid (Fig. 1). 

Ecotropic replication-deficient retrovirus was produced with a Phoenix-Eco packager 
cell line. Packager cells were cultured per 3x106 cells in 10 ml DMEM (Gibco Life 
Technologies, Breda, The Netherlands) (+4500 mg/L glucose, +GlutaMAX I, -Pyruvate) 
supplemented with 10% heat inactivated FCS (Bodinco B.V., Alkmaar, The Netherlands), 
100 U/ml penicillin, 100 µg/ml streptomycin (Gibco) in 100-mm tissue culture dishes (Nalge 
Nunc International, Roskilde, Denmark) and cultured at 37°C, 6% CO2. The next day the 
culture medium was refreshed and 1-3 hours thereafter 500 µl 0.25 M CaCl2 containing 20 
µg MSCV-plasmid and 5µg PCL-Eco plasmid was mixed with an equal volume HBS buffer 
pH 7.02 (280 mM NaCl, 1.5 mM Na2HPO4, 12 mM glucose, 10 mM KCl, 50 mM HEPES) by 
bubbling and added to the cells. At 20 hours after transfection the supernatant was replaced 
with fresh medium. Within 24 hours thereafter, supernatant containing the retrovirus was 
harvested, filtered with a 0.45 µm filter, snap-frozen and stored frozen until use. Again fresh 
medium was added and virus was harvested the next day and pooled with the previous 
supernatant for infection. 

FIGURE 1. Retroviral constructs used for transduction of CD4+ T cells. Murine IL-10 cDNA was inserted into 
the MSCV-GFP construct in front of the IRES sequence, enabling bicistronic translation of IL-10 and GFP genes. 
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Stimulation, retroviral transduction and transfer of CD4+ T cells 
CD4+ T cells of pooled spleens and lymph nodes of DO11.10 or TCR-5/4E8-Tg were isolated 
with anti-CD4 (L3T4) magnetic microbeads (MACS, Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) and stimulated with magnetic M-450 Tosylactivated Dynabeads (Dynal 
Biotech ASA, Oslo, Norway) coated with anti-CD3 (145-2C11) and anti-CD28 (PV-1) mAbs 
(own production) in a 1:10 ratio. Anti-CD3/anti-CD28 coated beads were added to 1x106

CD4+ T cells (in a 2:1 ratio) in 1 ml supplemented DMEM in 24-well flat bottom plates 
(Corning Incorporated, Corning, NY) and cultured at 37°C, 6% CO2. After 48 hours 750µl of 
the culture supernatant was replaced with 1 ml of retroviral supernatant supplemented with 
8µg/ml hexadimethrine bromide (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands). 
Plates were then centrifuged at 930xG at 20°C for 2 hours. Subsequently, 1 ml of 
supernatant was replaced with fresh medium and cells were cultured for another 48 hours. 
Cells were removed from the stimulating beads and transduced cells (normally 60-80% prior 
to sorting) were sorted by GFP expression with a FACSVantage SE (Becton Dickinson). 
Acceptor mice received 1x106 sorted IL-10/GFP-transduced or GFP-transduced CD4+ cells, 
injected i.v. or i.p. in PBS.

Induction and assessment of arthritis 
Arthritis was induced by i.p. injections of 2 mg hPG emulsified in 2 mg of the synthetic 
adjuvant dimethyl-dioctadecyl-ammoniumbromide (DDA) (Sigma) in PBS (total volume of 
200 µl) on day 0 and day 21 as described elsewhere (11, 37). Paws were examined three 
times per week in a blinded set-up to determine onset and severity of arthritis using a 
standard visual scoring system based on swelling and redness of the paws (11, 37). Limbs 
were dissected, fixed in 10% buffered formalin, decalcified in 0.5 M EDTA and embedded in 
paraffin. Paraffin sections were stained with hematoxylin and eosin and examined for 
histopathology of ankle joints. 

In vitro suppression assay
CD4+ responder cells were isolated from pooled spleen and lymph node (LN) cells of 
DO11.10 mice by negative selection with Dynabeads (Dynal) using an excess of anti-B220 
(RA3-6B2), anti-CD11b (M1/70), anti-MHC class-II (M5/114) and anti-CD8 (YTS169) mAbs 
and were subsequently labeled with CFSE (Molecular Probes, Leiden, The Netherlands) as 
described elsewhere (38). At day 0 bone marrow cells from tibia and femurs were seeded at 
2x106 per 100 mm suspension dish (Corning) in 10 ml supplemented IMDM (Gibco) with 20 
ng/ml rGM-CSF (Cytocen, Utrecht) to generate dendritic cells (DCs). At day 3, 10 ml 
supplemented IMDM with 20 ng/ml rGM-CSF was added. At day 6, 10 ng/ml rGM-CSF was 
added. At day 8 the non-adherent cells were harvested, washed and used. The suppression 
assays were done in 96-well flat bottom plates (Corning) with 2x105 CFSE-labeled DO11.10 
CD4+ cells and 2.5x104 bone marrow-derived BALB/c DCs cultured in the presence of 0.32 
µg/ml OVA323-339 peptide in 200 µl during 4 days. To analyze the suppressive activity of 
culture supernatant, 50 µl of the final culture medium consisted of this conditioned 
supernatant. To test the suppressive activity of transduced PG-specific T cells, indicated 
numbers of transduced cells and 0.30 µg/ml hPG70-84 peptide were added to the culture.
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Ex vivo antigenic stimulation of splenocytes 
Single-cell suspensions of spleens of hPG-immunized mice that had received IL-10/GFP-
transduced or GFP-transduced TCR-5/4E8-Tg CD4+ cells were cultured in 96-well flat bottom 
plates (Corning) at 2x105 cells per well, in the presence or absence of hPG (10 µg protein/ml) 
in supplemented IMDM (Gibco) for 72 hours. 

Flow cytometry 
Single-cell suspensions of spleen cells were cultured at 1-2x106 cells/ml supplemented 
IMDM (Gibco) with 50 ng/ml PMA (Sigma) plus 500 ng/ml ionomycin (Sigma) during 4-5 
hours for intracellular cytokine staining. Brefeldin A (Sigma) was added at 10 g/ml after the 
first two hours. Cells were washed, fixed in 4% PFA/PBS for 10 minutes and washed again. 
After permeabilization in PBS/2% FCS/0.5% saponin (Sigma), cells were washed and 
stained with anti-IL-10-PE (BD Biosciences Pharmingen, Woerden, The Netherlands) mAb 
and washed twice, all in the presence of 0.5% saponin. Cells were then washed and stained 
with anti-CD4-APC or anti-CD4-PerCP mAbs (BD Pharmingen). After extensive washing, 
cells were analyzed on a FACS Calibur (Becton Dickinson). Analysis of migration of GFP+

CD4+ cells with flow cytometry was done with unstimulated single-cell suspensions, stained 
with anti-CD4-APC without permeabilization of the cell membrane. For analysis of CFSE-
suppression assays cells were stained with anti-CD4-PerCP mAb in combination with 
biotinylated KJ1.26 mAb (Caltag Laboratories, Uden, The Netherlands) and streptavidin-APC 
(BD Pharmingen). Results were analyzed with Cellquest software (Becton Dickinson). 

Cytokine (protein) quantification 
IL-2 was measured with fluoresceinated microspheres coated with ELISA capture antibodies 
(BD Pharmingen) as described elsewhere (11). In brief, coated beads were added to 50 µl of 
culture supernatant. After overnight incubation at 4°C, microspheres were washed and 
incubated with biotinylated detection antibodies (BD Pharmingen) for 15 min. Subsequently, 
streptavidin-PE was added to the microspheres, which were incubated for another 15 min 
and then measured with a Luminex model 100 (Luminex, Austin, TX). IL-10 and TNF-  in 
culture supernatant were measured with a comparable detection system using Lincoplex 
beads (LINCO Research, Inc., St. Charles, Missouri) according to the manufacturer’s 
protocol.

cDNA synthesis and quantitative real-time(RT)-PCR for analysis of cytokine- and GFP 
expression
Total mRNA was extracted with the RNeasy kit (Qiagen Benelux B.V., Venlo, The 
Netherlands) and treated with DNase (Qiagen) using the manufacturer’s protocol. 
Subsequently, RNA was reversely (RT) transcribed into cDNA using the iScriptTMcDNA
Synthesis Kit (Bio-Rad Laboratories B.V., Veenendaal, The Netherlands). Quantitative real-
time PCR was performed in a total volume of 25 µl using iQTM SYBR Green  Supermix (Bio-
Rad). 0.25 µM of primers specific for IL-10 (5’-GGT TGC CAA GCC TTA TCG GA-3’ and 5’-
ACC TGC TCC ACT GCC TTG CT-3’), IL-17a (5’-GCT CCA GAA GCC CCT CAG A-3’ and 
5’- AGC TTT CCC TCC GCA TTG A-3’), HPRT (5’-CTG GTG AAA AGG ACC TCT CG-3’ 
and 5’-TGA AGT ACT CAT TAT AGT CAA GGG CA-3’) and GFP (5’-GCA GTG CTT CAG 
CCG CTA-3’ and 5’-AAG AAG ATG GTG CGC TCC TG-3’). PCR (3 min at 95°C and 40 
cycles of 10 s at 95°C and 45 s at 59,5°C or, for GFP, 50 cycles of 10 s at 95°C and 45 s at 
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60,2°C) and real-time detection was done with a Bio-Rad MyiQ iCycler (Bio-Rad). Expression 
was normalized to the detected Ct values of HPRT for each sample.

Quantification of antigen specific serum antibodies 
Serum mPG- and hPG-specific antibodies were measured by ELISA as described elsewhere 
(37). In brief, 96-well ELISA plates (Corning) were coated overnight with hPG or mPG in 
PBS. Free binding sites were blocked with 1% fat-free milk (Bio-Rad) in PBS. Sera were 
added at increasing dilutions in 1% fat-free milk in PBS. PG-specific IgG1 and IgG2a were 
determined using peroxidase-conjugated rat mAb to IgG1 or IgG2a (BD Pharmingen). Serum 
antibody levels were calculated as OD relative to the OD measured for the corresponding 
isotypes of a standard of pooled sera from arthritic mice. 

Statistics
Data are expressed as mean ± standard error of the means (SEM) unless stated otherwise 
and statistical evaluation was done with nonparametric Mann-Whitney’s U test (two-tailed) or 
with one-way ANOVA when more than two test groups were compared. P<0.05 was 
considered significant. 
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RESULTS

Retroviral transduction with the IL-10 gene is efficient and results in non-anergic CD4+

T cells producing a high amount of IL-10 
To generate functionally modulated cartilage antigen-specific CD4+ T cells ex vivo, PG-
specific CD4+ T cells were stably transduced with the murine IL-10 gene using murine stem 
cell virus (MSCV). GFP was used as a marker to select transduced cells. To obtain a high 
transduction rate, PG-specific CD4+ T cells isolated from naive PG-TCR Tg mice were 
stimulated with anti-CD3/anti-CD28 coated beads prior to infection with MSCV-IL10/GFP 
(Fig. 1). As a control CD4+ T cells were transduced with the GFP gene alone (TGFP) by 
MSCV-GFP. Due to an internal ribosomal entry site (IRES), the IL-10 gene and the GFP 
gene are translated into separate proteins.

CD3/CD28-stimulation of PG-specific CD4+ T cells typically resulted in an increased 
number (1.5-2 times increase of number of starting population at two days post transfection) 
of CD4+ cells of which 60-80% were transduced as analyzed for GFP expression by flow 
cytometry. After transduction with MSCV-IL-10/GFP, CD4+ T cells showed a substantial 
increase in IL-10 expression compared to MSCV-GFP transduced CD4+ T cells (Table I). 
This increase was observed at both mRNA level by quantitative real-time PCR and protein 
level measured in culture supernatants of transduced cells two days after transduction. At 
this moment no difference was found in IFN- , IL-2 or IL-4 concentration between culture 
supernatants of TIL-10 cells and TGFP cells (data not shown). When TIL-10 cells were 
restimulated with anti-CD3 and irradiated APCs (data not shown) or with anti-CD3/anti-CD28 
coated beads (Table I), these cells were fully able to proliferate as compared to TGFP cells. 

Table I. Phenotypes of TCR transgenic CD4+ T cells transduced with IL-10/GFP or GFP 
TCR Construct MFI GFP IL-101 IL-102 Proliferation 

PG-TCR IL-10/GFP 644 62.0 31,999 14,896 
PG-TCR GFP 1,817 1.3 193 11,463 

OVA-TCR IL-10/GFP 630 50.0 38,651 ND 
OVA-TCR GFP 1,382 1.6 783 ND 

Mean fluorescence intensity (MFI) was determined for the GFP+ population by flow cytometry. 1mRNA expression 
relative to HPRT expression in GFP+ (sorted) cells as analyzed by quantitative real-time PCR two days after 
retroviral transduction. 2Secretion of IL-10 (pg/ml) as measured in culture supernatant two days after transduction 
(60-70% of cells were GFP+). Proliferation of GFP-sorted transduced T cells, shown as cpm, was measured by 
3H-Thymidine incorporation in response to anti-CD3/anti-CD28-stimulation. ND, not analyzed. 

Transfer of PG-specific TIL-10 cells ameliorates arthritis 
To examine if PG-specific TIL-10 cells could suppress chronic arthritis, PG-specific TIL-10 cells 
were transferred in the PGIA model. Arthritis was induced by two immunizations with PG in 
the synthetic adjuvant DDA with an interval of three weeks. One day before the second PG 
immunization 1x106 PG-specific TIL-10 cells were transferred to acceptor mice. As a control, 
1x106 PG-specific TGFP cells were transferred. Another control group received PBS instead of 
transduced T cells.

Mice that received PG-specific TGFP cells or PBS developed a chronic arthritis while 
recipients of PG-specific TIL-10 cells developed a significantly reduced form of arthritis (Fig. 
2A). In addition, maximum arthritis severity and cumulative incidence were dampened by the 
PG-specific TIL-10 cells (Table II). Amelioration of arthritis in PG-specific TIL-10 cell recipients 
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was confirmed by histological examination of ankle joint-sections showing less cellular 
infiltration in the ankle joints of the PG-specific TIL-10 cell recipients (Fig. 2C), compared to 
PG-specific TGFP cell recipients (Fig. 2B).

FIGURE 2. PG-specific CD4+ T cells retrovirally transduced to produce IL-10 ameliorate arthritis. (A) Mice 
were immunized with PG on day 0 and day 21 and received 1x106 PG-specific TIL-10 cells ( , n=12), PG-specific 
TGFP cells ( , n=10) or PBS ( , n=9) on the day before the second PG immunization. Data represent pooled data 
of two experiments. (B, C) Five weeks after transfer of (B) PG-specific TGFP and (C) PG-specific TIL-10 in PGIA 
histological examination of hematoxylin and eosin stained sections of ankle joints was performed. Large 
arrowheads indicate infiltrating cells, small arrowheads indicate cartilage damage. *, p<0.05 for difference 
between recipients of PG-specific TGFP cells and PG-specific TIL-10 cells.

Table II. Arthritis onset, arthritis incidence and maximum arthritis severity in mice receiving PG-TCR TGFP cells, 
PG-TCR TIL-10 cells, OVA-TCR TIL-10 cells or PBS

PBS PG-TCR PG-TCR OVA-TCR 
 GFP IL-10 IL-10 

Day of onset 31.3 (±1.5) 33.0 (±1.1) 31.1 (±0.9) 33.9 (±1.9) 
Incidence     9/9 (100%)         24/26 (92%)         18/30 (60%)       11/12 (92%) 

Maximum severity   5.3 (±1.2)   6.3 (±1.0)     3.2 (±0.8)1   5.8 (±1.6) 
Day of arthritis onset (mean  SEM), arthritis incidence (cumulative until day 44) and maximum severity (mean of 
maximum scores SEM) are shown for pooled data of four experiments analyzed for 44 days upon the primary 
PG immunization. Transduced T cells or PBS as a control were transferred on day 20. The second PG 
immunization was given on day 21 to induce arthritis. 1, P<0.05 for difference with PG-TCR TGFP cell-recipient 
group and with OVA-TCR TIL-10 cell-recipient group. 
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FIGURE 3. CD4+ T cells retrovirally transduced with the murine IL-10 gene suppress proliferation of 
freshly isolated CD4+ T cells in vitro. (A) CFSE-labeled CD4+ Tresp cells were stimulated by peptide-loaded DC 
in the presence of different numbers of TIL-10 cells ( ) or TGFP cells ( ) as indicated. Suppression is plotted as % 
suppression compared to proliferation in the absence of transduced T cells. (B) CFSE-labeled OVA-specific CD4+

Tresp cells were stimulated by OVA323-339-loaded DC in the presence of supernatants taken from cultured IL-10-
transduced or GFP-transduced (approximately 70% of population transduced) PG-specific CD4+ T-cells (upper 
panel) or OVA-specific CD4+ T-cells (lower panel). Numbers indicate % of cells in dividing population. 

TIL-10 cells suppress proliferation of CD4+ T cells 
One of the regulatory functions of IL-10 is suppression of proliferation of effector CD4+ T cells 
in their response to antigenic stimulation. Therefore, we tested if TIL-10 cells could suppress 
proliferation of CD4+ T cells responding to antigen presented by bone marrow derived DCs in
vitro. For this purpose, CFSE-labeled OVA-specific CD4+ T cells from OVA-TCR Tg mice 
were used as a model for responder CD4+ T (Tresp) cells and stimulated in the presence of 
PG-specific TIL-10 cells or PG-specific TGFP control cells. DCs loaded simultaneously with 
OVA323-339 peptide and hPG70-84 peptide (the arthritogenic epitope that is recognized by PG-
specific cells) were used to stimulate both the OVA-specific Tresp population and the 
transduced PG-specific (TIL-10 or TGFP) cells simultaneously. Varying numbers of PG-specific 
TIL-10 cells or PG-specific TGFP cells were added to this culture, with a TGFP:Tresp or TIL-10:Tresp

ratio ranging from 2:1, 0.5:1 to 0.2:1. Within the population of Tresp cells the percentage of 
cells that went into division was determined from their CFSE profiles and plotted in figure 3A 
as percentage suppression relative to the proliferation in the absence of TIL-10 or TGFP cells. 
Proliferation of Tresp cells was clearly suppressed in the presence of TIL-10 cells as compared 
to proliferation in the presence of TGFP (control) cells. This suppression was more pronounced 
when higher numbers of TIL-10 cells were added to the Tresp cells.

To check if suppression by TIL-10 cells was mediated by secreted factors, a culture 
system was set up with OVA323-339-loaded DC to stimulate CFSE labeled OVA-specific Tresp

cells in the presence of supernatant from cultured TGFP or TIL-10 cells. Division of these CFSE+

T cells was used as a read out for the presence of such secreted factors. Thus, conditioned 
medium of cultured TIL-10 or TGFP cells taken 48 hours after transduction was added to the 
DC-Tresp culture to check for the presence of secreted suppressive factors (Fig. 3B). Fresh 
culture medium was used as control. Conditioned medium of TIL-10 cells suppressed 



Chapter 4 

78

proliferation of CD4+ Tresp cells as shown by reduced CFSE dilution (Fig. 3B) compared to 
conditioned medium of TGFP cells or fresh culture medium. This is shown for supernant taken 
from both PG-specific (upper panel) and OVA-specific (lower panel) TIL-10 cells, showing that 
the OVA-specific TIL-10 cells that are used as a control for antigen-specificity for suppression 
in vivo (see next paragraph) secrete functional IL-10 to the same extend as PG-specific TIL-10

cells. When IL-10 in supernatant taken from cultured TIL-10 cells was neutralized with anti-IL-
10 mAb (JES-2A5), the rate of proliferation of CFSE-labeled Tresp cells increased with 86% 
(data not shown). Blocking IL-10 function in conditioned medium taken from cultured TGFP

cells yielded an increase of proliferation of only 2%. This indicates that IL-10 secreted by TIL-

10 cells is the main secreted factor responsible for suppression.

TIL-10 cells require recognition of the cartilage antigen PG in vivo to ameliorate arthritis 
Subsequently, we asked whether TIL-10 cells require recognition of PG to exert their anti-
inflammatory properties. To this end, TIL-10 cells expressing a transgenic TCR specific for 
OVA (OVA-TCR) were transferred in PGIA as described in the previous section. Unlike PG-
specific TIL-10 cells, OVA-specific TIL-10 cells could not reduce severity of arthritis (Table II). In 
addition, OVA-specific TIL-10 cells did not reduce the incidence of arthritis whereas PG-
specific TIL-10 cells did. Although a difference was found for arthritis suppressive capacity in
vivo, OVA-specific TIL-10 cells showed a similar phenotype as PG-specific TIL-10 cells when 
analyzed for IL-10 expression (Table I) and suppressive activity in vitro (Fig. 3B) two days 
post transduction. This indicates that differences found for regulation in vivo may be ascribed 
to the different specificities of TCRs.

The need of their specificity for cartilage antigens to regulate arthritis suggests that 
TIL-10 cells may act locally and thus migrate to where the antigen is processed and presented. 
To address whether transferred PG-specific TIL-10 cells and OVA-specific TIL-10 cells migrate 
differentially, GFP expression was analyzed in spleen, joint-draining lymph nodes (LN), joints 
and in cervical LN and non-lymphoid tissue. Detection of GFP+ T cells in the lymphoid organs 
was done by flow cytometry for GFP+ cells within the CD4+ population. In joints and pancreas 
this was done by RT-PCR for mRNA expression of GFP. In table III the ratio of CD4+GFP+

cells within the joint-draining LN over the CD4+GFP+ cells in spleen or cervical LN is shown 
to depict preferential migration of the GFP+ TIL-10 cells. Up to two weeks after transfer, both 
OVA-specific and PG-specific TIL-10 cells were found in all lymphoid organs analyzed (up to 
0.66% of the total CD4+ population), indicating that, irrespective of the specificity of the TCR, 
the TIL-10 cells migrate throughout the whole lymphoid compartment. However, at two weeks 
after transfer the number of PG-specific TIL-10 cells tended, compared to OVA-specific TIL-10

cells, to preferentially be sustained in joint-draining LN and spleen as shown by a higher ratio 
of GFP+ cells in joint-draining LNs over cervical LNs and a lower ratio of these cells in 
draining LNs over spleen. However, at four weeks after transfer no GFP+CD4+ cells could be 
distinguished from background (=0,002% in arthritic mice receiving no GFP+ cells) in these 
lymphoid organs anymore. In addition, table III shows that although GFP expression was 
found in joints of some animals that received OVA-specific TIL-10 cells (50% of all animals 
analyzed), in most animals that received PG-specific TIL-10 cells (83% of all animals analyzed) 
GFP expression was found in the joints. Moreover, GFP expression was not found in 
pancreatic tissue (data not shown), indicating that TIL-10 cells preferentially migrate to the 
inflamed tissue (joints).
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Table III. Migration of PG-TCR TIL-10 cells and OVA-TCR TIL-10 cells at different time-points after transfer in PGIA 

1 week 2 weeks 4 weeks 

draining
LN/

spleen1

draining
LN/ 

cervical
LN1

draining
LN/

spleen1

draining
LN/

cervical
LN1

Joints2
draining

LN/
spleen1

draining
LN/

cervical
LN1

Joints2

PG-TCR
TIL-10

0.24
(±0.02)

0.63
(±0.26)

0.21
(±0.04)

1.11
(±0.52)

2/3
(66%)

none
detected

none
detected

3/3
(100%)

OVA-TCR
TIL-10

0.22
(±0.03)

0.88
(±0.06)

0.61
(±0.18)

0.76
(±0.24)

2/4
(50%)

none
detected

none
detected

2/4
(50%)

The presence of transferred PG-TCR TIL-10 and OVA-TCR TIL-10 cells in different organs was determined by their 
expression of their transduced GFP-gene at 1, 2 and 4 weeks after transfer in PGIA.  1Ratio of transferred T cells 
within the CD4+ population of joint-draining lymph nodes to spleens or cervical lymph nodes as analyzed by flow 
cytometry for GFP expression (mean of 3-5 animals per group ±SEM).  2Presence of transferred T cells in joints 
was determined by RT-PCR for GFP mRNA expression. Number of positive animals out of the number of animals 
tested is shown. 

PG-specific TIL-10 cells suppress the pro-inflammatory cytokine response in vivo
CD4+ effector T cells (Teff) contribute to the pathogenesis of arthritis. In vitro data show that 
TIL-10 cells suppress proliferation of CD4+ T cells. This suggests that TIL-10 cells might reduce 
the activation of the PG-specific Teff cells in arthritis. Since activated T cells produce IL-2, we 
measured the PG-specific IL-2 response to determine the effect of PG-specific TIL-10 cells on 
PG-specific Teff activation. Therefore, spleen cells were taken from animals two weeks after 
transfer of PG-specific TIL-10 cells or PG-specific TGFP control cells in PGIA, stimulated with or 
without hPG ex vivo and secreted IL-2 was measured subsequently. Figure 4A shows that 
the hPG specific IL-2 response was significantly lower in the group that had received PG-
specific TIL-10 cells compared to the PG-specific TGFP cell recipients. In addition, reduced 
antigen-specific expression of the pro-inflammatory cytokine TNF-  in splenocytes from TIL-10 

cell recipients paralleled the observed protection by PG-specific TIL-10 cells (Fig. 4B). 
Recently, the pro-inflammatory cytokine IL-17 has been described as a pathogenic T 

cell derived cytokine in autoimmune inflammatory disorders. Therefore, we wondered 
whether TIL-10 cells could suppress the IL-17 response in vivo. To this end, we quantified IL-
17 (IL-17a) expression by real-time PCR in spleen cells taken at four weeks after transfer of 
PG-specific TIL-10 cells or PG-specific TGFP control cells in PGIA (Fig. 4C). After transfer of 
PG-specific TIL-10 cells, IL-17 mRNA expression was significantly reduced compared to the 
PG-specific TGFP recipient group. 

Together with the anti-proliferative effects, this cytokine profile suggests that 
regulation of growth and/or activation of pro-inflammatory effector CD4+ T cells may be part 
of the protective effect by PG-specific TIL-10 cells in PGIA. 

PG-specific TIL-10 cells propagate the IL-10 response in vivo
Since IL-10 has been shown to propagate the expression of IL-10 in vitro (32, 39), we 
wondered whether the transferred PG-specific TIL-10 cells would cause a substantial increase 
in the IL-10 response in vivo during PGIA. To this end, IL-10 expression in spleen cells of 
recipient mice was analyzed two weeks after transfer of PG-specific TIL-10 cells or PG-specific 
TGFP (control) cells in PGIA. Spleen cells were cultured ex vivo with hPG or medium as a 
control and IL-10 in culture supernatants was quantified (Fig. 4D). Culture supernatants of 
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cultured spleen cells of PG-specific TIL-10 cell recipients contained higher concentrations of 
PG-specific IL-10 than that of PG-specific TGFP cell recipients. Furthermore, spontaneous IL-
10 production by unstimulated spleen cells (medium control) was also slightly enhanced in 
the PG-specific TIL-10 cell recipients (data not shown). In addition, quantitative real-time PCR 
with unstimulated spleen cells taken directly after isolation showed a significant increase of 
IL-10 expression in the PG-specific TIL-10 cell recipients (Fig. 4D). Flow cytometry to 
determine numbers of IL-10-producing splenocytes of mice that received PG-specific TIL-10

cells showed an increase in the number of IL-10+ cells in the CD4- population (1.3% ±0.31 in 
TIL-10-recipients and 0.9% ±0.09 in TGFP-recipients). An increase was also found in the CD4+

population (2.2% ±0.30 in TIL-10-recipients and 1.9% ±0.43 in TGFP-recipients) compared with 
PG-specific TGFP-recipients. As described previously, no GFP+ (from transferred TIL-10) cells 
could be detected by flow cytometry at this time point anymore, indicating that the increased 
IL-10+ population consisted of endogenous cells. Together, these data indicate that the PG-
specific TIL-10 cells enhance the IL-10 response in vivo.

PG-specific TIL-10 cells suppress the antigen specific IgG2a antibody response
A PG-specific B cell response is required to cause severe PGIA and depends on the 
interaction between B cells and T cells (14, 40). To examine whether PG-specific TIL-10 cells
would suppress the PG-specific B cell response, PG-specific IgG1 and IgG2a antibody 
responses were analyzed. Therefore, sera were taken from mice four weeks after they had 
received PG-specific TIL-10 cells or PG-specific TGFP control cells in PGIA and hPG-specific 
antibodies of the IgG1 and IgG2a isotypes were analyzed by ELISA. Figure 5 shows that the 
hPG specific IgG2a response was significantly suppressed by the PG-specific TIL-10 cells 

FIGURE 4.  PG-specific TIL-10 CD4+ T
cells propagate an anti-inflammatory
cytokine response in vivo. Spleen
cells were isolated after transfer of PG-
specific TIL-10 or PG-specific TGFP cells
in PGIA as described for fig. 2 and
were either cultured in vitro (A, B, D
upper graph) or used for RNA isolation
directly (C, D lower graph). Protein
concentrations were measured in
supernatants after 72 h. culture in the
presence or absence of hPG, two
weeks after transfer. (A) IL-2, (B) TNF-

 and (D) IL-10 is plotted as the
amount (pg/ml) of protein hPG-
specifically produced and is
representative for two experiments (C)
IL-17 and (D) IL-10 mRNA expression
was quantified by quantitative PCR on
reversely transcribed mRNA, four
weeks or two weeks after transfer
respectively. Expression of mRNA is
normalized to HPRT-mRNA expression
(x103). All data are expressed as
means ± SEM (n=5 per group).
*, p<0.05.  



Autoantigen-specific IL-10-transduced T cells suppress arthritis by promoting the endogenous IL-10 response

81

compared to TGFP cells. A similar trend was found for the anti-murine (m)PG-specific IgG2a

response; 364.1 (±171.5, n=6) in TGFP cell recipients and 130.1 (± 40.3, n=7) in TIL-10 cell 
recipients. Collectively, these data demonstrate that PG-specific TIL-10 cells act on the PG-
specific B cell response by inhibiting PG-specific IgG2a antibody production. 

FIGURE 5.  PG-specific CD4+ TIL-10 cells induce a shift in PG-specific B cell immunity towards a reduced 
IgG2a response in vivo. hPG specific antibodies of the IgG1- and IgG2a isotype were measured in sera by ELISA 
at 4 weeks after transfer of PG-specific CD4+ TIL-10 cells ( ) or TGFP cells ( ) to PG immunized mice as described 
for fig. 2. Concentrations are shown as units relative to a standard of pooled sera of arthritic mice ± SEM (n=5 
mice per group). The results are representative for two experiments. *, p<0.05 for the hPG-specific IgG2a

response in PG-specific TIL-10 cell recipients compared with PG-specific TGFP cell recipients. 

PG-specific TIL-10 cells suppress inflammation via the endogenous IL-10 response
IL-10 has been shown to promote expression of IL-10 not only in several cell types, but IL-10  
also has been shown to induce regulatory capacities in APCs (39) and in CD4+ cells (32, 41) 
during their activation, as a mechanism for infectious tolerance (42). The boosted IL-10 
response that was observed in animals which had received PG-specific TIL-10 cells suggests 
that TIL-10 cells stimulate a protective endogenous IL-10 response. To test if the PG-specific 
TIL-10 cells indeed need to boost the endogenous IL-10 response of the recipient mice to 
accomplish suppression of the arthritic immune response we transferred PG-specific TIL-10

cells in PGIA in IL-10 deficient BALB/c mice. PG-specific TIL-10 cells or PG-specific TGFP 

control cells were transferred to IL-10 deficient BALB/c mice one day before the second PG 
immunization of the PGIA induction protocol. Transfers to IL-10 deficient animals were done 
in parallel with transfers of the same T cell populations to wild type recipients that were used 
as a positive control. Although PG-specific TIL-10 cells ameliorated arthritis in these wild type 
recipients, as shown by data integrated in table II, no difference in the arthritis score could be 
observed compared to the PG-specific TGFP cell recipient control group at any time point in 
IL-10 deficient mice (Fig. 6), showing that PG-specific TIL-10 cells could not suppress arthritis 
in IL-10 deficient mice. Taken together, these data indicate that PG-specific TIL-10 cells 
regulate the arthritic immune response via propagation of the endogenous IL-10 response in
vivo.
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FIGURE 6. PG-specific CD4+ TIL-10 cells do not suppress arthritis in IL-10 deficient recipients. Mice were 
immunized with PG and received 1x106 PG-specific TIL-10 cells ( ) or PG-specific TGFP ( ) cells on the day before 
the boosting PG immunization as described for fig. 2. The graph shows the mean arthritis severity (score) per 
group (n=5 per group) per day ± SEM and is representative for two separate experiments. No significant 
differences were observed at any time point.
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DISCUSSION 
Inflammatory autoimmune disease may result from a disturbed homeostatic balance between 
autoaggressive Teff cells and autoreactive Treg cells. Although several immunoregulatory 
mechanisms have been described, numerous studies indicate IL-10 being crucial for several 
populations of Treg cells to maintain this balance (31). The requirement for an IL-10 response 
to control excessive autoreactive immune responses in arthritis is underscored by studies 
showing that reduced numbers of CD4+ T cells producing IL-10 in rheumatoid arthritis 
patients (30) and a genetic predisposition to low IL-10 production in juvenile idiopathic 
arthritis seemed to correlate with enhanced disease severity (43). Despite these facts, 
treatment of existing autoimmune inflammatory diseases like arthritis with systemic IL-10 
administration has not been particularly successful so far (44). Most likely, for IL-10 to have a 
regulatory effect, targeting of this cytokine to sites of relevant cell-cell interaction is essential. 
In addition, the in vivo administration of ex vivo expanded non-antigen specific Treg cells,
although seemingly attractive, is probably risky as it may lead to uncontrolled immune 
suppression. For these reasons we endeavored to combine antigen directed targeting and 
delivery of IL-10 by the use of antigen-specific IL-10-transduced T cells. In the present study 
we show that administration of IL-10-transduced cartilage PG-specific CD4+ T cells can 
ameliorate chronic PGIA by amplifying a regulatory endogenous IL-10 response. 
 The CD4+ T cells used in this study are specific for the arthritogenic immunodominant 
T cell epitope of cartilage PG and have been shown previously to induce the Th1-dominated
PG-induced arthritis when activated in vivo (10). Although stimulation of CD4+ T cells via 
CD3 plus CD28 that was used for efficient retroviral transduction has been shown to induce a 
Th1-like phenotype (45), 1x106 CD3/CD28-stimulated PG-specific T cells significantly 
suppressed clinical arthritis when transduced with an active IL-10 gene. In addition, analysis 
for the presence of transduced T cells by flow cytometry and RT-PCR after transfer in vivo
indicated that rather low numbers of transduced T cells are effective in suppressing disease. 
This disease suppressive effect was paralleled by a reduced PG-specific production of both 
IL-2 and TNF- , indicating that PG-specific TIL-10 cells specifically control the inflammatory 
autoimmune response. In addition, the finding that OVA-specific TIL-10 cells did not suppress 
arthritis indicated that IL-10 produced by TIL-10 cells was targeted to the PG-specific 
inflammatory response.
 Adoptive transfer studies with transduced antigen-specific T cells in arthritis (46, 47) 
indicated requirement for autoantigen-specificity of transduced T cells to exert their 
suppressive functions locally at the site of inflammation. PG-specific TIL-10 cells migrated to 
joints and draining lymph nodes. This suggests that these cells may interact with pro-
inflammatory cells at locations where cartilage antigens are presented. Although OVA-
specific TIL-10 cells could be found in the inflamed joints and joint-draining LNs, presumable as 
part of a steady-state influx of cells into the site of inflammation, migration of PG-specific TIL-

10 cells was found in these organs at an increased rate. Moreover, PG-specific TIL-10 cells 
could not be found in irrelevant non-lymphoid tissue (pancreas) indicating that PG-specific 
TIL-10 cells preferentially migrated to the inflamed joint-tissue. Furthermore, the IL-10 
concentration in blood was below detection level in protected animals (data not shown), 
suggesting that the systemic level of IL-10 was not substantially increased. Though systemic 
administration of IL-10 is known to suppress PGIA (27), the findings in this study indicate that 
PG-specific TIL-10 cells target IL-10 to the actual site of the autoimmune response rather than 
through a systemic IL-10 response. Recognition of the antigen is required for adequate 
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regulation and only the ability to home to the inflamed organ is not sufficient to regulate 
inflammation. Altogether, these results suggest that autoantigen-specific CD4+ TIL-10 cells
depend on recognition of their cognate autoantigen to sustain interactions of these T cells at 
locations where they counteract inflammatory cells. 
 Moreover, it is now becoming clear that a distinct T cell population, Th17 cells (24, 
48), contributes to (auto)inflammatory responses. This population is characterized as a 
source of the pro-inflammatory IL-17, which has been described to be a crucial cytokine for 
development of autoimmunity and destruction of cartilage in arthritis (49). The reduced IL-
17a response we observed in the protected animals during the chronic phase of arthritis 
would therefore be in line with the idea of IL-17 as a pro-inflammatory cytokine in arthritis and 
suggests that CD4+ T cells that produce IL-10 dampen the pro-inflammatory IL-17 response. 

Early generation of Th17 cells, by stimulation in the presence of TGF-  and IL-6, has 
been shown to be restricted by IL-2 (50). However, other recent studies have demonstrated 
that IL-2 will ultimately lead to expansion of the Th17 cell population (51, 52). Therefore, the 
reduction of IL-17 in our study has to be noted in the context of suppression of the PG-
specific IL-2 response by CD4+ TIL-10 cells. In our study in situ IL-17 mRNA expression in a 
mature stage of disease was reduced by TIL-10 cells, indicating that the reduced PG-specific 
IL-2 response does not sustain development of Th17 cells. These data would rather indicate 
the opposite; reduction of hPG-specific IL-2 in the arthritic immune response may help to 
reduce the expansion of Th17 cells, which would be in line with the recent studies mentioned 
above (51, 52) showing final expansion of Th17 cells by IL-2. The suppression of IL-2 and IL-
17 we found may therefore be placed in the context of IL-10 in the cytokine milieu and further 
study is needed to help elucidating differentiation and growth of Th17 cells. In addition to IL-
17 mRNA expression in situ, PG-specific secretion of IL-17 by splenocytes was analyzed at 
four weeks after transfer of PG-specific TIL-10 or TGFP cells in PGIA. However, splenocytes 
stimulated with PG did not produce IL-17 amounts that were significantly different from the 
unstimulated (medium) controls (data not shown), which is indicative of a rather small 
population of PG-specific Th17 cells. 
 Since B cells and antibodies are essential for the pathogenesis of (PG-induced) 
arthritis and CD4+ T cells are determinants of antigen specific antibody responses, we 
studied how TIL-10 cells would influence autoantibody production. TIL-10 cells reduced the 
human- and mouse PG-specific IgG2a response. This is in line with the effect of TIL-10 cells in 
reducing Th1 responses, as IgG2a is considered a Th1-induced isotype (53) and PG-specific 
IgG2a autoantibodies correlate with severity of Th1-mediated PGIA (27, 40, 54). 
 It has been speculated that IgG2a autoantibodies may elicit a pathogenic effect 
through Fc  receptor III (Fc RIII)-mediated mechanisms (40, 55) indispensable for 
development of PGIA (56, 57). During the effector phase of inflammation, Fc R-immune
complex interaction is supposedly required for the expression of pro-inflammatory cytokines 
and -chemokines in ankle joints to stimulate the influx of lymphocytes, macrophages and 
neutrophils into the joint (57). Therefore, the reduced PG-specific IgG2a response in PG-
specific TIL-10 recipients may indicate that TIL-10 cells control the pro-inflammatory B cell 
response by preventing interaction of harmful autoreactive Th1 cells with B cells.  
 Besides suppressing the inflammatory response, another notable feature of IL-10 is 
its property to promote IL-10 expression and concurrent immunosuppressive features in 
CD4+ T cells (32) and DCs (39). Therefore, the immune modulatory potency of IL-10 
produced by TIL-10 cells may not just be the inhibition of pro-inflammatory mediators, such as 
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TNF-  and IL-17, but may be found even more in the amplification of IL-10 expression and 
concomitant transfer of regulatory qualities. Indeed, expression of IL-10 was elevated in TIL-10

cell recipients not only at the mRNA level and cytokine level, but also relative numbers of 
cells producing IL-10 in situ were elevated as analyzed by flow cytometry, which was most 
pronounced within the CD4- population. Moreover, since within the IL-10+ cell population no 
transduced cells were detected, these data indicate that the elevated IL-10 level measured in 
TIL-10 cell-recipients was not solely produced by the transferred TIL-10 cells, but, at least in 
part, by endogenous cells of the recipient. Furthermore, the finding that PG-specific TIL-10

cells did not protect IL-10 deficient recipients from arthritis indicated that propagation of the 
endogenous regulatory IL-10 response by these TIL-10 cells was indeed required to generate 
regulation of arthritis. Considering their antigen specific interaction with TIL-10 cells, APCs 
such as DCs or antigen specific B cells are good candidates in which TIL-10 cells might 
antigen specifically propagate IL-10 expression. These cells have, in turn, shown to 
propagate the IL-10 producing regulatory Tr1 population (39) and to suppress the generation 
of a pathogenic Teff cell response (3, 39).
 In summary, this study shows that IL-10-transduced CD4+ T cells may control the 
chronic autoimmune response in arthritis, and that their specificity for a cartilage antigen is 
essential. Besides controlling the autoantigen-specific pro-inflammatory cytokine response, a 
suppressive effect was found at the level of B cell immunity. Moreover, it was shown for the 
first time that one of the crucial mechanisms by which such TIL-10 cells control inflammation in 
arthritis is the spreading of expression of IL-10 and concomitant regulatory properties to the 
endogenous immune response. Therefore, autoantigen-specific TIL-10 cells may restore 
immune homeostasis by suppressing the pro-inflammatory response and promoting the 
regulatory endogenous IL-10 response.
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ABSTRACT
Treg and Breg cells are crucial immune regulators, preventing excessive pro-inflammatory 
responses that can lead to autoimmune disease or excessive inflammatory immune 
responses to pathogens. Regulation by these cells is characteristically mediated by their 
production of IL-10, which can suppress Th1 and Th2 responses. Moreover, IL-10 can 
promote growth of regulatory IL-10+ T cells in vitro. Although Th1 and Th2 cells have been 
shown to modulate differentiation of the B cell cytokine and antibody response during B-T 
cell interactions, regulation by IL-10+ Treg cells of B cell differentiation in vivo is unclear. 
Therefore, we addressed in a Th1 and B cell mediated mouse model for rheumatoid arthritis, 
cartilage proteoglycan-induced arthritis, how proteoglycan-specific IL-10+ CD4+ Treg cells 
modulate differentiation of B cells and T cells. Treg cells producing interleukin-10 neither 
down-regulate IFN-  and IL-2 expression by B and CD4+ T cells nor suppress proliferation of 
proteoglycan-specific T cells in their early response in arthritis. However, IL-10+ Treg cells 
increase populations of B and T cells producing IL-10 but do not induce TGF-  and Foxp3 
expression. Together, these results suggest that Treg cells producing IL-10 regulate 
autoimmune differentiation in inflammation mainly in sustaining B and T cells producing IL-
10.
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INTRODUCTION
In the past decade there has been an explosion of interest in the phenotype and 
immunosuppressive functions of regulatory CD4+ T (Treg) cell subsets in active regulation (1, 
2) of harmful antigen-driven immune responses. Recently, also crucial regulatory activities of 
B cells in antigen-driven inflammatory disorders have been identified (3-8). These findings 
suggest that active regulation of antigen-driven inflammation is part of a complex mechanism 
of immune homeostasis maintaining well balanced differentiation of adequate but non-
excessive responses of B cells and T cells. 

Interleukin-10 (IL-10) production has been shown to be an important characteristic of 
the phenotype and regulatory actions of Treg cells (2). Beside suppressing immune activation, 
IL-10 promotes development of  a population of IL-10-expressing CD4+ Treg cells in vitro (9). 
Moreover, systemic over-expression of IL-10 induces CD4+CD25+ cells in vivo (10).
However, the role of IL-10 for B cell function seems more diverse. IL-10  has long been 
known as a growth and differentiation factor for B cells in vitro as it stimulates B cell 
proliferation and antibody class switching (11, 12). In addition, some B cells have been 
described to have regulatory properties (Breg cells), and IL-10 expression is characteristic of 
and required for the regulatory effects of these Breg cells (3-8, 13). However, studies on 
effects of IL-10 on activation and differentiation of B cells in the local context in which IL-10 is 
provided by CD4+ T cells in vivo remains rather undefined.

It is evident that B cells and T cells direct each other’s expansion and differentiation 
during B-T cell interaction (14). This interaction is needed to generate effective immune 
responses to infections as well as to induce or sustain several inflammatory autoimmune 
responses (14-17). During such interaction Th cells can direct differentiation of effector B (Be)
cells (18), which can in turn, influence differentiation of Th1 or Th2 cells. However, lymphocyte 
interactions leading to regulatory phenotypes are still rather unexplored. Recently, B-T cell 
interaction for regulatory responses was demonstrated in a study by Mann et al. (19) 
showing that B cells regulate CD4+CD25+ Treg cells and IL-10 expression. Regarding these 
observations it is tempting to argue that IL-10-producing (IL-10+) Treg cells may interact with B 
cells to induce polarization towards IL-10 production, which is characteristic for Breg cells.  In 
this study we asked whether IL-10+ Treg cells direct differentiation of the cytokine responses 
of B cells and T cells in an inflammatory setting at the cellular level. To assess differentiation 
in an inflammatory setting we studied lymphocytes in proteoglycan-induced arthritis (PGIA). 
This is a progressive model in mice for study on rheumatoid arthritis (20) and is mediated by 
both B and Th1 cells responding to cartilage proteoglycan (16, 20, 21).

Recently, we have shown that cartilage antigen-specific IL-10 producing CD4+ T (IL-
10+ Treg) cells ameliorate arthritis by propagating the endogenous regulatory IL-10 response, 
while reducing the antigen-specific IgG2a response by B cells (chapter 4). Therefore, we 
hypothesized that these IL-10+ Treg cells promote IL-10 expression in B cells and naïve 
cartilage antigen-specific CD4+ T cells. To this end we studied the influence of cartilage 
proteoglycan (PG)-specific IL-10+ Treg cells on B and CD4+ T cell-differentiation in PGIA. At 
different time points after Treg transfer in PGIA, endogenous B cells, endogenous CD4+ T 
cells and the transferred IL-10+ Treg cells were isolated and analyzed for differentiation of their 
cytokine responses. In addition, CFSE-labeled naive arthritogenic PG-specific CD4+ T cells 
were co-transferred with the IL-10+ Treg cells, and analyzed in order to determine the effect of 
IL-10+ Treg cells on proliferation and differentiation of PG-specific T cells in vivo.
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MATERIALS AND METHODS 

Mice and antigens
BALB/c retired breeder mice (obtained from Charles River Laboratories, Maastricht, The 
Netherlands) were kept at the animal facility of the University of Utrecht; “Gemeenschappelijk 
Dierenlaboratorium” (GDL) under standard conditions in filtertopped cages. TCR-5/4E8-Tg 
BALB/c mice (22, 23) were bred and kept at the GDL under specific pathogen free 
conditions. Human PG (hPG) was prepared as described earlier (22). All animal experiments 
were approved by the Animal Experimental Committee of the Veterinary Faculty of the 
University of Utrecht.

Construction of plasmids and production of retrovirus 
Murine IL-10 cDNA was obtained using specific primers (5’-AGA TCT TTG CAG AAA AGA 
GAG CTC CA-3’ and 5’-GTC GAC TGG AGT CCA GCA GAC TCA AT-3’) and cloned into 
the MSCV2.2 plasmid encoding the selection marker GFP. 

Ecotropic replication-deficient retrovirus was produced with a Phoenix-Eco packager 
cell line cultured in supplemented DMEM (Gibco Life Technologies, Breda, The Netherlands) 
containing 10% heat inactivated FCS (Bodinco B.V., Alkmaar, The Netherlands) at 37°C. For 
transfection, 500 µl of 0.25 M CaCl2 containing 20 µg MSCV-plasmid and 5µg PCL-Eco 
plasmid was mixed thoroughly with an equal volume HBS buffer pH 7.02 and added to the 
cells. At 20 hours after transfection the supernatant was replaced with fresh medium. Within 
24 hours thereafter, supernatant containing the retrovirus was harvested, filtered with a 45 
µM filter, snap-frozen and stored frozen until use. Again fresh medium was added, virus was 
harvested the next day and pooled with the previous supernatant for infection. 

Generation of IL-10+ Treg cells 
Single-cell suspensions were prepared from pooled spleen and lymph nodes of TCR-5/4E8-
Tg BALB/c mice using cell strainers. CD4+ T cells from single cell suspensions were isolated 
with anti-CD4 (L3T4) magnetic microbeads (MACS, Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) and stimulated with magnetic M-450 Tosylactivated Dynabeads (Dynal 
Biotech ASA, Oslo, Norway) coated with anti-CD3 (145-2C11) and anti-CD28 (PV-1) mAbs in 
supplemented DMEM. After 48 hours cells were transduced with retrovirus-containing 
supernatant supplemented with 8µg/ml hexadimethrine bromide (Sigma-Aldrich Chemie BV, 
Zwijndrecht, The Netherlands). Plates were centrifuged at 730xG at 20°C for two hours for 
retroviral transduction. Subsequently, supernatant was replaced with fresh medium and cells 
were cultured for another 48 hours. Cells were removed from the stimulating beads and 
transduced cells (normally 60-80% prior to sorting) were sorted by GFP expression with a 
FACSVantage SE (Becton Dickinson). Acceptor mice received 2x106 sorted IL-10/GFP-
transduced CD4+ cells or, as a control, GFP-transduced CD4+ cells, injected iv. in PBS on 
day 20.

Preparation and labeling of CD4+ responder T cells 
CD4+ T cells from single-cell fractions of pooled spleens and lymph nodes of TCR-5/4E8-Tg 
BALB/c mice were enriched by negative selection with Dynabeads (Dynal) using anti-B220 
(RA3-6B2), anti-CD11b (M1/70), anti-MHC class II (M5/114) and anti-CD8 (YTS169) mAbs 
as hybridoma supernatants and were subsequently labeled with CFSE (Molecular Probes, 



Propagation of IL-10 in B and T cells by IL-10+ Treg cells 

93

Leiden, The Netherlands) as described elsewhere (24). Per mouse 8x106 CFSE+ cells were 
transferred in PBS i.v. on day 20. 

Induction of arthritis
Arthritis was induced in retired breeder BALB/c mice by i.p. injections with 400 g of purified 
hPG emulsified in 2 mg of the synthetic adjuvant dimethyl-dioctadecyl-ammoniumbromide 
(DDA) (Sigma) in PBS (total volume of 200 µl) on day 0 and day 21 as described elsewhere 
(25, 26). 

Flow cytometry and sorting of CD19+ and CD4+ cells from treated mice 
Unstimulated spleen- or lymph node single cell populations from acceptor mice were isolated 
at day two, four or six after the arthritogenic second PG-immunization and stained with anti-
CD19-PE, anti-CD4-APC or anti-CD8-APC (BD Pharmingen) in PBS/ 2% FCS/ 5% NMS and 
either analyzed with a FACS Calibur (Becton Dickinson) or sorted with a FACS Vantage 
(Becton Dickinson).  For cell sorting GFP+ and CFSE+ cells were distinguished using a 
550nm long pass filter. 
For intracellular cytokine staining single-cell suspensions of spleen cells were cultured for six 
hours at 2x106 cells/ml supplemented IMDM (Gibco) with 50 ng/ml PMA (Sigma) plus 500 
ng/ml ionomycin (Sigma) in the presence of 10 g/ml Brefeldin A (Sigma) during the final four 
hours. Cells were stained with anti-CD19-PE and anti-CD4-PerCP mAbs (BD Pharmingen) 
and non-specific binding was blocked by 5% NMS. After washing, cells were fixed, 
permeabilized and stained anti-IL-10-APC, anti-IL-2-APC or anti-IFN- -biotin mAb (BD 
Pharmingen) using Permeabilization/fixation buffers (BD Pharmingen) according to the 
manufacturer’s instructions. Anti-IFN- -biotin stained cells were stained with streptavidin-
APC and washed in permeabilization buffer (BD Pharmingen). Cells were analyzed with a 
FACS Calibur and results were analyzed with FlowJo software. 

cDNA synthesis and quantitative real-time (RT)-PCR for cytokine- and GFP expression 
Total mRNA was extracted with the RNeasy kit (Qiagen Benelux B.V., Venlo, The 
Netherlands) and treated with DNase (Qiagen) using the manufacturers protocol. 
Subsequently, RNA was transcribed into cDNA using the iScriptTMcDNA Synthesis Kit (Bio-
Rad Laboratories B.V., Veenendaal, The Netherlands). Quantitative real-time PCR was 
performed in a total volume of 25 µl using iQTM SYBR Green  Supermix (Bio-Rad). Primers 
specific for IL-10 (5’-GGT TGC CAA GCC TTA TCG GA-3’ and 5’-ACC TGC TCC ACT GCC 
TTG CT-3’), HPRT (5’-CTG GTG AAA AGG ACC TCT CG-3’ and 5’-TGA AGT ACT CAT 
TAT AGT CAA GGG CA-3’), Foxp3  (5’-CCC AGG AAA GAC AGC AAC CTT-3’ and 5’-TTC 
TCA CAA CCA GGC CAC TTG-3’), TGF-  (5’-GCC CTG TAT TCC GTC TCC TCC TTG-3’ 
and 5’-CGT AAC CGG CTG CTG ACC-3’), IFN-  (5’-TCA AGT GGC ATA GAT GTG GAA 
GAA-3’ and 5’-TGG CTC TGC AGG ATT TTC ATG-3’), IL-2 (5’-TGA GCA GGA TGG AGA 
ATT ACA GG-3’ and 5’-GTC CAA GTT CAT CTT CTA GGC AC-3’) and GFP (5’-AGA ACG 
GCA TCA AGG TGA AC-3’ and 5’-TGC TCA GGT AGT GGT TGT CG-3’) were used at a 
concentration of 0.25 µM. PCR (3 min at 95°C, 40 cycles of 10 s at 95°C and 45 s at 59.5°C) 
and real-time detection was done with a Bio-Rad MyiQ iCycler (Bio-Rad). Expression of IL-10 
was normalized to the detected Ct values of HPRT for each sample.
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Statistics
Data are expressed as mean ± standard error of the mean (SEM). Statistical evaluation was 
done with a t-test (two-tailed). P values below 0.05 were considered significant. 
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RESULTS

IL-10+ Treg cells do not suppress proliferation of antigen-specific T cells in arthritis 
A well known characteristic of Treg cells is their capacity to suppress proliferation of T cells 
responding in their vicinity through IL-10. Suppression of the number of autoreactive helper T 
cells may be a mechanism to ameliorate autoimmune inflammation. Therefore, the capacity 
of PG-specific IL-10+ Treg cells to suppress the proliferative response of autoreactive  (PG-
specific) CD4+ T cells in arthritis was tested in vivo by co-transferring CFSE-labeled (CFSE+)
PG-specific CD4+ T cells together with PG-specific IL-10+ Treg cells in PG-induced arthritis on 
the day before the arthritogenic second PG-immunization (group 2, Fig. 1). IL-10+ Treg cells 
were generated ex vivo through transduction with an active IL-10 gene. As a control, PG-
specific CD4+ T cells transduced with only a GFP-gene (no IL-10) were co-transferred with 
the PG-specific CFSE+CD4+ T cells (group 1, Fig. 1). On day two, four and six after the 
second PG-immunization, CFSE+CD4+ cells in spleen and joint-draining lymph nodes were 
analyzed for proliferation by dilution of CFSE. Dividing CFSE+ PG-specific CD4+ T cells were 
clearly visible within four days after PG-immunization in both spleen as well as the joint-
draining lymph nodes (Fig. 2A). The number of dividing cells in the PG-specific CFSE+CD4+

T cell population in the IL-10+ Treg cell-recipients did, however, not significantly differ from the 
number of dividing PG-specific CFSE+CD4+ T cells in the control group at any time point 
analyzed within the first six days after PG-immunization. 

FIGURE 1. Co-transfer of PG-specific IL-10+ Treg cells or controls with CFSE-labeled PG-specific T cells in 
PG-induced arthritis. To induce arthritis BALB/c mice were immunized with proteoglycan (PG) twice with an 
interval of 20 days. On the day before the arthritogenic second PG-immunization either 2x106 IL-10+ Treg cells (IL-
10GFP-transduced; group 2) or 2x106 PG-specific control (GFP-only-transduced; group 1) CD4+ T cells were 
transferred together with 7.5x106 CFSE-labeled PG-specific CD4+ T cells. B cells (CD19+), CFSE-labeled PG-
specific CD4+ T cells (CD4+CFSE+), PG-specific IL-10+ Treg cells (CD4+IL-10GFP+), PG-specific control T cells  
(CD4+GFP+) or endogenous CD4+ T cells (CD4+(IL-10)GFP-CFSE-) cells were analyzed by flow cytometry or 
sorted by FACS for analysis. 
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To analyze the survival of the IL-10+ Treg cell population in vivo, the number of  IL-10+

Treg cells (group 2) or control CD4+ T cells (group 1) was determined by flow cytometry for the 
number of GFP expressing CD4+ cells. The number of PG-specific IL-10+ Treg cells did not 
differ from the number of control T cells at any time point analyzed in both spleen and joint-
draining lymph nodes (Fig. 2B).

Together, these data suggest that PG-specific IL-10+ Treg cells do not regulate 
autoimmune inflammation by blocking early proliferation of autoantigen-specific T cells and 
that IL-10 expressed by autoantigen-specific IL-10+ Treg cells does not inhibit proliferation of 
these Treg cells in vivo.

FIGURE 2. PG-specific IL-10+ Treg cells do not suppress division of PG-specific CD4+ T cells. Flow
cytometry of numbers (%) of CD4+ T cells that were transferred as described in figure 1 at two, four or six days 
after the arthritogenic PG-immunization. Upper graphs show analysis of the number of cells in division within the 
CFSE+CD4+ T cell population in spleen (A, left panel) and joint-draining LN (A, right panel) at different time points 
after the second PG-immunization. Lower panels show numbers (%) of IL-10+ Treg cells or control T cells detected 
by flow cytometry within spleen (B, left panel) or joint-draining LN (B, right panel). Black bars ( ) show means of 
IL-10+ Treg-recipients (n=3), white bars ( ) show controls (n=3). Error bars represent SEM. 
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IL-10+ Treg cells do not down-regulate IL-2 and IFN-  in CD4+ T cells during the early 
immune response 
Reduced IFN-  and IL-2 production by T cells has been associated with downregulation of 
Th1-mediated autoimmune disorders like arthritis. To test whether IL-10+ Treg cells alter 
differentiation of PG-specific T cells towards IL-2 and IFN-  producing cells in arthritis, we 
transferred PG-specific IL-10+ Treg cells or control T cells together with PG-specific 
CFSE+CD4+ T cells in PG-induced arthritis as described in the previous section (Fig. 1). The 
transferred PG-specific CFSE+CD4+ T cells in spleen were analyzed by flow cytometry for 
their IL-2 and IFN-  production on day two, four and six after the arthritogenic PG-
immunization (Fig. 3A). In addition, differentiation of intracellular IFN-  and IL-2 production 
within the recipient’s endogenous CD4+ T cell population was analyzed by flow cytometry 
(Fig. 3B). 

FIGURE 3. PG-specific IL-10+ Treg cells do not regulate differentiation of CD4+ T cells to IL-2 or IFN-
producers in the early arthritogenic response. Mice were treated as described in figure 1. On the different time 
points after the arthritogenic PG-immunization indicated PG-specific CFSE+ T cells were analyzed by flow 
cytometry for expression of IL-2 (A, left panel) and IFN-  expression (A, right panel). In addition, endogenous 
CD4+ T cells from spleen were analyzed for intracellular IL-2 (B, left panel) and IFN-  (B, right panel) by flow 
cytometry. Data are represented as means of the number (%) of cytokine+CD4+ cells in spleens of IL-10+ Treg-
recipients ( ) (n=3) or controls ( ) (n=3). Error bars represent SEM. 
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FIGURE 4. PG-specific IL-10+ Treg cells do not induce expression of TGF-  and Foxp3, but propagate IL-10 
expression in CD4+ T cells. On the different days after the arthritogenic PG-immunization, PG-specific CFSE+ T 
cells transferred as described in figure 1 were sorted from spleen with FACS and analyzed for expression of IL-10 
(A, upper panel), Foxp3 (C) and TGF- 1 (D) by quantitative RT-PCR. IL-10 expression in spleen T cells was also 
quantified by flow cytometry of the number of IL-10+CD4+CFSE+ (transferred PG-specific) cells (A, lower panel) 
and the number of endogenous (CFSE-) IL-10+CD4+ cells (B). Black bars ( ) show means of values in IL-10+ Treg-
recipients (n=3), white bars ( ) show means of controls (n=3). Error bars represent SEM.  *p<0.05. 
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The data show that within the first six days after the PG-immunization, IL-10+ Treg cells did 
not substantially affect the number of IL-2+ or IFN- + PG-specific CFSE+ (Fig. 3A) or 
endogenous CD4+ T cells compared with the control group (Fig. 3B). This suggests that IL-
10+ Treg cells do not regulate primarily by suppressing arthritogenic IFN-  and IL-2 production 
in (PG-specific) T cells.

IL-10+ Treg cells promote the production of IL-10 but not TGF-  or Foxp3 in T cells 
IL-10 has been described to play an important role in expansion of several regulatory cell 
types. For example, IL-10 can induce differentiation and expansion of IL-10+ regulatory TR1
cells in vitro (9) and IL-10 is involved in the induction of TGF- + regulatory Th3 cells (27). In 
addition, IL-10 participates together with IL-2 and TGF-  in the induction of Foxp3+

CD25+CD4+ Treg cells in vitro (28). Therefore, we asked if IL-10+ Treg cells could induce 
expression of IL-10, TFG-  and Foxp3 in the early response of CD4+ T cells in an 
arthritogenic environment in vivo. To address this question, we co-transferred PG-specific IL-
10+ Treg cells or controls together with PG-specific CFSE+CD4+ T cells in PG-induced arthritis 
as described in figure 1. For in situ expression of IL-10, TGF- 1 and Foxp3 in PG-specific 
CFSE+ T cells, these T cells were sorted from spleens of IL-10+ Treg-recipients or controls 
and expression of IL-10, Foxp3 and TGF- 1 was analyzed by quantitative RT-PCR.

The PG-specific CFSE+ T cell population showed a substantial increase in IL-10 
mRNA expression in situ in those animals that had received IL-10+ Treg cells as compared 
with the control group at six days after arthritogenic PG-immunization (Fig. 4A, upper panel), 
indicating propagation of IL-10 in the PG-specific T cells by the IL-10+ Treg cells.

In addition to the quantitative RT-PCR data, propagation of IL-10 expression in PG-
specific CD4+ T cells and in endogenous CD4+ T cells was analyzed by flow cytometry of 
intracellular IL-10 production within transferred PG-specific CFSE+CD4+ T cells (Fig. 4A, 
lower panel) and endogenous GFP-CFSE-CD4+ T cells (Fig. 4B). A substantial increase in 
the number of PG-specific (CFSE+) IL-10+ T cells was observed (Fig. 4A) in hosts that had 
received IL-10+ Treg cells. In addition, a significant elevation in the number of endogenous IL-
10+ T cells was found in this group compared to the control group at six days after the 
arthritogenic PG-immunization (Fig. 4B). 

IL-10+ Treg cells did not affect expression of Foxp3 (Fig. 4C) or TGF- 1 (Fig. 4D) at 
the transcriptional level in sorted CFSE+ PG-specific CD4+ T cells. Also induction of TGF- 1
or Foxp3 was not found in the IL-10+ Treg cells, compared with control T cells at any of these 
time points (data no shown).

Altogether, these data indicate that autoantigen-specific IL-10+ Treg cells regulate on 
the autoantigen specific T cell response by propagating IL-10+ CD4+ T cells and not by 
inducing TGF- + and/or Foxp3+ T cells. 

PG-specific IL-10+ Treg cells sustain B cell activation in PG-induced arthritis 
IL-2 and IFN-  are two major cytokines characterizing effector B cell differentiation in the 
presence of Th1 or Th2 cells (18). To find out if IL-10+ Treg cells suppress B cell differentiation 
in Th1-mediated PGIA, the IL-2 and IFN-  responses were analyzed in the CD19+ spleen 
population after transfer of PG-specific IL-10+ Treg cells or control T cells as described in 
figure 1. Intracellular staining for IL-2+CD19+ cells and IFN- +CD19+ cells showed that IL-10+

Treg cells did not alter the number of IFN- + B cells compared with the control group (Fig. 5A, 
right panel). However, a significant rise in the number of IL-2+CD19+ cells was found cells in 
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IL-10+ Treg cell-recipients compared with controls at six days after arthritogenic PG-
immunization (Fig. 5A, left panel), left panel. At the same time of six days, we found 
increased numbers of CD19+ cells in spleens of mice that had received IL-10+ Treg cells (Fig. 
5B) compared with controls. 

These data indicate that IL-10+ Treg cells do not regulate inflammation in arthritis by 
suppressing polarization of the B cells to IL-2 or IFN-  producers, but rather sustain the 
presence of higher numbers of B cells producing IL-2.

FIGURE 5. PG-specific IL-10+ Treg cells do not inhibit differentiation of the IL-2 and IFN-  response in B 
cells. After transfer of T cells as described in figure 1, numbers (%) of IL-2+CD19+ cells (A, left panel) and IFN-

+CD19+ cells in spleen were determined with flow cytometry. Also numbers (%) of CD19+ cells in spleens were 
analyzed with flow cytometry. Black bars ( ) show means of counted numbers in IL-10+ Treg-recipients (n=3), 
white bars ( ) show controls (n=3). Error bars represent SEM. *p<0.05. 

IL-10+ T cells promote growth of IL-10+ B cells
We hypothesized that IL-10+ Treg cells may propagate the IL-10 response in B cells in 
arthritis. Therefore, IL-10 expression by B cells was analyzed after transfer of PG-specific IL-
10+ Treg cells or PG-specific control T cells as described in figure 1. At different time points 
after transfer IL-10 expression by B cells in situ was analyzed by direct quantitative RT-PCR 
on CD19+ cells sorted from spleen. In addition, differentiation of the B cell population was 
analyzed by flow cytometry for intracellular IL-10 in CD19+ cells (Fig. 6). Both quantitative 
RT-PCR (left panel) and flow cytometry (right panel) showed a substantial rise in the 
expression of IL-10 in B cells four days after transfer of IL-10+ Treg cells.
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In summary, these data suggest that IL-10+ Treg cells do not regulate an early 
inflammatory response by suppressing the IL-2 or IFN-  lymphocyte response but rather by 
propagating the number of IL-10+ B and T cells in an otherwise arthritogenic immune 
response.

FIGURE 6. PG-specific IL-10+ Treg cells promote differentiation of the IL-10 response in B cells. After 
transfer of T cells as described in figure 1 differentiation of the IL-10 response in splenic B cells was analyzed by 
quantitative RT-PCR on sorted CD19+ cells (left panel) and by flow cytometry for the number of IL-10+CD19+ cells 
(right panel). Black bars ( ) show means found in IL-10+ Treg-recipients (n=3), white bars ( ) show mean values of 
controls (n=3). Error bars represent SEM. *p<0.05. 
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DISCUSSION 
The phenotype of lymphocytes is a critical determinant for either maintenance of immune 
tolerance or induction of inflammation. The mode of stimulation (29-31) and the cytokine 
milieu (32) of lymphocytes are major factors that contribute to the final outcome of 
lymphocyte differentiation. Since B cells can specifically interact with Th cells recognizing 
antigens presented by B cells, both cell types can cooperatively determine the differentiation 
of antigen-specific responses (18, 33).

IL-10 has often been demonstrated to be crucial for prevention or down regulation of 
IFN-  and IL-2 expressed in Th1-responses that dominate in many inflammatory autoimmune 
disorders. IL-10 is produced and required for active regulation by different subsets of Treg

cells (2), Breg cells (3) but also, as part of an autocrine negative feedback mechanism, by Th1
cells (34). Recent studies have focused on identifying mechanisms by which CD4+ Treg cells 
regulate Th1 or Th2 effector responses through IL-10 and other regulatory molecules (35). 
However, little is known on how CD4+ Treg cells expressing IL-10 regulate B cell cytokine 
responses in vivo. Especially, studies on the induction of IL-10 in B cells by T cells are 
scarce. In this study we therefore addressed if regulatory T cells that produce IL-10 could 
modulate the B cell cytokine response during the early inflammatory autoimmune response 
in arthritis. Furthermore, also the effect of IL-10+ Treg cells on the IL-10 response of T cells in
vivo is rather undefined. For this we tested the modulating effects of IL-10-transduced 
cartilage PG-specific CD4+ T cells (IL-10+ Treg cells) in PGIA. Such antigen-specific IL-10+ Treg

cells have previously been shown to suppress inflammation in this B and T cell mediated 
arthritis model (chapter 3&4), and also in OVA-induced arthritis and allergy (36, 37) and in 
non-obese diabetic mice (38). In addition to studying effects on the B cell response, we 
questioned in which direction IL-10+ Treg cells would differentiate the CD4+ T cell response in
vivo.

We analyzed cytokine responses of B and T cells at different time points during the 
first week after arthritogenic PG-immunization. B-T interactions and resulting lymphocyte 
responses in vivo are evident within four days after immunization (15, 39). Moreover, 
differentiation of the cytokine response of T and B cells during their interaction is induced 
within three to four days (18, 39). Overt proliferation of PG-specific CD4+ T cells was found 
within four days after PG-immunization. However, PG-specific IL-10+ Treg cells did not 
significantly suppress the proliferation of naive PG-specific T cells compared with the control 
groups within the first six days after transfer. This indicates that IL-10+ Treg cells do not 
suppress the autoimmune response that leads to inflammation by just reducing the number 
of responding autoreactive T cells during the early phase of the immune response. Moreover, 
the absence of effects on antigen-specific T cell proliferation in the early phase of the 
arthritogenic response has been described earlier in a study showing that antigen-specific IL-
10+ Treg cells suppressed antigen-induced arthritis without affecting the proliferation of 
antigen-specific T cells (36). However, IL-10+ T cells have been shown to suppress T cell 
proliferation by secretion of IL-10 in vitro. This contrasting finding may be explained by the 
differences between the in vitro and in vivo situations like localization of cell-cell interactions, 
stimulatory properties of different types of APCs and pro-inflammatory micro-environment, 
which are more diverse and dynamic in the in vivo situation. Furthermore, timing, which 
contributes to the outcome of immune interactions (40), may differ between studies.

Besides exploring their effects on T cell proliferation, we assessed whether IL-10+ Treg

cells affected the early cytokine response of T cells in vivo since IL-10 has been described to 
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suppress IFN-  and IL-2 expression in T cells that sustain inflammation (45). IL-2 is a 
proliferative factor that can stimulate growth of Th1 cells producing IFN-  and B cells. 
Moreover, IL-2 is also important for regulation by Foxp3+ Treg cells  and may be involved in 
modulation of pro-inflammatory Th17 cell responses (41-44). PG-specific IL-10+ Treg cells did 
not suppress the number of IL-2 producing cells in either naive PG-specific CD4+ T 
population or the endogenous CD4+ T cell population, which would be in line with the finding 
that IL-10+ Treg cells did not significantly suppress early T cell proliferation in vivo. Moreover, 
PG-specific IL-10+ Treg cells did not suppress the numbers of IFN- +CD4+ T cells in the 
endogenous and transferred PG-specific cell populations. Together, these data indicate that 
IL-10+ Treg cells do not per se regulate autoimmune mediated inflammation by inhibiting 
activation of an early Th1 response.

Since IL-10+ Treg cells did not suppress early IL-2 and IFN-  expression in CD4+ T 
cells, we reasoned that not suppression of these particular cytokines, but rather stimulation 
of regulatory cytokines in CD4+ T cells may be part of immune regulation by IL-10+ Treg cells. 
In concert with IL-2 and TGF- , IL-10 has been shown to induce of expression of Foxp3+ T 
cells (28), which is, together with expression of TGF- , a hallmark of the phenotype of 
CD4+CD25+ natural Treg cells (2, 46). However, in our study IL-10+ Treg cells did not induce an 
increase in Foxp3 or TGF-  expression in CD4+ T cells. This indicates that IL-10 expression 
by T cells does not promote expansion of cells with a natural Treg phenotype (Foxp3+) or Th3
phenotype (TGF- +) in vivo. Previous studies, however, have shown that IL-10 is involved in 
the induction of these Treg phenotypes in vitro (9, 27). Conflicting results may be explained by 
the fact that in vitro, only a limited number of differentiation factors were present to induce 
Foxp3+ Treg cells. In the in vivo setting in our study, however, IL-10 was expressed by 
antigen-specific T cells in a more physiologic and richer milieu. Furthermore, our data 
indicate that T cells can gain anti-inflammatory functions without elevated Foxp3 expression. 
This is supported by earlier studies (47), showing that although Foxp3 is an important factor 
for development and function of some Treg cells, it is not a prerequisite for regulation by all 
Treg cells. In addition, suppression without up-regulation of TGF-  expression may be 
explained by the capacity of IL-10 to induce expression of TGF-  receptor type II (48), 
rendering cells more sensitive to TGF-  mediated regulation, while expression of TGF- ,
which is widely expressed in different tissues, does not necessarily has to be elevated.

Another mechanism that may amplify regulatory activity in T cells, especially by IL-10, 
is the propagation of IL-10 expressing T cells. Despite their production of IFN- , these IL-10-
induced regulatory T cells (TR1 cells) abundantly express IL-10 and suppress the 
inflammation of colitis (9). In our study we found that IL-10+ Treg cells sustained the number of 
IL-10+CD4+ cells in both co-transferred PG-specific CD4+ T cell and endogenous CD4+ T cell 
populations. Altogether, these data show that in the CD4+ T cell response in the early phase 
of arthritis uniquely IL-10 expression is modulated by IL-10+ Treg cells, which may be a major 
part of the mechanism by which IL-10+ Treg cells maintain immune homeostasis to suppress 
harmful tissue-specific inflammation. 

B cells are crucial for the induction and perpetuation of arthritis as APC for T cells and 
as producers of pro-inflammatory autoantibodies (16).  On the other hand, B cells expressing 
IL-10 have been show to exert immunoregulatory functions crucial for suppression of 
autoimmune-mediated inflammation (4-6, 8). Previously, we have shown that PG-specific IL-
10+ Treg cells suppress the production of PG-specific IgG2a antibodies (chapter 4). Regarding 
close cellular interactions between antigen-specific B and Th cells and their capacity to 
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reciprocally influence Th and B cell cytokine responses (15-18, 49), we addressed the effect 
of IL-10+ Treg cells on B cell differentiation as shown by their cytokine responses.

At six days after the second PG-immunization the number of B cells was elevated in 
mice that had received PG-specific IL-10+ Treg cells as compared with animals that had 
received control T cells. Moreover, the number of IFN- + B cells was not affected by IL-10+

Treg cells, but the number of IL-2+ B cells appeared higher compared to controls. In vitro
studies have indicated that IL-10 can induce B cell proliferation mediated by IL-2 (11, 12). 
Therefore, our latter finding suggests that IL-10 from T cells may promote growth of B cells 
that interact with the T cells through propagation of IL-2 expression in the B cell population 
during the early response. 

IL-10+ Treg cells stimulated IL-10 production in the B cell population during the early 
phase of PGIA. This indicates that in parallel with induction of IL-4 in B cells by Th2 cells that 
produce IL-4 or the induction of IFN-  in B cells by Th1 cells that produce IFN-  (18), T cells 
producing IL-10 favor expression of IL-10 in B cells. Since IL-10 production is crucial for 
regulatory functions of Breg cells (4-6), our results suggest that Treg cells that produce IL-10 
may perpetuate their regulatory functions through induction of IL-10+ Breg cells during their 
interaction with B cells responding to (auto)antigens. 

Thus, we have shown that PG-specific IL-10+ Treg cells stimulate IL-10 expression not 
only in the CD4+ T cell population but also in the B cell population during the early phase of 
PGIA. These cells did so without substantially inhibiting T cell proliferation or differentiation of 
T cell cytokine responses that are thought to correlate with activation of Th1 cells. Moreover 
they did not up-regulate expression of Foxp3 or TGF-  in CD4+ T cells. In a previous study 
we have shown that the anti-inflammatory action PG-specific IL-10+ Treg cells in PG-induced 
arthritis critically depends on the amplification of the endogenous IL-10 response of the host 
(chapter 4). Therefore, amplification of the IL-10 response in interacting T and B cells, 
rendering them regulatory cells, may be part of the mechanism that is responsible for 
antigen-specific regulation by IL-10+ Treg cells. Further studies should decipher how these 
induced IL-10+ T and B cells act on immune responses to help translate such underlying 
regulatory mechanisms to curative therapies. moreover, propagation of the expression of 
immunosuppressive IL-10 in T cells as well as B cells may be taken into account in 
development of therapies that target B (27) or T cells (50) to treat autoimmune-mediated 
inflammatory disease. 
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Under homeostatic conditions a fine-tuned balance between pro-inflammatory and anti-
inflammatory immune responses exists to defend the host against unwanted invaders, while 
avoiding damage to the host that would occur by immune responses becoming too 
aggressive. Disturbance of this physiological immune homeostasis may provoke the 
generation of aggressive immune responses directed to tissue antigens that lead to 
autoimmune disorders (1, 2), for example responses to joint-antigens in rheumatoid arthritis 
(RA). Therapies used for treatment of inflammation in autoimmune disorders aim to suppress 
aggressive immune responses by administration of (biological) drugs that neutralize or 
counteract pro-inflammatory activity of cells. Although they can relieve symptoms in patients, 
systemically applied drugs increase risk for serious infections (3). Therefore, current 
research explores alternative approaches for therapy that aim to restrict immune intervention 
to restoring tissue antigen-specific immune homeostasis.

Autoreactive CD4+ T cells perform important functions in both pathogenesis and 
regulation of tissue inflammation in autoimmune disorders, depending on their phenotype (4). 
Autoantigen-specific CD4+ T cells with an (ex vivo induced) benign phenotype have therefore 
been proposed to intervene in the pro-inflammatory autoantigen-specific immune response in 
favor of immunoregulatory responses to restore immune homeostasis (5-7). The studies 
described in this thesis were designed to explore such antigen-specific intervention in 
experimentally induced autoimmune arthritis with ex vivo manipulated autoantigen-specific T 
cells. The following paragraphs will put the major findings in perspective. 

Proteoglycan-specific CD4+ T cells can promote arthritis 
Therapies that aim at depletion or manipulation of T and B cells in patients have 
demonstrated the arthritogenic potential of lymphocytes (8, 9). Moreover, T cell- (10-12) and 
B cell responses (13) with specificity for PG have been found in RA patients, indicating PG 
as a candidate autoantigen involved in the induction or perpetuation of arthritis. In BALB/c 
mice, immunization with cartilage PG induces a chronic arthritis. This proteoglycan (PG)-
induced arthritis (PGIA) shares clinical and histopathological features with RA (14, 15). In 
addition, autoimmunity in PGIA depends on CD4+ T cells (16, 17) and is also mediated by B 
cells and their antigen-specific antibodies (18). Therefore, PGIA is a representative model to 
study immune pathology of RA. 

In chapter 2 we have described the generation and characterization of a transgenic 
mouse containing a CD4+ T cell population that is highly enriched for cells expressing a 
functional T cell receptor (TCR) that is specific (19) for the immunodominant arthritogenic T-
cell epitope (16, 20-22) of PG  (which is the I-Ad-restricted 5/4E8 epitope; peptide PG70-84).
The genetic code of this transgenic TCR was derived from the arthritogenic 5/4E8 T-cell 
hybridoma (16). PG-specific CD4+ T cells from 5/4E8 TCR-Tg mice had high arthritogenic 
potential, when compared with CD4+ T cells from wild type donors, as shown by a higher 
arthritis-susceptibility of these transgenic mice and more effective adoptive transfer of 
arthritis to SCID-recipients by transgenic spleen cells. In addition, constitutive expression of 
the PG-specific TCR by T cells partially bypassed the requirement for adjuvant in the 
induction of arthritis. Furthermore, spontaneous arthritis, thus without immunization, was 
sometimes found and underlines cross reactivity between human PG70-84 and the 
homologous self (mouse) PG70-84 as a result of molecular similarity as was found for the 
arthritogenic TCR-donating 5/4E8 hybridoma (16, 19). Although these data stress the 
importance of cartilage-specificity of CD4+ T cells for induction of arthritis, recognition of 
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antigen is not the sole trigger for T cells to induce arthritis. In addition to antigen-recognition, 
triggering via T cell co-stimulatory molecules like inducible co-stimulator (ICOS), for example, 
is crucial for induction of arthritis as was demonstrated by the finding that mice deficient for 
ICOS did not develop collagen-induced arthritis (23) or PGIA (data not shown). Moreover, 
cytokines present during antigenic stimulation of T cells affect immune responses that are 
mediated by these T cells, as will be explained in the next paragraphs.

In conclusion, this TCR-transgenic mouse serves as an excellent donor for a 
homologous population of potentially arthritogenic antigen-specific CD4+ T cells to be used to 
study antigen-specific CD4+ T cell mediated intervention and CD4+ T cell behavior in chronic 
arthritis in the PGIA model.

Immune balance in arthritis shifts towards Th1-like immunity 
Studies in RA patients and healthy controls have shown that increased IFN-  production or 
high numbers of IFN- + CD4+ T cells relative to cells expressing IL-4 or IL-10 is associated 
with disease (24-27). Moreover, in human studies Th1 cell-derived cytokines, like IFN- , have 
been shown to stimulate production of molecules that are indicative of pro-inflammatory 
effector mechanisms of innate cells, like IL-1  and TNF-  (28).This indicates that RA is 
driven by Th1 cells, which may be due to lack of counteracting Th2 (or IL-4) or 
immunosuppressive Treg cells (or Treg-induced IL-10). Immune dominance of Th1 cells in 
arthritis was demonstrated in chapter 2 by the finding that at the time of onset of PGIA in 
5/4E8 TCR-Tg mice the cytokine response to PG70-84 peptide by splenocytes of these mice 
had shifted to a higher IFN- /IL-4 ratio. In addition, the level of PG-specific antibodies shifted 
towards an IgG2a/IgG1 ratio that was about 10 fold higher during PGIA in TCR-Tg mice than 
in wild-type mice. Since antibody class switching to IgG2a and IgG1 has been described to be 
promoted by Th1 and Th2 cells and their cytokines respectively (29, 30), the IgG2a/IgG1 ratio 
may indicate dominance of Th1- or Th2 cells. Therefore the increase in PG-specific IgG2a/IgG1

in 5/4E8 TCR-Tg mice indicates interaction of Th1 cells with B cells in disease progression of 
PGIA. Previous studies have demonstrated the need for Th1-like responses (16, 17, 30-34) 
and the need for B cells as antigen-presenting cells for CD4+ T cells and as producers of 
antigen-specific antibodies to induce full blown arthritis (18, 35-39).

The idea of IFN-  being responsible for the induction of inflammation (28) was 
challenged by the finding that IFN-  knockout mice are more susceptible to development of 
inflammation in some studies (40, 41). This indicates that IFN-  may have immunoregulatory 
properties in some settings. Nevertheless, IFN-  is important for induction of PGIA as IFN-
deficient BALB/c mice show decreased susceptibility to PGIA, while IL-4 deficient knockout 
animals are highly susceptible to PGIA (30). Together with the finding of anti-arthritic activity 
of IL-4 and IL-10 in PGIA (30, 31) and other models of inflammatory disorders that are 
dominated by IFN- + T cells, this suggests potential of exaggerated Th1-like immunity to 
induce inflammation due to insufficient activity or numbers of Th2 or Treg cells. This view on T 
cell biology in inflammation has recently been expanded by the discovery of the subset of 
Th17 cells. These cells produce IL-17 and are involved in the induction of autoimmune-
mediated inflammation (42, 43). Despite the finding that differentiation of Th17 cells can be 
blocked by IFN- , both IL-17 and IFN-  have been shown to be major players in induction of 
inflammation in different studies. With respect to autoimmune-mediated disease, immune 
homeostasis may therefore roughly be considered as a balance of pro-inflammatory Th1 or 
Th17 cells versus Treg cells (43, 44).
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Differential effects of IFN-  show the complexity of cytokine networks involved in the 
autoimmune response. Such different effects found for a certain cytokine or cell may be 
explained by timing of action of such a cytokine or cell (45, 46). Timing may influence 
cytokine interactions with the present combination of cells and cytokines that varies at 
different times during the course of disease (47) and therefore the combined action of these 
immune mediators. For instance, TGF-  has been reported to induce regulatory T cells, but 
in combination with IL-6 this cytokine promotes differentiation of Th17 cells (43, 48, 49). 
Furthermore, Th17-differentiation through antigenic stimulation and cytokines was inhibited 
by IL-2 during the early T cell response, but during progressed stimulation IL-2 promoted 
growth of Th17 cells (49). In addition, Th1 cells have, besides their pro-inflammatory action, 
been reported to become producers of IL-10 with regulatory immune functions, probably as 
part of an eventual negative feedback mechanism (50, 51). Nonetheless, although Th1-cells
or related cytokines can have regulatory functions, tissue-antigen-specific Th1-like immune 
responses are, together with Th17 cells, functionally associated with and active in the 
induction of auto-immune mediated disease like arthritis.

Antigen-directed CD4+ T cell mediated gene therapy targets arthritis 
Autoimmune arthritis and many other autoimmune disorders have been shown to be 
provoked by Th1 cells, whereas Th2 cells and Th2 associated cytokines can counteract on Th1
cell responses (34, 52, 53). In addition, Treg cells suppress Th1- and Th2 cell responses 
through, for example, IL-10 (54, 55). Such counteractive or suppressive action by these T 
cells and their cytokines is a mechanism that is held responsible for suppression or 
prevention of RA. Therefore, genes encoding cytokines like IL-4 and IL-10 seemed good 
candidates to be expressed in adoptive gene transfer with antigen-specific CD4+ T cells. Also 
biologicals that neutralize the pro-inflammatory cytokines TNF-  or IL-1 , which are 
considered to be produced downstream of T cell-induced responses, are good candidates as 
targets for such therapy based on their successful therapeutic effect in the clinic (28).

As described in chapter 3, we generated retroviral constructs encoding IL-4, IL-10, 
TNF- -RIg or IL-1RA to be used for retroviral transduction of CD4+ T cells.  PG-specific CD4+

T cells were also forced to adopt a Th1 cell- or Th2 cell-phenotype by ex vivo antigenic 
stimulation in the presence of exogenous cytokines that have proven capacities to direct 
generation of Th1 or Th2 cells (32, 56, 57). Studies in several models for different 
autoimmune diseases have shown ameliorating effects of such transduced- and Th2 CD4+ T 
cell phenotypes on disease outcome (5, 6), indicating the beneficial potential of these agents. 
Genetic constructs that were generated for the retroviral transduction system were functional 
in our studies. However, 1x106 transferred PG-specific TCR-Tg CD4+ T cells were able to 
suppress arthritis only when expressing the transduced IL-10 gene. Moreover, exacerbation 
of arthritis was not found for any of the PG-specific CD4+ T cell phenotypes tested. Studies in 
other labs have shown that the success of regulation by T cells depends on the number of 
immunomodulatory T cells used to interfere with T-cell mediated responses (58, 59). It is 
therefore likely that, except for IL-10+ T cells, in our study the numbers of T cells used were 
not sufficient to regulate arthritis.

The cytokine IL-10 is a cytokine with immunoregulatory functions and is required for 
regulation by different subsets of Treg cells. For example, expression of regulatory IL-10 is 
found in TR1 cells (60) and has been shown to be responsible for regulation by natural CD4+

Treg cells that are induced by transcription factor Foxp3 and characterized by constitutive 
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expression of CD25 (54, 61). Depletion of CD25+ cells by anti-CD25 antibodies have been 
shown to worsen PGIA, indicating regulatory activity of CD25+ Treg cells in PGIA (Roord et al.,
unpublished results). However, transfer of 1x106 Foxp3-transduced PG-specific CD4+ Treg

cells that showed stable expression of CD25 (data not shown) or CD25+ enriched CD4+ T cell 
populations (62) did not suppress PGIA. Because only IL-10 expressing PG-specific T cells 
suppressed PGIA, our study indicates that especially IL-10+ T cells are a powerful means to 
regulate arthritis. Because of their regulatory function we name these IL-10-transduced CD4+

T cells IL-10+ Treg cells. 
In chapter 4 we showed that IL-10+ Treg cells required recognition of the arthritogenic 

antigen to suppress arthritis. This was concluded from the finding that PG-specific IL-10+ Treg

cells suppressed arthritis and IL-10+ Treg cells with an irrelevant TCR did not affect disease. 
This demonstrates the need for T cells to interact with cells that present cartilage derived 
antigens for successful regulation by these T cells. Cells in the joint synovia can present 
cartilage antigens like PG (63) that are released into the synovial fluid (64-66) and are 
therefore likely to retain antigen-specific regulatory T cell activity in the joint. Also other 
studies applying adoptive T cell transfer, showed requirement for recognition of antigen by T 
cells locally in the inflamed tissues to regulate inflammation (58) and to retain T cells in the 
joint (67). Therefore, it is suggested that antigen-specific IL-10+ Treg cells act locally at the site 
of inflammation and the lymph nodes that drain these sites because these are the most likely 
sites where cartilage antigens are processed, presented and thus recognized by cartilage 
antigen-specific T cells.

IL-10+ Treg cells suppress pro-inflammatory T- and B cell responses 
IL-2 is expressed by and promotes growth of effector (Th1) cells (53, 68, 69) and IL-2 also 
promotes long-term growth of Th17 cells (49). Such Th17 cells have been shown to be 
important for effective induction of arthritis and are characterized by the expression of IL-17 
(42). In chapter 4 we showed that PG-specific IL-10+ Treg cells reduce PG-specific expression 
of IL-2 and in situ expression of IL-17 in splenocytes during the chronic phase of arthritis. 
Together with the finding that PG-specific IL-10+ Treg cells tended to reduce PG-specific TNF-

 expression, this suggests that PG-specific IL-10+ Treg cells suppress eventual function of 
Th1 and/or Th17 cells that mediate inflammation. In addition, the finding in chapter 4 that PG-
specific IL-10+ Treg cells suppress PG-specific IgG2a, an antibody class that is known to be 
promoted by Th1 cells, suggests reduced interaction of Th1 cells with PG-specific B cells or 
direct effects of IL-10+ Treg cells on B cells that override effects of Th1 cells.

Antibodies are crucial for induction of a full blown arthritis (18) and especially 
antibodies of the IgG2a subclass have been associated with induction of arthritis (30). 
Antibodies provoke inflammatory responses at sites where antigen is available for 
recognition by the immune system through binding of immune complexes to Fc R (70, 71) or 
through complement activation (72, 73). In addition to producing antibodies, B cells are 
important for stimulation of T cells. B cells can provide a milieu that promotes formation of 
lymphoid structures in the joint and attracts T cells (73). Furthermore, especially antigen-
specific B cells are efficient APCs for T cells that share the same antigen (18, 36, 74). 
Oligoclonal B cell populations are found in joints of RA patients (75, 76), indicating restriction 
of BCR usage directed to antigens that are present in the joint. The presence of abundant 
numbers of B cells in follicles (77) in the joint may therefore retain antigen-specific T cells by 
direct interactions of especially antigen(PG)-specific IL-10+ Treg cells with B cells in the joint, 
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where the cartilage antigen is available for presentation to T cells (18, 36, 37). However, the 
net antigen-specific immune response is not necessarily confined only to the actual site of B-
T cell interaction at sites of inflammation because antibodies may also provoke inflammatory 
responses in non-inflamed tissues where the antigen is present. Thus, suppressing antibody 
responses of B cells may help to prevent spreading of disease between different joints.

Surprisingly, as described in chapter 5, no suppressive effect of PG-specific IL-10+

Treg cells was found on the early IFN-  response of B cells and CD4+ (PG-specific) T cells in 
PGIA. In addition, suppression of early proliferation of naive PG-specific T cells by IL-10+ Treg

cells was not found in vivo in PGIA, although IL-10+ Treg cells can suppress proliferation of 
CD4+ T cells in vitro. This finding implicates that translation of in vitro data to the more 
physiological and spatially relevant situation in vivo must be treated with caution. Altogether, 
the data suggest that PG-specific IL-10+ Treg cells do not ameliorate arthritis by suppressing 
the early (pre-arthritic) differentiation of pathogenic effector Th1 cells. PG-specific IL-10+ Treg

cells may rather ameliorate arthritis by suppressing exaggeration of pathogenic antigen-
specific immune responses in a later stage of pathology and by suppression of production of 
cartilage-specific IgG2a by B cells. Suppression of exaggerated pro-inflammatory immunity in 
a later stage of pathology is also suggested by the finding that, though they suppressed the 
(maximum) arthritis severity, PG-specific IL-10+ Treg cells did not affect the time of onset of 
disease (chapter 3 and 4).

IL-10+ Treg cells stimulate expression of anti-inflammatory IL-10 in T- and B cells 
Besides the well known action of IL-10 to suppress production of cytokines, IL-10 has been 
shown to induce expression of IL-10 in several cell types, like monocyte-derived DCs and T 
cells in vitro (60, 78). These DCs suppressed activation and differentiation of Th1 cells (78). T 
cells that are stimulated with antigen in vitro in the presence of IL-10 acquired regulatory 
functions that suppressed inflammation in vivo and T cell proliferation in vitro (60). Together 
with the finding, in chapter 4, of increased levels of IL-10 after transfer of PG-specific IL-10+

Treg cells, this led to the idea that induction of IL-10 expression in the endogenous cells of 
recipients may be a mechanism by which IL-10+ Treg cells suppress inflammatory responses 
in vivo. In chapter 4 we showed that PG-specific IL-10+ Treg cells did not suppress arthritis in 
animals that are not able to produce endogenous IL-10. This confirmed our hypothesis that 
such induction of IL-10 expression in the endogenous system of recipients is needed to 
suppress arthritis.
 As the results in chapter 4 suggested that PG-specific IL-10+ Treg cells affected the 
antigen-specific response, we wondered whether IL-10 expression was propagated in CD4+

T cells. Chapter 5 showed that within the first week after transfer of PG-specific IL-10+ Treg

cells IL-10 expression was found at increased levels in the endogenous CD4+ T cells. This 
showed that IL-10 expression in CD4+ T cells can be propagated by exogenous IL-10 
expressed by CD4+ Treg cells in vivo. Although IL-10 has been shown to be involved in the 
generation of CD4+CD25+ Treg cells that produce TGF- in vitro (79), our data indicated that 
induction of IL-10 is the main regulatory mechanism by which PG-specific IL-10+ Treg cells 
regulate because expression of markers like Foxp3 and TGF-  that are also associated with 
regulation by Treg cells was not elevated.  
 In addition to the exploding interest in IL-10-mediated Treg cell biology, studies in 
several models of autoimmune diseases have demonstrated that critical regulatory activity is 
exerted through IL-10 by Breg cells (80, 81). Antigen-specific B cells closely interact with Th



Summarizing discussion 

115

cells sharing the same antigen. Moreover, Th-B collaboration directs differentiation of effector 
(cytokine and antibody) responses of these lymphocytes and is required to induce arthritis 
(18, 35, 82). Therefore, we wondered how IL-10+ Treg cells would act on the cytokine 
responses of B cells in addition to the observed suppression of PG-specific IgG2a. Although 
recently the induction of Treg cells by B cells had been shown (83), the effect of Treg cells 
producing IL-10 on the differentiation of cytokine responses of B cells was not known. 
Chapter 5 showed that PG-specific IL-10+ Treg cells appear to promote stimulation of B cells 
as PG-specific IL-10+ Treg cells supported the number of B cells. This may be due to an 
enhanced expression of autocrine IL-2 we observed in the B cell population during the early 
response in arthritis. This expression was probably induced by IL-10 derived from PG-
specific IL-10+ Treg cells as IL-10 has been shown to stimulate B cell growth in vitro by
stimulating IL-2 production, which is a growth factor for B cells (84, 85). Moreover, PG-
specific IL-10+ Treg cells promoted expression of IL-10 in the B cell population.  Since 
primarily antigen-specific B cells interact with T cells specific for the same antigen (18, 36, 
74), this indicates that PG-specific IL-10+ Treg cells may transfer regulatory activity to the 
antigen-specific B cell population by stimulation of IL-10+ B cells. However, further studies 
should confirm regulatory capacities of such induced IL-10+ B cells.   

Thus, immunoregulatory effects of IL-10 produced by T cells may be envisioned not 
only to suppress inflammatory immune responses, but also to activate sufficient 
immunosuppressive responses in other lymphocytes to maintain immune homeostasis in 
healthy individuals. Regulatory B-T cell interactions may be reciprocally involved in active 
suppression of lymphocyte responses that lead to inflammation. Because lymphocytes are 
involved in all forms of antigen-mediated inflammation, this concept of regulatory interactive 
B-T mechanisms may not be restricted to autoimmunity in arthritis, but may be extended to 
immune responses in other autoimmune diseases, allergy and infectious diseases that are 
mediated by B- and Th cells. 

Concluding remarks
The proteoglycan-specific TCR-Tg mouse enables the use of a homogenous population of 
potentially arthritogenic CD4+ T cells to study functions mediated by such cartilage-
proteoglycan specific CD4+ T cells in chronic B and T cell mediated arthritis. Expression of 
IL-10 by autoantigen-specific CD4+ T cells is a promising device for restoring disrupted 
immune homeostasis to suppress the arthritic immune response. Such functional restoration 
of autoimmune homeostasis depends not solely on suppression of pro-inflammatory 
immunity but also requires stimulation of anti-inflammatory IL-10 expression (Fig. 1). Closely 
interacting B and T cells are potential candidates in which such regulatory IL-10 expression 
is promoted. Extending focus on IL-10-mediated suppression by Treg cells to biology of 
regulatory IL-10+ Breg cells and regulatory B-T cell interactions may therefore provide more 
comprehensive insight in mechanisms that support antigen-specific regulatory capacity in the 
immune system. Thus, further exploration of induction and mechanisms of IL-10 dependent 
antigen-specific interactions of regulatory lymphocytes will support development of specific 
and more efficient treatment of antigen-driven inflammatory diseases like arthritis.
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FIGURE 1. Summarizing interpretation of the major findings on immune regulation by T cells described in 
this thesis. A homogenous population of CD4+ T cells that is potentially arthritogenic due to expression of a T cell 
receptor that is specific for cartilage proteoglycan (chapter 2), was transduced with an active gene coding for IL-
10 to become functional Treg cells (chapter 3). Transfer of such Treg cells in PG-induced arthritis suppressed 
inflammation in the joints requiring their PG-specific T cell receptor (chapter 4). These Treg cells also suppressed 
lymphocyte mediated responses which are associated with severity of arthritis, like production of IL-17, IL-2 and 
PG-specific IgG2a antibodies, in the chronic phase of disease. Transferred PG-specific IL-10+ Treg cells needed to 
propagate endogenous production of IL-10 by the treated host to suppress arthritis (chapter 4). Furthermore, 
transferred PG-specific IL-10+ Treg cells promoted production of endogenous IL-10 by other CD4+ T cells and also 
by B cells, which suggests that IL-10+ Treg cells promote IL-10+ Breg cells and other IL-10+ Treg cells that smother 
arthritogenic responses (chapter 5).
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HET IMMUUNSYSTEEM 
Voor degenen die niet bekend zijn met het immuunsysteem volgt hier een korte uiteenzetting 
van de immunologie die betrekking heeft op het onderzoek dat wordt beschreven in dit 
proefschrift. Daarna volgt een beknopte samenvatting van de hoofdstukken 1 tot en met 6 
van dit proefschrift. 

Het immuunsysteem is een georganiseerd leger van verschillende lichaamscellen die 
het lichaam verdedigen tegen ongewilde binnendringers 
Dieren, waar mensen biologisch gezien ook toe behoren, moeten zich, om te overleven, 
beschermen tegen ziek makende micro-organismen (zoals bacteriën, virussen, etc.), 
mogelijke groei van kankercellen, en andere ongewenste materie. Deze bescherming komt 
tot stand door een ingenieus systeem van verschillende lichaamscellen die nauw 
samenwerken om de ziekmakers af te weren; het immuunsysteem. Het immuunsysteem, ook 
wel afweersysteem, vormt als het ware een leger dat het lichaam verdedigt tegen alles wat 
een gezond lichaam liever kwijt dan rijk is. De cellen van het immuunsysteem noemen we 
witte bloedcellen, of ook wel leukocyten. Deze cellen komen voor in veel verschillende 
vormen met verschillende functies. Ieder type leukocyt heeft zo zijn eigen gespecialiseerde 
rol in de mechanismen die bijdragen aan de afweer.
 Leukocyten komen in grote aantallen voor in de bloedbaan. Als de leukocyten in actie 
moeten komen in bedreigde weefsels, verlaten ze de bloedbaan en verplaatsen ze zich naar 
het geïnfecteerde weefsel. Om de communicatie binnen het “leger” van leukocyten goed te 
laten verlopen zijn er communicatie centra waar leukocyten elkaar ontmoeten en informatie 
uitwisselen; de lymfeknopen. Door deze lymfeknopen loopt de lymfe (weefselvocht). De 
lymfe vervoert de informatie (zoals signalen van ziekteverwekkers) vanuit de naburige 
weefsels naar de lymfeknopen, waar de leukocyten de informatie krijgen over eventuele 
ontstekingen of andere problemen in het omliggende weefsel. De leukocyten kunnen 
hierdoor gealarmeerd raken, uit de lymfeknopen treden (de bloedbaan in) en naar de 
weefsels toe gaan waar hun actie nodig is. Naast een locatie waar leukocyten gealarmeerd 
kunnen worden is de lymfeknoop ook een efficiënte ontmoetingsplek voor leukocyten om een 
optimale samenwerking tussen de cellen tot stand te brengen. 

Goed functioneren wordt bepaald door goede samenwerking, communicatie en een 
bijzonder vermogen tot het maken van onderscheid 
Zoals een goed geolied leger, moet ook het “leger” van leukocyten aan een aantal basale 
eisen voldoen om goed te functioneren. Leukocyten moeten onderscheid kunnen maken
tussen wat schadelijk is en wat onschuldig is. Om gepaste acties in gang te zetten moeten 
ze de aard van de “vijand” herkennen. Een geschikte verdedigingsactie schakelt hierbij zo 
efficiënt mogelijk de schadelijke bron uit, maar moet tegelijkertijd zo min mogelijk schade 
toebrengen aan het eigen lichaam. Een ander vereiste voor een optimaal functionerende 
verdediging is goede communicatie tussen de verschillende soorten leukocyten die 
deelnemen aan de immuunrespons.
 Voor het herkennen van signalen uit hun omgeving dragen cellen receptoren.
Receptoren functioneren als detectoren die kenmerkende structuren (liganden) op 
bijvoorbeeld micro-organismen of losse moleculen uit de omgeving kunnen binden, waardoor 
cellen deze waarnemen. De specifieke herkenning van een bepaald ligand door een receptor 
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zou je kunnen vergelijken met een sleutel (ligand) die specifiek past op een bepaald slot 
(receptor).

Een belangrijke groep receptoren zijn de zogenaamde “patroonherkennings 
receptoren” (PRR’s) die bepaalde patronen herkennen die kenmerkend zijn voor bepaalde 
groepen van ziekmakende organismen of onschuldige materie. De reactie van een cel op 
binding van een bepaalde receptor met haar ligand hangt af van het soort signaal dat door 
de binding afgegeven wordt, en kan variëren van “niets doen” tot het uitvoeren van “een 
dodelijk agressieve aanval”.

Twee soorten leukocyten worden gekenmerkt doordat ze receptoren dragen die nóg 
specifieker zijn dan de PRR’s. Dit zijn de B-cellen en de T-cellen (lymfocyten). De structuren 
die door deze uiterst specifieke B-cel receptoren of T-cel receptoren worden herkend heten 
respectievelijk B-cel- of T-cel antigenen omdat deze structuren een reactie van B- of T-cellen 
tegen (anti-) deze structuren genereren (-gen). Vanwege deze antigeenspecifieke receptoren
spreken we bij lymfocyten van antigeenspecifieke cellen. Door deze hoogst verfijnde 
receptoren kunnen lymfocyten een immuunrespons zeer specifiek richten op de afzonderlijke 
soorten schadelijke materialen en micro-organismen. Kort gezegd zorgt herkenning door 
PRR’s voor het onderscheid tussen algemene eigenschappen van “gevaarlijke vijandige 
strijdkrachten en ongevaarlijke medestanders”, terwijl B- en T-cel receptoren zorgen voor 
herkenning van namen van “individuele soldaten”.
 Voor een effectieve verdediging is nauwgezette samenwerking, en daarmee dus ook 
doelgerichte communicatie een vereiste. Een belangrijk middel waarmee cellen van het 
immuunsysteem elkaar instrueren is het uitzenden van cytokinen. Dit zijn moleculen die 
informatie tussen cellen overdragen over een relatief korte afstand, zoals wij woorden 
spreken om met elkaar te communiceren. Verschillende soorten cytokinen dragen elk hun 
eigen soort boodschap, van activerend tot onderdrukkend. Vaak komen tijdens 
immuunresponsen verschillende cytokinen tegelijkertijd voor. De combinatie ervan bepaalt 
de uiteindelijke boodschap die verzonden wordt. Wanneer je dit vergelijkt met woorden 
betekent een zin meer dan de losse woorden alleen. Zo krijgen bijvoorbeeld de woorden 
“aardig” en “gemeen” samen de betekenis “aardig gemeen”.

B- en T-cellen ondersteunen de antigeenspecifieke beschermende immuunreacties 
De leukocyten die in dit proefschrift werden onderzocht waren de T- en B-cellen. Zoals 
hierboven beschreven zijn dit bijzondere leukocyten, omdat ze met hun extreem verfijnde 
receptoren uitermate precies de immuunrespons op hun doel (antigeen) richten. Het 
immuunsysteem omvat vele miljarden verschillende T- en B-cellen, die elk specifiek zijn voor 
één bepaald antigeen. Wanneer lymfocyten hun ligand tegenkomen en herkennen met hun 
specifieke receptor gaan ze delen. Daardoor ontstaat een groep klonen van dezelfde cel. 
Hiermee neemt het legertje van deze antigeenspecifieke cellen in omvang toe, waardoor de 
afweer tegen een bepaald antigeen snel versterkt wordt. Daarnaast zal een aantal van deze 
cellen langdurig overleven als geheugencellen. Door een latere ontmoeting van de 
geheugencellen met hetzelfde antigeen kan een snellere immuunrespons op gang worden 
gebracht tegen dat antigeen. Dit fenomeen is het zogenaamde immunologische geheugen,
waarop bescherming tegen infectieziekten door vaccinatie berust. 

T-cellen herkennen hun antigenen alleen met hun T-cel receptor als de antigenen in 
kleine herkenbare fragmentjes (peptiden)worden aangeboden door antigeenpresenterende
cellen (APC) die in de buurt van de T-cellen aanwezig zijn. Deze APC kunnen hierdoor grote 
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invloed uitoefenen op de activering van de T-cellen. De T-cellen die in dit proefschrift werden 
bestudeerd zijn de zogenaamde helper T-cellen (Th-cellen). Deze T-cellen heten “helper” 
cellen omdat ze vooral de acties van andere (immuun)cellen ondersteunen. Th-cellen worden 
getypeerd door het molecuul CD4 op hun celmembraan, vandaar dat we de Th-cellen ook 
wel CD4+ T-cellen noemen. De immunologische ondersteuning door Th-cellen wordt bepaald 
door de signalen, o.a. via cytokinen, die de geactiveerde Th-cellen richten aan de cellen in 
hun nabije omgeving.

De B-cel is een ander belangrijk type antigeenspecifieke cel. In tegenstelling tot een 
T-cel kan een B-cel zijn antigeen direct herkennen met zijn B-cel receptor, zonder 
voorafgaande bewerking en presentatie door andere cellen. Daarnaast kunnen B-cellen via 
hun B-cel receptor hun specifieke antigenen in zich opnemen, verwerken en vervolgens 
presenteren aan T-cellen. B-cellen zijn dus actief als APC. Doordat B-cellen hun acties tot op 
zekere hoogte richten op hun antigenen door hun B-cel receptor, activeren B-cellen efficiënt 
T-cellen die specifiek zijn voor datzelfde antigeen. Zo kunnen antigeenpresenterende B-
cellen interacties met T-cellen aangaan, waarbij ze de reacties van elkaar tegen dezelfde 
antigenen sturen en ondersteunen. Een andere kenmerkende eigenschap van B-cellen is dat 
ze antistoffen uitscheiden die specifiek gericht zijn tegen de antigenen die via B-cel 
receptoren de B-cel hebben geactiveerd. Deze antistoffen (ook wel antilichamen of 
immuunglobulinen) kunnen zich verspreiden over grote afstanden binnen het lichaam, en 
binden alleen aan ziekteverwekkers en andere materie waarop het antigeen aanwezig is. Dit 
gebeurt om deze antigene materie te neutraliseren of om een ontstekingsproces te 
stimuleren op de plaats waar de te elimineren ziekteverwekker/antigeen aanwezig is. B-
cellen kunnen dus net als Th-cellen van dichtbij betrokken zijn bij antigeenspecifieke 
immuunresponsen, maar kunnen antilichamen in de strijd brengen die dienen als een soort 
zeer doelgerichte langeafstandsraketten. 

Ontspoorde B- en T-cel reacties kunnen leiden tot allergieën en auto-immuunziekten 
De cellen van het immuunsysteem zijn er op gemaakt om schadelijk invloeden van buitenaf 
zo snel mogelijk te verwijderen uit het lichaam. Bij het verwijderingproces is het niet alleen 
essentieel dat een ontstekingsreactie de gevaarlijke materie voldoende opruimt, maar ook 
dat diezelfde ontstekingsreactie op tijd gestopt wordt om te veel onnodige lichaamsschade te 
voorkomen.

Sommige van de miljarden Th- en B-cellen herkennen in plaats van ziekteverwekkers, 
onschuldige stoffen. Normaal gesproken zullen deze B- en Th-cellen geen ontstekingreacties 
teweeg brengen. In sommige gevallen raakt het immuunsysteem echter ontspoord, waardoor 
de B- en Th-cellen agressief gaan reageren wanneer zij onschuldige stoffen herkennen. Dit is 
het geval bij allergieën voor bijvoorbeeld graspollen; de ontstekingsreactie die wordt 
opgewekt door B- en Th-cellen die reageren tegen pollen (hooikoorts) veroorzaakt meer 
schade dan de pollen zelf zouden doen. Wanneer B- en Th-cellen overdreven reageren op 
lichaamseigen weefsel (autoantigenen), en daar een ontsteking veroorzaken, dan spreekt 
men van een auto-immuunziekte. Veel voorkomende auto-immuunziekten zijn multiple 
sclerose (reactie tegen centraal zenuwstelsel), diabetes (insuline producerende cellen van 
de alvleesklier als doelwit) en reumatoïde artritis (waarbij voornamelijk de gewrichten het 
doelwit vormen). Omdat Th-cellen een belangrijke rol spelen in het aansturen van 
immuunresponsen, dus ook die leiden tot auto-immuunziekten, kunnen auto-
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antigeenspecifieke Th-cellen een nuttig middel zijn om het ziekteproces van bijvoorbeeld 
reumatoïde artritis te bestuderen of zelfs te beïnvloeden.

Verschillende gedaantes van T-cellen en de cytokinen die ze produceren brengen 
verschillende effecten teweeg 
In de jaren ’80 werd ontdekt dat aan de hand van cytokinen die worden uitgescheiden door 
een bepaalde Th-cel, verschillende vormen van Th-cel functies onderscheiden kunnen 
worden. Th-cellen die reageren tegen ziekteverwekkers die voornamelijk binnen cellen 
voorkomen, zoals virussen, maar ook tegen lichaamseigen weefsels (auto-immuniteit) 
worden gekenmerkt doordat ze veel van het cytokine interferon-  (IFN- ) produceren en 
weinig interleukine-4 (IL-4). Deze cellen staan bekend als Th1-cellen. De Th-cellen die 
voornamelijk betrokken zijn bij de ontwikkeling van afweer tegen bijvoorbeeld worminfecties 
en bij allergieën, worden klassiek gekenmerkt doordat ze juist veel IL-4 en weinig IFN-
produceren. Zij worden Th2-cellen genoemd. Recentelijk is een ander soort Th-cel ondekt die 
ook een belangrijke rol speelt bij auto-immuunziekten; de Th17-cel. De Th17-cel heeft zijn 
naam gekregen door het ontstekingsbevorderende IL-17 dat hij uitscheidt. 

Naast bovengenoemde zogenaamde “effector” Th-cellen bestaat een type CD4+ T-cel 
die de acties en ontwikkeling van effector Th-cellen kan remmen. Deze remmende CD4+ T-
cellen, de regulator T-cellen (Treg-cellen), zijn verantwoordelijk voor het voorkomen van de 
ontspoorde Th-cel responsen die leiden tot onnodige weefsel schade. De regulerende functie 
wordt uitgevoerd door onder andere de afweeronderdrukkende cytokinen IL-10 en TGF- .
Momenteel wordt verondersteld dat overdreven ontstekingen bij auto-immuunziekten, (deels) 
het gevolg zijn van een onevenwichtige activiteit van Th1-/Th17-cellen en Treg-cellen en hun 
cytokinen.

Reumatoïde artritis
Reumatoïde artritis (RA) is een aandoening waarbij de gewrichten chronische ontstoken zijn. 
Deze ziekte komt in ongeveer 1% van de bevolking van de westerse wereld voor. De 
gewrichtsontsteking veroorzaakt pijn en stijfheid en leidt uiteindelijk tot afbraak van 
kraakbeen en botvergroeiing in de aangedane gewrichten. De exacte oorzaak van 
reumatoïde artritis is niet bekend, maar een combinatie van genetische factoren en 
omgevingsfactoren, zoals bepaalde infecties en roken, draagt bij aan de kans op het 
ontwikkelen van reumatoïde artritis. 
 De gewrichtsholte (synovium) tussen de met kraakbeen bedekte botuiteinden bevat in 
gezonde personen een vloeistof die nauwelijks cellen bevat. Deze wordt omgeven door een 
dunne grenslaag van cellen (synoviale membraan). Tijdens artritis groeit de gewrichtsholte 
vol met een grote hoeveelheid aan verschillende cellen (pannus). Veel van deze cellen 
scheiden cytokinen uit die het ontstekingsproces bevorderen, zoals TNF-  (tumor necrose 
factor-alpha) en IL-1 (interleukine-1bèta), en ook enzymen die het kraakbeen en bot kunnen 
afbreken. Daarnaast worden in het gewricht soms lymfeknoop-achtige structuren gevormd 
die veel B- en T-cellen bevatten. Het immuunsysteem van artritis patiënten bevat relatief veel 
T-cellen (met name Th1-cellen) en B-cellen die hun acties richten tegen antigenen uit 
gewrichtskraakbeen en daardoor verantwoordelijk zijn voor de ontsteking. Kraakbeen-
antigeenspecifieke Th-cellen kunnen de ontsteking in gang zetten en in stand houden door 
cytokinen te produceren. B-cellen hebben een belangrijke rol in de ontsteking als 
antigeenpresenterende cellen voor activering van Th-cellen. Ook zijn B-cellen de 
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producenten van antilichamen die specifiek zijn voor kraakbeenantigenen. Proefdierstudies 
hebben bewezen dat immunisatie (inenting zoals bij vaccinatie) met antigenen uit kraakbeen 
reacties opwekt van kraakbeenspecifieke B- en Th-cellen, en daardoor artritis veroorzaakt.

Samengevat dragen veel soorten cellen en hun cytokinen bij aan de ontsteking. 
Vooral B- en Th-cellen die aanwezig zijn in de gewrichten, en door hun kraakbeen-antigeen 
specifieke receptoren geactiveerd worden, bepalen de locatie van de ontsteking; het 
gewricht. Een schematische voorstelling hiervan wordt weergegeven in figuur 1 van 
hoofdstuk 1. 
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SAMENVATTING VAN DIT PROEFSCHRIFT 

Algemene doelstelling en belangrijke onderzoeksvragen 
T-cellen die zich richten tegen gewrichtskraakbeen zijn verantwoordelijk voor het ontwikkelen 
van gewrichtsontsteking bij reumatoïde artritis. In dit proefschrift werd onderzocht hoe 
dergelijke T cellen kunnen worden ingezet in een bijzonder doelgerichte strijd tegen 
gewrichtsontsteking, door ze met gentechnologie ontstekingsremmende eigenschappen te 
geven.

De ontsteking bij reumatoïde artritis kan, evenals bij andere chronische ontstekingen, 
gedeeltelijk onderdrukt worden met ontstekingsremmers zoals TNF-  blokkers. De werking 
van huidige ontstekingsremmers beperkt zich echter niet tot de gewrichtsontsteking, maar 
onderdrukt ook de afweer tegen ziekteverwekkers. Een van de serieuze neveneffecten van 
het gebruik van ontstekingsremmers die hierdoor wordt veroorzaakt is een verhoogd risico 
op infecties door ziekmakers. Daarom is de ontwikkeling van therapieën die zich specifieker 
richten op de ontsteking in het gewricht, en het ontwikkelen van kennis over de antigeen-
specifieke immuunresponsen die daaraan ten grondslag liggen, noodzakelijk.

Aangezien Th-cellen die zich door hun antigeen-specificiteit richten tegen 
gewrichtskraakbeen betrokken zijn voor de ontwikkeling en in stand houding van 
gewrichtsontsteking, zijn deze Th-cellen een potentieel middel voor doelgerichte interventies 
in de behandeling van reumatoïde artritis. De in dit proefschrift beschreven studies hadden 
als doel om kraakbeenspecifieke Th-cellen die artritis kunnen induceren zodanig (genetisch) 
te veranderen dat ze ontstekingsremmende eigenschappen krijgen. De toegepaste 
kandidaat-genen waren genen die coderen voor middelen met ontstekingsremmende 
eigenschappen.

Belangrijke vragen die we met de gedane studies wilden beantwoorden waren: 
1) Kunnen (verschillende gemanipuleerde) kraakbeenspecifieke Th-cellen de gewrichts-

ontsteking beïnvloeden? 
2) Wat zijn geschikte genen om kraakbeenspecifieke Th-cellen mee te voorzien zodat ze 

gewrichtsontsteking dempen? 
3) Moeten gemanipuleerde Th-cellen kraakbeenantigeen herkennen om gewrichts-

ontsteking te verminderen?
4) Beïnvloeden ontstekingsremmende kraakbeenspecifieke Th-cellen de ontwikkeling en 

reacties van andere leukocyten? 

Het onderzoek 
Om de gestelde vragen te beantwoorden gebruikten we een onderzoeksmodel dat 
belangrijke gelijkenissen vertoont met reumatoïde artritis. In dit model wordt artritis 
geïnduceerd in muizen door twee immunisaties met proteoglycaan (PG), een component van 
gewrichtskraakbeen. Als reactie op de immunisaties zullen T- en B-cellen die het PG 
herkennen geactiveerd worden, waardoor deze cellen een chronische ontsteking tegen het 
kraakbeen in gewrichten veroorzaken. 

In hoofdstuk 1 van dit proefschrift wordt een inleiding gegeven op de gedane studies. 
In dit hoofdstuk wordt uitgebreid aandacht besteed aan de rol van het immuunsysteem, en 
met name de rol van B- en T-cellen, in het ontstaan van RA.
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Voor het uitvoeren van onze studies hadden we een uniforme populatie van 
fysiologisch relevante, artritogene (artritis-veroorzakende) PG-specifieke Th-cellen nodig. Als 
bron hiervoor hebben we, door het inbrengen van een T cel receptor-gen, een transgene 
muis gemaakt die een PG-specifieke T-cel receptor (TCR) op de CD4+ T-cellen droeg. Dit 
wordt beschreven in hoofdstuk 2. De meeste van de CD4+ T-cellen uit deze TCR-
transgene muizen zijn specifiek voor PG. Verder laten we zien dat de transgene muizen 
gevoeliger zijn voor voor PG-geïnduceerde artritis dan gewone muzien. Het feit dat de TCR 
transgene cellen een verhoogde capaciteit hebben om artritis over te brengen in 
immuundeficiënte ontvangers, toonde aan dat kraakbeenspecifieke Th-cellen een 
aanzienlijke rol spelen in de ontwikkeling van artritis. De bevinding dat de Th-cellen van TCR-
transgene muizen zich tijdens artritis ontwikkelen tot  Th1-cellen ondersteunt het idee dat 
auto-immuunziekten veroorzaakt kunnen worden door ontspoorde auto-antigeenspecifieke 
Th1-cellen.  Hiermee werd dus een transgene muis ontwikkeld die artritogene Th-cellen levert 
die als nuttig gereedschap gebruikt kunnen worden in studies naar het functioneren van 
kraakbeenspecifieke Th-cellen in artritis. 

In hoofdstuk 3 werden PG-specifieke T-cellen voorzien van actieve genen die coderen voor 
bewezen immuunsuppressieve agentia. De geteste agentia waren TNF-  Receptor Ig 
(blokkade van TNF- -gemedieerde ontsteking), IL-1Receptor antagonist (neutraliseren van 
IL-1 -gemedieerde ontsteking), IL-4 (remmen van Th1-/ Th17-responsen) en IL-10 (remmen 
van Th1-responsen). Deze genen werden gekopieerd van muizen DNA en vervolgens 
gekloneerd in virale DNA-constructen. Deze constructen werden gebruikt om de betreffende 
genen te verpakken in virusdeeltjes (retrovirussen). Retrovirussen worden veel toegepast 
omdat ze genen kunnen overdragen op cellen (zie figuur 3 van hoofdstuk 1). De in dit 
proefschrift beschreven retrovirussen waren zodanig gemanipuleerd dat alleen hun 
vermogen om de gewenste genen over te brengen naar de T-cellen na infectie was 
behouden, maar dat eventuele ziekmakende eigenschapen uitgeschakeld waren. Met deze 
methode hebben we de genoemde genen in vitro in het genoom de PG-specifieke Th-cellen 
gebracht. Naast deze genetisch veranderde Th-cellen werden ook Th-cellen in vitro gekweekt 
in aanwezigheid van cytokinen waardoor ze de gedaante van Th1-cellen of Th2-cellen gingen 
aannemen.
 De gemanipuleerde PG-specifieke Th-cellen werden ingebracht bij muizen waarin 
artritis opgewekt werd, om de effecten van deze T cellen op gewrichtsontsteking te 
bestuderen. Alleen Th-cellen die het IL-10-gen tot expressie brachten (IL-10+) waren in staat 
om de geïnduceerde artritis te remmen. De resultaten in deze studies laten zien dat 
kraakbeenspecifieke Th-cellen die IL-10 produceren (IL-10+ T-cel) een sterk vermogen 
hebben om ontstekingsreacties te dempen, en dat productie van IL-10 in immuunregulatie 
door Th cellen nadere aandacht verdient in de zoektocht naar een succesvolle behandeling 
van RA.

De experimenten in hoofdstuk 4 gaan in meer detail in op hoe de kraakbeen-specifieke IL-
10+ T-cellen artritis reguleren. Uit de resultaten blijkt dat deze cellen alleen effectief zijn 
doordat ze specifiek zijn voor kraakbeen, aangezien IL-10+ T-cellen die niet specifiek zijn 
voor PG, maar voor een eiwit (ovalbumine) dat niet in muizen voorkomt, geen effect hebben 
op de gewrichtsontsteking. Daarnaast onderdrukten de PG-specifieke IL-10+ T-cellen de 
productie van PG-specifieke IgG2a, een klasse van antilichamen die voornamelijk met hulp 
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van Th1-cellen door B-cellen geproduceerd wordt. Ook onderdrukten de PG-specifieke IL-10+

T-cellen de productie van TNF- , IL-17 (pro-inflammatoire cytokinen) en IL-2 (een T-cel-
delingsfactor) in de latere fase van artritis, en konden de IL-10+ Th-cellen in vitro de deling, 
en dus de toename, van andere Th-cellen remmen. 

Naast het onderdrukken van de productie van pro-inflammatoire cytokinen, 
stimuleerden de IL-10+ T-cellen de aanmaak van IL-10 in de behandelde ontvangers. 
Wanneer PG-specifieke IL-10+ T-cellen werden ingebracht in muizen die zelf geen IL-10 
konden produceren, hadden ingebrachte IL-10+ T-cellen geen effect meer op de ontsteking. 
Dit experiment liet daarom zien dat het stimuleren van de productie van IL-10 in de 
behandelde ontvangers een belangrijk mechanisme is waarmee PG-specifieke IL-10+ T-
cellen de gewrichtsontsteking remmen (zie ook figuur 1 van hoofdstuk 6). 

Verschillende studies hebben laten zien dat er Breg-cellen en Treg-cellen bestaan, welke 
belangrijke anti-inflammatoire functies uitoefen door het produceren van IL-10. Daarnaast 
hebben verschillende studies laten zien dat T- en B-cellen de ontwikkeling van elkaar kunnen 
beïnvloeden. Er was echter weinig bekend over hoe IL-10-producerende Breg- en Treg-cellen
ontstaan. PG-specifieke IL-10+ T-cellen kunnen B-cellen beïnvloeden, zoals in hoofdstuk 4 
bleek uit de veranderde antilichaamproductie die werd veroorzaakt door PG-specifieke IL-10+

T-cellen. In hoofdstuk 5 stelden we de vraag of de ontwikkeling van IL-10-producerende Treg-
cellen en Breg-cellen gestimuleerd kan worden door PG-specifieke IL-10+ T-cellen, en of deze 
PG-specifieke IL-10+ T-cellen de vroege ontwikkeling van pro-inflammatoire Th- en B-cellen 
kunnen remmen. 

Tijdens de eerste (zes) dagen van de vroege immuunrespons tegen PG konden de 
ingebrachte PG-specifieke IL-10+ Treg-cellen de pro-inflammatoire kenmerken van Th-cellen  
niet remmen. Echter, de aantallen IL-10-producerende Th-cellen van de ontvangende muis 
zelf namen toe onder invloed van de ingebrachte PG-specifieke IL-10+ T-cellen. Daarnaast 
nam het aantal B-cellen dat IL-10 produceerde significant toe, wat er op duidt dat IL-10 
geproduceerd door Treg-cellen een groei- of differentiatiefactor is voor B-cellen die zelf IL-10 
produceren. Aanvullende studies moeten uitwijzen of deze geïnduceerde IL-10-
producerende T- en B-cellen in de met PG-specifieke IL-10+ T-cellen behandelde ontvangers 
ook daadwerkelijk functioneel regulerend werken als een Treg- en Breg-cel.

In hoofdstuk 6 worden de resultaten van dit proefschrift samenvattend bediscussieerd. 

Conclusies
De in dit proefschrift beschreven proteoglycaanspecifieke TCR-transgene muis kan worden 
gebruikt als unieke bron voor een uniforme populatie van CD4+ T-cellen die specifiek zijn 
voor kraakbeen-proteoglycaan. Dit geeft de mogelijkheid om het functioneren (en de 
experimenteel-therapeutische toepassing) van kraakbeenspecifieke CD4+ T-cellen in door B- 
en CD4+ T-cellen veroorzaakte chronische artritis te onderzoeken. Expressie van het 
cytokine IL-10 door auto-antigeenspecifieke T-cellen is een veelbelovend middel om een 
verstoord immunologisch evenwicht tussen pro- en anti-inflammatoire immuunresponsen te 
herstellen en daarmee de auto-immuniteit die leidt tot ontsteking te onderdrukken. Dergelijk 
herstel van de immunologische balans is niet alleen afhankelijk van onderdrukking van de 
pro-inflammatoire immuniteit, maar vereist vooral ook stimulatie van de productie van het 
immuun-regulerende IL-10. Nauw samenwerkende kraakbeenspecifieke B- en T-cellen zijn 
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mogelijke kandidaten waarin expressie van IL-10 wordt gestimuleerd ten behoeve van 
immuunregulatie. Het verleggen van de huidige aandacht voor met name IL-10-gemedieerde 
suppressie door Treg-cellen naar de biologie van regulerende IL-10+ Breg-cellen en 
regulerende interacties tussen T- en B-cellen kunnen een waardevolle toevoeging zijn voor 
het inzicht in mechanismen die de antigeenspecifieke regulerende capaciteit van het 
immuunsysteem bevordert. Onderzoek aan IL-10-afhankelijke antigeenspecifieke interacties 
van regulerende lymfocyten kan daarom een nuttig handvat bieden voor verdere 
ontwikkeling van doeltreffender en krachtiger behandeling van ontsteking bij auto-
immuunziekten.
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DANKWOORD 

De omvang van dit boekje is voor een proefschrift niet overdreven groot. Een stukje tekst, 
een paar plaatjes erbij, en klaar is Kees. In plaats van dit boekje, had je ook een CD met een 
aantal mooie stukken muziek op de plank kunnen zetten. En dan te bedenken dat 
onderzoekers er gedurende hun loopbaan tientallen, of soms zelfs honderden, van 
verzamelen! Dat kost behoorlijk wat uurtjes muziek op de plank. Toch is het niet zo maar 
wat, zo’n boekje. Er zijn veel zware inspanningen geleverd om dit proefschrift te laten 
worden zoals je het nu in je handen hebt. Niet alleen door mij, maar vooral ook door vele 
anderen. Dus als je twijfelt tussen de nieuwe CD of dit boekje op de laatste beschikbare plek 
in je te krappe kast zetten; koop een grotere kast, zou ik nu zeggen. 

Vele uren, waaronder lange uren, energie vretende uren, energieke uren, 
inspirerende uren, heel treurige uren, boze uren, wanhopige uren, frustrerende uren, 
slapeloze uren, te korte uren, soms ook gewoon uren van 60 minuten, leerzame uren, 
hoopvolle uren, opgewekte uren, gezellige uren, muzikale uren en ook gewoon leuke uren. 
Zoveel uren heeft het uiteindelijk ongeveer gekost om dit boekje tot stand te brengen. Maar 
dat is niet meer dan een ruwe schatting. En dat voor een stukje tekst met wat plaatjes.  
Inderdaad, dat zou je kunnen zeggen. Maar de manier waarop deze, voor mij belangrijke, 
uren zijn ingevuld, en de manier waarop waardevolle inhoud gegeven is aan dit boekje is 
bewonderenswaardig. Althans, dat vind ik. Hiervoor wil ik een aantal mensen bijzonder 
bedanken.

Misschien is het goed om niet een onuitputtelijke reeks van namen van mensen die 
aan mijn proefschrift hebben meegewerkt te noemen. Ik vind het beter om dat nu even wel te 
doen. Ha! Ik bedank deze mensen. Zó veel mensen, dat ik hoop dat ik niemand vergeet 
tijdens de hectiek van het afronden van dit proefschrift. 

Chris Broeren, in de te korte tijd dat ik je heb gekend heb ik gemerkt dat je als 
wetenschapper en als persoon enorm inspirerend bent geweest voor mij. Je wist altijd hoe 
het moest of hoe het kon. Ik hoop dat het hier beschreven werk, waarin jij hebt gepionierd, je 
goedkeuring kan verdienen.

Peter van Kooten, wat veel kennis, hulpvaardigheid en goeie  ideeën heb jij! Al vanaf 
de eerste dag viel me dat, naast je enorme enthousiasme, op. En je weet zowel oude als 
nieuwe R&R muziek te waarderen (misschien moet ik jou toch ook eindelijk nog eens gaan 
bestoken met blues van The Black Keys). Het was erg fijn en gezellig om met je te werken. 
Je maakte het feest compleet. Dank je wel voor alle waardevolle energie die je in dit 
onderzoek gestoken hebt!

Femke Broere (geen tikfout), ik ben heel blij dat jij als co-promoter het onderzoek 
hebt voortgeduwd. Zo na het overlijden van Chris was het een wat vreemde nieuwe start, 
maar het werk is afgerond. Met je frisse blik, enthousiaste houding en veel concrete 
aanwijzingen heb je me goed weten te sturen. Dat had ik nodig. Dank je wel daar voor. 

Willem, mijn promoter, ik waardeer de vrijheid die je hebt gegeven om dit onderzoek 
te doen zoals we hebben gedaan ten zeerste. Bedankt voor het vertouwen dat je had, je 
aanwijzingen en alle mogelijkheden die je me hebt gegeven in de afgelopen jaren.

Lotte en Elles, lieve paranimfen, ik heb met veel plezier met jullie samengewerkt. Ik 
vond het gezellig. Zelfs al kreeg ik altijd de schuld, wat eigenlijk wel een makkelijke regel 
was. Bedankt voor alle nuttige adviezen en extra handjes die op het lab regelmatig konden 



133

meehelpen. Ik vind het erg leuk dat jullie me ook nog terzijde willen staan als paranimf bij 
mijn promotie. Dank jullie wel.

Corlinda, bedankt voor het vele goede werk dat je hebt verricht voor dit onderzoek! Je 
hebt samen met Chris een heel belangrijk deel van dit onderzoek opgezet. Ik heb veel van je 
kunnen leren.

Suzanne Berlo, ik vond het sterk zoals jij promotieonderzoek deed. Jouw werk en 
inzet zijn voor mij een voorbeeld geweest.

 Lonneke Vervelde, bedankt voor de aansporingen die je deed om te blijven doen en 
de tips die je gaf. Geen gemiep, maar aan het werk.

Josee Wagenaar, ik heb veel opgestoken van je inzicht. En alsof het niets was, hielp 
je voor de volle 100% mee met reusachtige experimenten. Dank daarvoor.

Ger Arkesteijn, miljarden T cellen heb je stuk voor stuk uitgezocht en verzameld. Dit 
waren hoofdrolspelers van mijn experimenten. En je gezellige en behulpzame aanwezigheid 
bij het FACSen heb ik altijd gewaardeerd. Bedankt. 

Ruurd van der Zee, altijd een kritische noot. Dat hield ons goed scherp.
Jan-Tinus Westerink, ik vond het een leuke tijd toen je als student stage bij ons liep. 

De experimenten die je bij ons deed hebben inzicht gegeven in de aanpak van het 
onderzoek. Daarbij konden we ook nog eens over “Rock&Roll” babbelen (JT, natuurlijk mag 
je een dagje vrij nemen voor een muziekfestival).

Eliana, working on a lab with you was fun. I learned a lot during that time. Gracias.
Danielle, bedankt voor alle zinvolle tips en hulp bij het muizenwerk. 
Mieke (HALLO!), Daphne van Haarlem, Peter van de Haar en Peter Reinink, Daphne 

van Oostenrijk, Esther, Linda en Marije, het onderzoek kon alleen gedaan worden door al 
jullie hulp en adviezen. Heel erg bedankt daarvoor! 

Mede-(ex)Aio’s; Sylvia (ik vond het gezellig), Christoph, Natascha, Marij, en Wiebren,  
(jullie kwamen zo vlot na elkaar bij ons op de afdeling als Aio, dat ik jullie in een adem noem; 
een  nieuwe impuls voor de Aio-groep), Nives, Esther Nolte (ik kon in het begin al even zien 
wat me te wachten ging staan), Mark Ariaans (hoe groot is je platenkast tegenwoordig?), 
Eveline (natuurlijk mag je een handtekening), Frank (we moesten nog maar eens wat CD’s 
uitwisselen),  Merel (mijn allereerste kamergenoot, wat een energie!),  Erwin (heb je 
ondertussen al eens drie nieuwe vragen bedacht? Ik zit nog steeds te broeden op iets leuks 
dat ik je zou kunnen vertellen) en Aad (je nam altijd de tijd voor gezellige en nuttige 
discussies over Treg cellen, of gewoon over van alles en nog wat). Het was prettig Aio-dingen 
te kunnen delen met jullie. 

Dietmar, ik vond je een gezellige kamergenoot mit humor und viele handige adviesn. 
Ik blijf werken aan mijn Amerikaans-Duitse accent.

Ildiko, Evert, Ad, Robbert, Marca, Ton, Christine, Marieke van Meeteren, Edwin, Alice 
en Victor, bedankt voor alle discussies, tips en getoonde betrokkenheid die jullie als 
gevorderde wetenschappers leverden.

Mariëlle, ik vond het leuk zoals je interesse in de immunologie liet blijken, en ik wil je 
bedanken voor je welkome hulp bij alle dingen die nog ”even” gedaan moesten worden.

Berent Prakken en je groep; altijd enthousiast (“wat goed zeg”) en altijd wel weer een 
bruikbaar idee na een bespreking. Dat gaf telkens weer nieuwe moed. Heel fijn! Bedankt 
voor de tijd die je vrijmaakte voor dit onderzoek.

Mariëtte Oosterwegel en je groep, ik heb je inzicht, enthousiaste aanpak en hulp toen 
de wereld even op de kop stond erg gewaardeerd.
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Raymond Pieters en de Immunotoxicologie groep, het was prettig samenwerken. 
Altijd wel weer even een opmerking waarmee een nieuw experiment bedacht kon worden. 
Raymond, zie ik je nog eens op Lowlands voorbijkomen?

Henk Rozemuller en Anton Martens van het UMC Utrecht en Richard Wubbolts van 
Diergeneeskunde, bedankt voor alle hulp en tips over het gebruik van de retrovirale 
systemen.

De medewerkers van het GDL, jullie droegen de onmisbare zorg voor de dieren die 
een basaal en cruciaal onderdeel van dit onderzoek waren. Bedankt voor al deze zorg!

Pathologie Diergeneeskunde en Pathologie UMC Utrecht, bedankt voor alle hulp bij 
de histologie. 

Fons van de Loo, van de Katholieke Universiteit Nijmegen, bedankt dat we bij je 
konden aankloppen voor hulp bij bepalingen aan cytokine activiteit. 

Mark Huising, je hebt me tijdens mijn studie biologie aangemoedigd voor het doen 
van immunologisch onderzoek. Ook daarna konden we het nog daarover hebben, op 
dezelfde manier. Gezellig, met een biertje in de Zaaier.

Mensen van de Milkaknuffelkudde; Harm Jan (gezellige MAC’er), Bartje (voor de 
verwarring), Thom, Bas, Ronald en Guido, onthoud dat er in melk zeer nuttige antistoffen en 
stof voor leuk geouwehoer zitten. Het is gezellig om elkaar weer te spreken.

Claire, samen met Guido (wie zijn ook alweer de Pixies?) en Marieke concerten 
beleven is een noodzakelijke bezigheid. Omdat het leuk is.

Beste familie, papa en mama in het bijzonder, bedankt voor jullie medeleven met wat 
me bezighield en de geweldige mogelijkheden die jullie me hebben gegeven om tot hier te 
komen. Voor dit boekje was ik dus vaak wat druk. Familie Dijkema, bedankt voor de altijd 
warme ontvangst en betrokkenheid.
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