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Immune system

The purpose of the immune system is to protect the body from invading pathogens like bacteria, 
viruses and fungi. The immune system makes use of several layers of defense and each new 
layer is more specific than the former. The first line of defense pathogens encounter is a physical 
barrier, like the skin or epithelia lining the respiratory or gastro-intestinal tract. When this barrier 
is breached pathogens can enter the body and this will activate the (non-specific) innate immune 
system. The innate immune system is triggered when antigen presenting cells (APCs) such 
as macrophages and dendritic cells (DCs) recognize pathogen-associated molecular patterns 
(PAMPs) via pathogen recognition receptors (PRRs) that are expressed on their cell surface. 
Other components used by the innate immune system are the complement system, antimicrobial 
peptides and immune cells like granulocytes and natural killer (NK) cells. Unfortunately, some 
pathogens can successfully evade the innate immune system and for this reason mammals have 
developed a third line of defense, the (specific) adaptive immune system. Key players here are 
the T and B cells. The adaptive immune system can be activated when APCs, like DCs, take 
up and process antigens and subsequently present parts of these antigens (peptides) on major 
histocompatibility complexes (MHC) to T cells. A T cell expresses a T cell receptor (TCR) that 
recognizes the peptide-MHC combination. Each T cell expresses a different TCR and therefore the 
T cell pool of an organism can recognize a broad range of different peptide-MHC combinations. 
T cells can be divided into two major subtypes, the CD8+ (killer) T cells and the CD4+ (helper) 
T cells. CD8+ T cells recognize peptide in the context of MHC class I, whereas CD4+ T cells 
recognize peptide in de context of MHC class II. CD4+ T cells can be further divided into T-helper 
1 (Th1) cells, Th2 cells, Th17 cells, regulatory T cells (Treg) and several others.

Immune toleranCe 

During conditions of homeostasis in a healthy immune system there is a continuous balance 
between pathogen-driven immunity and tolerance to the body’s own cells and products (self-
antigens). Deregulation of homeostasis can lead to reduced tolerance, e.g. an excessive shift 
towards pathogen-driven immunity and can result in autoimmune diseases or allergy. In contrast, 
an extreme shift towards tolerogenic responses can result in immunodeficiency and the immune 
system will not respond sufficiently to invading pathogens. 
After activation, naïve CD4+ T cells differentiate into effector and/or memory T cells. Effector T 
cells like Th1, Th2 and Th17 cells, are needed in cases of invading pathogens. However, when 
these T cells recognize self-antigens, tissue damage and autoimmune diseases are the result (1). 
To prevent damage from effector T cells that recognize self-antigens, the immune system has 
developed a mechanism called negative selection. Negative selection takes place in the thymus 
where all new T cells are ‘educated’. T cells that strongly recognize self are deleted from the 
system through T-cell receptor mediated apoptosis (programmed cell death) (2-4). 
However, this mechanism called central tolerance, is not completely fail safe and some T cells that 
recognize self can escape to the periphery. Luckily, other mechanisms are present in the periphery 
to prevent damage from self-recognizing or auto-reactive T cells. One of these mechanisms is 
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tolerance induction by natural Tregs. Natural Tregs have obtained their regulatory phenotype 
in the thymus and can be identified by expression of the transcription factor Forkhead box P3 
(FoxP3) (5-7). Natural Tregs usually recognize self-antigens and are capable of controlling auto-
reactive T cells by several mechanisms. For example, they can secrete certain anti-inflammatory 
cytokines like interleukin (IL-)10 and transforming growth factor (TGF)-β (8). Binding of IL-
10 and TGF-β to receptors on effector T cells initiates, amongst others, the downregulation of 
Th1 related cytokines (9, 10). Furthermore, via cell-cell contact Tregs can induce a tolerogenic 
phenotype in DCs (11-13). Tolerogenic DCs can subsequently block effector T cell functions via 
secretion of regulatory cytokines or cell-cell contact.
Other mechanisms to control auto-reactive T cells in the periphery include ignorance, anergy 
and apoptosis of auto-reactive T cells (14). Self-antigens can be ignored as not all antigens are 
accessible for T cells (15), or the antigen is presented in a dose too low to trigger a T cell response. 
T cell anergy functionally inactivates a T cell and is controlled by the balance of signaling through 
the TCR and several receptors present on the cell surface (16, 17). Auto-reactive T cells can 
also undergo apoptosis. In case self-antigens are not easily cleared, repetitive T cell receptor 
engagement might serve as a trigger for Activation Induced Cell Death (AICD) (14, 18). 
Finally, auto-reactive effector T cell functions can be blocked by the induction of induced Tregs. 
Induced Tregs can arise in the periphery via several mechanisms. For example, regulatory T cell 
type 1 (Tr1) cells can be induced via repetitive encounter with antigen in the presence of IL-
10. These Tr1 cells function themselves via the secretion of IL-10 (19). One way for T cells to 
encounter antigen in this condition is when antigen is presented by IL-10 producing tolerogenic 
DCs. Another subtype of induced Tregs are the TGF-β induced Th3 cells. Th3 cells are FoxP3+ 
and function via secretion of TGF-β and IL-10. In vivo, these Tregs are involved in the protection 
of mucosal surfaces in the gut from non-pathogenic non-self-antigens (20). Since intestinal DCs 
are a source of TGF-β they are suggested as inducers of this regulatory phenotype in T cells (21). 
In a third form of induced Tregs naïve T cells are converted into FoxP3+ T cells via, for instance, 
stimulation with minute antigen doses with suboptimal DC activation (22).

DenDrItIC Cells anD toleranCe In the steaDy state

DCs are potent APCs in the induction of primary immune responses against pathogens, but also 
in the induction of tolerogenic responses to self-antigens (23). Steady state tolerogenic DCs can 
achieve tolerance to self via the induction of Tregs and are hereby essential to maintain immune 
homeostasis. 
DCs can be separated into distinct subsets. The first major subclasses are the conventional DCs 
(cDCs) and the plasmacytoid DCs (pDCs). pDCs are found in lymphoid organs as well as in 
peripheral tissues. In the steady state, immature CCR9+ pDCs were shown to be tolerogenic and 
potent inducers of Tregs, while dampening antigen-specific immune responses (24). 
cDCs can be further classified into migratory cDCs and lymphoid tissue-resident cDCs. Immature 
migratory cDCs reside in peripheral tissues, like the skin and lung, where they continuously 
endocytose antigens. In the steady state, there is a low incidence of migration out of the tissue 
and into peripheral lymph nodes (25, 26). In the peripheral lymph nodes, steady state migratory 
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cDCs gain a semi-mature phenotype and express high levels of MHC class II and co-stimulatory 
molecules on their membrane. However, in the absence of inflammatory molecules, these 
migratory cDCs will not produce pro-inflammatory cytokines like tumor necrosis factor (TNF)-α, 
IL-12 or IL-6. In the lymph nodes they maintain tolerance by presenting self-antigens to T cells in 
the absence of pro-inflammatory cytokines and can induce a regulatory phenotype in T cells (27).  
Lymphoid tissue-resident cDCs are non-migratory and they collect, process and subsequently 
present their antigens all within the same lymphoid organ. They can be found in all lymphoid 
tissues and are the major DC population in the spleen. In the steady state they remain immature 
(28). 
Lymphoid tissue-resident cDCs can be further divided into two major subsets: CD8α+DEC205+ 

and CD4+DCIR2+ cDCs. In the spleen CD8α+DEC205+ cDCs reside in the T cell zone and in the 
steady state appear to be specialized for the uptake of dying cells (29). It is suggested that the 
uptake of apoptotic cells by DCs induces the production of endogenous TGF-β. TGF-β producing 
CD8α+DEC205+ cDCs are able to induce functional FoxP3+ Tregs from Foxp3- precursors in the 
presence of low doses of antigen (30).
In the steady state CD4+DCIR2+ cDCs are found in the red pulp and marginal zone of the spleen 
and are specialized for the presentation of antigen on MHC class II (31). It was shown that these 
cDCs enhanced the induction of FoxP3+ Tregs in the presence of exogenous TGF-β (30). 
In the intestine it is of great importance to maintain tolerance for food antigens and intestinal 
bacteria. Therefore, several immune cell subsets that are specialized in maintaining immune 
tolerance are present in the gut. The DC subset that has been described as specific Treg inducer is 
the CD103+ DC subset. The mechanism of CD103+ DCs to induce Tregs in the gut is dependent 
on a metabolite of vitamin A degradation, retinoic acid, and TGF-β (32). 

In vIvo targetIng of steaDy state DenDrItIC Cells

DCs are important for the maintenance of peripheral tolerance and in the steady state situation 
DCs avoid the activation of auto-reactive T cells by inducing anergy, apoptosis or Tregs. Several 
groups have shown that delivering defined antigens to specific populations of steady state DCs 
can induce unresponsiveness in antigen-specific T cells or the induction of antigen-specific Tregs 
(22, 33, 34). The group of Finkelman showed that injection of a rat IgG2b monoclonal antibody 
directed against Dendritic Cell Inhibitory Receptor 2 (DCIR2) present on the CD4+DCIR2+ cDC 
population in the spleen, induces rat IgG2b-specific T cell and B cell tolerance (33). DCIR2 is a 
C-type lectin that carries an Immunoreceptor Tyrosine-based Inhibitory Motif (ITIM), predicting 
an inhibitory function of the protein (35). 
Several other groups used recombinant fusion antibodies that were prepared by fusion of specific 
peptides to a DEC205 antibody. In this way splenic DCs of the CD8α+DEC205+ subpopulation 
can be targeted. Different outcomes were found for different peptides, but in the absence of co-
stimulation all groups showed induction of T cell tolerance to the specific peptide. Tolerance 
was induced either via the induction of peripheral T cell unresponsiveness or otherwise via the 
conversion of naïve antigen-specific T cells into FoxP3+ Tregs (22, 34, 36). 
DEC205 recombinant fusion antibodies were also tested in several autoimmune models. In mouse 
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models of diabetes and autoimmune encephalomyelitis, injection of DEC205 fusion antibodies 
protected mice from disease induction in an antigen-specific CD4+ T cell dependent manner (37-
40). 
In addition, as CD8α+DEC205+ cDCs are specialized in cross-presentation, which is the ability to 
process non-replicating antigens for presentation to CD8+ T cells by MHC class I (41), DEC205 
fusion antibodies were also used to present antigen to antigen-specific CD8+ T cells. In this way 
antigen-specific CD8+ T cell deletion was induced and furthermore, mice became unresponsive to 
a subsequent challenge with the antigen (42).
In conclusion, targeting of steady state DCs in vivo may be exploited clinically to prevent or 
reverse unwanted immunity via induction of tolerance in antigen-specific CD4+ or CD8+ T cells. 
However, it is important to keep in mind that DC-mediated tolerance can only be induced in 
a steady state condition. During autoimmune diseases immune homeostasis is deregulated and 
DCs will obtain a mature phenotype. So, for treatment of autoimmune diseases by targeting 
DCs, a combination therapy is probably necessary. For example, with an anti-TNF-α therapy 
downregulation of inflammation can be induced and at this moment a DC targeting therapy could 
be started. However, in animal models, the disease inducing antigen is known and this knowledge 
is used to design a therapy. In contrast, in human autoimmune diseases the disease trigger is 
usually unknown and multiple.

In vItro InDuCtIon of a tolerogenIC phenotype In DenDrItIC Cells 

Since DCs are naturally tolerogenic in the steady state, they are a promising immunotherapeutic 
target in autoimmune diseases. Tolerogenic DC properties can be enhanced and stabilized under 
laboratory conditions and several studies have shown beneficial effects of ex vivo induced 
tolerogenic DCs in experimental animal models (reviewed by Stoop et al. (43) and Thomson and 
Robbins (44)). 
One important feature of tolerogenic DCs is the maturation stage. Immature DCs continuously 
endocytose antigens and load foreign antigen onto MHC class II. They display low numbers of 
co-stimulatory molecules like CD40, CD80 and CD86, and antigen presentation in the absence of 
co-stimulation has been described to induce antigen-specific T cell anergy (45). Under influence 
of, for example, gut flora or certain cytokines like TNF-α, immature DCs can obtain a semi-
mature phenotype. In this stage DCs display increased levels of MHC class II and co-stimulatory 
molecules, but do not produce pro-inflammatory cytokines (27, 46). In vivo, TNF-α induced 
semi-mature DCs activated CD4+ IL-10 producing Tr1 cells or FoxP3+ Tregs (47, 48). Fully 
mature DCs express large amounts of MHC class II and co-stimulatory molecules on their cell 
membrane. In addition, cytokine production of pro-inflammatory cytokines like IL-12p70 and 
IL-6 is high. Therefore, fully mature DCs usually induce immunity. The maturation stage of DCs 
can be manipulated in vitro via stimulation with certain cytokines like TNF-α to induce a semi-
mature phenotype, or by the addition of drugs like dexamethasone or vitamin D3 to prevent DCs 
from maturing by inhibition of NFκB signaling (49). 
Expression of certain molecules by DCs can also render them tolerogenic. Indoleamine 
2,3-dioxygenase (IDO), Immunoglobulin-Like Transcript (ILT)-3 and 4 or Glucocorticoid-
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Induced Leucine Zipper (GILZ) are all examples hereof (50-52). IDO is an enzyme that catalyzes 
the degradation of the amino acid tryptophan, which is essential for T cell functioning and 
furthermore can mediate the induction of FoxP3+ Tregs (53, 54). Expression of ILT3/4 is induced 
by, for example, IDO (55) and together with GILZ these molecules have been implicated in the 
induction of a regulatory phenotype in T cells (51, 56). Immunosuppressive drugs or cytokines 
like IL-10 and TGF-β can be added in vitro to induce these molecules on DCs and enhance their 
tolerogenic capacity (50-52). 
Finally, tolerogenic DCs can be engineered in vitro via transduction of DCs with IDO, Cytotoxic 
T Lymphocyte Antigen 4 Immunoglobulin (CTLA-4 Ig) or anti-inflammatory cytokines like 
IL-10 or TGF-β (53, 57). CTLA-4 Ig binds CD80 and CD86 with high affinity and therefore 
blocks engagement of DCs with CD28 on T cells. CD28 signaling is suggested to be necessary 
for optimal effector T cell activation. In addition, CTLA-4 Ig induces IDO expression in DCs 
(50). Secretion of the anti-inflammatory molecules IL-10 and TGF-β by DCs can also induce a 
regulatory phenotype in T cells (19, 20). 
In sum, to restore immune tolerance in vitro, induced tolerogenic DCs have a high potential to 
be used for the treatment of patients that suffer from, for example, rheumatoid arthritis (RA) or 
multiple sclerosis (MS). It was shown that in vitro induced tolerogenic DCs can induce Tregs 
and furthermore, were protective in several experimental autoimmune disease models when 
pulsed with a disease related antigen (43, 58). An advantage of using DCs as cell based immune 
therapy is that DCs can be pulsed with a cocktail of peptides or even autologous synovial fluid 
of an arthritis patient. In this way the exact disease trigger is not necessary. However, one major 
drawback of DC based intervention is the stability of DCs in vivo as they might remain responsive 
to additional maturation stimuli.   

stress proteIns anD toleranCe

Stress proteins are imperative for the maintenance of cellular homeostasis. This is achieved for 
instance by avoiding accumulation of damaged or misfolded proteins or the scavenging of toxic 
heavy metals. Forms of stress that induce upregulation of stress proteins are broad and include 
increased temperature (fever), nutritional deficiency, toxin exposure (metals, ultraviolet light etc.), 
oxidative stress, exposure to pro-inflammatory mediators and viral infections (59, 60). In vivo, 
during inflammation both increased temperature and the secretion of pro-inflammatory mediators 
augment the expression of the inducible forms of stress proteins. Indeed, in autoimmune diseases 
like RA and MS elevated levels of some inducible forms of heat shock proteins (HSPs) and 
metallothionein (MT) were found at the site of inflammation (61-64). 
Stress proteins are also highly immunogenic and have the potential to induce immunoregulatory 
pathways. For instance, it was shown that administration of stress proteins was beneficial in 
numerous experimental autoimmune disease models (59, 65). The possible mechanisms of the 
disease suppressive activity of HSPs has been extensively described elsewhere (chapter 3). 
However, one potential mechanism is instigated by the induction of a tolerogenic phenotype in DCs 
by stress proteins. Several studies demonstrated that, for example, HSP70 can bind to receptors 
present on DCs (66-69) and stimulation of DCs with HSP70 was shown to induce the secretion 
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of the anti-inflammatory cytokine IL-10 and could inhibit DC maturation (70, 71). In addition, 
exogenous administration of MT was able to turn naïve CD4+ T cells into Tregs that produce more 
of the anti-inflammatory cytokines IL-10 and TGF-β and less of the pro-inflammatory cytokine 
IFN-γ (72). These data indicate that at least one of the potential mechanisms of stress proteins 
to induce immune regulation and enhance stable immune homeostasis is via the induction of a 
tolerogenic phenotype in DCs.

outlIne anD aIm of thIs thesIs

Stable tolerogenic DCs have a great potential as treatment in autoimmune diseases. In addition, 
the anti-inflammatory effects of stress proteins have been reported extensively and in several 
experimental autoimmune models administration of stress proteins proved beneficial. The aim 
of this thesis was to study the promising immunoregulatory role of stress proteins on DCs or 
produced by DCs. Furthermore, since DCs are naturally tolerogenic in a steady state condition, 
we explored whether targeting of these steady state DCs in vivo with a disease inducing antigen 
could protect mice from experimental arthritis.
In chapter 2 we study whether targeting of steady state DEC-205+ DCs with an immunodominant 
peptide of proteoglycan (PG) fused to an antibody directed against DEC-205 could inhibit or 
reduce symptoms of proteoglycan induced arthritis (PGIA), a chronic B and T cell mediated 
mouse model for RA. We furthermore examined the phenotype of PG-specific T cells after DEC-
205-PG targeting. 
In chapter 3 we try to refute the idea that HSPs are danger/damage associated molecular patterns 
(DAMPs), a name HSPs have obtained due to their production under stressful conditions, such as 
tissue damage or inflammation. In addition, the regulatory role of HSPs on the immune system 
is described.
Chapter 4 describes the regulatory role of exogenously given HSP70 on the DC. The phenotype 
and function of HSP70 treated DCs was studied by means of examining DC phenotype, HSP70-
DC activated T cell phenotype, and the possible immunoregulatory role of HSP70-DCs on PGIA. 
In chapter 5 we examine the effect of carvacrol, a plant compound earlier discovered as 
HSP70 co-inducer, in combination with heat stress, on the phenotype and function of DCs. The 
phenotype was analyzed by microarrays and function was determined by way of studying the role 
of carvacrol-heat stress treated DCs in the PGIA model.
In chapter 6 we study the role of MT produced by tolerogenic DCs in the induction of a regulatory 
phenotype in T cells.
Finally, in chapter 7 the data presented in this thesis are summarized and discussed in the context 
of the knowledge currently present of the essential characteristics of an effective tolerogenic DC 
treatment in autoimmune diseases. 
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abstraCt

In autoimmune diseases like rheumatoid arthritis self-reactive effector T cells play a crucial role 
in the pathogenesis of disease. Deletion of self-reactive T cells or the induction of a regulatory 
phenotype would therefore be a promising approach to correct unwanted effector T cell functions 
in autoimmune diseases. One method to initiate T cell deletion or induce a regulatory phenotype 
in antigen-specific T cells is via delivery of antigens to steady state immature dendritic cells 
(DCs). In this study, we showed that targeting of immature DCs with an antibody directed against 
DEC-205 recombinantly fused to an immunodominant peptide of proteoglycan (PG) delayed 
onset of PG induced arthritis (PGIA) and reduced arthritis symptoms. Amelioration of disease 
was partly induced via a combination of anergy and deletion of PG-specific T cells and a decline 
in IL-17 producing T cells. It is generally considered that CD8+DEC-205+ DCs are the prime 
targets for DEC-205 fusion antibodies. Here, we show that peritoneal cavity derived B-1a cells 
are also targeted by DEC-205-PG fusion antibodies and are able to present peptide to T cells. 
These results indicate a promising role for DEC-205 fusion antibodies as future treatment for T 
cell mediated autoimmune diseases.
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IntroDuCtIon

Rheumatoid arthritis (RA) is an autoimmune disease characterized by the chronic inflammation 
of the synovium of the joints. The cause of RA remains unknown and many different cell types 
of the innate and adaptive arms of the immune system have been implicated in the pathogenesis 
of disease (1). One of these cell types is the CD4+ T cell. The synovial tissue of RA patients is 
infiltrated with effector CD4+ T cells that produce pro-inflammatory cytokines like interferon 
(IFN)-γ and interleukin (IL)-17 resulting in synovial inflammation and joint cartilage destruction 
(2). Furthermore, the blockade of T cell activation with therapeutic agents has proven to be an 
effective treatment, indicating the critical role for T cells in RA (3). Since T cells are antigen-
specific, present at the site of inflammation and able to modulate other immune cells they are also 
excellent candidates for immunological intervention in autoimmune diseases like RA. 
One of the T cell target auto-antigens in the joints of RA patients is the cartilage proteoglycan 
(PG) aggrecan (4-6). Immunization of BALB/c mice with human PG (hPG) induces a form of 
arthritis that shows many similarities to human RA and is based on a combined T and B cell 
response directed against hPG and self (mouse) PG (mPG) (7, 8). In addition, PG induced arthritis 
(PGIA) can also directly be induced by transfer of the PG-specific T cell hybridoma clone 5/4E8 
into naïve BALB/c mice (9) or by transfer of activated splenic cells from arthritic mice (10). 
Accumulating evidence indicates that regulatory T cell defects play a role in RA pathogenesis. 
Several in vivo and ex vivo approaches of T cell manipulation have been described to restore 
tolerance via the induction or expansion of joint antigen-specific regulatory T cells (reviewed in 
(11)). One method to induce these antigen-specific regulatory T cells in vivo is via targeting of 
steady state dendritic cells (DCs) with a cartilage specific peptide. During homeostasis, antigens 
can be targeted to immature steady state DCs using a monoclonal antibody directed against the 
endocytosis receptor DEC-205. Herewith, antigens are efficiently processed and presented by 
MHC class I or II molecules to antigen-specific T cells. Until now, the induction of a regulatory 
phenotype in T cells via targeting DEC-205 was only established for non-self-antigens like 
hemagglutinin (HA) (12, 13) and ovalbumin (OVA) (14). In addition, also a mimotope of a peptide 
of the pancreatic β-cell self-antigen could induce the conversion of naïve antigen-specific T cells 
into FoxP3+ regulatory T cells (15). In contrast, targeting DEC-205+ cells with peptides of the self-
antigens myelin oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP) were not able 
to induce a classic regulatory T cell phenotype. Instead, MOG-specific T cell unresponsiveness 
and increased expression levels of CD5 on peripheral T cells was shown for DEC-MOG fusion 
antibodies (16) and PLP-specific T cell anergy was induced in mice treated with DEC-PLP fusion 
antibodies. Furthermore, splenocytes of DEC-PLP treated mice had reduced levels of IL-17 
producing cells (17). In both studies the onset of experimental autoimmune encephalomyelitis 
(EAE) was delayed and disease severity reduced after prophylactic administration of DEC-205 
fusion antibodies.
In all DEC-205 targeting studies conducted so far, DCs were seen as the target for DEC-205 fusion 
antibodies. However, it has been long known that other leukocytes, like B cells, also express this 
C-type lectin receptor, although surface expression levels are usually much lower (18, 19). In 
addition, IL-4/lipopolysaccharide (LPS) activated B cells were similar to CD8+ DCs in capturing, 
processing and presenting antigens to MHC class II restricted T cells after antigen targeting to 
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DEC-205 (19). 
Here, we report experiments where DEC-205 targeting is tested in the PGIA model. We showed 
that pretreatment with minute amounts of the DEC-205 fusion antibody significantly reduced 
disease. Suppression of disease was mediated at least partly by antigen-specific T cell anergy 
and deletion and the reduction of IL-17 producing T cells. However, the role of antigen-specific 
regulatory T cells can thus far not be excluded. In in vitro experiments we showed that B cells are 
targeted by DEC-205 fusion antibodies and were able to activate antigen-specific T cells. 
 

materIals anD methoDs

Mice 
Female BALB/c retired breeder mice, aged between 16-26 weeks, were purchased from Charles 
River Laboratories. TCR-5/4E8-Tg BALB/c (PG-TCR Tg) mice (10) were bred and kept 
under specified pathogen free conditions. Thy1.1 BALB/c mice were purchased from Jackson 
Laboratories and crossed back ones with Charles River Thy1.2 WT BALB/c mice. Offspring of 
littermates with the Thy1.1 phenotype were used in experiments. Mice were bred and kept under 
standard conditions and received water and food ad libitum. Experiments were approved by the 
Utrecht University Animal Experimental Committee.

Recombinant fusion antibody production
Eukaryotic expression vectors encoding the IgH chain cDNA of cloned anti-DEC-205 (αDEC-
205) NLDC-145 and III/10 isotype control, and their respective Igκ L chain cDNA were 
produced in the Nussenzweig laboratory at Rockefeller University (16, 20). Double-stranded 
DNA fragments encoding hPG peptide 70-84 (ATEGRVRVNSAYQDK, 5/4E8 PG) were added 
in frame to the C-terminus of αDEC-205 and III/10 as described before (21), using the following 
oligonecleotides: PG-1for: 5’-CTA GCG ACA TGG CCA AGA AGG AGA CAG TCT GGA 
GGC TCG AGG AGT TCG GTA GGT TCA CAA ACA GGG CC-3’; PG-1rev: 5’-TTC AGT 
GGC CCT GTT TGT GAA CCT ACC GAA CTC CTC GAG CCT CCA GAC TGT GTC CTT 
CTT GGC CAT GTC G-3’; PG-2for: 5’-ACT GAA GGG CGC GTG CGG GTC AAC AGT GCC 
TAT CAG GAC AAG TAT TAT GAC GGT AGG ACA TGA TAG GC-3’; PG-2rev: 5’-GGC 
CGC CTA TCA TGT CCT ACC GTC ATA ATA CTT GTC CTG ATA GGC ACT GTT GAC CCG 
CAC GCG CCC-3’. Recombinant antibodies were produced using FreeStyleTM 293 Expression 
Sytem (Invitrogen) according to the manufacturer’s protocol. The produced antibodies were 
purified on HiTrapTM Protein G HP comlumns (GE Healthcare). Protein concentrations were 
determined spectrophotometrically at 280 nm and the integrity of the produced fusion antibodies 
was verified by SDS-PAGE with an IgG1/IgL-κ antibody as reference.

Recombinant antibody administration and arthritis induction
BALB/c mice were intraperitoneally (i.p.) injected with recombinant antibodies fused to PG 
peptide dissolved in 100 μl PBS on days -10 or -20. Control mice received PG peptide in PBS 
or PBS alone. Subsequently, arthritis was induced by i.p. injection of hPG (250 μg) and 2 mg 
dimethyldioctadecylammonium bromide (DDA) (Sigma) emulsified in 200 μl PBS on days 0 
and 21. Onset and severity of arthritis was determined using a visual scoring system based on 
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swelling and redness of paws (22). On maximal day 100, animals were sacrificed and spleens and 
draining LN (dLN) of the paws (brachial, axillary, popliteal) were isolated.

ELISA for PG-specific antibodies
Serum hPG-specific antibodies were measured by ELISA as described elsewhere (22). PG-
specific IgG1 and IgG2a antibody levels were calculated as OD relative to the OD measured for 
the corresponding isotypes of a standard of pooled sera from arthritic mice.

In vitro APC targeting
For DCs, single cell suspensions from spleen were prepared with 2 mg/ml Collagenase D 
(Roche) in PBS supplemented with Ca2+ and Mg2+ and 0.1% BSA (Sigma). For B cells, single 
cell suspensions were prepared using 70 μm cell strainers (BD Bioscience). FACS-purified 
CD11c+ DCs, CD19+CD23loCD21hi splenic marginal zone B cells, CD19+CD23hiCD21lo splenic 
follicular B cells and CD19+CD11b+CD5+ peritoneal cavity B-1a cells were incubated for three 
hours with 500, 167, 56, 19, 6 or 0 ng/ml recombinant fusion antibodies or 10, 3, 1, 0.4 or 0.1 ng/
ml PG peptide at 37°C in culture medium containing IMDM (Gibco) supplemented with 5% FBS 
(Lonza), 100 units/ml penicillin, 100 μg/ml streptomycin and 5x10-5 M β-mercaptoethanol in the 
presence of 5 μg/ml 2.4G2. Cells were washed extensively and subsequently, 2x104 B cells or 
1x104 DCs were cultured with 1x105 FACS-purified PG-TCR CD4+ T cells in flat bottom culture 
plates (Corning) for four days. As a control PG-TCR CD4+ T cells were cultured with 2x104 B 
cells or 1x104 DCs in the continuing presence of 15 μg/ml PG peptide. To study CD4+ T cell 
proliferation, T cells were labeled with 5,6-carboxy-succinimidyl-fluoresceine-ester (CFSE) as 
described before (23).

In vivo T cell activation
Single cell suspensions from spleens of PG-TCR Tg donor mice were depleted from erythrocytes 
in ACK-lysis buffer (150 mM NH4Cl and 1 mM NaHCO3; pH 7.4) and stained with monoclonal 
antibodies specific for CD45R (Ra3-6B2), CD11b (M1/70), MHC class II (M5/114), CD8 
(YTS169) and CD25 (PC61). Positive cells were removed with sheep-anti-rat conjugated Dynal 
beads (Invitrogen). Negative cells, denoted as enriched CD4+CD25- T cells (purity ~80%) were 
resuspended in PBS and labeled with CFSE. Acceptor WT or Thy1.1 BALB/c mice received 
intravenously (i.v.) 1x107 or 2x106 CD4+ CFSE-labeled cells in 100 µl PBS. On the subsequent 
day mice were i.p. injected with recombinant antibodies fused to PG peptide dissolved in 100 
μl PBS. Control mice received PG peptide in PBS or PBS alone. For direct αDEC-PG effects 
on the PG-TCR specific T cell, acceptor mice were sacrificed four or fourteen days after fusion 
antibody or control injection and spleen and mesenteric lymph nodes (mLN) were isolated. For 
αDEC-PG effects on anergy or deletion induction, acceptor mice were injected i.p. with 250 μg 
hPG and 2 mg DDA (Sigma) emulsified in 200 μl PBS 21 days after fusion antibody or control 
injection. These acceptor mice were sacrificed four days later and spleen, mLN and subcutaneous 
LN (scLN; inguinal LN, superficial cervical LN, brachial LN and axillary LN) were isolated. 

Flow cytometric analysis of surface markers and FoxP3
Single cell suspensions of spleens, mLN, scLN were prepared using 70 μm cell strainers (BD 
Bioscience). Cells were stained with monoclonal antibodies to CD5 (53-7,3), CD90.2 (53-2.1) 

proefschrift.indb   23 16-1-2013   20:39:15



Dendritic cells and immuno-modulation in autoimmune arthritis

24

(eBioscience), CD4 (RM4-5), CD25 (PC61) (BD Biosciences). FoxP3 staining was carried out 
with a FoxP3 (FJK-16S; pacific blue labeled) staining kit as instructed (eBioscience). Flow-
cytometry was performed on a FACSCanto (BD Biosciences).

Intracellular cytokine production
Single cell suspensions of dLN or spleens were cultured for 6 hours in round bottom plates 
(Corning) at 1x106 cells per well in the presence of 50 ng/ml phorbol 12-myristate 13-acetate 
(PMA) and 500 ng/ml ionomycin (Sigma Aldrich). Brefeldin A (Sigma Aldrich) was added for 
the last four hours of culture at a concentration of 1 μg/ml in a final volume of 200 μl. Cells 
were subsequently stained with FITC-anti-CD4 (RM4-5), fixed and permeabilized (Cytofix/
Cytoperm; BD Bioscience) and stained with PE labeled anti-IL-10 (JES5-16; BD Bioscience) or 
APC labeled anti-IL-17 (eBio17; eBioscience). Flow-cytometry was performed on a FACSCanto 
(BD Biosciences). 

Statistical analysis
Statistical analysis was carried out using Prism software (version 4.00, Graphpad software Inc.). 
One way ANOVA (two-tailed) with Bonferroni correction was applied.

results

DEC-205 targeting ameliorates experimental arthritis and delays disease onset
To study whether targeting of DEC-205+ cells in a steady state condition can protect mice from 
experimental autoimmune arthritis, an immunodominant peptide of PG (PG70-84) (24, 25) was 
recombinantly fused to the C-terminus of the IgH chain of cloned αDEC-205. As a control PG 
peptide was fused to the C-terminus of III/10 control antibody. Mice were injected with different 
doses of both recombinant fusion antibodies at two time points before arthritis induction. As shown 
in figure 1a a relatively high dose of αIII/10-PG reduced disease severity to some extent in the 
PGIA model when administered ten days before the first PG/DDA immunization. This reduction 
was comparable to the reduction reached with a 5-fold lower dose of αDEC-PG administration. In 
contrast, a high dose of αDEC-PG injection administered at the same time point reduced arthritis 
to a much greater extent. Both high and low dose DEC-PG significantly delayed disease onset 
and reduced maximum arthritis scores as compared to mice that only received PBS (figure 1a 
and table 1). Interestingly, administration of minute amounts of αDEC-PG to as low as 50 ng per 
mouse ten days earlier, at 20 days prior to immunization, also significantly reduced maximum 
arthritis scores and delayed disease onset (figure 1b and table 1). 
In sum, DEC-205 targeting with a αDEC-PG substantially ameliorated clinical symptoms over a 
relatively broad range of recombinant antibody amounts depending on the time of fusion antibody 
administration.

Altered antigen-specific B cell responses after DEC-205 targeting
PGIA is a B cell mediated and T cell dependent model for autoimmune arthritis (26, 27). This 
means that induction of disease is dependent on the presence and activation of autoreactive PG-
specific CD4+ T cells (27), while PG-specific B cell responses are required for the induction of 
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Figure 1: DEC-205 targeting ameliorates clinical symptoms over a range of recombinant antibody amounts. Arthritis 
was induced by two immunizations of proteoglycan (PG) in DDA on day 0 and 21 with or without preadministration of 
fusion antibodies (αDEC205-PG or III10-PG) in sterile PBS on either day -10 (A) or -20 (B-F). A/B. Arthritis severity 
expressed as mean values ± SEM. *, ** and *** indicate statistical differences of p<0.05, p<0.01 or p<0.001 respectively 
for area under the curve. C. On day 58 serum was obtained and analyzed by ELISA for IgG1 and IgG2a to human 
proteoglycan. D/E/F. Draining LN of the paws were isolated on day 58. Expression of CD5 (D), IL-17 (E) and FoxP3 (F) 
of CD4+ cells was measured using flow cytometry. Data are the mean values of at least 6 mice per group ± SEM. Black 
bars: PBS treated; grey bars: 50 ng/mice αDEC205-PG; white bars: 1 µg/mouse αDEC205-PG.

severe PGIA (26). The onset and severity of disease is correlated with autoantibody titers of the 
IgG2a isotype, a characteristic of a Th1-type immune response (28).
We determined the PG-specific serum levels of IgG1 and IgG2a by ELISA 58 days after the first 
PG immunization. Equally high levels of IgG1 in all treatment groups confirmed the induction of 
a B cell response against PG. In contrast, PG-specific IgG2a levels in both αDEC-PG treatment 
groups were lowered as compared to PBS injected mice (figure 1c). 

DEC-205 targeted B cells induce antigen-specific T cell proliferation
DCs can efficiently present peptide to antigen-specific T cells after DEC-205 targeting (12, 16, 
21). However, since B cells can also function as antigen presenting cells and activated B cells 
can present peptide to antigen-specific T cells after DEC-205 targeting (19), B cells can not be 
excluded as possible targets of DEC-205 fusion antibodies in vivo. Therefore, we investigated 
whether certain B cell subsets functioned as antigen presenting cells after in vitro targeting with 
αDEC-PG. First, we determined which B cell subsets expressed DEC-205. As shown in figure 
2a especially the splenic marginal zone B cells and the peritoneal cavity-derived B-1a cells 
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expressed higher levels of DEC-205 as compared to splenic follicular B cells. Expression levels 
were, however, lower than on splenic CD8+ DCs (figure 2a). To study the antigen-presenting 
capacity of DEC-205 targeted B cells and DCs we cultured different B cell subsets and CD8+ 

DCs with several concentrations of αDEC-PG and controls for four hours. After extensive 
washing, the antigen-presenting cells were co-cultured with CFSE labeled PG-specific T cells 
and proliferation was determined three days later. Around 60% of the T cells co-cultured with 
DCs targeted by DEC-205 in a concentration ranging from 500 until 6 ng/ml fusion antibody had 
proliferated (figure 2b and c). Interestingly, a high dose of αIII/10-PG and peptide control induced 
an equal amount of T cell proliferation (figure 2c). All three B cell subsets tested, and especially 
the peritoneal cavity-derived B-1a cells, induced T cell proliferation as well, albeit much less 
than DCs. 
In sum, although CD8+ DCs activate T cells very efficiently after DEC-205 targeting, B cell subsets 
also induce antigen-specific T cell proliferation in vitro. This mechanism could be important in 
the suppression of PGIA as fusion antibodies are injected intraperitoneally. Administration via 
this route suggests that DEC-205 fusion antibodies are more likely to encounter peritoneal B-1 
cells than CD8+ DCs, which are mostly present in the spleen.

Phenotypical characterization of draining LN T cells in DEC-PG treated protected mice
Several mechanisms have been described for the induction of T cell tolerance after in vivo targeting 
of DEC-205. For instance, the induction of an unresponsive phenotype in antigen-specific T cells, 
increased levels of CD5 on T cells, reduced IL-17 secretion in splenocytes or the induction of 
antigen-specific FoxP3+ regulatory T cells (12, 16, 17). 
To test whether one of these mechanisms could be involved in PGIA suppression induced by DEC-
205 targeting, we isolated the draining LN of the paws of arthritic mice that were prophylactically 
treated with different doses of αDEC-PG or control antibodies. After PGIA induction these 
draining LN are enriched with PG-specific T cells. We did not observe an increased CD5 
expression on T cells in mice prophylactically injected with αDEC-PG (figure 1d). However, IL-
17 secretion of draining LN CD4+ T cells was less in mice injected with αDEC-PG as compared 
to PBS controls (figure 1e). Finally, FoxP3 expression levels in T cells were not increased in 
αDEC-PG treated mice (figure 1f). Nevertheless, FoxP3 expression is expected to be induced in a 
fraction of the PG-specific T cells only, and such an increase would go unnoticed when the whole 
T cell repertoire in the LNs is analyzed. 
In conclusion, no differences in CD5 or FoxP3 expression were found in the general T cell 
repertoire after DEC-205 targeting in arthritic mice. In contrast, CD4+ T cells residing in the 
LNs nearby the place of inflammation secreted less IL-17 in mice treated with DEC-205 fusion 
antibodies.  

DEC-205 targeting can induce FoxP3 expression in PG specific T cells 
To study whether DEC-205 targeting was able to induce FoxP3 expression in PG-specific CD4+ 

T cells, CFSE labeled CD4+CD90.2+ PG-specific T cells were adoptively transferred into WT 
or CD90.1+ recipients. The following day, recipient mice were injected with a high dose (1 μg/
mouse) or low dose (50 ng/mouse) of αDEC-PG or III/10-PG control. Proliferation and FoxP3 
expression of PG specific T cells was measured four and fourteen days later in spleens and mLN of 
recipient mice (figure 3). High and low doses of αDEC-PG fusion antibody induced proliferation, 
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Figure 2: DCs and B cell subsets can present peptide to Ag-specific T cells via DEC205 targeting. A. Mean 
fluorescence intensity of DEC-205 measured by flow cytometry in several B cells subsets and in DCs as a positive 
control in naïve mice. B/C. FACS-purified CD11c+  splenic DCs, CD19+CD23loCD21hi splenic marginal zone B cells, 
CD19+CD23hiCD21lo splenic follicular B cells and CD19+CD11b+CD5+ peritoneal cavity B-1a cells were incubated for 
three hours with αDEC205-PG, III10-PG or PG peptide at 37°C. After extensive washing cells were incubated for three 
days with CFSE labeled PG-specific T cells. Proliferation was measured using flow cytometery.
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FoxP3 expression and IL-10 production four days after recombinant protein injection, although 
with a high dose these changes were more pronounced (figure 3a-c). Interestingly, a high dose of 
III/10-PG also induced some proliferation and FoxP3 expression, especially in the spleen (figure 
3a and b). In addition, fourteen days after recombinant antibody administration, proliferation 
profiles were similar to profiles obtained four days after injection (figure 3d). Unexpectedly, at 
this time point the percentage of FoxP3+ PG specific CD4+ T cells after αDEC-PG administration 
was the same as in the controls (figure 3e). Finally, the percentages of PG-specific T cells left 
in the spleens of the recipient mice fourteen days after αDEC-PG injection were studied. As 
shown in figure 3f, mice administered with 1 μg of DEC-PG antibody had lower percentages of 
CD4+CD90.2+ PG specific T cells left compared to the other groups. As the PG specific T cells in 
these mice had proliferated most, this could be an indication that antigen-specific T cell deletion 
and/or anergy was induced by DEC-205 administration. 
These data indicate that four days after DEC-PG administration PG specific T cells obtain a 
regulatory phenotype with increased levels of FoxP3. However, this feature is of short term only, 
as after fourteen days the FoxP3 levels in all treatment groups are all the same. 

Figure 3: DEC-205 targeting induces FoxP3 expression in PG-TCR specific T cells after four but not after 14 days. 
PG specific CD4+CD90.2+ T cells were CFSE labeled and approximately 1x107 cells were i.v transferred into recipient 
WT (A-C) or CD90.1 (D-F) mice. The next day mice were i.p. injected with 50 ng or 1 µg αDEC205-PG or with 50 ng 
or 1 µg III10-PG. Mice were sacrificed 4 days (A-C) or 14 days (D-F) later. A/D. Percentage of proliferated PG-specific 
T cells in mesenteric LN (mLN) and spleen measured by flow cytometry. B/E. Percentage of FoxP3+ PG specific cells of 
proliferated T cells in mLN and spleen. C. Percentage of IL-10+ PG specific cells of proliferated T cells in spleen after 
PMA/IO stimulation. F. Percentage of PG specific adoptively transferred T cells.
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DEC-205 targeting induces anergy and/or deletion in PG specific T cells
As there is an indication that DEC-PG targeting can induce T cell deletion or anergy we explored 
this option in more detail. CFSE-labeled CD90.2+ PG-specific T cells were adoptively transferred 
into CD90.1+ recipient mice, subsequently followed by an i.p. injection of αDEC-PG or III/10-
PG control. However, for this experiment recipient mice received an additional immunization 
with PG in DDA three weeks after recombinant fusion antibody administration to induce robust 
proliferation of the PG specific T cells. Four days later mice were sacrificed and proliferation and 
percentage of CD90.2+ PG specific T cells was measured in spleen and several LN (figure 4). In 
these organs there were hardly any PG specific T cells left when recipient mice had received a high 
dose of αDEC-PG, indicating deletion of antigen specific T cells. Mice that were injected with a 
low dose of αDEC-PG also had lower PG specific cell numbers as compared to the PBS group. 
However, these numbers were equal to the amount of PG specific T cells found in the different 
organs of a high dose III/10-PG treated mouse (figure 4a). Studying the results in more detail as 
shown in figure 4b, it becomes clear that even in the high dose αDEC-PG group deletion of the 
PG-specific T cells is not complete and furthermore, not all PG specific T cells have proliferated. 
It is conceivable that these T cells obtained an anergic or regulatory phenotype after recombinant 
fusion antibody administration. 
In conclusion, DEC-205 targeting induces antigen specific T cell deletion and possibly anergy in 
PG specific T cells, especially after a rather high αDEC-PG dose.

DIsCussIon

Autoimmune diseases often result from a deregulation of immune homeostasis where the balance 
between auto-aggressive effector T cells and regulatory T cells is disturbed. Possible mechanisms 
to restore a homeostatic balance include: deletion or anergy of auto-antigen specific T cells or the 
generation of a regulatory T cell response. Several studies demonstrated unresponsiveness of T 
cells towards a disease inducing antigen or the conversion of naïve antigen-specific T cells into 
regulatory FoxP3+ T cells after targeting of immature steady state DCs with a recombinant DEC-
205 fusion antibody (12, 22). In the present study we demonstrated that injection of a DEC-205 
antibody recombinantly fused to an immunodominant peptide of PG (PG70-84) was suppressive in 
the PGIA model, a T cell dependent B cell mediated experimental model of RA. 
To study the mechanism of αDEC-PG induced suppression of PGIA in more detail, the phenotype 
of CD4+ T cells residing in the draining LN of the paws of arthritic mice was determined. In 
addition, the effect of αDEC-PG or control administration on the PG70-84 –TCR specific CD4+ 

T cells was studied. Earlier it was described that MOG-specific peripheral T cells obtained an 
unresponsive phenotype with increased levels of CD5 after DEC-205 targeting (22). We observed 
unresponsiveness and deletion of PG70-84 –TCR specific T cells when mice were injected with 
αDEC-PG prior to immunization with human PG in DDA. However, in this experiment expression 
of CD5 on PG70-84 –TCR T cells was not increased. Furthermore, we did not observe an increased 
CD5 expression on T cells of the draining LN of the paws in arthritic mice pretreated with αDEC-
PG. The pro-inflammatory cytokine IL-17 has been implicated in many autoimmune diseases like 
multiple sclerosis (MS), type I diabetes and RA (2, 29, 30). It was found that in an experimental 
animal model of MS, DEC-205 targeting significantly ameliorated disease symptoms and 
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Figure 4: DEC-205 targeting 
induces deletion/anergy in PG-
TCR specific T cells. PG specific 
CD4+CD90.2+ T cells were CFSE 
labeled and 2x106 cells were i.v 
transferred into recipient CD90.1 
mice. The next day mice were 
i.p. injected with 50 ng or 1 µg 
αDEC205-PG, with 1 µg III10-
PG or PBS. Three weeks later 
mice were immunized with PG 
in DDA and sacrificed four days 
after immunization. Percentage 
of PG specific T cells (A) and 
proliferation profile of PG-specific 
T cells (B) in spleen, mesenteric 
LN and subcutaneous LN was 
measured by flow cytometry.

reduced IL-17 secretion of splenocytes after disease induction as compared to controls (17). In 
our arthritis experiments we also observed that T cells of αDEC-PG treated mice secreted less 
IL-17 than T cells of the PBS-treated control group, indicating an αDEC-PG induced mechanism 
of arthritis suppression. Finally, it has been well described that in vivo DEC-205 targeting can 
induce antigen-specific FoxP3+ regulatory T cells (12-14). However thus far, the induction or a 
regulatory phenotype in T cells was only established for non-self-antigens like HA (12, 13), OVA 
(14), or for a mimotope of the pancreatic β-cell self-antigen (15). Here, we showed an increased 
expression of FoxP3 in PG70-84 –TCR T cells four days after αDEC-PG injection. However, 14 
days after αDEC-PG injection, no enhanced FoxP3 expression in these antigen-specific T cells 
could be noticed any more. Furthermore, no differences in FoxP3 expression were found in the 
total CD4+ population of the draining LN of the paws. 
In line with the findings that B cells are important as antigen presenting cells for the in vivo 
programming of CD4+ T cells (31-33), several studies showed that antigen-specific B cells are 
required as antigen presenting cells in the PGIA model, especially for the induction of severe 
autoimmune arthritis. (26, 34, 35). Since B cells have an important role as antigen presenting cells 
we studied whether αDEC-PG fusion antibody could have directly targeted B cells, suggesting a 
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potential role for specific B cell populations in αDEC-205 mediated T cell suppression. 
B cells express DEC-205, although expression is much lower as compared to CD8+ DCs (18, 19). 
In addition, Kamphorst et al. (19) described that activated B cells were able to present antigens 
to MHC class II restricted T cells after antigen targeting to DEC-205. We found that several 
non-activated subsets of B cells also express DEC-205 and especially peritoneal cavity-derived 
B-1a cells presented PG peptide to PG-specific T cells in an in vitro setting relatively efficiently 
after DEC-205 targeting. Both naïve, resting B cells (36-39) and activated B cells (40, 41) are 
described as antigen presenting cells that can induce or expand the antigen-specific regulatory T 
cell pool or induce antigen-specific T cell anergy. In vivo DEC-205 targeting of peritoneal cavity 
B-1a cells could potentially be of great interest since B-1a cells are imaginably the first cells that 
recombinant DEC-205 fusion antibodies encounter after i.p. injection. In vivo, this is a likely 
situation since high numbers of B-1a cells are localized in the peritoneal cavity. 
In conclusion, this study shows that prophylactic injection of DEC-205-PG70-84 recombinant 
fusion antibodies suppresses PGIA. Amelioration of disease is mediated at least partly through a 
combination of anergy and deletion of PG-specific T cells and the reduction of IL-17 producing 
T cells. Although DEC-205 targeting does not seem to induce antigen-specific FoxP3+ regulatory 
T cells, the involvement of some FoxP3- variant of regulatory T cells cannot be excluded. Finally, 
CD8+ DCs are the most likely targets of DEC-PG recombinant fusion antibodies, even though 
B cells were found to also activate PG-specific T cells after αDEC-PG targeting in an in vitro 
setting. 
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abstraCt

Until recently, the immune system was seen solely as a defense system with its primary task being 
the elimination of unwanted microbial invaders. Currently, however, the functional significance 
of the immune system has obtained a much wider perspective, to include among others the 
maintenance and restoration of homeostasis following tissue damage. In this latter aspect, there 
is a growing interest in the identification of molecules involved, such as the so-called danger 
or damage-associated molecular patterns (DAMPs), also called alarmins. Since heat shock 
proteins are archetypical molecules produced under stressful conditions, such as tissue damage 
or inflammation, they are frequently mentioned as prime examples of DAMPs (1-3). See for 
instance also a recent review (4). Contrary to this description, we recently presented some of the 
arguments against a role of heat shock protein as DAMPs (5). With this perspective and reflection 
article, we hope to elaborate on this debate and provide additional thoughts to further ignite this 
discussion on this critical and evolving issue.
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what are Damps?

In the 1990s, Polly Matzinger introduced the concept of immunological “danger” as a further 
refinement of Burnet’s original clonal selection theory which is the basis of self–nonself 
discrimination by the immune system (6). In her “danger” concept of immune function, she 
proposed immune responses result from detecting and addressing danger and not just nonself. 
In this context, the molecules associated with distress and damage (including self molecules) are 
regarded as the prime stimuli for immunological reactivity.
Self-danger signals were postulated to originate from, for instance, necrotic cells that succumb 
to infection or ischemia. Subsequently, several molecules were ascribed “danger”-associated 
molecule (DAMPs) functions, such as high-mobility group box-1 (HMGB1) protein, the most 
abundant member of the HMG family of DNA-binding proteins. Other candidates include 
cytosolic calcium-binding proteins of the S-100 family, nucleosomes, uric acid, and antibacterial 
peptides (7). It was logical and attractive to incorporate into this concept families of heat shock 
proteins (HSPs) as they are upregulated during stressful cellular events such as in tissue necrosis. 
HSPs have since often been categorized as prototypic “danger” associated molecular patterns or 
DAMPs.
As a brief aside, the terminology in this field exemplifies the continuing maturation of the 
danger concept since its original inception. The term DAMPs is given in analogy with the earlier 
coined PAMPs (pathogen-associated molecular patterns), which were proposed to be structures 
recognized by so-called pattern recognition receptors. At this moment, however, DAMPs is more 
known as “damage”-associated molecular patterns. The latter was proposed for the situation in 
clinical organ transplantation, where the transplant does not reflect a danger but rather a benefit to 
the recipient. The upregulated HSPs resulting from reperfusion injury were therefore viewed as a 
typical DAMP in the sense of “damage” and not danger-associated molecular pattern (8).
In the more narrow definition, DAMPs are intracellular nonmicrobial molecules normally hidden 
from recognition by the immune system. They are released during necrotic and not apoptotic 
cell death, after which the innate immune system responds both directly with inflammation and 
indirectly by recruiting reinforcements from the adaptive immune system (2). Kono and Rock 
have attempted to outline four criteria in terms of biological outcomes that must be fulfilled for a 
molecule to be classified as a DAMP (2):

1. A DAMP should be active as a highly purified molecule
2. The biological effect should not be owing to contamination with microbial molecules. Caution 

is particularly warranted if the putative DAMP is found to work through receptors for PAMPs 
such as toll-like receptors (TLRs).

3. The DAMP should be active at concentrations present in pathophysiological situations
4. Selective elimination or inactivation of the DAMP should ideally inhibit the biological activity 

of dead cells in in vitro or in vivo assays.

In the case of HSPs, the first two criteria are already problematic. Given their chaperone nature, 
HSPs readily engage other molecular structures, and experience has taught us that recombinant 
HSPs are easily contaminated with microbial products when produced in microbial expression 
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systems. Criterion 4, by the authors’ own admission, is an ideal effect, and in most cases, this 
criterion is not fulfilled. To put it bluntly, it seems questionable whether or not there exists 
any single DAMP which meets all of these criteria. Our brief analysis of the current literature 
on DAMPs suggested that convincing evidence for single DAMP molecules initiating pro-
inflammatory responses, as proven by the above criteria, may be lacking so far.

mICrobIal hsps are ImmunoDomInant anD InDuCe Cross-reaCtIvIty 
wIth self-hsp

One of the remarkable characteristics of HSPs is their immunodominance. HSP60 was already 
known as the “common antigen” of gram-negative bacteria before the actual recognition of its 
molecular identity. Immunization with gram-negative bacteria led to the production of high levels 
of antibodies specific for this common antigen (9). Since the mycobacterial HSP60 molecule was 
cloned (10), Kaufmann and others have performed immunization studies with mycobacteria and 
with recombinant mycobacterial HSP60 demonstrating the resulting frequency of HSP60-specific 
T cells can be very high. After immunization with Mycobacterium tuberculosis, approximately 
one out of five of the M. tuberculosis-reactive T cells recognizes HSP60. Immunization 
with recombinant HSP60 in an adjuvant also stimulated an impressively high number of M. 
tuberculosis-reactive T cells (1 out of 2,000) (11). Since then, many others have shown the 
dominant immunogenicity of microbial HSPs (12).
Given the conserved nature of HSPs, this high level of immunogenicity is not immediately 
understood. One would predict a low degree of immunogenicity for molecules having extensive 
sequence similarities with self-antigens. A healthy immune system is not supposed to respond to 
self-antigens or their closely related homologs. Paradoxically, when mapping T cell epitopes for 
mycobacterial HSP60 in Lewis rats, defined epitopes included many conserved sequences, and 
the responding T cells were found to cross-respond to homologous self-peptide derived from 
mammalian HSP60 (13). Since then, self-HSP cross-reactive T cells have been identified in many 
models and even in human cord blood (14, 15). In children suffering from juvenile idiopathic 
arthritis, their strongest T cell responses to self-HSP60 were detected in patients during remitting 
phases of their disease, suggestive of an anti-inflammatory mechanism resulting from self-HSP-
directed T cell reactivity (16-18).
Furthermore, autoantibodies against HSP have been found to be prevalent in healthy subjects. For 
HSP60, this was summarized by Quintana and Cohen (19). Similar patterns of autoantibodies are 
observed for self-HSP70, for example in diabetes and atherosclerosis (20). Interestingly, antigen 
microarray analysis for multiple sclerosis (MS) patients revealed that HSP70 autoantibodies 
were a characteristic antibody signature of patients with a remitting and relapsing form of the 
disease. These antibodies were much less abundant in patients with progressive forms of MS, 
again associating HSP70 immune reactivity with disease remission (21).
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the ImmunoDomInanCe of hsps may not DepenD on InteraCtIons 
wIth Innate reCeptors

There are no reports of peculiar pro-inflammatory isotype (e.g., IgG2a) profiles for HSP-binding 
antibodies in patients with autoimmune diseases. And as an aside, direct polyclonal stimulation 
of mouse B cells with human HSP60 induced production of IgG3. These activated B cells were 
also found to stimulate a Th0 profile in T cells as opposed to a typical Th1, as indicated by 
their production of interleukin (IL)-10 and interferon gamma (INF-γ) (22). In addition, T cells 
reactive to HSPs that have been reported were typically not pro-inflammatory, regardless of 
whether they were stimulated with mammalian (self) HSP or microbial HSPs. In stark contrast, 
many antibodies or responding T cells were found to have anti-inflammatory activities (23-25). 
These were demonstrated by their abilities to suppress an inflammatory disease or to produce 
anti-inflammatory cytokines such as IL-10 (26). In other words, despite the fact that responses 
to HSPs may be of fundamental interest to the immune system, the phenotypic characteristic of 
HSP immune reactivity does not reflect a typical DAMP-associated pro-inflammatory response.
Be that as it may, one cannot exclude that the dominant immunogenicity of HSP stems from 
their interaction with TLRs or other innate receptors. However, there remain other possibilities 
which may explain the potent immunogenicity of HSPs equally well (Table 1). Firstly, the more 
practical explanation is exposure. The immune system is in continuous contact with conserved 
microbial HSPs. The symbiotic relationship between the gut and intestinal microbiota ensures 
the regular immunological surveillance of our resident flora. Be it benign colonization by 
commensals or true invasion by pathogens, it will impose stress on every intruder, which will 
lead to an upregulation of microbial HSP and provide ample and repetitive opportunity for our 
immune system to respond to HSP. And logically, the immune response would most frequently 
encounter the most conserved epitopes. In this response, the expansion of T cells specific for 
conserved epitopes increases the likelihood of cross-reactivity with self-HSP. Secondly, given 
their chaperone activities, an alternative explanation is that HSPs are hitchhiking with other 
antigens for uptake and processing by antigen-presenting cells. In this manner, they may frequent 
the priority lane in the antigen processing system. A third possibility is that HSPs have an 
organized priority status for the immune system. Cohen has argued that HSPs are examples of 
immune-privileged antigens, so-called homunculus antigens. This would imply that the reactivity 
to such molecules is a genetically determined inherent quality of the immune system (27). Thus, 
there are more ways to explain the exceptional immunogenicity of HSP, which do not depend on 
immediate interaction with TLRs or other receptors of the innate immune system. In conclusion, 
although the high immunogenicity may suggest innate receptors to be involved, there are ample 
alternative options to explain this aspect of HSP.

Table 1: Mechanisms leading to the HSP immunodominance

Repeated contact leads to a focus on conserved regions
Hitchhiking in the antigen uptake and processing machinery
Built-in feature of the immune system (homunculus idea)
Triggering of innate TLR receptors?
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A primary feature of chaperones is their capacity to bind peptides. HSP70 has peptide-binding 
domains for exposed hydrophobic residues of substrate proteins. When peptide-loaded HSP70 is 
delivered to dendritic cells (DCs), the peptide is rerouted through the major histocompatibility 
complex (MHC) class I pathway antigen presentation, via cross-presentation, for display to CD8+ 
cytotoxic T cells (28). In a number of studies on cross-presentation by HSP, evidence was provided 
for a stimulatory effect on DC maturation and activation (29). With respect to accompanying 
DC maturation, controversy has arisen regarding the role of microbial contaminants in this DC 
stimulatory effect as some authors have presented evidence that lipopolysaccharide (LPS; TLR4), 
lipoprotein (TLR2), or flagellin (TLR5) were the active compounds here (30). In one study, 
purposeful removal of contaminating LPS did not prevent peptide presentation, but did abrogate 
activation of human DCs in association with human HSP70 (31). In juxtaposition, peptides 
fused to HSP60 also induced CD8+ cytotoxic T cells (32). This fusion product was stimulatory 
to DCs, leading to upregulation of MHC (class I and II) and co-stimulatory molecules (B7.2), 
whereas unexpectedly HSP60 alone was not stimulatory. Again, this led to a suspected role of 
contaminants in the fusion proteins. Thus, although cross-presentation mediated by HSP seems 
real, the DC stimulating activities may be uncertain, to say the least. A balanced review which, 
overall, argues against endotoxin being the “active” ingredient in many HSP effects is however 
Henderson et al. (33).

the DIffICulty of the “one moleCule–one reCeptor–one 
funCtIonal response” IDea

DAMPs are generally regarded as being intracellular proteins that are hidden from recognition 
by the immune system until exposed by cell damage, such as necrosis. Presumably, this release 
of DAMPs into the extracellular fluid begins an inflammatory response. Several receptors are 
purported to mediate DAMP recognition (e.g., receptor for advanced glycation end products 
(RAGE) and TLR9) and subsequently propagate an inflammatory response. Additionally, the 
supposed danger qualities of HSP are proposed to be mediated through receptor-mediated 
endocytosis (34). In the latter case TLRs, such as TLR2 and 4, are again implicated as the 
dominating receptors (35).
There is now a general consensus that the interactions of TLRs with PAMPs evolved to prepare 
the immune system for tailor-made responses to invading microbes. A diversity of TLRs (and also 
RIGS, NOD, etc.) enables the immune system to be discriminative at the early level of innate 
defenses. A microbe that activates TLR4 and TLR5 is likely to be a flagellated gram-negative 
bacterium, while a microbe that triggers TLR2, 5, and 6 qualifies to be a flagellated gram-positive 
bacterium. Very aptly, this was called the barcode model of immune recognition (36). However, 
this concept raises several questions with regard to HSPs. Which advantageous aspect would 
HSPs serving as DAMPs offer to this system? What would have been the evolutionary advantage 
of having HSP as a DAMP included in such a recognition strategy? A direct innate response 
to proteins released by necrotic cells, unidirectionally activating a pro-inflammatory response, 
would disturb the “bar coding” mediated through TLR and other innate receptors. A feature of 
TLRs which still remains to be fully appreciated is that they generate not only pro-inflammatory 
responses but also suppressive responses in innate immune cells (37). TLR2 for example has 
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been shown to be present on Treg cells, and its triggering by an HSP60-derived peptide led 
to cytokine and contact-dependent suppression (38). Also, TLR2 triggering by Pam3Cys led to 
Treg induction (39). In addition, IL-10-producing T cells were generated in vivo through TLR2 
triggering by capsular polysaccharides of commensal bacteria (40). TLR4 triggering by LPS was 
seen to enhance survival and proliferation of Treg cells (41). This means that these receptors 
have no danger conveying power on their own. The effect of their triggering is therefore most 
likely cell-type specific and may depend very much on the context of their triggering, other 
factors released by other cells in the vicinity, and other receptors triggered simultaneously. In 
other words, the integration of multiple signals must finally converge within a particular cell to 
drive the biological outcome. Given the examples of suppressive effects by HSP-derived peptides 
in this context, it seems even possible that HSPs are dampening inflammatory signals through 
these innate receptors.
The search for dedicated HSP receptors has been intensive over the past years. We are left with 
a broad array of receptors with rather promiscuous binding characteristics. Of the scavenger 
receptors, HSPs are now known to interact with SRA-1, SREC-1, LOX-1, and FEEL-1 (42). 
Interestingly, some of these receptors were found to be immunosuppressive, such as SRA-1 (43). 
As put forth by Calderwood: “Discerning the signaling networks emanating from such an array 
of receptors will be challenging; however, this is essential if sense is to be made of the heat shock 
protein signal input” (reported in (33)). Whatever the outcome of such an exploration will be, a 
simply straightforward monotonous pro-inflammatory HSP response will be an unlikely outcome. 
It is the result of modern cellular and molecular technologies that we tend to study single types 
of cells in their interactions with single defined molecules through tentative single receptors. 
However, in reality, the complexity of immune behavior will not be visible by analyzing a linear 
sequence of consecutive events from cause to effect. We will need a systems biology approach to 
integrate responses to HSP into a context-dependent unified systemic response.

Damp DIsqualIfyIng features of hsp

A variety of molecules have been nominated to trigger innate receptors in a pro-inflammatory 
manner. They are often presented as putative DAMPs, despite the fact there may be no discernable 
patterns associated with their molecular structures. However, this is generally accepted as the 
name DAMP was coined in keeping with the PAMPs analogy of which the classical examples 
exhibit obvious molecular patterns. Yet, HSPs are not known to harbor any molecular patterns or 
to have any sequence or structural similarities between HSP of different families. Possibly with 
an exception, if we accept the suggestion of hydrophobicity as a damage-associated molecular 
pattern. In that case, HSP may have hydrophobic binding sites that are exposed in an ATP-
dependent manner to allow binding to hydrophobic parts of nascent or unfolded proteins (44). 
Possibly of more relevance to our discussion is the fact that there are no systematic differences 
between self and microbial HSP. Therefore, the immune system does not seem to possess receptors 
that may distinguish the self from microbial. As a consequence, if self-HSPs were DAMPs, one 
would also expect the immunodominant microbial HSPs to exert a continuous pro-inflammatory 
effect in our immune system: an unlikely and not very attractive situation.
DAMPs typically reside intracellularly and are only exposed to the extracellular environment 
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when cells undergo necrosis. However, HSPs are also exposed at the cell surface (45) and exist 
as freely circulating HSP (46), and neither of these forms are easily compatible with DAMP-type 
pro-inflammatory activities of HSP.
Some DAMPs are claimed to exert their effects via a receptor associated with pro-inflammatory 
signaling. This is the case given for HMBG-1 and RAGE. Antibody blocking of RAGE was 
seen to inhibit the ability of HMGB-1 to promote inflammation and was taken as proof that 
RAGE binds a pro-inflammatory HMBG-1 (47). However, despite the fact that HMBG-1 may 
be taken as a prototypic DAMP, its role in directly promoting inflammation is also clouded in 
controversy (1). In fact, the discussions here are similar to those concerning HSPs as HMBG-1 
can also complex with other molecules such as LPS, and these associations are incriminated as 
the possible sources of the pro-inflammatory stimuli. Highly purified recombinant HMGB-1 was 
demonstrated to have a very weak direct pro-inflammatory activity at best (48). To quote another 
paper: “Thus, for full activity, HMGB1 may need to form a complex with another component to 
activate inflammation by enhancing effects stimulated by a PAMP, a DAMP, or a pro-inflammatory 
cytokine. Importantly, HMGB1 can bind avidly to immuno-stimulatory molecules such as LPS, 
DNA, or interleukin (IL)-1β and promote their activity in a synergistic fashion” (49).
As mentioned, no specific or unique receptors are known for HSPs. And the most credited TLR 
receptors are not strictly pro-inflammatory. Interestingly, TLR2 and TLR4, which are possibly 
the primary receptors for HSP60 and HSP70, were found not to be essential in the host response 
to DAMPs derived from necrotic cells (4). Most relevant in this discussion are the results of 
experiments in which DCs were cultured in the presence of HSPs. For self-HSP, there is a lack of 
compelling evidence that HSP can directly activate DCs, which are expected to express the whole 
panoply of DAMP receptors. When exorbitant concentrations (200–300 μg/ml) of self-HSP70 
(purified from mouse liver using standard protocols under sterile conditions and with endotoxin-
free reagents) were applied, no stimulatory effects on murine DCs were observed (50). As an 
aside, the same authors have seen responses to low concentrations (50–100 ng/ml) of the same 
liver-derived HSP70 contaminated with minute amounts of endotoxin. Given the role of dendritic 
cells as key initiators of the immune response and their ability to give direction to the ensuing 
adaptive response, one may wish to see full activation of DCs for a pro-inflammatory adaptive 
immune response reaction. In even more careful analyses, human HSP70 has shown a lack of 
direct human DC activation qualities (51). Despite earlier claims (52), even mycobacterial HSP70 
exhibited an absence of activation (no calcium signaling) of human DCs (51). And possibly more 
telling, the group of Bonorino has shown that highly purified mycobacterial HSP70 impaired the 
maturation of murine bone marrow-derived DCs, leading to inhibition of T cell proliferation (53). 
Finally, HSPs seem to exert immune-dampening effects in model systems, as we will discuss in 
the following section (Table 2).

the Immune-“DampenIng” aCtIvIty of hsp

Initial studies of the immunological effect of HSP were carried out with recombinant mycobacterial 
HSP60 in the rat model of adjuvant arthritis. HSP60 immunizations were found to inhibit disease 
development in this T cell-mediated autoimmune disease model (25). This disease ameliorative 
effect was T cell mediated since transfer of HSP60-specific T cells into naïve recipients also 
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Table 2: Features of HSPs which disqualify them as DAMPs

Absence of molecular patterns
Main receptors TLR2 and TLR4 are not always pro-inflammatory
TLR2 and TLR4 are not needed for signaling by DAMPs from necrotic cells
Some HSP receptors are downregulating inflammatory signaling
HSP-incubated DCs adopt a tolerogenic phenotype
HSP immunizations are anti-inflammatory

imparted protection against arthritis in the recipients. By analyzing the exact antigen specificity 
of the protective T cells, it was discovered that disease suppression was mediated by T cells 
that responded to a particularly conserved HSP60 sequence. This sequence was so conserved 
that these T cells cross-recognized the homologous sequence present in the mammalian HSP60 
molecule. Immunization with a synthetic peptide comprising this protective T cell epitope induced 
a fully protective T cell response against arthritis (13). Cytokine analyses of the protective T cells 
demonstrated their capacity to produce suppressive cytokines such as IL-10 (26). Since then, 
similar protective effects have been shown for microbial HSPs, including members of the HSP70 
family, in various experimental models of autoimmunity (summarized in (25).
A recent study by Borges et al. further demonstrated the immunosuppressive potential of 
mycobacterial HSP70 in two allograft survival models, an allogeneic melanoma and a regular 
allogeneic skin graft. Very interestingly, rejection was inhibited by HSP70 incubation of the 
melanoma cells or the skin prior to grafting. Concurrent injection of an anti-CD25 antibody 
removed Treg cells and fully abolished the rejection inhibitory effect (54). Altogether, astonishing 
findings for a molecule derived from a microbe—mycobacterium—which is known to have such 
strong immune-potentiating effects!
In some studies, immunizations with mammalian HSP have also been shown to inhibit disease. This 
was done in arthritis for HSP60 (15) and HSP70 (55-57) and in diabetes with an HSP60-derived 
peptide (58). In in vitro studies, Gp96 (glucose-regulated protein 94), a member of the HSP90 
family of stress proteins, was seen to have no effect on bone marrow-derived DCs, but at a higher 
dose led to an increased IL-10/INF-γ ratio in T cells. This skewing also indicated the induction 
of a regulatory mode in T cells and was shown to induce a state of T cell hyporesponsiveness and 
delay the rejection of cardiac allografts in rats (59, 60).
More recently, we have shown that endogenous upregulation of HSP by HSP co-inducing 
compounds may also lead to the induction of HSP-specific Treg cells. In the mouse model of 
proteoglycan-induced arthritis, we have shown that oral administration of oregano-derived 
carvacrol led to the upregulation of HSP70 in gut Peyer’s patches and draining lymph nodes and 
to the suppression of disease development. Also, T cells were found to exhibit elevated HSP70-
specific recall responses. Moreover, the T cells responding to oral carvacrol treatment were shown 
to be CD4+CD25+Foxp3+ in the spleen and in the joint, indicating that the disease suppression 
was mediated by the induction of genuine Treg cells (61). A similar effect may have occurred in 
the case of triptolide-induced HSP70 expression, which may have yielded the protective effect in 
EAE models for multiple sclerosis (62).
Genetic evidence for a disease suppressive role of endogenous HSP70 was obtained in a 
transgenic mouse model of dextran sulfate sodium-induced colitis. Reduced disease and less 
pro-inflammatory cytokine production were seen in HSP70-overexpressing animals. In HSF-1 
null mice, the opposite phenotype was observed, as disease worsened and more pro-inflammatory 
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cytokines were produced (63). A similar study showed the disease suppressive role of HSP70 in 
bleomycin-induced pulmonary fibrosis (64).
Recently, Shields et al. introduced the idea of certain HSP molecules acting as “resolution-
associated molecular patterns” or RAMPs. RAMPs were proposed to exert immunological 
activity by restoring immune homeostasis by deactivating cells of the innate immune system 
and by expanding regulatory cells (65). While they accept the idea that most HSP will act as 
DAMPs, they propose some HSP molecules (HSP10, HSP27, alpha B-crystallin, and BiP or 
GRP78) to be exceptional and to act as RAMPs. In our opinion, the examples they cite have 
effects similar to those seen for members of major HSP families such as HSP60 and HSP70. 
HSP10 was formerly known as the early pregnancy factor and had an immune regulatory role in 
preventing of rejection of the allogeneic embryo. Since then, HSP10 was found to have immune 
regulatory effects in various other systems: serum levels were found to correlate with T cell 
receptor down-modulation (CD3ζ expression), proliferation of Jurkat T cell lines was inhibited, 
and in vitro, HSP10 pretreatment inhibited LPS-stimulated TNF-α and IL-6 secretion by human 
peripheral blood mononuclear cells (66).
Recombinant HSP27 has a tendency to induce IL-10 secretion in cultured human monocytes, and 
it blocks differentiation of monocytes to dendritic cells (67, 68). In monocytes, the HSP70 family 
member BiP was found to downregulate MHC and the co-stimulatory molecule CD86. Instead, 
it stimulated production of anti-inflammatory cytokines IL-1 receptor antagonist, soluble TNF 
receptor II, and IL-10 (69).
Additional immunosuppressive effects of HSP have also been seen in the case of exosome-
associated HSP70. Membrane-associated HSP72 obtained from tumor-derived exosomes were 
observed to mediate a suppressive activity in myeloid-derived suppressor cells. Possibly, this 
is one mechanism by which tumor immune surveillance is restrained (70). The possible further 
complexity of HSP-associated cellular export vesicles and cellular communications under stress 
conditions and its potential implications have already been discussed in an authoritative manner 
by de Maio in an earlier perspective and reflection article (71).

hsp anD Immune homeostasIs

If we refute the possibility that HSP are DAMPs, and we recognize the prominent role of HSP 
in cognate interactions with the immune system, we are confronted with the question of what 
the actual immunological significance of HSP may be. The elevated levels of HSP in inflamed, 
traumatized, or reperfused tissues in combination with the extensive immune repertoire of cells 
with the capacity to recognize HSP indicate that these proteins may be biomarkers of damage, 
providing targets for immune mechanisms involved in restoration of tissue and immune 
homeostasis.
With the recent rediscovery of regulatory T cells (Treg), the role of the immune system in 
homeostasis has received renewed interest. Also the reinterpretation of self/nonself discrimination, 
as was revamped by the “danger” concept, seems to have boosted our appreciation of mechanisms 
of immune homeostasis.
Currently, there is a flurry of interest in the host–microbe interrelationships at the level of the 
gut microbiota. The immune system cannot tolerate becoming rampantly stimulated by foreign 
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molecules, but has to figure out whether a certain stimulus is just microbial nonself or a signal of 
imminent danger. In the case of benign microbial nonself as present in our enteric microbiota, a 
carefully regulated response suffices or is even imperative. It is in this relationship that a major 
role for Treg cells is proposed. Despite many technical obstacles, it is now widely accepted that 
Treg cells do exist and can suppress immune responses in an antigen-specific manner, also in 
areas other than the gut. There are two functional categories of Treg cells. Natural Treg cells 
are represented by a specialized subset of CD4+DC25+Foxp3+ T cells that are selected in the 
thymus on the basis of relatively high affinity self-recognition. The second group is inducible 
Treg cells. These CD4+ T cells, which are also mostly CD25+Foxp3+, are programmed in the 
peripheral lymphoid organs or in the tissues to adopt a regulatory status. Notably, HSPs are 
abundantly expressed in the thymus in the areas where positive selection of T cells takes place 
(72). Therefore, HSP-specific natural Treg cells may be selected in the thymus, whereas HSP-
specific induced Treg cells may originate from elevated HSP expression in stressed peripheral 
tissues.
Besides their prominent role in the maintenance of immune homeostasis in relation to symbiotic 
interactions with the gut microbiota, Treg cells are implicated in the anti-inflammatory responses 
that are seen in autoimmunity, cancer, and infection (73). During infection, Treg cells help to 
resolve the pro-inflammatory response, thereby reducing bystander damage. In addition, Treg 
cells may be even more fundamental in the organization of the immune response. For example, 
it has been shown that Treg cells may function to aid in efficient cell entry into sites of infection 
(74).
On the basis of the findings in experimental animal models, new evidence seems to have surfaced 
that HSP can be antigens that stimulate the activity of Treg cells (see also previous section). For 
several reasons, this latter possibility may be plausible and attractive.
Every cell in the body harbors the full spectrum of HSP molecules. Under stress, many of them 
are upregulated, and their fragments are processed and presented by MHC molecules on the cell 
surface. HSP70 may have a preferential position here. Some HSP70 family members (Hsc70 or 
HSPA8 and in addition DNAJB1 and HSPC) are involved in chaperone-mediated autophagy, a 
process whereby during stress or nutrient deprivation cytosolic proteins are reused by cells and 
are routed through a subcellular compartment that intersects with the MHC class II route (75). 
This means that, especially under stress, fragments of HSP70 may be loaded into MHC class II 
products. Herewith HSP70 epitopes are being presented in a preferential manner to CD4+ T cells, 
which includes Tregs. Based on other arguments, such as the autophagy-mediated disposition of 
proteins with a long half-life and MHC binding predictions, HSP70 has already been proposed 
as an important source of peptides to be loaded onto MHC class II molecules, also in the absence 
of stress (76). A mass spectroscopy analysis of peptides eluted from MHC class II obtained 
from stressed human B cells, revealed that HSP70 (HSPA1A, HSPA6, and HSPA8) fragments 
composed a major portion of the bound collection of peptides (77). Thus, the immune system, 
including Treg cells, has ample opportunity to encounter MHC-presented HSP epitopes, and this 
will be especially prevalent during inflammation or other stress conditions.
For Treg cell-mediated immune homeostasis this situation may be ideal. When trying to imagine 
how antigen-specific Treg cells could work, one has to realize that it is unlikely that effective 
regulation is secondary to the presence of a very small number of autoantigen-specific Treg cells 
present in a polyclonal population. As already pointed out by Shevach, a more likely scenario 
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is that polyclonal Treg cells are able to exert control because they are being regularly activated 
through their TCR by complexes of MHC class II and ubiquitous self-peptides (78). If so, HSPs 
would provide an excellent collection of prominently expressed—certainly under stress—
ubiquitous self-antigens. This qualifies them very well as targets for T cell regulation.
HSPs are further implicated in many situations where host immune homeostasis is challenged. 
Figure 1 represents three typical scenarios: sterile tissue damage (autoimmune inflammation, 
reperfusion injury, heat stress), true danger imposed by pathogen invasion (infection), and 
commensalism/symbiosis (e.g., exposure to gut microbiota). Maintenance of tissue homeostasis 
is required in all these instances, and one may assume that the immune system is having a 
major role here. This may well include the responses of the immune system to HSP. Given the 
postulated capacity of HSPs to trigger Treg cells, it seems attractive to attribute, at least in part, 
the restoration of tissue and immune homeostasis to the activity of HSP-specific Treg cells.

Figure 1. The immune system will restore homeostasis when the latter is challenged by sterile damage, pathogens, or 
commensals. In all cases, HSPs are present and even upregulated host responses are terminated by regulation. In the host 
response, the HSP can be the targets for the regulation, such as for the regulation exerted by Treg cells

extraCellular versus IntraCellular hsp

There exist two ways by which HSPs can interact with the immune system (Fig. 2). First of all, 
their intracellular upregulation as a consequence of cell stress will lead to upregulated MHC 
presentation of HSP fragments (peptides) at the cell surface making them visible to T cells. 
Secondly, they may be translocated by yet undefined mechanisms, as complete molecules to the 
cell surface or to the extracellular environment. This would allow them to be encountered by 
NK cells, antibodies, and antigen-presenting cells. Besides active translocation, cell necrosis is 
probably a mechanism through which HSPs are released into the extracellular environment. It is 
safe to conclude that these two distinct contexts for HSP interactions with the immune system 
will lead to distinct immunological outcomes.
In principle, DAMP producing cell death is proposed to result mainly from necrosis. Whether 
cell death is immunogenic, tolerogenic, or “silent” is, these days, one of the central issues in 
immunology. There is ample evidence that apoptosis is non-immunogenic. However, the 
activation state of dying cells seems relevant (79). Activated apoptotic cells have adjuvant 
properties and induce expression of maturation markers (CD80, CD83, and CD86) and secretion 
of pro-inflammatory cytokines in DCs (80). In contrast to this, T cells that succumb to activation-
induced cell death after clonal expansion promote tolerance by stimulating regulatory CD8+ T 
cells (81). Thus, timing of cell death seems important: cell death at the peak of the immune 
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response produces immune activation, whereas cell death during a waning immune response 
supports regulation. Most necrotic cells are considered to produce an immune response, but also 
here the cell type, the history of the cell, its mode of activation, and the manner of stress imposed 
on the cell may determine whether or not this form of cell death is immunogenic (79). In other 
words, as long as we do not know exactly how to correlate the position of HSPs with the type 
and circumstances of cell death, it will be hard to fully grasp the immunological role of HSP in 
cell death.
One of the problems that is associated with the immunogenicity of cell death is that cell death 
due to infection needs to be immunogenic, at least to some extent. When dying cells would 
provide antigens, let us say HSP, that would lead to a firm tolerance or suppressive regulation, 
such tolerance or suppressive regulation would possibly include the microbial invader that led 
to cell death. This scenario is incompatible with effective antimicrobial defense. The alternative 
possibility is that DAMPs of dying cells would always promote immune responses. This is also 
problematic since this would convey the risk of autoimmunity. Again, given the complexity of 
cell death immunogenicity, there may not be a simple one-dimensional role in cell death for HSP.
In the case of cell death due to infection, PAMPs may have an overriding effect driving a pro-
inflammatory response, at least at the start of infection. One cannot exclude that extracellular 
HSPs contribute a positive pro-inflammatory effect of PAMP-activated cells, such as activated 
DCs by possibly amplifying their TLR signaling. It is also possible that HSPs form complexes 
with PAMPs to support pro-inflammatory activity by chaperoning the PAMPs involved or by 
synergistic effects. A similar discussion has been active with respect to HMGB-1. It was proposed 
that HMGB-1 released in the presence of TLR-binding PAMPs acted to promote inflammation, 
whereas HMGB-1 released in an environment devoid of PAMPs promoted tissue repair (7). If this 
were the case, then it seems reasonable to assume a similar situation for HSP.
Necrosis resulting from infection will lead to a pro-inflammatory response based on recognition of 
both PAMPs/DAMPs and possibly HSPs. The ensuing elimination of the invaders would coincide 

Figure 2: Extracellular HSPs are released from necrotic cells when cells die from infection. The released HSP will 
be seen by receptors on antigen-presenting cells such as DC in combination with PAMPs. It is possible that HSPs do 
contribute to the PAMP-elicited inflammatory response, thereby enhancing collateral tissue damage. Sterile inflammation 
will upregulate intracellular HSP in antigen-presenting cells such as DC which leads to the triggering of regulatory T cells 
that dampen inflammation
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with collateral damage. At this point, regulation in the form of active resolution, in part based 
on HSP recognizing Treg cell, would kick-in and contribute to restoration of tissue homeostasis. 
From another point, intracellular HSP would, besides their main task in safeguarding against 
intracellular protein misfolding under stress, find its way to the cell surface in the context of MHC 
molecules and trigger a presumably regulatory response at the level of T cells.
In addition, there may be still be the somewhat theoretical issue of active concentrations 
of HSP. At low, more or less constitutive concentrations, HSP may help to maintain immune 
homeostasis by promoting Treg cell activities. However, it is theoretically possible that relatively 
high concentrations of HSP that are liberated at sites of tissue damage or infection cause a loss 
of regulatory capacity and contribute to pro-inflammatory responses. This would imply that 
when cellular stress decreases, resolution would set in and Treg cells would become prominent 
responders when local HSP concentrations fall (19).
Irrespective of possible pro-inflammatory effects of supra-constitutive concentrations of HSP, 
under physiological conditions, a dampening effect on the immune system would prevail. 
Mounting experimental findings seem to support the latter supposition. HSP can therefore be 
called DAMPERs rather than DAMPs. This may be very much in line with the recent successful 
clinical interventions in autoimmune inflammatory diseases based on the administration of HSP 
peptides (82-84).
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abstraCt

Previously it has been shown that Heat Shock Protein 70 (HSP70) can prevent inflammatory 
damage in experimental autoimmune disease models. Various possible underlying working 
mechanisms have been proposed. One possibility is that HSP70 induces a tolerogenic phenotype 
in dendritic cells (DCs) as a result of the direct interaction of the antigen with the DC. Tolerogenic 
DCs can induce antigen-specific regulatory T cells and dampen pathogenic T cell responses. We 
show that treatment of murine DCs with either mycobacterial (Mt) or mouse HSP70 and pulsed 
with the disease inducing antigen induced suppression of proteoglycan induced arthritis (PGIA), 
although mouse HSP70 treated DCs could ameliorate PGIA to a greater extent. In addition, while 
murine DCs treated with Mt or mouse HSP70 had no significantly altered phenotype as compared 
to untreated DCs, HSP70 treated DCs pulsed with pOVA induced a significant increased production 
of IL-10 in pOVA-specific T cells. IL-10-producing T cells were earlier shown to be involved in 
Mt HSP70 induced suppression of PGIA. In conclusion, this study indicates that Mt and mouse 
HSP70 treated BMDC can suppress PGIA via an IL-10 producing T cell dependent manner.
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IntroDuCtIon

Heat shock proteins (HSPs) are intracellular molecular chaperones that support folding and 
transport of a large variety of proteins under normal physiological conditions and following 
stress stimuli like hypothermia, oxidative stress or exposure to inflammatory mediators. HSPs are 
evolutionary ancient and can be divided into several families based on their monomeric molecular 
weight, like the HSP10, HSP40, HSP60, HSP70 and HSP90 families (1). The HSP60 and HSP70 
families are highly conserved in evolutionary distant organisms such as bacteria and mammals. 
However, despite high homology between different species the effects on the immune system can 
be markedly different and even within the same HSP protein inhibitory as well as stimulatory 
sequences have been described (2). 
From literature it becomes clear that HSPs can trigger innate as well as adaptive arms of the 
immune system and the final outcome of the immune responses induced by HSPs can be either 
pro- or anti-inflammatory. Especially in early reports, HSP70 was described as an immune 
stimulatory mediator that induced rapid intracellular calcium flux and pro-inflammatory cytokine 
production via binding receptors like toll-like receptor (TLR)-2, TLR-4, CD91, lectin-like 
oxidized low-density lipoprotein receptor 1 (LOX)-1 or CD14 (3-8). However, later on there was 
some controversy in the area as non-protein products such as lipopolysaccharide (LPS), lectins 
and ADP/ATP nucleotides were found to copurify with HSP70. These substances are ligands for 
TLRs or can induce calcium signals in dendritic cells (DCs) (9-11). In contrast, some groups 
have observed an uptake of HSP70 by DCs via endocytotic mechanisms without involvement 
of any cell surface receptors (12). Opposed to stimulating immune responses, anti-inflammatory 
effects of HSP70 have also been described. Treatment of DCs with Mycobacterial tuberculosis 
(Mt) HSP70 inhibited maturation and induced interleukin (IL)-10 production in DCs (13, 14). In 
addition, exogenous administration of Mt HSP70 was able to suppress experimental arthritis in 
different mouse and rat models as reviewed by van Eden et al. (2005).
In the present study we explored the immunological effect of treatment with a eukaryotic versus 
a prokaryotic HSP70 family member on the phenotype and function of DCs. The stress-inducible 
form of mouse HSP70, HSPA1A and Mt HSP70 induced a functionally tolerogenic DC that 
suppressed proteoglycan induced arthritis (PGIA), a T-cell dependent, antibody-mediated murine 
model for rheumatoid arthritis. Although the direct effects of HSP70 treatment on DCs were 
small, the function of DCs had been changed and treated DCs were able to induce an altered 
phenotype in T-cells. An important difference in the phenotype of the T cells was the significant 
increase in the production of the anti-inflammatory cytokine IL-10. A cytokine earlier described 
as essential in the suppression of PGIA induced by Mt HSP70 (15).

materIals anD methoDs

HSP70 treatment of BMDC
Bone marrow derived dendritic cells (BMDC) were isolated from the bone marrow of 10-15 
week old BALB/c mice and cultured in IMDM (Gibco) supplemented with 10% FBS (Lonza), 
100 units/ml penicillin, 100 μg/ml streptomycin and 5x10-5 M β-mercaptoethanol in the presence 
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of 20 ng/ml GM-CSF (Cytogen) (16). On day 8 BMDC were seeded in 12 wells plates at 1x106 

cells/ml. The next day, 10 μg/ml Mycobacterial tuberculosis HSP70 (LIONEX Diagnostics & 
Therapeutics GmbH; less than 2.1 EU LPS/mg), 10 μg/ml mouse HSP70 (HSP1A1; Homemade; 
~0.3 EU LPS/mg according to LAL assay) or 10 ng/ml LPS (Escherichia coli 0127:B8; Sigma) 
was added to the wells. Cells or supernatants were collected after different time points. In addition, 
BMDC were stimulated with 10 μg/ml HSP70, 10 ng/ml LPS or were left untreated followed by 
addition of 10 ng/ml LPS after 6 hrs. Supernatants of cells were collected after 48 hrs of culture 
at 37°C. 

Proteinase K treatment of mouse and Mt HSP70
To digest mouse and Mt HSP70 and as a control LPS, 100 μg/ml proteinase K (Sigma) was 
added to the samples and incubation was carried out for 3 hr at 37°C. Digestion was terminated 
by adding 5 mM (end concentration) PMSF (Sigma). As a control 100 μg/ml proteinase K was 
added to the same volume of PBS and 3 hrs later 5 mM (end concentration) PMSF was added. 

Mice 
Female BALB/c mice were purchased from Charles River Laboratories. DO11.10 mice, which 
are transgenic for the pOVA (ovalbumin peptide 323-339) specific T-cell receptor (TCR) were 
bred and kept under standard conditions and received water and food ad libitum. Experiments 
were approved by the Utrecht University Animal Experimental Committee.

In vivo effect of HSP70 treated BMDC on antigen specific T-cells
CD4+ T-cells were isolated from spleens of DO11.10 mice and labeled with 5,6-carboxy-
succinimidyl-fluoresceine-ester (CFSE) as described before (17). Acceptor BALB/c mice 
received intravenously (i.v.) 1x107 CD4+ CFSE-labeled cells in 100 µl PBS. On the following day 
BMDC treated as described above were allowed to recover for four hours and then pulsed with 
20 µg/ml pOVA at 37°C. Two hours later 1x106 BMDC were washed and resuspended in 200 µl 
PBS and intraperitoneally (i.p.) injected into acceptor mice. Three days later mice were sacrificed 
and spleen and mesenteric lymph nodes (mLN) were isolated.

In vivo treatment and arthritis induction
Arthritis was induced in retired female mice or naïve female mice aged between 16 and 26 
weeks by i.p. injection of human PG (250 μg) and 2 mg dimethyldioctadecylammonium bromide 
(DDA) (Sigma) emulsified in 200 μl PBS on days 0 and 21. In the second experiment a third 
immunization was given on day 50 (18). One day before the second PG/DDA immunization 
BMDC treated as described above were allowed to recover for four hours and then pulsed with 
250 µg/ml PG. Two hours later 1x106 BMDC were washed and resuspended in 200 µl PBS and 
i.p. injected into acceptor mice. As a control 200 µl PBS only was used. Onset and severity of 
arthritis was determined using a visual scoring system based on swelling and redness of paws 
(18). On maximal day 100, animals were sacrificed and spleens and draining LN (dLN) of the 
paws (brachial, axillary, popliteal) were isolated.

Flow cytometric analysis of surface markers and FoxP3
BMDC were treated as described above. After overnight recovery cells were stained with APC-
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anti-CD11c (HL3) plus one of the following antibodies: PE-anti-CD40 (3/23), FITC-anti-CD86 
(GL1) or PE-anti-I-Ad/I-Ed (M5/114) (BD Biosciences). Single cell suspensions of spleen and 
mLN were stained with pacific-blue labeled anti-CD4 (RM4-5) and APC-anti-KJ1.26 (OVA-
TCR) (BD Biosciences). Additionally, FoxP3 staining was carried out with a FoxP3 (FJK-
16S; PE labeled) staining kit as instructed (eBioscience). Flow-cytometry was performed on a 
FACSCanto (BD Biosciences). 

Analysis of antigen-specific T-cell responses
BMDC were treated as described above. After 48 hours recovery supernatants were collected 
and analysed for cytokine secretion. Single cell suspensions of spleen and mLN were cultured 
in complete medium in flat-bottom plates (Corning) at 2x105 cells per well, in the presence/
absence of pOVA (20 μg/ml). After 72 hours supernatants were collected for cytokine assays. 
Fluoresceinated microbeads coated with capture antibodies for simultaneous detection of IL-6 
(MP5-20F3), IL-10 (JES5-2A5) (BD Bioscience) and IFNγ (AN-18) (homemade) or IL-6 (MP5-
20F3), TNFα (G281-2626) and IL-12p70 (9A5) were added to 50 µl of culture supernatant. 
Cytokines were detected by biotinylated antibodies IL-6 (MP5-32C11), IL-10 (SXC-1), IFNγ 
(XMG1.2), TNFα (MP6-XT3),IL-12p70 (C17.8) and PE-labeled streptavidin (BD Biosciences) 
and analysed on a Luminex model 100 XYP (Luminex). 

Statistical analysis
Statistical analysis was carried out using Prism software (version 4.00, Graphpad software Inc.). 
Significance level was set at p ≤ 0.05 and two-tailed Student’s t test or Man Whitney U test was 
applied.

results

HSP70 treated BMDC induce suppression of PGIA.
Earlier we have shown that Mt HSP70 immunization suppressed PGIA in an IL-10 dependent 
fashion (15). In addition, as shown by others, treatment of DCs with Mt HSP70 inhibited DC 
maturation and induced the production of the anti-inflammatory cytokine IL-10 (13, 14). We 
now studied if at least part of the suppressive capacity of HSP70 in PGIA is induced via DCs. 
Mice were i.p. injected with 1x106 Mt HSP70 treated BMDC, LPS treated BMDC or PBS alone 
one day prior to the second PG immunization. All BMDC had been pulsed with PG. Previously 
we have shown that untreated BMDC pulsed with PG, that usually have an unstable tolerogenic 
phenotype, do not ameliorate or enhance PGIA (Spiering et al. accepted). As shown in figure 
1a Mt HSP70 treated BMDC tended to fully suppress PGIA in retired breeders until day 47, 
followed by a mild form of arthritis. LPS treated BMDC showed rapid progression of arthritis and 
disease symptoms were more severe compared to PBS controls (figure 1a). To study whether the 
inducible form of mouse HSP70, HSPA1A, also suppressed experimental arthritis, we i.p. injected 
18 week old mice with 1x106 mouse or Mt HSP70 treated BMDC, LPS treated BMDC or PBS in 
a manner similar to the first experiment. Eighteen week old naïve mice are immunologically more 
homogenous than retired breeders (obtained with unspecified age) and appeared less susceptible 
to disease. Therefore, 18-week old mice received a third PG immunization on day 50 to induce 
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severe arthritis. Only mice that were administered with LPS treated BMDC showed mild arthritis 
symptoms prior to the third PG immunization indicating the pro-inflammatory activity of the LPS 
treated BMDC (figure 1b). Mice injected with mouse HSP70 treated BMDC had significantly 
lower arthritis scores as compared to the control PBS group. This amelioration of disease was 
maintained during the whole course of arthritis. In addition, Mt HSP70 treated BMDC reduced 
disease, although not as clearly as mouse HSP70 treated BDMC (figure 1b). These data indicated 
that both Mt and mouse HSP70 treated BMDC were functionally tolerogenic and were able to 
suppress PGIA. However, the tolerogenic phenotype of mouse HSP70 treated BMDC appeared 
more stable since mouse HSP70 treated BMDC ameliorated PGIA to a greater and more enduring 
extent. 

Figure 1: HSP70 treated BMDC inhibit PGIA. Arthritis was induced by two or three i.p. immunizations with human 
PG on days 0 and 21 (A) or days 0, 21 and 50 (B). One day prior to the second PG immunization mice were i.p. injected 
with 1x106 LPS treated (10 ng/ml), Mt HSP70 treated (10 μg/ml) or mouse HSP70 treated (10 μg/ml) BMDC. All BMDC 
where pulsed with PG for two hours, four hours after treatment. As a control, mice received only PBS. Arthritis severity 
is expressed as the mean and SEM of at least three mice per group. * p<0.05 Mt or mouse HSP70 treated BMDC group 
as compared to PBS control (Man Whitney U test).

Mt and mouse HSP70 treatment induce minor phenotypic differences in BMDC.
As both Mt and mouse HSP70 treatment induced a DC that was able to suppress PGIA we 
investigated the phenotype of the different HSP70 treated BMDC. Maturation status, cytokine 
production and tolerogenic DC marker expression of HSP70 or LPS treated BMDC were 
investigated and compared with untreated BMDC. As shown in figure 2a mouse HSP70 induced a 
slight increase in the expression of the co-stimulatory marker CD86 and of MHC class II, whereas 
Mt HSP70 did not (figure 2a). Furthermore, both Mt and mouse HSP70 induced secretion of IL-
6, although the amount produced was much lower as compared to LPS treated BMDC (figure 
2b). This secretion was HSP70 dependent as proteinase K digested HSP70 could not induce 
this increased secretion of IL-6 seen in HSP70 treated BMDC (figure 2b). Other cytokines, like 
IL-10, TNFα and IL-12p70 were tested but did not reach levels above detection limit (data not 
shown). An important feature for a functional tolerogenic DC is that its phenotype is stable in a 
pro-inflammatory milieu. To study the stability of the HSP70 induced phenotype in DCs, HSP70 
treated BMDC where additionally stimulated with LPS to see whether a pro-inflammatory 
phenotype induced by LPS could be prevented. Although the increased expression of CD86 and 
MHC class II induced by LPS was only slightly less (data not shown), the production of the pro-
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inflammatory IL-12p70 was markedly reduced by both HSP70 proteins as compared to BMDC 
solely treated with LPS. This reduction was less pronounced in BMDC treated with proteinase K 
digested HSP70 indicating a HSP70 dependent decrease of cytokine production (figure 2c). Pre-
exposure to both HSP70 proteins did not reduce the LPS induced levels of IL10 and TNFα. In 
fact enhancement of the IL10 level was seen after pre-exposure to mouse Hsp70 (figure 2c). The 
tolerogenic DC markers IDO, ILT3 and GILZ (19-21) were not altered compared to untreated 
BMDC on mRNA level (data not shown). 

Figure 2: Phenotypical changes in BMDC induced by HSP70 treatment. Mouse BMDC were incubated with 10 μg/
ml Mt HSP70, 10 μg/ml mouse HSP70, 10 ng/ml LPS or were left untreated. A. After overnight recovery at 37°C CD40, 
CD86 and MHCII were analyzed. Grey solid: untreated BMDC; black line: treated BMDC. B. After 48 hours incubation 
IL-6 secretion were measured by Luminex. Production levels relative to non-stimulated cells are shown. C. BMDC were 
additionally treated with 10 ng/ml LPS 6 hours after treatment to induce maturation. Forty-eight hours later IL-12p70, 
IL-6, IL-10 and TNFα secretion was measured by Luminex. Production levels relative to non-stimulated cells are shown. 
Values are the mean and SEM of 2 independent experiments.
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In sum, mouse HSP70 treatment induced a semi-mature phenotype in BMDC, whereas the 
phenotype of Mt HSP70 treated BMDC was barely changed as compared to untreated BMDC. 
However, although mouse HSP70 treated BMDC appeared more stable tolerogenic in the PGIA 
model as compared to Mt HSP70 treated BMDC, both HSP70 treatments were able to prevent the 
induction of LPS-induced IL-12p70 production. This indicated a more stable phenotype of the 
HSP70 treated BMDC as compared to untreated BMDC.

HSP70 treated BMDC induce an altered phenotype in T-cells.
As small phenotypic changes in BMDC were observed after HSP70 treatment, we set out to 
analyse the antigen presenting capacity of HSP70 treated BMDC and the induction of functional 
changes in responding T cells. HSP70 treated BMDC were pulsed with pOVA and transferred 
by i.p. injection into recipient mice one day after i.v. injection of pOVA specific CFSE labeled 
CD4+ T-cells. As controls untreated and LPS treated BMDC pulsed with pOVA were transferred. 
Three days after injection of BMDC, proliferation and phenotype of the pOVA specific T-cells 
was measured in spleen and mLN of the recipient mice. No differences were observed in T-cell 
proliferation when Mt or mouse HSP70 treated BMDC were transferred compared to untreated 
BMDC (figure 3a and b). This indicated that HSP70 treated BMDC did not induce antigen 
specific T cell anergy. Furthermore, expression of the regulatory T-cell marker FoxP3 was not 
altered (figure 3c), indicating that no classic regulatory T-cell phenotype was induced. To further 
investigate functional characteristics of the DC primed pOVA specific T-cells in terms of cytokine 
production, splenic cell suspensions were restimulated with pOVA. Secretion of IL-6 and the 
anti-inflammatory cytokine IL-10 were significantly increased in splenic cell suspensions after 72 
hours of culture obtained from mice injected with Mt or mouse HSP treated BMDC. Moreover, 
production of IL-10 had more than doubled after HSP70 treated BMDC injection (figure 3d). 
In conclusion, these data indicated that Mt and mouse HSP70 treated BMDC did not induce 
antigen specific T-cell anergy or a classic regulatory T-cell phenotype. Nevertheless, HSP70 
treated BMDC induced a possibly regulatory T-cell phenotype as production of IL-10 had more 
than doubled in restimulated splenic cell suspensions obtained from mice injected with HSP70 
treated BMDC. 

DIsCussIon

The stress protein HSP70 is not only a vitally important chaperone molecule but its involvement 
has also been described with respect to several immunological phenomena. For example, it has 
been reported as a carrier of antigens to antigen presenting cells (22, 23), as pro-inflammatory 
mediator (24), or on the contrary, as an anti-inflammatory molecule that inhibits maturation and 
induces the secretion of IL-10 in DCs (13, 14). Furthermore, administration of Mt HSP70 has 
been shown to be protective in several experimental autoimmune disease models (15, 25-27). 
Here we report that Mt and mouse HSP70 treated BMDC can be functionally tolerogenic and can 
suppress PGIA. However, mouse HSP70 treated BMDC ameliorated disease to a much larger 
extent. Differences between mouse and Mt HSP70 treated BMDC are most probably due to 
differences in protein sequence of the two HSP70 species. Even though both molecules have a 
sequence conservation of about 50%, the sequences that interact with the immune system could 
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Figure 3: HSP70 treated BMDC induced IL-6 and IL-10 production in antigen specific T cells. Mice were i.v. 
injected with 1x107 CFSE-labeled CD4+DO11.10+ T cells one day prior to i.p. injection of 1x106 untreated, LPS treated 
(10 ng/ml), Mt HSP70 treated (10 μg/ml), or mouse HSP70 (10 μg/ml) treated BMDC. All BMDC where pulsed with 
pOVA for two hours, four hours after treatment. Three days after BMDC injection spleen and (mLN) were harvested. A. 
Example of CFSE dilution and FoxP3 expression of CD4+DO11.10+ T cells in mLN. B. Percentage of CD4+DO11.10+ 

T cells from the original sample that have divided in spleen and mLN (B) and FoxP3 expression of CD4+DO11.10+ T 
cells (C) analyzed by flow cytometry. D. Splenic cell suspensions were restimulated with pOVA for 72 hours. Cytokine 
secretion for IFNγ, IL-6 and IL-10 was measured in supernatant by Luminex. Production levels relative to non-stimulated 
cells are shown. White: untreated BMDC; black: LPS treated BMDC; dark grey: Mt HSP70 treated BMDC; light grey: 
mouse HSP70 treated BMDC. Values are the mean and SEM of four mice per group. * p< 0.05 (two-tailed Student’s t 
test).

be very different. As illustrated by two papers of Wang et al, one HSP70 molecule may have 
stimulatory as well as inhibitory sequences. Stimulatory sequences induced maturation of DCs 
and the production of pro-inflammatory cytokines. In contrast, inhibitory sequences could inhibit 
DC maturation and cytokine production after stimulation (2, 28). In our experiments the balance 
between inhibitory and stimulatory sequences might tilt towards inhibitory sequences more 
clearly for mouse HSP70 as it does for Mt HSP70. 
Since HSP70 treated BMDC had obtained a functionally tolerogenic capacity we investigated 
the exact phenotype of Mt and mouse HSP70 treated BMDC. Although no clear tolerogenic 
phenotype was induced, mouse HSP70 treated BMDC had obtained a semi-mature phenotype 
as indicated by the increased expression of CD86 and MHC class II. Furthermore, mouse and 
Mt HSP70 treatments induced the production of low amounts of IL-6. Both induction of a semi-
mature phenotype and production of IL-6 have also been described as tolerogenic DC features (29). 
Furthermore, levels of IL-12p70 were lower after HSP70 pretreatment in LPS treated BMDC as 
compared to BMDC solely treated with LPS. These results indicate an inhibition of LPS induced 
maturation and a stable tolerogenic phenotype of the HSP70 treated BMDC. Expression of the 
earlier described tolerogenic DC markers IDO, ILT3 and GILZ (19-21) were not altered after 
HSP70 treatment. In addition, production of the anti-inflammatory cytokine IL-10 did not reach 
levels above detection limit after HSP70 treatment. The increased IL-6 production after HSP70 
treatment was not caused by contaminants like endotoxins or nucleotides (11, 30, 31). BMDC 
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treatment with proteinase K digested Mt or mouse HSP70 in order to degrade the protein but not 
the possible contaminants, showed no increased IL-6 secretion compared to untreated BMDC. 
Furthermore, endotoxin levels of the Mt and mouse batches were low and our preparation of Mt 
HSP70 did not trigger the NF-κB pathway in a NF-κB luciferase reporter construct transfected 
intestinal crypt epithelial m-ICcl2 cell-line that expresses TLR-4 (data not shown) (32). By the 
group of Bonorino two papers were published where they showed that Mt HSP70 treated DCs 
were less mature as shown by CD86 expression, and produced more IL-10 as compared to PBS 
treated DCs (13, 14). They suggest that HSP70 binds a yet undefined endocytic receptor and 
hereby signal via TLR-2. This would eventually result in the production of IL-10 (33). We did not 
observe the reduced CD86 expression or an induced production of IL-10, although our HSP70 
treated BMDC were tolerogenic. However, our DCs were stimulated with a lower HSP70 dose 
and for a shorter period of time. 
As HSP70 treatment induced a semi-mature phenotype in DCs, we investigated possible 
alterations in the antigen presenting capacity of HSP70 treated BMDC in vivo. No increase or 
decrease of pOVA-specific CD4+ T-cell proliferation was found. Also, no evidence for an altered 
expression of the regulatory T-cell marker FoxP3 was found in HSP70 BMDC treated mice when 
compared with untreated BMDC treated mice. These results indicated that HSP70 treated BMDC 
did not induce antigen-specific T-cell anergy or the induction of a classic FoxP3+ regulatory T-cell 
phenotype. In contrast, HSP70 treated BMDC induced a small but significant increase of IL-6 
secretion and a more pronounced and significant increase of the anti-inflammatory cytokine IL-
10 in T cells. As it was earlier demonstrated that administration of Mt HSP70 or a conserved 
HSP70 sequence was protective in experimental arthritis models in an IL-10 producing T-cell 
dependent manner (15, 25, 34, 35), it is feasible that HSP70 treated BMDC induced suppression 
of PGIA is mediated by IL-10 producing antigen-specific Tr1-like cells.
We recently showed that immunization with an Mt HSP70 derived peptide induced HSP70-
specific regulatory T-cells. These regulatory T-cells suppressed PGIA when given prophylacticly 
and decreased disease severity therapeutically in established PGIA (36). Thus, another possibility 
for HSP70 treated BMDC to suppress PGIA is via the induction of HSP70-specific regulatory 
T-cells. The BMDC in the PGIA experiments are pulsed with PG, however HSP70 derived 
peptides will also be loaded onto MHC class II and possibly presented to HSP70-specific T cells. 
As suggested by a review of van Eden et al. (27) these regulatory HSP70-specific T-cells can 
inhibit effector T cells via the secretion of IL-10. 
In conclusion, this study shows that Mt and mouse HSP70 treated BMDC can suppress PGIA; 
although mouse HSP70 treated BMDC suppressed PGIA to a greater extent. This could be an 
indication of a more stable tolerogenic phenotype in mouse HSP70 treated BMDC. Amelioration 
of disease was likely induced by the induction of regulatory T cells: either by IL-10 producing 
arthritis antigen specific T- cells or possibly via HSP70-specific regulatory T cells. 
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abstraCt

Tolerogenic dendritic cells (DCs) can induce regulatory T cells and dampen pathogenic T cell 
responses. Therefore, they are possible therapeutic targets in autoimmune diseases. In this study 
we investigated whether mouse tolerogenic DCs are induced by the phytonutrient carvacrol, a 
molecule with known anti-inflammatory properties, in combination with a physiological stress. 
We show that treatment of DCs with carvacrol and thermal stress led to the mRNA expression 
of both pro- and anti-inflammatory mediators. Interestingly, treated DCs with this mixed gene 
expression profile had a reduced ability to activate pro-inflammatory T cells. Furthermore, 
these DCs increased the proportion of FoxP3+ regulatory T cells. In vivo, prophylactic injection 
of carvacrol-thermal stress treated DCs pulsed with the disease inducing antigen was able to 
suppress disease in a mouse model of arthritis. These findings suggest that treatment of mouse 
bone marrow derived DCs with carvacrol and thermal stress induce a functionally tolerogenic DC 
that can suppress autoimmune arthritis. Herewith, carvacrol seems to offer novel opportunities 
for the development of a dietary based intervention in chronic inflammatory diseases.
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IntroDuCtIon

Fully matured dendritic cells (DC) potently induce effector T cell responses via increased 
expression levels of co-stimulatory molecules and pro-inflammatory cytokines such as 
interleukin (IL)-12, IL-6 and tumor necrosis factor α (TNFα). In contrast, tolerogenic DCs are 
able to reduce pro-inflammatory T cell responses and induce regulatory T cells or T cell anergy. 
Several phenotypic characteristics have been described for tolerogenic DCs. For example low 
or intermediate expression levels of maturation markers, expression of IDO or secretion of IL-
10 are all features of tolerogenic DCs (1). Due to their ability to dampen immune responses by 
the induction of antigen specific regulatory T cells, tolerogenic DCs have gained interest as a 
therapeutic strategy in autoimmune diseases such as rheumatoid arthritis (RA) (2-7) 
RA is a chronic autoimmune disease characterized by joint inflammation resulting in progressive 
cartilage and bone erosion. Inflammatory cytokines such as TNFα and IL-1β and increased levels 
of the Th1 cytokines are involved in its pathogenesis. Administration of biologics such as anti-
TNFα, has proven to be an efficient therapy for RA, but this systemic suppression of the immune 
response has unwanted consequences for host defense mechanisms. In contrast, antigen specific 
therapies are expected to locally suppress immune responses and this approach could obviate 
these severe side effects. 
Recently, we reported that intragastric administration of carvacrol, a component of the essential 
oil of Oreganum species, suppressed proteoglycan induced arthritis (PGIA) a chronic, progressive 
and self-maintaining T cell dependent, antibody-mediated murine model for RA. (8). Carvacrol 
was shown to be a potent co-inducer of heat shock protein 70 (HSP70) in various antigen 
presenting cells. In mammalian cells HSP70 expression can be induced e.g. by thermal stress 
(TS) and TS has been described to inhibit as well as to induce the production of several pro-
inflammatory cytokines depending on culture conditions and cell type (9-12). Oral carvacrol 
treatment in mice induced a regulatory T cell response that could transfer protection in the 
PGIA model (8). Moreover, carvacrol has been described to exhibit anti-bacterial properties 
(13), anti-oxidant activity (14) and anti-inflammatory qualities. Carvacrol was able to suppress 
lipopolysaccharide (LPS) induced cyclooxygenase (COX)-2 expression in human macrophages, 
possibly by the induction of the anti-inflammatory transcription factors peroxisome proliferator-
activated receptor (PPAR)-α and PPAR-γ (15). In addition, carvacrol also directly inhibited the 
production of prostaglandin E2 (PGE2) (16). 
For several reasons, oral administration of carvacrol may not be the best approach. For the 
application for humans, the amount of carvacrol needed to be effective may be too high and 
because of its anti-bacterial properties high dosages of carvacrol could negatively affect the 
intestinal flora. Therefore, we explored the effect of carvacrol in the induction of a tolerogenic 
phenotype in DCs in the PGIA model. We found that both TS and carvacrol in combination with 
TS induced some of the phenotypic characteristics of a tolerogenic DC. However, functionally 
only carvacrol-TS treated DCs were able to suppress autoimmune arthritis in the PGIA model, 
possibly by the induction of high levels of stress related immuno-regulatory molecules. 
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materIals anD methoDs

Ethics statement
The animal studies and experiments were approved by the Utrecht University Animal Experimental 
Committee.

Carvacrol/thermal stress treatment of BMDC
Bone marrow derived dendritic cells (BMDC) were isolated from the bone marrow of 10-15 
week old BALB/c mice and cultured in IMDM (Gibco) supplemented with 10% FBS (Lonza), 
100 units/ml penicillin, 100 μg/ml streptomycin and 5x10-5 M β-mercaptoethanol in the presence 
of 20 ng/ml GM-CSF (Cytogen) (17). On day 8 BMDC were seeded in 6 wells plates at 1x106 
cells/ml. The next day, cells were treated with 0.1 mM carvacrol (Sigma) dissolved at 100 mM in 
ethanol. Control cultures were incubated with medium alone or 0.1% ethanol. After two hours at 
37°C plates were sealed and placed in a 42.5°C preheated water bath for one hour (TS treatment). 
Cells were able to recover at 37°C for different time points. With this treatment protocol we have 
obtained optimal stimulation of Hsp70 in previous experiments (18).

Mice 
Female BALB/c mice were purchased from Charles River Laboratories. DO11.10 mice, 
transgenic for the pOVA (ovalbumin 323-339) specific T cell receptor (TCR), were bred and kept 
under standard conditions and received water and food ad libitum. 

RNA isolation for microarray
BMDC were treated as described above. Cells were harvested 0.5 hour after carvacrol addition or 
TS treatment. Total RNA was extracted from 2x106 BMDC using the double extraction protocol: 
first by acid guanidinium thiocyanate-phenol-chloroform extraction (Trizol Invitrogen) followed 
by a Qiagen RNeasy clean-up procedure. 

Microarray expression profiling
Three independent (n=3) replicates were performed for each experimental condition (controls, 
carvacrol, TS and carvacrol-TS). Total RNA was processed for the use onGeneChip® Mouse 
Genome 430A 2.0 Array (Affymetrix, Santa Clara, CA) containing 22.000 murine probe sets 
which interrogates approximately 14.000 transcripts. RNA quality controls, hybridization, 
washing, staining, and scanning procedures were performed by Genopolis (University of Milano-
Bicocca). In brief, RNA purity was assessed by spectrophotometer (Nanodrop) and integrity by 
Agilent Bioanalyzer. 0.3 µg RNA for each sample were used in a reverse transcription reaction 
(MessageAmp III RNA Amplification kit, Ambion) to generate first-strand cDNA. After second-
strand synthesis, double strand cDNA was used in an in vitro transcription reaction to generate 
biotinylated cRNA. After purification and fragmentation and relative quality control checks by 
Agilent Bioanalyzer, biotinylated cRNA was used for hybridization. Fragmented cRNAs were 
hybridized to the standard arrays for 16 hours at 45°C; the arrays were then washed and stained 
using the GeneChip Fluidics Station 450 and scanned using GeneChip Scanner 3000. The images 
were analyzed using Affymetrix GCOS software version 1.4. 
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Analysis of array data
Data handling was done using Bioconductor software (19). The Robust Multi-array Analysis 
(20) method was employed to calculate probe set intensity. After checks of sample data to verify 
the quality of replicates, hierarchical clustering based on Pearson correlation coefficients was 
performed. The identification of differentially expressed genes was addressed using a linear 
modelling approach (Limma) and empirical Bayes methods (21) together with false discovery 
rate correction of the p-value (22). Differentially expressed genes with p-values of ≤0.05 were 
selected. Probe sets were annotated following Affymetrix annotation files. Primary data are 
available in the public domain through ArrayExpress at http://www.ebi.ac.uk/arrayexpress under 
the accession number E-MEXP-3489. For data analysis Database for Annotation, Visualisation 
and Integrated Discovery (DAVID) was used.

In vivo effect of carvacrol treated BMDC on antigen specific T cells
CD4+ pOVA-specific T cells were isolated from spleens of DO11.10 mice and labeled with 
5,6-carboxy-succinimidyl-fluoresceine-ester (CFSE) as described before (23). Acceptor BALB/c 
mice received intravenously 1x107 CD4+ CFSE-labeled cells in 100 µl PBS. The subsequent day 
BMDC were treated as above, allowed to recover for four hours and pulsed for another two hours 
with 20 µg/ml pOVA prior to intraperitoneally transfer of 1x106 BMDC to acceptor mice. Three 
days later mice were sacrificed and spleen and mesenteric lymph nodes (mLN) were isolated.

Flow cytometric analysis of surface markers, HSP70 and FoxP3
BMDC were treated as described above. After overnight recovery cells were stained with APC-
anti-CD11c (HL3) plus one of the following antibodies: PE-anti-CD40 (3/23), FITC-anti-CD86 
(GL1) or PE-anti-I-Ad/I-Ed (M5/114) (BD Biosciences). To analyze HSP70 expression, cells 
were stained with APC-anti-CD11c followed by intracellular HSP70 staining (8). Single cell 
suspensions of spleen and mLN were stained with pacific-blue labeled anti-CD4 (RM4-5) and 
APC-anti-KJ1.26 (OVA-TCR) (BD Biosciences). Additionally, FoxP3 staining was carried out 
with a FoxP3 (FJK-16S; PE labeled) staining kit as instructed (eBioscience). Flow-cytometry was 
performed on a FACSCanto (BD Biosciences).

Analysis of antigen-specific T cell responses
Single cell suspensions of spleen and mLN were cultured in complete medium in flat-bottom 
plates (Corning) at 2x105 cells per well, in the presence/absence of pOVA (20 μg/ml). After 72 
hours supernatants were collected for cytokine assays. Fluoresceinated microbeads coated with 
capture antibodies for simultaneous detection of IL-6 (MP5-20F3), IL-2 (JES6-1A12), TNFα 
(G281-2626) (BD Biosciences) and IFNγ (AN-18) (homemade) were added to 50 µl of culture 
supernatant. Cytokines were detected by biotinylated antibodies IL-6 (MP5-32C11), IL-2 (JES6-
5H4), TNFα (MP6-XT3), IFNγ (XMG1.2) and PE-labeled streptavidin (BD Biosciences) and 
analyzed on a Luminex model 100 XYP (Luminex). In parallel cells were used for RT-PCR 
quantification of mRNA of IFNγ, IL-1β, IL-10 and TGFβ.

Analysis of mRNA expression by quantitative real time PCR
BMDC were treated as described above. BMDC, mLN or spleen cells were harvested at indicated 
time points and stored in 350 μl RLT with 1% β-mercaptoethanol. Total mRNA extraction with the 
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RNeasy kit (Qiagen), on column DNAse treatment (Qiagen), and transcription into cDNA using 
the iScriptTM cDNA Synthesis kit (Bio-Rad) were carried out according to the manufacturer’s 
protocol. Quantitative RT-PCR (3 minutes at 95°C and 40 cycles of 10 seconds 95°C and 45 
seconds at 59.5°C) was performed in a Bio-Rad MyiQ iCycler (Bio-Rad). Amplification was done 
in a total volume of 25 μl using IQTM SYBR Green® Supermix (Bio-Rad Laboratories B.V.) 
with 0.25 μM final concentrations of primers (table 1). For each sample mRNA expression was 
normalized to the detected Ct value of HPRT and, for BMDC expressed relative to the average 
of the control group.

Table 1. Primer sequences used for quantitative real time PCR

 Forward primer 5’ – 3’  Reverse primer 5’ – 3’

HPRT CTG GTG AAA AGG ACC TCT CG  TGA AGT ACT CAT TAT AGT CAA GGG CA

CCL2 TTA AAA ACC TGG ATC GGA ACC AA GCA TTA GCT TCA GAT TTA CGG GT

CCL7 GCT GCT TTC AGC ATC CAA GTG  CCA GGG ACA CCG ACT ACT G

CCL12 ATT TCC ACA CTT CTA TGC CTC CT  ATC CAG TAT GGT CCT GAA GAT CA

LIF GCT ATG TGC GCC TAA CAT GAC  CGC TCA GGT ATG CGA CCA T

AREG GGG GAC TAC GAC TAC TCA GAG  TCT TGG GCT TAA TCA CCT GTT C

IL-10 TGC CAA GCC TTA TCG GA  ACC TGC TCC ACT GCC TTG CT 
MT1 AAG AGT GAG TTG GGA CAC CTT  GA GAC AAT ACA ATG GCC TCC

HSP1A1 AAG AAC GCG CTC GAA TCC TA  GAG ATG ACC TCC TGG CAC TTG T

IFNγ TCA AGT GGC ATA GAT GTG GAA GAA TGG CTC TGC AGG ATT TTC ATG

IL-1β CAA CCA ACA AGT GAT ATT CTC CAT G GAT CCA CAC TCT CCA GCT GCA

TGFβ GCC CTG TAT TCC GTC TCC TCC TTG CGT AAC CGG CTG CTG ACC

In vivo treatment and arthritis induction
Arthritis was induced in female mice, 16 to 26 weeks old, using a standard immunization protocol 
by intraperitoneal injection of human PG (250 μg) and 2 mg dimethyldioctadecylammonium 
bromide (DDA) (Sigma) emulsified in 200 μl PBS on days 0 and 21 (24). One day prior to the 
second PG/DDA immunization BMDC treated as described above were able to recover for four 
hours and then pulsed with 250 µg/ml PG. Two hours later 1x106 BMDC were resuspended in 
200 µl PBS and intraperitoneally injected into acceptor mice. As a control 200 µl PBS only was 
used. Onset and severity of arthritis was determined using a visual scoring system based on 
swelling and redness of paws (24). 

Statistical analysis
Statistical analysis was carried out using Prism software (version 4.00, Graphpad software Inc.). 
Significance level was set at p ≤ 0.05 and one-tailed Student’s t test was applied.

results

Gene expression profiling of thermal stress (TS) and carvacrol-thermal stress (CTS) treated 
BMDC
Previously we have shown that carvacrol in a concentration of 0.1 mM was a strong co-inducer 
of HSP70 in various antigen presenting cells (8,18). To study whether carvacrol pretreatment 
besides affecting the heat shock response, also altered the immunological phenotype of DCs we 
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performed a microarray analysis on BMDC. Similar to the HSP70 co-inducing effect, carvacrol 
treatment alone, without additional stress did not induce any differentially expressed genes 
compared to untreated BMDC (data not shown). Conversely, BMDC treated with carvacrol 
in combination with TS or TS alone led to differential expression of approximately 870 genes 
with at least a two-fold difference when measured 0.5 hour following TS (figure 1a). Since, the 
differential expression of many of these genes most likely reflected the impact of the TS treatment 
we focused on the immunologically relevant genes as indicated by DAVID analysis (figure 1b). 
Of the fifty-eight immunologically relevant genes, genes with a high fold change or genes with 
particular interest for DCs were selected for further research (table 2). 

Figure 1. Gene expression profile of TS and carvacrol-TS treated BMDC as compared to untreated BMDC. Mouse 
BMDC were incubated with 0.1 mM carvacrol or were left untreated. After two hours a one hour TS at 42.5°C followed. 
Samples for microarray analysis were taken 0.5 hour after TS. A. Venn diagram showing genes differentially expressed (p 
≤ 0.05) with at least a two-fold change for TS treated BMDC (left circle) and carvacrol-TS treated BMDC (right circle) 
compared to untreated BMDC. The numbers in the circles indicate the modulated genes for each condition. The grey area 
represents the overlap between both conditions. B. Heat map of immunological relevant genes that were significantly (p 
≤ 0.05) differentially expressed with at least a two-fold change in carvacrol-TS and/or TS treated BMDC compared to 
untreated BMDC. The heat map shows the log-ratio of the mean of three independent experiments.

Table 2. Genes with a high fold change or particularly interesting for DCs. 

Chemokines     F.C. TS F.C. CTS
CCL2  chemokine (C-C motif) ligand 2  2.97 1.09
CCL7  chemokine (C-C motif) ligand 7  5.24 0.99
CCL12 chemokine (C-C motif) ligand 12  4.91 1.18
Cytokines    
IL-1β  interleukin 1 beta   2.36 1.44
LIF  leukemia inhibitory factor  3.77 5.02
AREG amphiregulin   13.25 5.67
Stress induced immunologically relevant molecules    
MT1  metallothionein 1   3837.54 3795.52
HSP1A1 heat shock protein 1A   3.65 50.28
Maturation markers    
IL-2Rα (CD25) interleukin 2 receptor, alpha chain 0.33 0.21
CD40  CD40 antigen   0.59 0.47
CD80  CD80 antigen   0.68 0.48

BMDC were treated as in figure 1. Genes that are particularly interesting for DC were selected and fold changes (F.C.) 
of gene expression in TS BMDC treated with or without carvacrol compared to that of fully untreated BMDC are shown.
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DC fingerprint after TS and carvacrol-TS treatment

Increased expression of CCR2 binding chemokines
Chemokines CCL2, CCL7 and CCL12 were upregulated after TS treatment but not with 
carvacrol-TS treatment measured 0.5 hour after TS (table 2). These β-chemokines all bind to the 
chemokine receptor CCR2 which is expressed on several different immune cells like monocytes, 
T cell subsets and granulocytes. To study expression profiles of CCL2, CCL7 and CCL12 in 
more detail mRNA levels were measured by quantitative RT-PCR in a kinetics experiment. As 
shown in figure 2b, mRNA levels in TS treated BMDC were upregulated after TS. Interestingly, 
in carvacrol-TS treated BMDC upregulation of chemokine mRNA was delayed, but eventually 
much higher expression levels were reached. As a control, thymol and p-cymene, two compounds 
structurally similar to carvacrol (figure S1a), were also tested for the induction of CCL2. As shown 
in figure S1c p-cymene-TS treated BMDC did not alter CCL2 mRNA expression as compared 
to TS treated BMDC. In contrast, thymol-TS treatment induced CCL2 expression comparable 
to carvacrol-TS treatment. However, the duration of the elevated expression levels was shorter. 

Differentially expressed gene expression of RA relevant cytokines
Important mediators in the pathogenesis of RA are the pro-inflammatory cytokines IL-6, IL-1β 
and TNFα. Additionally, other less well known cytokines like leukemia inhibitory factor (LIF) 
and amphiregulin may also contribute to joint inflammation (25, 26). The mRNA expression 
levels of IL-1β, LIF and amphiregulin were upregulated in TS as well as carvacrol-TS treated 
BMDC, with a delay but eventually higher expression levels in BMDC pretreated with carvacrol 
(table 2, figure 2c and data not shown). mRNA expression levels of the anti-inflammatory 
cytokine IL-10 were also upregulated after both treatments and followed the same expression 
profile as IL-1β, amphiregulin and LIF (figure 2c). In conclusion, mRNA expression levels of 
pro-inflammatory RA relevant cytokines as well as the anti-inflammatory cytokine IL-10 were 
increased after treatment. In the controls where BMDC were treated with thymol-TS or p-cymene-
TS, amphiregulin mRNA expression was not altered as compared to TS. IL-10 expression levels 
were only increased after thymol-TS treatment as compared to TS treatment (figure S1c). 

Induction of immunoregulatory stress related molecules
TS induces the expression of many stress related genes and some of these, like metallothionein 
1 (MT1) and HSP70 (27) are also considered to be immunomodulatory molecules (28, 29). As 
shown in table 2 and figure 2d, expression levels of MT1 were upregulated after TS treatment but 
especially after carvacrol-TS treatment. Interestingly although not detectable in the microarray, 
in non-stressed carvacrol treated BMDC mRNA levels of MT1 were also increased (figure 2d). 
Expression levels of HSP70 mRNA and protein increased shortly after both TS and carvacrol-
TS treatment. However, carvacrol enhanced and prolonged expression levels (figure 2d and e). 
In sum, expression of the immunoregulatory stress related genes MT1 and HSP70 was elevated 
in TS and especially in carvacrol-TS treated BMDC, suggesting the induction of DCs with a 
relatively tolerogenic phenotype. The structurally similar compound thymol was also able to 
act as a co-inducer and elevated expression levels of HSP70 and MT1. Nevertheless, expression 
levels were lower and duration of expression was shorter as compared to carvacrol-TS treatment. 
Pretreatment of DCs with p-cymene did not alter mRNA expression levels as compared to TS 
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Figure 2. DC fingerprint after TS and carvacrol-TS treatment. Mouse BMDC were incubated with 0.1 mM carvacrol 
or were left untreated. After two hours a one hour TS at 42.5°C followed. A. Experimental setup. B-D: Cells were collected 
at indicated time points and mRNA was isolated. With cDNA quantitative RT-PCRs were performed in untreated, TS 
treated (grey) and carvacrol-TS treated (black) BMDC. Results were depicted relative to untreated BMDC at the indicated 
time points. Data are representative of three independent experiments. B. Quantitative RT-PCRs for CCL2, CCL7 and 
CCL12. C. Quantitative RT-PCRs for LIF, AREG and IL-10. D. Quantitative RT-PCRs for HSP70 and MT1. E. After 
ON recovery at 37°C, intracellular HSP70 levels and extracellular CD40, CD86 and MHCII were analyzed. Grey solid: 
untreated BMDC; black line: TS treated BMDC; grey line: carvacrol-TS treated BMDC. Results are representative of at 
least 5 independent experiments.

alone (figure S1c and d).
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Reduced maturation 
As maturation status is an important hallmark for tolerogenic DC and the activation markers 
CD40, CD80 and CD25 (IL2rα) (30) were downregulated in the microarray (table 2), we assessed 
protein expression of activation markers on treated and untreated BMDC. TS treated BMDC 
displayed an immature phenotype with lower expression levels of CD86 and CD25 and MHC 
class II as compared to untreated BMDC. In addition, carvacrol-TS treatment could even further 
decrease expression of CD86 and CD25 in BMDC. In contrast, protein expression of CD40 and 
CD80 (figure 2e and data not shown) were not altered. No differences could be detected either in 
annexin V/7AAD staining or Dextran-FITC uptake respectively (data not shown), showing that 
reduced maturation is not the result of reduced viability or function of the cells.

Suppressed proliferation and activation of antigen specific T cells 
TS and carvacrol-TS treated BMDC have increased mRNA expression levels of certain anti-
inflammatory mediators and display a decreased maturation profile. To investigate whether 
the assorted phenotype we observed in mRNA expression of the BMDC resulted in an 
immunomodulatory function of treated BMDC we studied their antigen presenting capacity in 
vivo. pOVA-specific CFSE-labeled CD4+ T cells were intravenously transferred into recipient 
mice one day prior to intraperitoneal injection of treated and untreated BMDC pulsed with pOVA. 
Three days later proliferation and phenotype of the pOVA-specific T cells from spleen and mLN 
were analyzed. Transfer of TS treated BMDC induced less T cell proliferation as compared to 
untreated BMDC in vivo. Notably, carvacrol-TS treated BMDC induced even lower proliferation 
in vivo as shown by the increase in non-divided cells (figure 3a). In addition, although carvacrol-
TS treated BMDC did not increase FoxP3 expression in the total CD4+DO11.10+ population, 
mice treated with carvacrol-TS treated BMDC had increased FoxP3 expression levels in the 
proliferating CD4+DO11.10+ population in the mLN as compared to untreated BMDC (figure 
3b). Moreover, carvacrol-TS treated BMDC preferentially induced the proliferation of FoxP3+ T 
cells over proliferation of FoxP3- T cells. In contrast, with untreated and TS treated BMDC the 
percentage of replicated FoxP3+ T cells of the total FoxP3+ T cells was equal to the replicated 
FoxP3- T cells of the total FoxP3- T cells (figure 3b). Results did not reflect a difference in survival 
of the treated BMDC as equal amounts of transferred viable BMDC could be recovered in spleens 
of recipient mice that received untreated, TS treated or carvacrol-TS treated BMDC (data not 
shown). To further investigate the phenotype of the DC primed T cells, splenic cell suspensions 
were ex vivo restimulated with pOVA. Secretion of the pro-inflammatory cytokines IL-2, IL-6, 
IFNγ and TNFα was reduced when mice were injected with TS or carvacrol-TS treated BMDC as 
compared to untreated BMDC. However, reduction was only significantly lower with carvacrol-
TS treated BMDC (figure 3c). Furthermore, mRNA expression levels of the pro-inflammatory 
cytokines IFNγ and IL-1β were downregulated, whereas expression levels of IL-10 and TGFβ 
were slightly upregulated (figure 3d). Thus, these data indicated that treated BMDC induced less 
activated and less pro-inflammatory T cells and that carvacrol-TS treated BMDC as compared to 
untreated BMDC were able to enhance the proportion of proliferating FoxP3+ T cells.

Pretreatment of BMDC with carvacrol is essential for suppression of arthritis
Both TS and carvacrol-TS treatment protocols induce a BMDC with an assorted gene expression 
profile that is able to suppress proliferation and activation of antigen-specific T cells. To 
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Figure 3. Carvacrol-TS treated BMDC induce a less pro-inflammatory T cell. Mice were intravenously injected 
with 1x107 CFSE labeled pOVA-specific T cells one day prior to intraperitoneally injection of 1x106 pOVA pulsed 
untreated, TS treated or carvacrol-TS treated BMDC. Four days after BMDC injection spleen and mLN were harvested. 
A. Representative examples of CFSE dilution of pOVA-specific T cells in mLN (left) and percentage of undivided pOVA-
specific T cells in spleen and mLN (right). B. Percentage of FoxP3 expression of pOVA-specific proliferating T cells (left) 
and percentage of replicated FoxP3+ cells of total FoxP3+ cells divided by the percentage of replicated FoxP3- cells of total 
FoxP3- cell population (right). Data are analyzed by flow cytometry. C-D. Splenic cell suspensions were restimulated 
with pOVA for 72 hours. Cytokine secretion for IL-2, IL-6, IFNγ and TNFα relative to non-stimulated cells are shown 
(C). Cytokine expression of IFNγ, IL-1β, IL-10 and TGFβ was measured by quantitative RT-PCR. Data are expressed as 
relative expression to the calibrator HPRT (D). White: untreated BMDC, grey: TS treated BMDC, black: carvacrol-TS 
treated BMDC. Values are the mean and SEM of three mice per group. * (p < 0.05) and ** (p < 0.01).

determine whether these treated BMDC can suppress PGIA, mice were intraperitoneally injected 
with carvacrol-TS treated BMDC, TS treated BMDC, untreated BMDC or PBS one day prior to 
the second PG immunization. PG pulsed and unpulsed BMDC were compared to distinguish if 
loading of DCs with an auto-antigen was required. As shown in figure 4 and table 3, only carvacrol-
TS treated BMDC that were pulsed with PG significantly reduced arthritis scores and delayed 
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disease onset in recipient mice. In summary, although TS treated BMDC show characteristics of 
a tolerogenic DC, they are not anti-inflammatory in PGIA, whereas carvacrol-TS treated BMDC 
pulsed with disease associated antigens were able to suppress autoimmune arthritis.

Figure 4. Carvacrol-TS treated BMDC suppress PGIA. 
Arthritis was induced by two intraperitoneally immunizations 
with human PG on days 0 and 21. One day prior to the second 
PG immunization mice were intraperitoneally injected with 
1x106 PG pulsed untreated, TS treated or carvacrol-TS treated 
BMDC. As a control, mice received only PBS. Arthritis 
severity expressed as the mean and SEM of at least six mice 
per group. * (p < 0.05) for area under the curve compared to 
PBS group .

Table 3. Mean day of onset and arthritis score
     PG pulsed  Day of onset Maximum arthritis score
PBS       30 ± 1.3  8.3 ± 1.25
Untreated BMDC  +  36 ± 2.8  6.9 ± 1.16
TS treated BMDC  +  33 ± 1.9  6.9 ± 1.39
Carvacrol TS treated BMDC +  38 ± 3.1*  3.8 ± 1.26*
Untreated BMDC   -  29 ± 1.0  8.3 ± 1.16
TS treated BMDC   -  30 ± 2.0  5.5 ± 1.48
Carvacrol TS treated BMDC  -  34 ± 2.9  5.5 ± 1.37

To test the tolerogenic capacity of carvacrol-TS treated BMDC mice were treated as in figure 4, although here, PG-unpulsed 
BMDC recipients are also shown. Values indicate mean ± SEM of n=6 (PBS, untreated BMDC-pulsed, carvacrol-TS 
treated BMDC-pulsed and untreated BMDC-unpulsed) or n=7 (TS treated BMDC-pulsed, TS treated BMDC-unpulsed 
and carvacrol-TS treated BMDC-unpulsed). * (p ≤ 0.05) compared to PBS group.

DIsCussIon

Approaches to induce tolerogenic phenotypes in DCs have been developed and used successfully in 
autoimmune models (1, 31, 32). Earlier we found that oral administration of carvacrol suppressed 
PGIA in a T cell dependent manner (8). Furthermore, carvacrol had an anti-inflammatory effect 
on activated macrophages (15). In this study, we demonstrated that treatment with carvacrol and 
TS induced a functional tolerogenic DC that, upon transfer, was able to suppress autoimmune 
arthritis. 
The immunological effect of carvacrol on DCs was analyzed by microarrays. We found that 
carvacrol acted as co-inducer as no effects in the absence of TS were seen 0.5 hour after carvacrol 
administration. We used severe TS as stimulus as it is known that carvacrol functions as co-inducer 
for the heat shock response (8, 18). Controversy exists as both immune activating and inhibitory 
effects have been described for mild TS (10, 12), however the effects of severe TS comparable 
to our TS protocol on the immune response are less well known. Fifty-eight immunologically 
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relevant genes were differentially expressed with at least a two-fold change and a p-value ≤ 
0.05, 0.5 hour after TS and/or carvacrol-TS treatment compared to untreated BMDC (figure 1b). 
Although most of these genes are altered after both treatment protocols, differences were found 
in the timing of expression and expression levels as shown by table 1 and figure 2. Especially 
the lower expression levels of certain maturation markers and the excessively high levels of 
potentially regulatory stress molecules could steer towards a tolerogenic functional phenotype in 
carvacrol-TS treated BMDC as compared to TS treatment alone. 
One group of genes with elevated expression levels in treated BMDC were the CCR2 binding 
chemokines CCL2, CCL7 and CCL12. These chemokines can have diverse effects on the immune 
response as they attract both pro-inflammatory cells and also CCR2+FoxP3+CD4+ regulatory T 
cells. CCR2+ regulatory T cells are important regulators in the progression phase of collagen 
induced arthritis (CIA) (33). Furthermore, CCL2 and CCL7 promote a Th2 response as CCR2+ 

DCs produce less IL-12 and activated CCR2+ T cells secrete more IL-4 after binding to CCL2. 
(34, 35). Enhanced expression of these chemokines might promote Th2 or regulatory T cell 
pathways and thereby suppress arthritis, depending on the micro-environmental context in which 
the chemokines are released.
A second group of genes that showed differential expression were certain RA relevant 
cytokines. The IL-1 family member IL-1β and the IL-6 family member LIF were two genes 
with elevated expression levels after both TS and carvacrol-TS treatment in BMDC. These pro-
inflammatory cytokines contribute to joint inflammation in RA and are not directly indicative of 
a tolerogenic phenotype. In contrast, the expression levels of anti-inflammatory cytokine IL-10 
and amphiregulin were increased. Amphiregulin is increased in the synovial tissue of RA patients 
(26), but is also described as an immunomodulatory molecule that is secreted by ATP treated 
semi-mature tolerogenic DCs. (36). 
Expression levels of the immunomodulatory stress related molecules HSP70 and MT1 were 
elevated after both treatments, although up-regulation was more prominent after carvacrol-TS 
treatment. This result is in concordance with the co-inducing capacity of carvacrol on the stress 
response. HSP70 functions as an intracellular chaperone, but has also been described as an anti-
inflammatory molecule that inhibits maturation and induces the secretion of IL-10 in DCs (28, 
37). MT1 is a protein that binds heavy metals and functions as an immunosuppressive agent on 
macrophages and T and B cells (38-40). Moreover, repeated administration of MT1 and 2 during 
the course of CIA dramatically reduced incidence and disease severity via induction of TGFβ 
and down-regulation of pro-inflammatory mediators (29) and it was shown to induce IL-10 and 
TGFβ producing regulatory T cells in CIA (41). Elevated expression levels of both molecules 
point toward a tolerogenic DC that functions via the induction of anti-inflammatory cytokines 
like IL-10 and TGFβ. 
The capacity of carvacrol to enhance the stress response and the expression of certain 
immunoregulatory mediators induced by TS is not a unique feature of carvacrol as the structurally 
similar compound thymol could also affect some of these same genes. However, carvacrol was 
the most potent co-inducer of the immune response and had the largest effect on the expression of 
immunological relevant genes making carvacrol the most suitable compound.
It is clear that our microarray analysis of TS and carvacrol-TS treated BMDC revealed a diverse 
gene expression profile with potential tolerogenic features. In addition, the diverse nature and 
kinetics of the 58 immunologically relevant genes could at least partly help explain why there 
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exists such a controversy in literature about thermal stress as a pro- or anti-inflammatory trigger.
Subsequently, maturation status of treated BMDC was investigated as a possible feature of 
tolerogenic DCs. Maturation was decreased after TS treatment and even stronger after pretreatment 
with carvacrol. Both TS and carvacrol-TS treated BMDC induced proliferation of CD4+ T cells, 
although less compared to untreated BMDC. This reduced proliferation coincided with reduced 
secretion of pro-inflammatory cytokines following 72 hours of restimulation indicating that the 
antigen specific T cells had changed in vivo due to BMDC treatment. In addition, differences 
were more pronounced in carvacrol-TS treated BMDC and only carvacrol-TS treated BMDC 
preferentially induced the proliferation of FoxP3+ T cells over the proliferation of FoxP3- T cells. 
These data suggested proliferation of existing FoxP3+ natural regulatory T cells or the induction 
of a regulatory phenotype in naïve T cells. These combined results are an indication that an 
anergic or regulatory T cell response was induced. 
In conclusion, this study shows that although TS and carvacrol-TS treated BMDC share 
several anti-inflammatory characteristics, only carvacrol pretreated BMDC can function as 
tolerogenic DC in suppressing arthritis. This is probably caused by differences in the balance 
between pro- and anti-inflammatory molecules. For example, both TS and carvacrol-TS treated 
BMDC express the pro-inflammatory cytokines LIF and IL-1β, two mediators involved in the 
pathogenesis of RA. In contrast, carvacrol-TS treated BMDC also express very high levels of the 
immunoregulatory molecules MT1 and HSP70, whereas TS treated BMDC express lower levels 
of both molecules. These differences probably cause the shift toward a tolerogenic function after 
carvacrol-TS treatment, but not after TS treatment alone. Our data show that the combined action 
of a phytonutrient carvacrol, in combination with a physiological form of stress, can lead to the 
induction of a tolerogenic state in DCs. 
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Figure S1: Mouse BMDC were incubated with 0.1 mM carvacrol, 0.1 mM thymol, 0.1 mM p-cymene or were left 
untreated. After two hours a one hour TS at 42.5°C followed. A. Chemical structures of cavacrol, thymol and p-cymene. 
B. Experimental setup. C. Cells were collected at indicated time points and mRNA was isolated. With cDNA quantitative 
RT-PCRs were performed in untreated, TS treated (grey), p-cymene-TS treated (white), thymol-TS treated (white striped) 
and carvacrol-TS treated (black) BMDC. Results were depicted relative to untreated BMDC at the indicated time points. 
D. After over night recovery at 37°C, intracellular HSP70 levels were analyzed. Grey solid: untreated BMDC; black line: 
TS treated BMDC; grey line: p-cymene/thymol/carvacrol-TS treated BMDC. 

proefschrift.indb   81 16-1-2013   20:39:19



Dendritic cells and immuno-modulation in autoimmune arthritis

82

proefschrift.indb   82 16-1-2013   20:39:19



Tolerogenic DC membrane-bound metallothionein 
1 induces a regulatory phenotype in T-cells

R. Spiering1, Josée Wagenaar-Hilbers1, Veerle Huijgen1, Ruurd van der Zee1, 
Peter J.S. van Kooten1, Willem van Eden1, Femke Broere1

1Department of Infectious Diseases and Immunology, Utrecht University, 
Utrecht, The Netherlands

Submitted

6

proefschrift.indb   83 16-1-2013   20:39:19



Dendritic cells and immuno-modulation in autoimmune arthritis

84

abstraCt

Previously it has been reported that the stress protein metallothionein 1 (MT1) has several 
immunosuppressive properties. Furthermore, we earlier showed that functionally tolerogenic 
DCs expressed increased mRNA levels of MT1. Here, we demonstrate that dexamethasone-
treated DCs are functionally tolerogenic and produce MT1. However, these DCs do not actively 
transport MT1 to the cell membrane and their tolerogenic function does not depend on MT1. 
Alternatively, ZnCl2-treated DCs transport MT1 to the cell surface, were found to be tolerogenic 
and to induce a regulatory phenotype in T-cells. Moreover, the membrane-bound MT1 was shown 
to be essential for ZnCl2-treated DCs to exert their tolerogenic function. On the basis of this, MT1 
may be used as new marker for functionally tolerogenic DCs. Additionally, we have found a new 
mechanism for tolerogenic DCs to exert their immunoregulatory function. 
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IntroDuCtIon

Mammalian metallothionein 1 (MT1) is a low weight, cysteine rich stress protein especially 
induced after exposure to environmental stressors like heavy metals (1, 2). The main function 
of MT1 is to scavenge heavy metals and either serve as a reservoir for essential heavy metals, or  
redistribute toxic metals from the nucleus into the cytosol and hereby reduce genotoxic damage 
(2, 3). Following exposure to stress, MT1 can be released into the extracellular environment and 
is found in physiological fluids like serum, urine and milk (4-6). 
MT1 is mainly synthesized in the liver but other tissues, like the thymus and some immune cells 
can also produce MT1 (7, 8). Furthermore, acute phase cytokines like IL-1, IL-6 and TNF-α were 
found to induce the expression of MT1 (9, 10). These combined findings indicated a role for 
MT1 in the inflammatory response. Indeed, earlier reports showed that extracellular MT altered 
cytotoxic T lymphocyte activity (11), suppressed humoral immunity in vitro and in vivo (12, 
13), induced a respiratory burst in macrophages coinciding with a weaker antigen-specific T-cell 
response (14), functioned as a chemo-attractant (15) and induced differentiation of naïve CD4+ 

T-cells into T-cells with a regulatory phenotype (16). Furthermore, several studies showed that 
MT1 has a protective role in experimental autoimmune models like collagen induced arthritis and 
experimental autoimmune encephalomyelitis (16-18).
Earlier we found that in tolerogenic dendritic cells (tolDCs) treated with the phytonutrient 
carvacrol in combination with heat stress, mRNA expression of MT1 was highly increased. These 
DCs were functionally tolerogenic as they were suppressive in a mouse model of rheumatoid 
arthritis (19). In the present study we examined whether MT1 secreted by tolDCs was able to 
induce a regulatory phenotype in T-cells. 

materIals anD methoDs

Mice 
Female BALB/c mice were purchased from Charles River Laboratories. DO11.10  mice (OVA-
TCR Tg) and TCR-5/4E8-Tg mice (PG-TCR Tg) (20) were bred under specified pathogen 
free conditions. Experiments were approved by the Utrecht University Animal Experimental 
Committee.

Treatment of BMDC
Bone marrow derived dendritic cells (BMDC) were cultured as described before (19). On day 8 
BMDC were seeded in 12 wells plates at 1x106 cells/ml. The next day 0.4 μg/ml dexamethasone 
(Sigma), 12 nM vitamin D3 (Sigma), or 40 μg/ml ZnCl2 (Merck) was added to the culture. As a 
control cells were left untreated. Cells were harvested at indicated time points.  

Analysis of mRNA expression by quantitative RT-PCR
BMDC were treated as described above. Cell were harvested at indicated time points and mRNA 
isolation, cDNA synthesis and quantitative RT-PCRs were performed as described elsewhere 
(19). Primers used for quantitative RT-PCR: HPRT (forward 5′-CTG-GTG-AAA-AGG-ACC-
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TCT-CG-3, reverse 5’-TGA-AGT-ACT-CAT-TAT-AGT-CAA-GGG-CA-3’), MT1 (forward 
5’-AAG-AGT GAG-TTG-GGA-CAC-CTT-3’, reverse 5’-GAG-ACA-ATA-CAA-TGG-CCT-
CC-3’), IL-10 (forward 5′-GGT-TGC-CAA–GCC-TTA-TCG-GA-3′, reverse 5′-ACC-TGC-
TCC-ACT-GCC-TTG-CT-3′), GILZ (forward 5’-AAC-ACC-GAA-ATG-TAT-CAG-ACC-C-3’, 
reverse 5’-GTT-TAA-CGG-AAA-CCA-AAT-CCC-CT-3’), IL-12 (forward 5’-GGA-AGC-
ACG-GCA-GCA-GAA-TA-3’, reverse 5’-AAC-TTG-AGG-GAG-AAG-TAG-GAA-TGG-3’), 
TNFα (forward 5’-CCC-TCA-CAC-TCA-GAT-CAT-CTT-CT-3’, reverse 5’-GCT-ACG-ACG-
TGG-GCT-ACA-G-3’. The relative amount of target mRNA normalized to HPRT mRNA was 
calculated according to the method described by Pfaffl et al. (21)

Preparation cell lysates and western blot analysis
BMDC were treated as described above. After 24 hours of recovery 1x106 treated and untreated 
washed BMDC pellets were resuspended in 40 µl Laemlli sample buffer (60 mM Tris-HCl 
pH 6.8, 2% SDS, 10% Glycerol, 5% β-mercaptoethanol, 0.02% Bromophenol Blue). Ten µl 
of the supernatant of 10 min boiled lysates were loaded to a 15% SDS-PAGE gel. Following 
electrophoresis, proteins were transferred to a PVDF membrane (Immobilon, pore size 0.2 
µm; Millipore) using a semi-dry transfer (Trans-Blot SD, Biorad). After overnight blocking 
the membrane was incubated with monoclonal mouse anti-MT1 (UC1MT, 3.3 µg/ml, Enzo 
Life Sciences). Monoclonal mouse anti-γ-tubulin (5.4 µg/ml, Sigma) was used as a loading 
control. Blots were subsequently incubated with rabbit anti-mouse-HRP (0,26 µg/ml; Dako). 
All antibodies were diluted in in PBS containing 0,5% blocking reagent (Roche) and 0,05% 
Tween-20. Protein levels were detected using Luminata Crescendo Western HRP substrate 
(Millipore) and Amersham Hyperfilm ECL (GE Healthcare). 

In vitro effect of BMDC secreted MT1 on antigen-specific T-cells
BMDC were treated as described above. After six hours of recovery treated and untreated BMDC 
were plated in a 96 wells flat bottom plate at a concentration of 2x104 cells/well. Antigen was 
added at a final concentration of 100 μg/ml. CD4+CD25- T-cells were isolated from spleens of 
DO11.10 or PG-TCR transgenic mice and labeled with 5,6-carboxy-succinimidyl-fluoresceine-
ester (CFSE) as described before (22) with the addition of a monoclonal antibody to CD25 (PC-
61) to remove CD25+ cells. 2x105 antigen-specific CFSE-labeled CD4+CD25- T-cells were added 
to DC-antigen mixtures and 72 hours later cells were analyzed. For blocking studies, 4 μg anti-
MT1 (UC1MT) was added to the wells (13, 15). 

In vitro effect of exogenous MT1 on CD4+ T-cells
CFSE-labeled WT splenic CD4+CD25- T-cells were stimulated with magnetic M-450 
Tosylactivated Dynabeads (Dynal Biotech) coated with anti-CD3 (145-2C11) and anti-CD28 
(PV1-17-10) in a 1:1 ratio. 2x104 anti-CD3/anti-CD28 coated beads were added to 1x105 CFSE-
labeled T-cells in a round bottom plate. Rabbit liver MT1 (Enzo Life Sciences) was added to half 
the wells at 10 μM. The other half was left untreated. After 72 hours cells were measured for 
proliferation and FoxP3 expression. 
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Flow cytometric analysis of surface markers, MT1 and FoxP3
BMDC were treated as described above. After six hours of recovery, cells were stained with APC-
anti-CD11c (HL3) plus one of the following antibodies: PE-anti-CD40 (3/23), FITC-anti-CD86 
(GL1) or PE-anti-I-Ad/I-Ed (M5/114) (BD Biosciences). For analysis of MT1 expression, cells 
were allowed to recover for 24 hours. For extracellular staining, cells were stained with APC-
anti-CD11c plus biotinylated anti-MT1 (UC1MT) in combination with streptavidin-FITC (BD 
Bioscience). For total MT1 staining cells were stained with APC-anti-CD11c (HL3), then fixed 
and permeabilized for 20 minutes with Cytofix/Cytoperm solution (BD Bioscience), washed, 
and incubated with biotinylated anti-MT1 and streptavidin-FITC. Antigen-specific T-cells 
were stained with V450-anti-CD4 (RM4-5) (BD Biosciences) after 72 hours of co-culture, and  
FoxP3 staining was carried out with a FoxP3 (FJK-16S; PE labeled) staining kit as instructed 
(eBioscience). Flow-cytometry was performed on a FACSCanto (BD Biosciences). 

Statistical analysis
Statistical analysis was carried out using Prism software (version 4.00, Graphpad software Inc.). 
Significance level was set at p ≤ 0.05 and paired (figure 1F, 2F and 3A) or unpaired (figure 3B) 
two-tailed Student’s t tests were applied.

results anD DIsCussIon

DCs with membrane-bound MT1 are functionally tolerogenic
MT1 has been demonstrated to exhibit various immunosuppressive functions (11-13, 16). In 
addition, carvacrol-heat stress treated BMDC had a tolerogenic phenotype and produced high 
levels of MT1 (19). To study whether MT1 secreting DCs could induce a regulatory phenotype in 
T-cells, we treated DCs with ZnCl2, an inducer of MT1 (23). Total MT1 expression was measured 
after ZnCl2 treatment to confirm the production of MT1 (figure 1a and b). In addition, as MT1 
needs to be on the outside of the DC to exert a potential regulatory function on T-cells, MT1 was 
also measured on the cell surface of untreated and ZnCl2-treated DCs. As shown in figure 1c MT1 
was present on the cell surface of ZnCl2-treated DCs but not on untreated DCs. 
Furthermore, the phenotype of ZnCl2-treated DC was investigated. ZnCl2-treated DCs exhibited 
a tolerogenic phenotype with reduced levels of the co-stimulatory molecule CD86 and MHCII 
(figure 1d) and increased mRNA expression levels of IL-10 and the tolerogenic DC marker IL-T3 
(24). In addition, IL-12 mRNA levels were reduced, but TNFα mRNA levels were increased in 
ZnCl2-treated DCs (figure 1e). 
Finally, the potential capacity of DCs with membrane-bound MT1 to induce a regulatory 
phenotype in T-cells was studied. Naïve T-cells co-cultured with ZnCl2-treated DCs had higher 
percentages of FoxP3+ T-cells compared to T-cells co-cultured with untreated controls, indicating 
that ZnCl2-treated DCs can induce a regulatory phenotype in T-cells (figure 1f).
In sum, treatment of DCs with the MT1 inducer ZnCl2 induced a tolDC phenotype. Moreover, 
ZnCl2-treated DCs displaying membrane-bound MT1 were able to induce a FoxP3+ phenotype 
in T-cells. 
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Figure 1: ZnCl2 treated MT1- secreting DCs are functionally tolerogenic. DCs were treated with ZnCl2 or were 
left untreated. A/E. Cells were collected at indicated time points and mRNA was isolated. With cDNA quantitative RT-
PCRs for MT1 (A), IL-10, IL-T3, IL-12 or TNFα (E) were performed. B/C. After 24 hours of treatment total (B) and 
membrane-bound (C) MT1 was measured by flow-cytometry (B/C) and western blot (B, lower panel). D. After 6 hours of 
treatment CD40, CD86 and MHCII were analyzed by flow-cytometry. Results are representative of at least 4 independent 
experiments. F. After 6 hours of treatment, DCs were used as APC to present OVA or PG to antigen-specific CFSE-
labeled CD4+CD25- T-cells. Three days later FoxP3 expression was measured by flow-cytometry.

Functionally tolerogenic DCs produce MT1
To investigate whether other previously described tolDC inducers also increased MT1 expression, 
DCs were treated with dexamethasone (DEX) or vitamin D3 (vitD3). Both compounds have been 
reported to induce the expression of MT1 in different cell types (7, 25-27). Interestingly, in DCs, 
DEX treatment but not vitD3 treatment induced elevated mRNA expression levels of MT1 (figure 
2a). In addition, protein levels of total MT1 were increased after DEX treatment (figure 2b). 
MT1 could not be measured on the cell membrane (figure 2c), indicating that MT1 production 
is increased after DEX treatment, but not transported to the cell surface. DEX-treated DCs had 
a tolerogenic phenotype with reduced levels of CD86 and MHCII and increased mRNA levels 
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of IL-10 and the tolerogenic DC marker GILZ (28). In addition, IL-12 and TNFα mRNA levels 
were reduced. Conversely, although the vitD3 treatment protocol reduced DC maturation, no 
other tolDC characteristics or functionally tolerogenic capacity was observed (figure 2c and data 
not shown). 
In contrast, DEX-treated DCs were functionally tolerogenic and able to enhance the percentage 
of FoxP3+ T-cells as compared to untreated DCs (figure 2f). 
These data indicated that functionally tolerogenic DEX-treated DCs produced but not transport 
MT1 to the cell surface.

Figure 2: DEX treatment induces Mt1 and a functionally tolDC phenotype. DCs were treated with DEX, vitD3 or 
were left untreated. A/E. Cells were collected at indicated time points and mRNA was isolated. With cDNA quantitative 
RT-PCRs for MT1 (A), IL-10, GILZ, IL-12 or TNFα (E) were performed. B/C. After 24 hours of treatment total (B) and 
membrane-bound (C) MT1 was measured by flow-cytometry (B/C) and western blot (B, lower panel). D. After 6 hours of 
treatment CD40, CD86 and MHCII were analyzed by flow-cytometry. Results are representative of at least 4 independent 
experiments. F. After 6 hours of treatment, DCs were used as APC to present PG or OVA to antigen-specific CFSE-
labeled CD4+CD25- T-cells. Three days later FoxP3 expression was measured by flow-cytometry.
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MT1 is an essential mediator in tolerogenic function of ZnCl2 treated DCs
Although both ZnCl2 treatment and DEX treatment  induced a tolerogenic phenotype and 
function in DCs, only ZnCl2-treated DCs showed cell surface expression of MT1, indicating MT1 
secretion. It has been described that exogenous administration of MT induces the differentiation 
of naïve CD4+ T-cells into T-cells with a regulatory Tr1-like phenotype (16). Activation of naïve 
CD4+CD25- T-cells in the presence of exogenous MT1 increased the percentage of FoxP3+ T-cells 
(figure 3a). In addition, to investigate if DC membrane-bound MT1 was responsible for the 
induction of FoxP3 in antigen-specific T-cells, T-cells were cultured with their cognate antigen 
and ZnCl2-treated DCs in the absence or presence of an MT antibody earlier described as blocking 
agent (13, 15). Untreated and DEX-treated DCs were used as controls. As shown in figure 3b, the 
tolerogenic function of ZnCl2-treated DCs was MT1 dependent, since MT1 blocking inhibited the 
induction of FoxP3+ T-cells by ZnCl2-treated DCs. In contrast, MT1 blocking had no effect on the 
induction of FoxP3+ T-cells when DEX-treated DCs were used. 
In conclusion, both DEX and ZnCl2 treatments increased the production of MT1 and induced a 
tolerogenic DC that was able to increase the number of FoxP3+ T-cells. However, only in ZnCl2-
treated DCs membrane-bound MT1 was essential to exert their tolerogenic function. Exactly 
how MT1 could induce this regulatory phenotype in T-cells is not known. For astrocytes in the 
brain and renal proximal tubule cells in the kidney, the megalin receptor was shown to bind 
MT1 (29-31). However, for immune cells such as T-cells, no such receptor has been described 
yet. Nevertheless, MT1 was found to interact directly with the plasma membrane of T-cells and 
macrophages (14, 32). Furthermore, binding of exogenous MT to splenocyte cell membranes was 
shown to induce intracellular production of MT (32). It has been suggested that NF-κB activity is 
negatively regulated by MT (33) and that the p50 subunit of NF-κB acts as a negative regulator 
of FoxP3 (34). In this way, MT could have a positive effect on the expression of FoxP3 in T-cells. 

Figure 3: Tolerogenic function of ZnCl2 treated DC is MT1 dependent. A. CFSE-labeled CD4+CD25- T-cells 
were stimulated with anti-CD3/anti-CD28-coated beads in the absence or presence of MT1. After three days FoxP3 
expression was measured by flow-cytometry. B. DCs were treated with DEX, ZnCl2 or were left untreated. After 6 hours 
of stimulation, DCs were used as APC to present antigen to antigen-specific CFSE-labeled CD4+CD25- T-cells in the 
absence or presence of MT1 antibody. Results were depicted relative to untreated DCs in the absence (black) or presence 
(white) of MT1 antibody. Results in B are representative of 4 independent experiments.

Concluding remarks
In conclusion, in this study we have discovered a new marker for tolerogenic DCs and a new 
mechanism for tolDCs to exert their tolerogenic function in the induction of a regulatory 
phenotype in T-cells. This altered T-cell phenotype is either induced via MT1 binding to a yet 
unknown receptor or otherwise via direct binding to the plasma membrane. 
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Autoimmune diseases arise from an unwanted immune response against self-antigens. Many of 
these autoimmune disorders are T cell driven and therefore therapies that initiate the deletion of 
autoreactive effector T cells, or induce a regulatory phenotype in auto-antigen specific T cells, 
seem a promising treatment. Dendritic cells (DCs) are potent antigen presenting cells (APCs) and 
they are able to induce tolerogenic responses to self-antigens via activation and differentiation of 
naïve antigen-specific T cells into regulatory T cells (Tregs) or via deletion of autoreactive T cells 
(1, 2). Therefore, DCs seem like the perfect cell type for an immunoregulatory cell based therapy 
in autoimmune disorders.
The research described in this thesis focuses partly on the in vitro induction of a tolerogenic 
phenotype and function in DCs and on their potential regulatory role in experimental arthritis. 
The other part focuses on the immunoregulatory role of immature steady state DCs present during 
immune homeostasis. Their tolerogenic function was studied in a mouse model of arthritis. In the 
following paragraphs the results will be put into perspective.

In vItro generatIon of tolerogenIC DCs for autoImmune DIsease 
InterventIon

Induction of a stable tolerogenic phenotype ♠ Since immune homeostasis is disrupted in 
autoimmune diseases resulting in a pro-inflammatory micro-environment, it is critical that DCs 
have obtained a stable tolerogenic phenotype before transfer into individuals. Immature DCs 
have a high plasticity and under influence of pro-inflammatory cytokines and other mediators, 
like thymic stromal lymphopoietin (TSLP) and CCL2 (3, 4), immature tolerogenic DCs can 
obtain an unwanted mature and pro-inflammatory phenotype. Underlining the importance of a 
tolerogenic DC phenotype are experiments showing that in vitro matured bone marrow derived 
DCs pulsed with an auto-antigen, upon adoptive transfer into recipient mice, were able to induce 
the onset of autoimmune diseases like experimental autoimmune encephalomyelitis (EAE) 
(5), type I diabetes (6), autoimmune hepatitis (7) and uveitis (8). Several immunomodulatory 
agents are therefore required and are being used to induce a stable tolerogenic DC phenotype 
in an in vitro setting. These agents modulate DCs via different mechanisms: they can inhibit 
DC maturation, disrupt primarily costimulatory pathways, reduce pro-inflammatory cytokine 
production, for example by interfering with the NF-κB signaling cascade, or induce the 
overexpression of inhibitory molecules like Immunoglobulin-Like Transcript (ILT)-3 and 4 or 
Indoleamine 2,3-DiOxygenase (IDO) (9-12). In some studies these tolerogenic immature DCs are 
further stimulated with lipopolysaccharide (LPS) to induce a semi-mature tolerogenic phenotype 
that induces increased expression of the anti-inflammatory cytokine IL-10 (13, 14). Furthermore, 
upon such LPS stimulation DCs are less susceptible to maturation stimuli in vivo, as it has been 
described that LPS activated DCs become refractory to further stimulation, also known as DC 
paralysis (15). So, even though DCs have a high plasticity in vivo, a pro-inflammatory phenotype 
can be prevented by using the right stimuli to induce a stable tolerogenic DC phenotype in vitro. 
To emphasize this, some of these in vitro induced tolerogenic DCs were found suppressive in 
pre-clinical models of autoimmune diseases when given therapeutically (16-19). This indicates 
that tolerogenic DCs can maintain their tolerogenic function in a pro-inflammatory environment. 
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Most of these results have been obtained from animal studies with inbred strains. In humans, 
there is a natural variation in the monocyte population found in blood and it has been suggested 
that the induction of a tolerogenic phenotype in one individual could be less effective than in 
another (20). However, it was also demonstrated that monocyte derived DCs either from healthy 
controls or from arthritis patients treated with a combination of dexamethasone, vitamin D3 and 
monophosphoryl lipid A (a non-toxic LPS derivative) to induce a stable tolerogenic phenotype, 
were equally effective in the induction of T cell hyporesponsiveness (21). 

Antigen specificity ♠ A second point of consideration is the choice to pulse the in vitro generated 
tolerogenic DCs with an antigen or not. One major advantage of pulsing the DCs is that an 
antigen-specific immune therapy can be induced. Hereby, only the antigen specific autoreactive T 
cells are targeted, reducing the risk of side effects initiated by non-specific immune suppression. 
Different experimental autoimmune disease studies resulted in diverse results for the necessity 
to pulse DCs with an antigen in order to reduce disease symptoms (11, 12, 16, 17, 22-24). Stoop 
et al. (25) combined the results of several collagen induced arthritis (CIA) studies and suggested 
that with tolerogenic DCs treated with a stimulating signal like LPS, pulsing of the DCs was 
required to suppress CIA. In contrast, pulsing of tolerogenic immature DCs was not required to 
suppress disease. He proposed that immature tolerogenic DCs take up antigen more efficiently 
after transfer. This would make DC treatment a more global immunosuppressive therapy with 
possible risks in case of infections or tumor immunity. 
In addition, the choice of antigen also needs to be addressed. In mouse models the disease 
inducing antigen is known, but in humans it is usually not. One possible approach would be to 
pulse the DCs with a selection of peptides from different auto-antigens. For rheumatoid arthritis 
(RA) patients a second option is also available, i.e. pulsing DCs with autologous synovial fluid. 

Time of administration ♠ There are three options for time of administration of tolerogenic DCs in 
autoimmune diseases. The first option is prophylactic administration, so prior to disease initiation. 
This type of treatment would assure administration in a homeostatic situation where the possible 
plasticity of the tolerogenic DCs does not play an important role. However, a major problem 
with this treatment is the very high costs as everyone will receive such a DC ‘vaccination’. 
From each individual, monocyte derived DCs need to be cultured and subsequently injected back 
into the individual. All under good manufacturing practice (GMP) conditions. A better second 
option would be to treat patients with an established autoimmune disease with tolerogenic 
DCs. In this case only individuals that really need treatment will receive the tolerogenic DCs. 
A consideration for this treatment is the presence of autoreactive effector and memory T cells in 
patients. Autoreactive effector and memory T cells could be a potential problem as it has been 
shown that these T cells cannot always be tolerized by tolerogenic DCs in humans. In these cases 
monocyte derived DCs were treated with IL-10 and TGF-β to induce a regulatory phenotype in 
T cells (26-28). In contrast, Harry et al. (21) demonstrated that monocyte derived DCs either 
from healthy controls or from arthritis patients treated with dexamethasone, vitamin D3 and 
monophosphoryl lipid A were equally effective in the induction of T cell hyporesponsiveness 
in T cells from RA patients and healthy controls. So, if tolerogenic DCs are used as treatment 
of established autoimmune diseases, the DC treatment protocol needs to be evaluated carefully 
as some protocols work well for naïve T cells but not for memory or effector T cells and other 
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protocols seem to work for both naïve and effector/memory T cells in humans. A third option 
would be to administer the tolerogenic DCs in a preclinical stage (25). This is for example a 
possibility in RA patients in the preclinical period. Here, anti–cyclic citrullinated peptide (anti-
CCP) antibodies are detected before signs of disease become visible (29). This would then be an 
option for high risk individuals that are monitored on levels of anti-CCP. The main advantages 
of tolerogenic DC treatment in this stage are the absence of pronounced inflammation and thus 
absence of pro-inflammatory cytokines and mediators, and the absence of high numbers of 
pathogenic effector and memory T cells. 

stress proteIns as InDuCers of toleranCe

Heat shock proteins ♠ Interestingly, over the years different effects of heat shock proteins 
(HSPs) on the immune system have been described. Momentarily, several papers suggest HSPs 
can function as danger or damage associated molecular patterns (DAMPs) and induce a pro-
inflammatory immune response (30-32). However, as extensively discussed in chapter 3, the 
idea that HSPs function as DAMPs is for several reasons unlikely. One major reason is that 
due to their chaperone function, HSPs readily bind other molecular structures that may have the 
potential to initiate pro-inflammatory immune responses. In contrast, HSPs have been described 
as immunoregulatory molecules (reviewed by van Eden et al. (33)) and were considered to be 
involved in the regulation of multiple autoimmune diseases. One hypothesis introduced by van 
Eden et al. (33) is that HSP-specific T cells can be activated and clonally expanded by natural 
exposure to HSPs from gut commensal bacteria or during bacterial infection. These HSP-specific 
T cells can migrate to the periphery where further maintenance or modulation of the T cells can 
occur after exposure to stress-upregulated self-HSPs present on non-professional APCs in the 
absence of co-stimulation. The HSP-specific T cells can now exert their regulatory effect when 
they are exposed to HSPs that become upregulated at a site of inflammation. To underscore the 
possible role of HSP-specific T cells in HSP induced suppression of arthritis, several studies 
showed that HSP-specific Tregs could ameliorate arthritis severity in animal models of arthritis 
(34, 35). Another possible mechanism for HSP induced suppression of autoimmune diseases 
involves DCs. It has been described that HSP70 can bind to several receptors, like for example 
toll like receptor (TLR)-2, TLR-4, lectin-like oxidized low-density lipoprotein receptor 1 (LOX)-
1, CCR5 or CD14 (36-39), all present on DCs. Whether HSP70 can really bind to these receptors 
or that binding is initiated by a molecular structure bound by HSP70 is unclear. However, a few 
studies demonstrated that stimulation of DCs or monocytes with purified mycobacterial HSP70 
induced the production of IL-10 and inhibited maturation (40, 41). The group of Bonorino 
suggests that HSP70 binds a yet undefined endocytic receptor and thereby signal via TLR-2. 
This would eventually result in the production of IL-10 (42). In chapter 4 we demonstrated 
that murine DCs treated with mycobacterial or the inducible form of mouse HSP70 induced a 
functionally tolerogenic DC. We did not observe a reduced maturation or an increased production 
of IL-10 as described by the group of Bonorino (40, 41). Instead, our HSP70 treated DCs did 
not show a typical tolerogenic phenotype. However, HSP70 treated DC induced a regulatory 
phenotype in antigen-specific T cells with elevated levels of IL-10. Furthermore, HSP70 treated 
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DCs suppressed proteoglycan induced arthritis (PGIA) when injected in the preclinical phase. 
In this case, DCs were given one day prior to the booster injection that induces actual disease. 
Since we suspected that DCs would remain present through disease induction and thus encounter 
a pro-inflammatory milieu, we checked the tolerogenic stability of HSP70 treated DCs via an 
additional stimulation with LPS. We found that HSP70 treated DCs produced less IL-12p70 
after LPS stimulation, a cytokine involved in the differentiation of naïve T cells into Th1 cells. 
These results indicated that HSP70 treated DCs had indeed obtained a more stable phenotype. 
In our arthritis experiments HSP70 treated DCs were pulsed with proteoglycan (PG), the disease 
inducing antigen, before adoptive transfer. Therefore, suppression of disease is thought to be 
induced by T cell tolerance induction towards PG. However, as DCs were treated with HSPs and 
potentially present HSP70 derived peptides to HSP70-specific T cells, the possible induction of 
HSP70-specfic Tregs can certainly not be excluded. 

Metallothionein 1 ♠ Other stress proteins that have been described as immunoregulatory molecules 
are metallothioneins (MT). The main function of MT1 and MT2 is to scavenge heavy metals and 
either serve as a reservoir for essential heavy metals, or redistribute toxic metals from the nucleus 
into the cytosol to reduce genotoxic damage (43, 44). However, like HSPs, exogenous MT1 and 
MT2 have also been described to alter the function of several immune cells, like T and B cells 
and macrophages (45-49). Overall, the results from these studies showed an immunoregulatory 
function of MTs. In addition, experiments performed in chapter 5 showed that tolerogenic DCs 
that induced a regulatory phenotype in T cells, produced large amounts of MT1. Therefore we 
studied the possible effect of MT1 secreted by tolerogenic DCs on the induction of a regulatory 
phenotype in T cells in chapter 6. We found that treatment of murine DCs with ZnCl2 (an MT 
inducer) (50) or dexamethasone (a known tolerogenic DC inducer) increased the production of 
MT1. However, MT1 was only detected on the cell surface of ZnCl2 treated BMDC and not on 
dexamethasone treated DCs. This indicates that MT1 was secreted after exposure to ZnCl2 but not 
after dexamethasone exposure. Both ZnCl2 and dexamethasone treatment induced a tolerogenic 
DC phenotype and DCs were able to induce the expression of FoxP3 in T cells. For ZnCl2 treated 
DCs these elevated expression levels of FoxP3 were solely dependent on the presence of MT1 
as FoxP3 levels were not increased in the presence of an antibody to MT1 (48, 51). In contrast, 
in dexamethasone treated DCs also other mechanisms may contribute to the tolerogenic capacity 
of the cells such as the expression of the glucocorticoid-induced leucine zipper (GILZ). GILZ 
has been implicated as an important factor in the induction of a FoxP3+ regulatory phenotype 
in antigen-specific T cells (52, 53) and it is likely that dexamethasone treated DCs use this 
mechanism to induce Tregs instead of MT1. The exact mechanism of how MT1 is able to induce 
the expression of FoxP3 in T cells is not known yet. The megalin receptor was demonstrated 
to interact with MT1 (54-56), but T cells do not display this receptor. Nevertheless, it has been 
reported that MT1 can interact directly with the plasma membrane of T cells and macrophages 
(45, 57) and binding of exogenous MT1 to the cell membrane of splenocytes was shown to 
induce intracellular production of MT1 (57). It was furthermore suggested that NF-κB activity is 
negatively regulated by MT1 (58) and that the p50 subunit of NF-κB acts as a negative regulator 
of FoxP3 (59). In this way, MT1 could have a positive effect on the expression of FoxP3 in T 
cells, but further research to confirm this possibility is necessary. 
In conclusion, in chapter 6 we found a new mechanism for tolerogenic DCs to exert their 
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function mediated by the stress protein MT1. Furthermore, MT1 may be used as new marker for 
functionally tolerogenic DCs.

Co-inducers of stress proteins: carvacrol ♠ As described in the previous parts, both HSP70 and 
MT1 are immuno-regulatory stress molecules. One way to directly induce expression of these 
molecules is via a physiological stress like heat or heavy metal stress. However, heat stress 
induces mainly HSPs and hardly any MT1, and heavy metal stress induces a nice elevation of 
MT1 expression levels, but does not induce large amounts of HSPs. In chapter 5 we discovered 
that treatment of DCs with the food component carvacrol in combination with heat stress induces 
very high expression levels of both HSP70 and MT1. Earlier we described that intragastric 
application of carvacrol could suppress PGIA in mice via a T cell mediated mechanism (60). 
The exact mechanism of this T cell mediated tolerance is still not known, but DCs could be 
involved in its induction. For this reason we explored in chapter 5 whether carvacrol-heat stress 
treated murine DCs, besides inducing high levels of HSPs and MT1, were also suppressive in 
our PGIA model. We administered carvacrol-heat stress treated DCs in the preclinical phase, 
one day before the booster injection. Carvacrol-heat stress treated DCs displayed an immature 
phenotype and were able to ameliorate arthritis when pulsed with PG. Furthermore, as carvacrol-
heat stress treated DCs produce large amounts of HSP70 and it has been described that cells 
imposed by nutrient deprivation (stress) had loaded their MHC class II molecules with fragments 
of HSP70 (61), it might be that HSP70 peptides could also be presented to HSP-specific Tregs 
that subsequently could suppress disease. Finally, we determined DC induced T cell activation 
and found that, although carvacrol-heat stress treated ovalbumin peptide (pOVA)-pulsed DCs 
induced proliferation of OVA-specific T cells in vivo, it was less compared to untreated peptide-
pulsed DCs. Reduced proliferation coincided with reduced secretion of pro-inflammatory 
cytokines following ex vivo restimulation, indicating that the antigen specific T cells had changed 
in vivo due to DC treatment. Furthermore, carvacrol-heat stress treated DCs preferentially induced 
the proliferation of FoxP3+ T cells over the proliferation of FoxP3- T cells, possibly via a MT1 
dependent mechanism. These combined results are an indication that carvacrol-heat stress treated 
DCs induce an anergic or regulatory T cell response.
In conclusion, carvacrol-heat stress treatment induces a functional tolerogenic DC and these DCs 
are able to induce amelioration of experimental autoimmune arthritis. Suppression is possibly 
induced via production of the immune regulatory stress proteins HSP70 and MT1. 

tolerogenIC DCs as treatment In a ClInICal settIng

Matured DCs have already been introduced for immunotherapy in a wide variety of cancers in 
humans (62-64). However, for the treatment of autoimmune diseases, immature or semi-mature 
DCs need to be generated and due to their plasticity, DC therapy for autoimmune diseases has 
only recently been introduced. Untill date, only one safety trial has been finished with tolerogenic 
DCs (http://clinicaltrials.gov/ct2/show/study/NCT00445913). In this phase I trial, monocyte 
derived DCs in vitro treated with a mixture of antisense oligonucleotides (AS-ODN) targeting 
the primary transcripts of CD40, CD80 and CD86 to render these DCs immature, were injected 
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into patients with established type 1 diabetes (T1D) for a total of four administrations. DCs were 
not pulsed with a T1D specific antigen, however, both AS-ODN DCs and control untreated DCs 
did not induce any measurable levels of systemic immunosuppression. Furthermore, all patients 
were closely monitored for possible side effects but no adverse events were reported indicating 
that the autologous DCs were safely tolerated. In conclusion, treatment with autologous DC is 
safe and well tolerated. However, no beneficial effects were shown in patients with established 
T1D so far. The researchers suggested that DC treatment should be more successful when DC 
treatment starts close to the clinical onset of disease and that treatment could rescue still present 
insulin-producing β cells (65, 66). 
The group of Thomas et al. at the University of Queensland and the group of Hilkens and Isaacs 
at Newcastle University are also planning trials for DC treatment in RA (67). Thomas et al. 
will use a DC treatment protocol where DCs are treated with Bay-117082, a compound that 
irreversibly inhibits NF-κB and induces a stable immature phenotype (68, 69). DCs treated with 
this compound have been shown to suppress established antigen-induced arthritis (17). They are 
planning to pulse the DCs with citrullinated peptides derived from RA candidate auto-antigens. 
Hilkens and Isaacs will treat their DCs with a combination of dexamethasone and vitamin D3. 
These drugs downregulate RelB, a component of the NF-κB signaling pathway (9). These 
tolerogenic DCs will be pulsed with autologous synovial fluid. 
Although animal studies indicate that tolerogenic DC treatment seems promising in the treatment 
of human autoimmune diseases (11), there are some major logistics problems bringing DC 
treatment into the clinic. First, leukopheresis can take up hours, quite a burden, especially for 
young children. Second, the manufacturing of tolerogenic DCs needs to be done under GMP 
conditions and these facilities are not always near the clinic where the patients reside. So, a 
possibly better method would be to target DCs in vivo. The group of Trucco and Giannoukakis 
that also performed the first T1D trial, tested microspheres-formulated antisense oligonucleotides 
(AS-MSP) in non-obese diabetic (NOD) mice (70). These AS-MSP microspheres contain the 
same antisense oligonucleotides targeting the primary transcripts of CD40, CD80 and CD86 
as described above. Results with these AS-MSP microspheres were much more promising as 
compared to experiments where AS-ODN DCs were injected into NOD mice. In sum, in vivo 
targeting of DCs is not only easier and less compromising for the patients, the results in clinical 
setting so far are also more promising as compared to injection of patients with AS-ODN 
tolerogenic DCs.

In vIvo targetIng of steaDy state tolerogenIC DCs

The in vivo targeting of the above described study looks really promising. However, as treatment 
is not antigen-specific, the possibility exists that a global immune suppression will be induced. 
Another possibility would therefore be to target steady state immature tolerogenic DCs with a 
DEC-205 antibody fused to a disease inducing antigen. DCs express the C-type lectin receptor 
DEC-205 on their membrane and endocytosis via this receptor mediates the presentation 
of peptides via MHC class I or II molecules to CD8+ or CD4+ T cells, respectively. Antigen 
presentation to T cells by tolerogenic steady state DCs results either in antigen-specific T cell 
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anergy, deletion or the induction of a Treg phenotype (2, 71-74). In chapter 2, we recombinantly 
fused an immunodominant peptide of PG to an antibody directed against DEC-205 (αDEC-PG) 
and found that prophylactic injection of this recombinant fusion antibody could delay arthritis 
induction and suppress disease severity. Furthermore, we  demonstrated that injection of αDEC-
PG induced antigen-specific T cell deletion and possibly anergy or Treg induction. PGIA protected 
mice prophylactically injected with αDEC-PG had decreased levels of IL-17, a pro-inflammatory 
cytokine described to be involved in synovial inflammation and joint cartilage destruction in RA 
(75). To study whether the induction of antigen-specific Tregs is important in PGIA suppression, 
future experiments will be performed where T cells from αDEC-PG treated protected mice will 
be isolated and adoptively transferred into arthritic recipient mice. Furthermore, serum levels of 
PG-specific IgG2a levels were lowered in αDEC-PG treated mice as compared to control mice. 
Interestingly, our results also showed that some B cell subsets, like the B-1a cells present in 
the peritoneal cavity, could in vitro be targeted by DEC-205 recombinant fusion antibodies and 
present peptide to antigen-specific CD4+ T cells. In vivo DEC-205 targeting of peritoneal cavity 
B-1a cells could be essential since B-1a cells are possibly the first cells that recombinant DEC-
205 fusion antibodies encounter after intraperitoneal injection.
In conclusion, in vivo targeting of steady state DCs via DEC-205 can delay arthritis disease 
onset and suppress disease severity in an animal model of arthritis. To introduce DEC-205 
targeting as therapy into the clinic some points need to be considered. First, in humans, the 
disease inducing antigen in autoimmune diseases is usually not known. One option to solve this 
could be to produce DEC-205 recombinant fusion antibodies with several peptides from different 
auto-antigens. Another disadvantage lies in the fact that treatment can only be introduced into 
patients when a homeostatic non-inflammatory environment exists in these patients. Otherwise, 
in a pro-inflammatory milieu, DCs lose their immature or semi-mature tolerogenic phenotype and 
targeting DCs in a mature state would induce an effector phenotype in antigen-specific T cells. 
This would then most likely enhance disease severity. One way to possibly circumvent this is by 
using a combination therapy with immunomodulatory drugs to downregulate inflammation and 
then introduce DEC-205 recombinant fusion antibodies (76). 

ConClusIon

The research described in this thesis shows that stress proteins can be used as tolerogenic DC 
inducers and that tolerogenic DCs can function mechanistically via the secretion or MHC class 
II presentation of stress induced proteins like MT1 and possibly HSP70. We showed that HSP70 
treated DCs and DCs secreting stress proteins like MT1 and HSP70 are suppressive in the PGIA 
model when pulsed with PG and injected in the preclinical phase (figure 1). Furthermore, targeting 
of immature DCs in the steady state situation with very low amounts of PG suppressed clinical 
symptoms of arthritis in the PGIA model via induction of PG specific T cell deletion/anergy and 
possibly the induction of PG-specificTregs.
Stress related tolerogenic DC administration seems like a promising therapy in the treatment of 
autoimmune diseases like RA. The presence of for example HSP-specific Tregs could make the 
use of stress proteins even more effective since expression of HSPs are upregulated in inflamed 
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tissues and HSP-specific Tregs can easily exert their regulatory function locally. However, 
bringing tolerogenic DC therapies into the clinic comes with some drawbacks. For tolerogenic 
DC treatment the logistics are quite complicated and the costs are very high. Furthermore, the 
antigen(s) to pulse the DCs must be considered and the tolerogenic stability of the DC needs to 
be confirmed. 
A better option could be in vivo targeting of tolerogenic DCs. In this way the costs are much 
lower and less intrusive for the patients. One major drawback of this therapy however, is the 
fact that DCs are usually not immature and thus not tolerogenic during an autoimmune disease. 
One option could be to coat liposomes containing immunomodulatory drugs with the DEC-205 
antibody (76).
In conclusion, DCs have a high potential in the treatment of autoimmune diseases like RA, but 
several points need to be considered closely before applying this therapy into a human setting.

Summarizing concept of the possible routes of immune regulation in RA induced by tolerogenic DCs here described. 
TDC: tolerogenic DC; PG: proteoglycan; Treg: regulatory T cell; HSP: heat shock protein; carva: carvacrol
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AICD  Activation Induced Cell Death
APC  Antigen Presenting Cell
BMDC  Bone Marrow-derived DC
CCL   CC Chemokine Ligand
CCP   Cyclic Citrullinated Peptide 
CCR  CC Chemokine Receptor
cDC   conventional DC
CD   Cluster of Differentiation
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CIA   Collagen Induced Arthritis 
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i.p.   intraperitoneal
ITIM   Immunoreceptor Tyrosine-based Inhibitory Receptor
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Mt   Mycobacterial
NK   Natural Killer
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RA   Rheumatoid Arthritis
TCR   T Cell Receptor
TGF   Transforming Growth Factor
Th   T helper
Thy   Thymocyte differentiation antigen 
TLR   Toll-Like Receptor
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Immuunsysteem
Het doel van het immuunsysteem is om het lichaam te beschermen tegen gevaarlijke bacteriën, 
virussen en schimmels, ook wel pathogenen genoemd. Het immuunsysteem maakt hierbij gebruik 
van verschillende lagen van afweer en iedere nieuwe laag is specifieker dan de voorafgaande. De 
eerste laag is een mechanische barrière zoals de huid of de binnenkant van de darm of long. 
Wanneer deze barrière doorbroken wordt kunnen pathogenen het lichaam binnendringen. Witte 
bloedcellen van de aspecifieke afweer, de tweede laag, zullen nu als eerste in actie komen. Deze 
cellen zullen met name pathogenen fagocyteren (opnemen) en vervolgens in de cel onschadelijk 
maken, of anderszins stoffen uitscheiden die de pathogenen buiten de cel onschadelijke kunnen 
maken. De aspecifieke afweer wordt geactiveerd wanneer witte bloedcellen, zoals dendritische 
cellen (DCs) en macrofagen, bepaalde structuren herkennen die aanwezig zijn op de pathogeen. 
Zoogdieren zijn hiernaast ook in het bezit van een specifieke afweer, de derde laag. Dit specifieke 
immuunsysteem wordt geactiveerd wanneer cellen van de aspecifieke afweer, DCs, stukjes eiwit 
(peptiden) van de pathogeen aan cellen van de specifieke afweer, T cellen, presenteren. DCs 
presenteren deze peptiden in MHC moleculen die aanwezig zijn op hun celoppervlak. Wanneer 
een T cel in het bezit is van een T cel receptor (eiwit aanwezig op oppervlakte T cel) die zowel 
het peptide als het MHC molecuul herkent zal de T cel geactiveerd worden. Iedere T cel heeft 
een andere T cel receptor en daarom kunnen de T cellen van een individu een groot scala aan 
verschillende peptiden herkennen. Het geheel aan uiterlijke kenmerken (fenotype) van de DC 
en omgevingsfactoren bepalen uiteindelijk het fenotype van de geactiveerde T cel. Dit kan 
enerzijds een pro-inflammatoir fenotype zijn dat een ontstekingsreactie induceert waardoor 
schadelijke pathogenen opgeruimd kunnen worden (Th1, Th2, Th17 cellen), of anderzijds een 
fenotype dat ontstekingsreacties kan afremmen (regulerende T cellen). Regulerende T cellen 
worden bijvoorbeeld geïnduceerd wanneer DCs peptides presenteren van zelf-eiwitten; dat wil 
zeggen eiwitten die gemaakt worden door ons eigen lichaam en daardoor onschadelijk zijn en een 
immuun reactie niet gewenst is. 

Immuun tolerantie
Gedurende immunologische homeostase in een gezond immuun systeem is er een balans tussen 
pathogeen-gestuurde immuniteit en tolerantie voor de cellen en producten van het eigen lichaam 
(zelf-eiwitten). Wanneer de balans in deze homeostase wegvalt kan er: 1) immunodeficiëntie 
ontstaan waardoor het immuunsysteem niet meer adequaat reageert op schadelijke pathogenen, 
of 2) een gereduceerde tolerantie ontstaan voor de lichaamseigen producten wat kan leiden tot 
auto-immuunziekten zoals reumatoïde artritis. Reumatoïde artritis is een vorm van reuma die zich 
kenmerkt door ontsteking van gewrichten, vooral van de kleine hand- en voetgewrichten.
Het immuun systeem heeft verschillende mechanismen ontwikkeld om deze balans zo goed 
mogelijk in stand te houden. Ten eerste worden T cellen met T cel receptoren die zelf-eiwitten 
herkennen in een vroeg stadium al onschadelijk gemaakt. Deze selectie wordt in de zwezerik (ook 
wel de thymus genaamd. Hier komt de letter T van T cel ook vandaan) uitgevoerd. Pas als T cellen 
hier zijn goedgekeurd zullen ze functioneel zijn. Dit mechanisme is helaas niet geheel fail-safe en 
er kunnen nog enkele functionele zelf-eiwit herkennende T cellen in het lichaam terecht komen. 
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Eén van de mechanismen om schade te voorkomen van deze zelf-eiwit herkennende T cellen 
is door de inductie van regulerende T cellen. Er kunnen verschillende soorten regulerende T 
cellen geïnduceerd worden, maar in dit proefschrift richt ik mij alleen op de regulerende T cellen 
die in het bezit zijn van FoxP3. Deze FoxP3+ T cellen kunnen enerzijds verschillende stoffen 
uitscheiden die het immuun systeem afremmen, of anderzijds binden aan pro-inflammatoire 
witte bloedcellen en deze daardoor onschadelijk maken. Een ander mechanisme om schade 
door zelf-eiwit herkennende T cellen te voorkomen is door deze functionele T cellen te doden of 
onschadelijk te maken. 

Dendritische cellen als therapie in auto-immuunziekten 
Zoals hierboven vermeld kunnen regulerende T cellen geïnduceerd worden door DCs. Hiernaast 
kunnen DCs zelf-eiwit herkennende T cellen doden of onschadelijk maken. Het fenotype van de 
DC is hierbij essentieel. Tijdens immunologische homeostase zijn DCs in een niet-geactiveerde 
staat en tolerogeen. Dit betekent dat ze in het bezit zijn van een fenotype dat tolerantie induceert 
en daardoor bijvoorbeeld regulerende T cellen kunnen induceren. 
Door de natuurlijk tolerogene staat van DCs zijn deze witte bloedcellen uitermate interessant voor 
de behandeling van auto-immuunziekten. In laboratorium settings kunnen de tolerogene aspecten 
van DCs worden vergroot en kunnen ze bovendien stabiel tolerogeen gemaakt worden. Hierdoor 
blijven deze DCs, onafhankelijk van omgevingsfactoren, tolerogeen. Dit is belangrijk omdat DCs 
in een pro-inflammatoir milieu, zoals tijdens een ontsteking, zelf ook een ontstekingsinducerend 
fenotype aannemen en hierdoor ziekte kunnen verergeren. 

Stress eiwitten en tolerantie
Stress eiwitten worden met name aangemaakt gedurende periodes van stress. Dit kunnen 
verschillende soorten van stress zijn zoals: verhoogde temperaturen (koorts), een tekort aan 
essentiële voedingsstoffen, blootstelling aan zware metalen of blootstelling aan stoffen die worden 
uitgescheiden tijdens een ontstekingsreactie. Het voornaamste doel van deze stress eiwitten 
is om eventuele stress aangerichte schade aan de cel te voorkomen of herstellen. Een andere 
functie van stress eiwitten is immuun regulatie. In verschillende experimentele diermodellen van 
auto-immuunziekten is door de jaren heen bewezen dat na toedienen van stress eiwitten ziekte 
verschijnselen kunnen verminderen of zelfs voorkomen kunnen worden. Verschillende mogelijke 
mechanismen van deze stress eiwit geïnduceerde regulatie zijn beschreven en één daarvan is de 
inductie van een tolerogeen fenotype in DCs na behandeling van DCs met stress eiwitten.  
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Stabiele tolerogene DCs hebben een grote potentie om als behandeling in auto-immuunziekte 
gebruikt te kunnen worden. Hiernaast is in verschillende diermodellen aangetoond dat stress 
eiwitten een gunstig afweerreactieremmend effect kunnen hebben tijdens auto-immuunziekten. 
Het doel van dit proefschrift was om de veelbelovende immuun-regulerende rol van stress 
eiwitten op DCs of geproduceerd door DCs te bestuderen. 

In hoofdstuk 2 is onderzocht in hoeverre niet-geactiveerde DCs tolerantie kunnen opwekken. 
Hiervoor is een techniek ontwikkeld om DCs in vivo (dus in een levend organisme) specifiek 
te targetten met een stukje kraakbeeneiwit. Omdat de niet-geactiveerde DCs nu nog tolerogeen 
zijn zullen ze in staat zijn regulerende T cellen te activeren die dit specifieke stukje eiwit 
herkennen. Later hebben we in dezelfde muizen artritis opgewekt. Deze artritis hebben we 
opgewekt door het hele kraakbeeneiwit in de muis in te spuiten in combinatie met een stof die 
een immuunreactie opwekt en hierbij ook DCs activeert. De DCs activeren nu T cellen die het 
kraakbeeneiwit herkennen. Doordat de DCs nu geactiveerd zijn zullen ze T cellen induceren 
met een pro-inflammatoir fenotype en hierdoor wordt de artritis opgewekt. We hebben in dit 
hoofdstuk kunnen constateren dat niet-geactiveerde DCs inderdaad tolerantie kunnen opwekken 
en door deze DCs eerst te targetten met het stukje eiwit waren wij in staat artritis symptomen 
significant te verminderen. Verder vonden we dat de T cellen hier inderdaad een hele belangrijke 
rol bij hebben gespeeld.

Heat shock eiwitten zijn een familie van stress eiwitten beschreven als zowel immuunreactie 
inducerende als immuunreactie remmende eiwitten. Twee tegenovergestelde functies dus. In de 
review beschreven in hoofdstuk 3 worden de immuunreactie remmende functies van heat shock 
eiwitten besproken en worden bovendien de redenen waarom heat shock eiwitten immuunreactie 
inducerende eiwitten zouden zijn weerlegt. 

In hoofdstuk 4 hebben we bestudeerd of in vitro (buiten het organisme, zoals in een reageerbuis) 
behandeling van DCs met heat shock eiwitten kan leiden tot een tolerogeen DC fenotype. Deze 
DCs zijn vervolgens teruggespoten in muizen en later is in deze muizen artritis geïnduceerd. 
Muizen die heat shock eiwit behandelde DCs hadden gekregen hadden verminderde artritis 
symptomen, hoogstwaarschijnlijk door de inductie van regulerende T cellen. 

Door middel van hitte stress kan de expressie van heat shock eiwitten in de cel worden verhoogd. 
Deze expressie kan zelfs verder worden verhoogd door toediening van bepaalde stoffen voordat 
de hitte stress wordt gegeven. Eén van deze stoffen is carvacrol, een stof die met name wordt 
geproduceerd door oregano planten. In hoofdstuk 5 hebben we onderzocht of in vitro behandeling 
van DCs met carvacrol in combinatie met hitte stress kon leiden tot een tolerogeen DC fenotype. 
Met behulp van verschillende technieken is uitgebreid het fenotype van de DC bepaald. Hiernaast 
konden we concluderen dat deze DCs in staat waren om artritis symptomen te verminderen.
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Een ander stress eiwit dat erg verhoogd was in DCs na behandeling met carvacrol in combinatie met 
hitte stress was metallothioneine. Ook dit stress eiwit is eerder beschreven als immuunregulerend 
stress eiwit. In hoofdstuk 6 hebben we onderzocht of de productie van metallothioneine door 
DCs kon leiden tot de activatie van een T cel met een regulerend fenotype. 

Conclusie 
Het onderzoek beschreven in dit proefschrift laat zien dat stress eiwitten gebruikt kunnen worden 
om een tolerogeen DC fenotype te induceren. Verder kunnen stress eiwitten geproduceerd door 
DCs leiden tot de activatie van T cellen met een regulerende functie. In een muismodel van 
artritis hebben we kunnen aantonen dat de tolerogene DCs beschreven in dit proefschrift de mate 
van artritis significant konden verminderen. Dit zijn veelbelovende resultaten voor een eventuele 
toekomstige behandeling van reumatoïde artritis met behulp van tolerogene DCs. Het is hierbij 
wel belangrijk te onthouden dat mensen geen muizen zijn en dat er bij de behandeling van mensen 
met tolerogene DCs zeker nadelen (denk bijvoorbeeld aan kosten en veiligheid) komen kijken. 
Meer onderzoek is dus zeker nodig.
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En dan eindelijk die laatste paar bladzijdes en ook nog eens de enige die iedereen altijd leest ;-), 
dus daar moet ik dan toch serieus nog even mijn best voor doen! Natuurlijk had ik dit boekje niet 
kunnen schrijven met ‘significante!’ hulp van verschillende mensen.

Ten eerste Femke, mn co-promotor, dagelijkse begeleider en lymfeknoop magneetje! Zeker die 
eerste jaren was je ongeveer de ideale begeleider. Veel geleerd, briljante ideeën bedacht ;p, en 
lekker samen op congres. Na kind en studie wat minder tijd, maar zelfs dan nog af en toe een 
briljant ideetje bedenken (hoezo jaloers ;-)). Bedankt!

Willem en Ruurd, promotor respectievelijk co-promotor. Ten eerste bedankt dat jullie het 
vertrouwen in me hadden en me aan hebben genomen voor deze AIO-baan. Het was niet altijd 
even makkelijk, hartstochtelijke (laten we het positief zo maar noemen ;-)) HSP en vooral 
statistiek discussies hebben er soms aardig ingehakt. Maar uiteindelijk hebben jullie kritische 
punten er zeker aan bijgedragen een beter artikel en proefschrift op papier te krijgen!

Mijn mede-artritis AIO’s: Chantal (A.k.a. Zonnetje, Kenau Keijzer (je gaf m nog even fijn ;-))), 
paranimfje en mede-zeikmaatje. Bedankt dat je altijd dat luisterende oor bood en dat je zo fijn 
m’n grote experimenten kon managen ;-). Samen op naar een leuke nieuwe baan! Martijn, hoe 
waren die cellen anders ooit i.v. in mijn muizen gekomen! Ik hoop dat we in 2013 ook jouw 
proefschrift nog mogen bewonderen :-). Bram, samen lekker DEC-205 experimenten doen, het 
was even wennen voor me, die controle overdragen ;-), maar nu ben ik blij dat we dit hoofdstuk 
samen gaan afronden. Beetje extra discussie en natuurlijk lekker lachen (ik in ieder geval ;-)) 
maakt het onderzoek zeker aangenamer! Veerle, kort maar krachtig, maar dankzij jouw eigenwijze 
doorzettingsvermogen heb ik nu toch een mooi MT1 western blot plaatje! En tenslotte Lotte, 
zonder jouw resultaten (te vinden in onze bijbel ;-)) had ik deze baan nooit kunnen starten. 

De collega’s van de HSP/artritis groep: Josée natuurlijk. Al die DC kweken, al die mooie celletjes 
die jij altijd met liefde hebt geteld, prakken en de artritis experimenten. Bedankt, je hebt de 
afgelopen 5 jaar zeker makkelijker voor me gemaakt door me onder je vleugels te nemen. Peter, 
al je eiwit kennis die je met liefde hebt gedeeld, de lastige western blots waar je je over hebt 
ontfermd, samen bollen koppelen en natuurlijk je gezelligheid, dank! Aad, altijd zonder gedoe 
bereidt te helpen met grote experimenten. Ineke, voor je gezelligheid en succes met het vinden van 
een nieuwe baan! Jeroen S. en Willemien, bedankt voor die positieve noot tijdens de enerverende 
dinsdagochtend werkbesprekingen! En tenslotte de nieuwe AIO’s: Marit, Charlotte en Anouk 
succes met jullie onderzoek!

De andere (ex) mede-AIO’s: Marij, Natascha, Eef, Sylvia (gezellige oud-roomie van me!), 
Wiebren, Kim Anh, Hildegard, Chantal M, Lindert, Teun, Frank, Kjell, New en natuurlijk Annette: 
bedankt dat ik een half jaar voor je heb mogen werken, ideaal. Dit gaf me de mogelijkheid dit 
proefschrift te schrijven en tegelijk op het lab bezig te blijven en brood op de plank te houden. En 
natuurlijk ook bedankt voor alle Bay-hulp: eindelijk weer eczeem vrij!
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De rest van de (ex) immunologie collega’s: Lonneke, Ildiko (dankzij jou ben ik onderzoek leuk 
gaan vinden), Dietmar, Christine, Ad, Ger, Alice, Victor, Ton, Jeroen H, Daphne, Elles, Peter R, 
Peter vd Haar, Willem S. en natuurlijk Mariëlle, wat moeten we allemaal zonder jou ;-). En verder 
die ik nu nog vergeten ben!

IOP collega’s: soms iets te ingewikkeld, al die bio-moleculaire chemische dingen, maar 
desondanks goed om ook kritisch vanuit een andere hoek naar je resultaten te kijken!

GDL medewerkers: want wat zou dit boekje zijn zonder de muizenproeven.

En omdat je AIO leven nou eenmaal niet voor 100% uit werken bestaat, wil ik Aukje (en Robin) 
bedanken voor de afleiding en gezelligheid! En verder mn reisgenoten, even totaal geen tijd voor 
de stress van het werk maar lekker samen genieten van de wonderen van de wereld :-).

Anouk, je hebt me er doorheen gesleept! 

En tenslotte mn familie! Pap: lekker samen wandelen, reizen en altijd lekker tegen je aan zeiken 
over dat werk dat maar nooit wilde zoals ik het in gedachten had ;-). Mam en Dela, mn moeders: 
voor jullie steun en vertrouwen. Frodo en Bay: altijd een goeie afleiding en lach (Bay!). En dan 
natuurlijk mn broertje (paranimfje!): al die ‘ontzettend ingewikkelde’ chemische berekeningen 
waar ik toch nooit uitkwam, mn altijd luisterende ‘oortje’, nooit boos worden als ik weer eens een 
tikkie te fel mn mening verkondigde… Bedankt!!!
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Rachel Spiering werd geboren op 10 augustus 1984 te Terneuzen. In 2002 behaalde zij het 
VWO diploma aan het Olympus College te Arnhem en startte ze met de studie ‘Biologie’ aan de 
Universiteit Utrecht. In 2005 behaalde ze haar bachelor diploma en begon aan de master ‘Biology 
of Disease’ waarbij ze twee onderzoeksstages heeft voltooid bij de faculteit Diergeneeskunde aan 
de Universiteit Utrecht. De eerste stage liep zij bij de afdeling Immunologie onder begeleiding van 
Dr. Ildiko van Rhijn en deed onderzoek naar het gebruik van de γδ T cel receptor Vδ en CDR3δ in 
verschillende weefsels van Bos taurus. Voor haar tweede stage deed zij onderzoek naar de functie 
van de celcyclus genen E2F7 en E2F8 in endoreduplicatie en centrosoom amplificatie. Dit project 
voerde zij uit onder begeleiding van Prof.dr. Alain de Bruin op de afdeling Pathobiologie. In 
2007 behaalde zij haar master diploma en in de periode van 2008 tot 2013 werkte zij als assistent 
in opleiding bij de afdeling Immunologie van de faculteit Diergeneeskunde te Utrecht. Het 
onderzoek, onder begeleiding van Dr. Femke Broere, Dr. Ruurd van der Zee en Prof.dr Willem 
van Eden, staat beschreven in dit proefschrift.
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