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Chapter 1

General Introduction
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Immunoglobulin free light chains

Human immunoglobulins consist of two identical heavy chains and two identical light 
chains linked by disulfide bonds to from tetrameric structures. The carboxy (C)- terminal 
part of the heavy chain determines the class and subclass of the immunoglobulins and 
directs their biological activity. Plasma cells produce five different classes of immuno-
globulins, termed IgG, IgM, IgA, IgD and IgE, which vary in the C-terminal part of the 
heavy chain. In all classes of immunoglobulin, the light chains comprise one of two 
subtypes, known as ! or ". Immunoglobulin light chains are synthesized in excess during 
the generation and assembly of complete immunoglobulins[1-4]. These free light chains 
exist as monomers (molecular weight 22–27 kDa), and covalently and noncovalently 
bound dimers (44–55 kDa).

In healthy individuals, free polyclonal light chains are present in many biological fluids 
including serum, urine, cerebrospinal and synovial fluid[5, 6]. It is estimated that a normal 
lymphoid system produces ±500 mg of free light chains per day, and these light chains 
are secreted and catabolized by the kidney[7]. In healthy individuals, the excretion rates 
of free light chains range from 1 to 10 mg per 24 h. Abnormal levels of free monoclonal 
light chains (termed ‘Bence Jones proteins’) are usually linked to the malignant clonal 
proliferation of plasma cells; this proliferation leads to a significant increase in the 
production, serum levels and secretion into urine of free monoclonal light chains (with 
>1g of Bence Jones proteins secreted into urine per 24 h)[7]. Although immunoglobulin 
free light chains are considered to be spillover products of antibody production by plasma 
cells, many studies have shown that they can exert various biological activities and can 
interact with numerous intracellular and extracellular proteins (Figure 1). In this chapter, we 
focus on the potential role of immunoglobulin free light chains in the regulation of 
inflammation in various disorders.

Immunoglobulin free light chains in inflammatory 
disease: the central role of mast cells

In addition to their role as principal effector cells in allergic responses, mast cells are 
implicated in many other inflammatory diseases such as multiple sclerosis and rheumatoid 
arthritis. Activation of mast cells can occur through various antigen-specific and 
nonspecific stimuli[8]. The best-characterized activation pathway is stimulation by allergen 
binding to IgE bound to its high-affinity cell-surface receptor Fc#RI. Crosslinking of the 
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Immunoglobulin free light chains and mast cells in inflammatory disease
Mast cell degranulation is a common feature in many chronic inflammatory diseases,  
and increasing evidence indicates that mast cell activation plays a crucial role in the 
pathogenesis of such disorders. Activated mast cells release a broad spectrum of pro-
inflammatory mediators with numerous biological activities[11, 12]. In this section, we 
discuss the possible contribution of mast cell activation induced by immunoglobulin free 
light chains to the pathophysiology of various immune and auto-immune disorders.

Contact sensitivity and allergy
The cutaneous sensitization of mice with low molecular weight compounds, followed by 
a second contact with the appropriate antigen on the ear, induces contact sensitivity 
reactions marked by a biphasic ear swelling response, neutrophil infiltration and local 
cytokine production[10, 13, 14]. Mast cells and B cells have been shown to be essential in 
the development of this typical T-cell-mediated immune response[15, 16].

We have demonstrated that contact sensitization with low molecular weight compounds 
results in the production of free light chains with specificity for the antigen used[10]. 
Moreover, it was shown that the development of clinical signs of contact sensitivity could 
be completely prevented by administration of F991, a nine-residue peptide antagonist of 
free light chains. This compound inhibits the actions of free light chains, but not those of 
whole immunoglobulins[10], and it can be administered by various routes[9, 10, 14]. At 
present, there are few reports on free light chain measurements in allergic subjects, but a 
few studies suggest that serum concentrations are increased in this group of individuals[9, 
17-20].

Asthma and rhinitis
Allergic rhinitis and asthma seem to share common pathways involving T-helper type 2 
cells and allergen- specific IgE. A significant percentage of individuals suffering from 
asthma and rhinitis, however, shows no association with increased concentrations of 
serum IgE[9, 21]. Serum concentrations of immunoglobulin free light chains are increased 
in individuals with both allergic and non-allergic asthma as compared with healthy 
controls[9]. Moreover, increased numbers of cells expressing free light chains in the nasal 
mucosa of individuals with persistent rhinitis are found, irrespective of their atopy status, 
as compared with healthy controls. Using laser microdissection, it was that free light 
chains were associated with mast cells and plasma cells in the nasal mucosa of individuals 
with non-allergic rhinitis[19]. These findings also suggest that free light chains might have 
a role in chronic inflammation of the upper airway.

receptor activates a cascade of intracellular kinases, which ultimately results in the release 
of numerous pre-stored mediators, the synthesis of lipid mediators and the production of 
many cytokines.

In the past few years, it[9, 10] has been shown that immunoglobulin free light chains can 
induce mast cell activation, resulting in immediate hypersensitivity-like responses9,10. For 
example, intravenously administered antigen-specific light chains sensitize mast cells in 
mice: an immediate hypersensitivity response is induced, as judged by either cutaneous 
ear swelling after the sensitized mice are topically challenged with cognate antigen[10], or 
acute bronchoconstriction and plasma exudation after allergen provocation of the 
airways[9]. Cross-linking of the receptor is vital to induce mast cell activation mediated by 
free light chains and results in degranulation and de novo synthesis of inflammatory 
mediators[10]. Ultrastructural analysis of the light-chain-activated skin mast cells reveals 
swollen and emptied mast cell granules, and fusion of mast cell granules to form 
degranulation channels – typical signs of anaphylactic mast cell degranulation[10, 11].
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Figure 1    Biological activity of free immunoglobulin light chains.

Free light chains show diverse biological activities such enzymatic activity (proteolysis of diverse 
substrates)[65-69], specific binding activity for substrates and antigens[16, 70-75] and binding to 
different cells[10, 76-81]. The physiological significance of most of these biological activities is the 
subject of further investigation. The interaction between free light chains and mast cells might be 
important in the pathogenesis of inflammatory disease[10].
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an increase in intrathecal IgG production is observed in individuals with multiple sclerosis, 
several studies have shown that increases in ! free light chains can occur without a 
concomitant increase in IgG production or even in the absence of oligoclonal IgG in 
cerebrospinal fluid[31, 32]. These studies suggest that the production of free light chains 
might be selectively increased as the result of an ongoing intrathecal humoral immune 
response.

Mast cells are intimately associated with several auto- immune diseases. In animal models 
of multiple sclerosis, bullous pemphigoid and rheumatoid arthritis, mast-cell-deficient 
animals do not develop symptoms of disease. In other autoimmune diseases such as 
Sjögren’s syndrome[33] and idiopathic urticaria[34], mast cells have been suggested to 
be involved in the pathogenesis of the disease, but whether this is an essential or 
bystander role remains to be established. Mast-cell-derived mediators have been found to 
be increased in cerebrospinal fluid obtained from individuals with multiple sclerosis and in 
synovial fluid isolated from arthritic joints of patients with rheumatoid arthritis[35, 36].

Food allergy
CMA patients react to specific proteins present in milk, but about 40% of these patients 
cannot be associated with increased serum titers of total or specific IgE. In mouse models 
for cow’s milk allergy, it is found that depending on the food allergen used, either increased 
IgE or immunoglobulin free light chain levels are found[37]. Nevertheless, mice displayed 
similar allergic symptoms, providing evidence that immunoglobulin free light chains could 
act as an alternative to IgE to elicit these responses.  

Other disorders
Several other diseases such as cancer[38], AIDS[39, 40], systemic lupus erythematosus[41, 
42]  and diabetes mellitus[43] have been reported to be associated with B-cell activation 
and/or increased immunoglobulin free light chain concentrations in different compartments 
of the body. The role of mast cells in many of these disorders is less clear and awaits 
further experimental proof in preclinical models. Mast cells might have a proinflammatory 
or protective role in the pathogenesis of these diseases[44-46].

Mast cells make an important contribution to the pathophysiology of asthma and are 
localized in bronchial smooth muscle bundles in individuals with asthma[22]. In studies in 
mast-cell-deficient mice, it has been demonstrated that mast cells are necessary for the 
full development of both allergic and non-allergic experimental asthma[23, 24]. In a model 
of non-atopic asthma, immunoglobulin free light chains have been shown to be essential 
for the development of clinical symptoms of disease such as airway hyperreactivity, 
mucosal exudation and local inflammation[9]. In this model, free light chains trigger mast 
cell activation after local exposure to allergen[9], making immunoglobulin free light chains 
an attractive therapeutic target in non-atopic asthma.

Inflammatory bowel disease
Mast cell activation has been found to be crucial in the induction of disease in a model of 
experimental colitis[25, 26]. Development of diarrhea, colonic lymphoid follicle 
hyperplasia, infiltration of inflammatory cells into the colon and mast cell activation were 
abrogated by administration of the light chain antagonist F991, indicating that 
immunoglobulin free light chains are responsible for the mast cell activation observed in 
this model of experimental colitis.

Interestingly, analyses of free light chains in serum and inflamed tissue from individuals 
with inflammatory bowel disease has revealed increased concentrations of both ! and " 
light chains[27, 28].

Autoimmune diseases
Increases in serum concentrations of immunoglobulin free light chains have been reported 
in several autoimmune diseases. For example, a quantitative analysis of serum free light 
chains in rheumatoid arthritis and primary Sjögren’s syndrome found that mean ! and " 
levels were significantly higher in both patient groups than in controls[29]. In addition, free 
light chain concentrations correlated with disease activity in rheumatoid arthritis and 
Sjögren’s syndrome, and individuals with a less favorable prognosis showed higher 
concentrations of free light chains. This correlation was not found for total gammaglobulin 
or IgG levels.

In multiple sclerosis, increased concentrations of free light chains have been found in 
cerebrospinal fluid and urine[6]. A recent retrospective study over a 15-year period in 57 
individuals with multiple sclerosis found that high cerebrospinal free ! light chain 
concentrations correlated with disability prognosis, leading to an increase in the need for 
ambulatory assistance and to greater disability relative to disease duration[30]. Although 
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eventually leading to mast cell activation. Chapter two describes the identification of the 
key intracellular signal transducing element responsible for transmitting the activating 
signal inside mast cells after Ig-fLC binding and crosslinking. In chapter three, we provide 
further insight in the binding of antigen by Ig-fLC in vitro through various techniques. We 
also show that crosslinking is crucial to initiate an Ig-fLC-mediated hypersensitivity 
response in vivo. As mentioned before, Ig-fLC may also exert biological effects via other 
cells than mast cells. In chapter 4, we show that Ig-fLC can activate human neutrophils to 
release CXCL8. In chapter five and six, research is expanded towards dendritic cells and 
it provides new insights into the capability of Ig-fLC to induce immunosuppressive effects 
by DC’s from murine and human origin. The main results are summarized and discussed 
in chapter seven.

Immunoglobulin free light chains: biological effects 
on other cells

The previous paragraphs have given an overview of the many diseases immunoglobulin 
free light chains are or could be related to. In all of these diseases, the prominent role for 
mast cells has been identified or is suspected. However, only in very rare occasions a 
biological effect is restrained to only one type of (immune) cell. For example, the 
expression of the high affinity IgE receptor, Fc#RI, was believed to be confined to only 
mast cells and basophils. Several studies have now shown that this receptor is also 
expressed on neutrophils, Langerhans cells[47] and smooth muscle cells[48-56]. 
Crosslinking of this receptor or monovalent stimulation via IgE binding has been shown to 
evoke several biological responses. Monovalent stimulation of e.g. neutrophils via IgE 
results in a delayed apoptosis[57]. Interestingly, similar effects have been observed 
initiated by Ig-fLCs and the presence of an Ig-fLC-binding protein has been postulated[58].
Another example of Ig-fLC-mediated effects on other cells has been described by  
Rijnierse et al[59]. In this study, they show that dorsal root ganglia can bind immunoglobulin 
free light chains. If presented to the cognate antigen, increased Ca2+ responses are 
detected and it is postulated that neural activation via Ig-fLCs may contribute to the  
hypersensitivity responses with inflammatory conditions.

Effects of immunoglobulin free light chain may however not always be required to be 
mediated by an Ig-fLC-binding protein. Due to their malignant expansion of B-cells, 
multiple myeloma patients secrete large amounts of various immunoglobulins. Depending 
on the clonal selection of the malignant B-cells, increased levels of Ig-fLCs can be 
detected and serve as a biomarker for various types of multiple myeloma[60-63]. Studies 
by Butch et al.[64] have shown that Ig-fLC from these patients can be endocytosed by 
dendritic cells. The authors suggest that this uptake was not mediated by a receptor. 

Scope of this thesis

In this thesis, several studies are described that elaborate on the biological properties of 
immunoglobulin free light chains related to the activation of mast cells and effects on 
other cells. As noted in the aforementioned paragraphs, mast cell degranulation through 
Ig-fLC requires two events. At first, mast cell-bound Ig-fLCs should be able to recognize 
and bind antigen to facilitate crosslinking. Subsequently, receptor crosslinking must be 
translated into an intracellular signal that initiates a downstream signalling pathway 
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Abstract

Immunoglobulin free light chains (Ig-fLC) have recently been identified as capable mast 
cell activators and it is suggested that Ig-fLCs may play a role in the development of 
inflammatory diseases. Our previous studies led to the hypothesis that Ig-fLC induced 
mast cell activation is mediated via a yet to be defined receptor protein. It is however 
unclear how this receptor transmits its mast cell activating signal. DAP12 has recently 
been associated with a wide variety of activating receptors on various hematopoietic 
cells. In this study, the role of DAP12 in immunoglobulin free light chain-mediated contact 
hypersensitivity was investigated in vivo. Our results showed that DAP12 is a crucial 
signalling protein in Ig-fLC mediated immediate hypersensitivity response. In addition, we 
present data that show DAP12 is playing a crucial role in Ig-fLC-mediated mast cell 
degranulation in vitro. It is further shown that DAP12 is physically associated with and 
colocalised to the Ig-fLC binding protein in mast cells. These studies suggest that Ig-fLC 
mediated mast cell activation is dependent on DAP12 signalling.
 

Introduction

Immunoglobulins (Igs) play a key role in the human adaptive immune system by binding 
antigens and consequently initiating their removal via a multitude of cellular processes. 
Immunoglobulins bind to Fc receptors expressed by immune cells and crosslinking 
induces activation or inhibition of cellular activity depending on the type of receptor 
triggered[1, 2]. Several types of Fc receptors are involved in recognizing and binding of 
different antibody subclasses. Recognition and binding to these receptors is determined 
by the constant region of the immunoglobulin heavy chain. 

In previous years, we demonstrated that Ig light chains (Ig-fLC) also have the capacity to 
initiate stimulation of immune cells in vitro and in vivo [3-5]. Ig-fLCs have long been 
regarded as waste products during antibody formation despite their antigen binding 
capabilities and systemic location. Under healthy conditions, polyclonal Ig-fLCs can be 
detected in virtually all body fluids including serum, cerebrospinal fluid and synovial fluid. 
During disease, systemic levels of Ig-fLCs can change[6]. Patients suffering from multiple 
myeloma have increased serum levels of predominantly monoclonal Ig-fLCs[7, 8]. 
Furthermore, in rheumatoid arthritis, multiple sclerosis, upper and lower airways diseases, 
polyclonal Ig-fLCs are also increased suggesting that Ig-fLCs may have a role in the 
pathogenesis of inflammatory diseases[9-12]. We have shown that Ig-fLCs play a role in 
the induction of hypersensitivity responses leading to contact sensitivity[3], asthma[10], 
inflammatory bowel disease[4] and food allergy[5]. Ig-fLCs initiate antigen-specific hyper-
sensitivity reactions via mast cells[3]. Cross-linking of Ig-fLC leads to mast cell 
degranulation and cytokine production, however the molecular mechanism remains 
unclear. Because Ig-fLCs lack the Fc binding region, an involvement of Fc receptors was 
unlikely. Moreover, common gamma chain knockout mice were still susceptible to 
Ig-fLC-induced inflammation[3]. Interestingly, it was shown that in mice deficient in DNAX-
activating protein of molecular mass 12 kilodalton (DAP12), contact sensitivity responses 
were reduced [13], while we have found that contact sensitivity responses may be initiated 
via Ig-flC-induced mast cell activation[3]. DAP12, also known as KARAP or TYROBP, was 
first described by Lanier and co-workers[14]. This transmembrane protein with an 
immunoreceptor tyrosine-based activation motif (ITAM) is shown to be associated with a 
wide range of receptors on various myeloid and NK/T cell subsets[15-21]. Acidic amino 
acids embedded in the transmembrane region of the DAP12 protein allow it to form 
non-covalent complexes with its associated receptor proteins. Depending on the 
associated receptor, cross-linking initiates an inhibitory or stimulatory immune 
response[20]. Various studies have reported DAP12-associated receptors on mast cells 
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As a source of mast cell growth factors, spleen cells were activated with 10 µg/ml 
pokeweed mitogen (Sigma-Aldrich, Zwijndrecht, the Netherlands). After one week, the 
cell-free supernatant (conditioned medium) was isolated and stored at -20°C until future 
use. 

Human mast cells (LAD2) were kindly provided by Dr. Dean Metcalfe (NIH, Bethesda, 
USA) and cultured in Stem-Pro 34 (Invitrogen, Breda, the Netherlands) culture medium 
supplemented with 100ng/ml human stem cell factor (Invitrogen, Breda, the Netherlands) 
as previously described[27].

Ear swelling experiments
TNP specific Ig-fLCs were isolated from TNP specific IgG1 as previously described[28]. 
C57BL/6 wild type and C57BL/6 DAP12 LOF mice were intravenously injected with 
TNP-specific Ig-fLCs (5ug per mouse). 30 minutes after sensitization, the right ears were 
challenged with 0.5% DNFB dissolved in acetone/olive oil (4:1) whereas the left ears only 
received the vehicle. Ear swelling was measured 2h after challenge with an electronic 
engineer’s micrometer (Mitutoyo, Veenendaal, the Netherlands).

Immunoprecipitation and Western Blotting 
20x106 BMMCs were lysed in ice-cold lysis buffer (40mM Tris pH 7.4, 120mM NaCl, 0.5% 
Triton X-100, 0.3% SDS) and incubated at 4°C overnight with Ig-fLC-biotin. Proteins bound 
to Ig-fLC-biotin were isolated using neutravidin-beads (Pierce, Rockfort IL, USA).  As a 
control, equal amounts of BMMCs were incubated with IgE-biotin and were subjected to 
the same isolation procedure. The isolated protein fractions were run on a 12% SDS PAGE 
and subsequently electroblotted onto PVDF membranes (Biorad, Veenendaal, the 
Netherlands). Membranes were probed with anti-mouse DAP12 Ab (1:200) for 1h at room 
temperature followed by anti-rabbit Ab conjugated to HRP. Immunoreactive proteins were 
visualized using enhanced chemoluminescence (ECL) following the manufacturer’s 
instructions. 

In vitro activation assay 
Various concentrations of murine kappa trinitrophenol (TNP)-specific Ig-fLC’s  and mouse 
TNP-specific IgE were dissolved in 0.05M bicarbonate buffer at pH 9.6 and coated 
overnight in 96-well ELISA plates (Costar, Sigma-Aldrich, Zwijndrecht, the Netherlands). 
After removal, the plates were incubated for 30 minutes with Tyrode’s buffer supplemented 
with 0.1% Ig-free BSA (Sigma Aldrich, Zwijndrecht, the Netherlands) to block residual 
binding sites. Subsequently, 100,000 mast cells in Tyrode/0.1%BSA were added, briefly 

such as SIRP$1, members of the CD200R family, and CD300lb[22-25]. Engagement of 
these receptors via DAP12 results in an activating signal and subsequent release of pro-
inflammatory cytokines, histamine and serotonin.  The ligands of many DAP12-associated 
receptors are still unknown[17]. Amongst these, the DAP12-associated receptors present 
on mast cells are attractive candidates to be associated with Ig-fLC-mediated mast cell 
activation. 

In this paper, we investigated the involvement of DAP12 in the Ig-fLC-induced hyper-
sensitivity response. We show that DAP12 is essential for the activation of mast cells via 
Ig-fLCs in vivo and in vitro. Our study unravels part of the signalling mechanism involved 
in mast cell activation by Ig-fLC’s and suggests that the receptor for Ig-fLC is DAP12- 
associated. 

Methods

DAP12 antibodies
The anti-mouse DAP12 antibody was kindly provided by Dr. Shota Endo, Osaka University, 
Japan. The human DAP12 Ab was a gift from Dr.  Lewis Lanier, UCSF, California, USA. 
Antibodies were stored at -20°C.

Animals and cell cultures
Male C57BL/6 and BALB/c, 5-6 weeks of age, were obtained from the Central Animal 
Laboratory, Utrecht, the Netherlands. C57BL/6 DAP12 “loss of function (LOF)” mice were 
a kind gift from Dr. Vivier (Centre d’immunologie de Marseille, Marseille, France). All mice 
had free access to tap water and chow food. Experiments were conducted in accordance 
with the Animal Care Committee of the Utrecht University. 

Peritoneal mast cells were isolated by flushing the peritoneal cavity from C57BL/6 mice 
with 4 ml sterile PBS and subsequent culture for 2 weeks in 200 ng/ml stem cell factor 
(Invitrogen, Breda, the Netherlands), refreshing the medium every 7 days. Bone marrow 
derived mast cells (BMMCs) were obtained by flushing the femurs from two BALB/c mice 
and collection of the bone marrow cells. Bone marrow cells were cultured for 3 weeks in 
10 ng/ml IL-3 and 10% conditioned medium (see below) in RPMI1640 supplemented with 
10% fetal calf serum. Bone marrow derived mast cells were recultured in fresh medium 
every week[26].
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centrifugated  up to 700 rpm and incubated for 1 hour at 37°C. After incubation, the 
supernatant was collected. Beta-hexosaminidase activity was determined by mixing the 
supernatant with 4-methylumbelliferyl glucosaminide in 0.1 M citrate buffer (pH = 4.5) for 
2 hours at 37°C. The reaction was stopped using 0.2 M glycine/0.2 M NaCl, pH = 10.7. 
Fluorescence was measured using a Cytofluor fluorescence plate reader (Millipore). 

Colocalization of DAP12 and Ig-fLC on human mast cells
Colocalization of DAP12 and bound Ig-fLC on human mast cells was performed by 
incubation of LAD2 cells with 20 µg/ml FITC-labeled human kappa Ig-fLC for 30 minutes 
on ice. After washing cells to remove unbound Ig-fLC, cytospins were made using a 
Cytospin 3 centrifuge (Biorad, Veenendaal, the Netherlands). The cell spots with fixed in 
cold acetone, permeabilized using PBS/1%BSA/0.2% v/v Triton X100 and incubated with 
a mixture of mouse anti-human DAP12 IgG and rabbit anti- FITC (Invitrogen, Breda, the 
Netherlands). After washing, secondary labeling was performed using goat anti-mouse 
IgG conjugated to Alexa488 and goat anti rabbit IgG conjugated Alexa568 (Invitrogen, 
Breda, the Netherlands). Sections were sealed in Prolong Gold (Invitrogen, Breda, the 
Netherlands). Confocal analysis was performed on a Zeiss CSLM 510 confocal 
microscope.

Results

DAP12 inactivation results in loss of ear swelling
To determine the role of DAP12 in Ig-fLC mediated inflammation, C57BL/6 wild type and 
C57BL/6 DAP12 LOF mice were sensitized with trinitrophenol (TNP)-specific Ig-fLC or 
TNP-specific IgE. 2h after challenge with DNFB, the ear swelling was measured. Figure 1 
shows that the DAP12 LOF mice are impaired to develop an increase in ear swelling 
compared to the wild type mice. Response to crosslinking of TNP-specific IgE is not 
affected by the disabled DAP12 signalling protein. 

DAP12 inactivation prevents Ig-fLC mediated mast cell activation
To support the in vivo results, peritoneal mast cells from DAP12 LOF and wild type mice 
were isolated and cultured for 2 weeks. After culture, mast cells were administrated to 
96-well plates coated with kappa Ig-fLCs or IgE. Figure 2 shows that mast cells derived 
from the DAP12 LOF mice show significantly reduced beta-hexosaminodase release 
compared to the wild type. IgE mediated release of beta-hexosaminidase was not 
influenced by absence of functional DAP12. 
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Figure 1    DAP12 loss-of-function mice do not develop Ig-fLC mediated ear swelling.

C57BL/6 (noted as WT in graph) or C57BL/6 DAP12 LOF mice (noted as DAP12 in graph) were 
injected with TNP-specific Ig-fLC or IgE and subsequently challenged with 0.5% DNFB on the 
right ear, the left ear only received vehicle (6 mice per group). Ear swelling was significantly 
reduced in DAP12 LOF mice in contrast to wild type (P<0.05). Dysfunction of DAP12 does not 
have a significant effect on IgE-mediated ear swelling (P>0.85).

Figure 2    Ig-fLC-mediated mast cell degranulation is impaired in peritoneal mast 
cells derived from DAP12 LOF mice.

Upon activation with coated kappa TNP-Ig-fLC (30ug/ml, no betahexosaminidase release 
could be detected in DAP12 LOF mast cells (noted as DAP12 in graph). Activation of 
wild type peritoneal mast cells (noted as WT in graph) with Ig-fLC resulted in a release of 
betahexosaminidase, significantly higher than in DAP12 LOF mice (P<0.05)). Dysfunctional 
DAP12 did not impair IgE-mediated degranulation. Percentage of release was corrected for 
non-specific betahexosaminidase release (<5%). Results represent 2 individual experiments.
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DAP12 is located near bound Ig-fLC on human mast cells
Next, we investigated if cell surface-bound Ig-fLC colocalizes with DAP12 and Ig-fLC are 
colocalized in LAD-2 mast cells. Figure 4 shows the membranous staining of bound 
Ig-fLC and DAP12. Confocal analysis showed that virtually all bound Ig-fLC colocalizes 
with DAP12, although not all DAP12 appeared to be associated with Ig-fLC.

Immunoprecipitation with Ig-fLCs results in DAP12 coprecipitation
In order to determine the physical association of DAP12 with the Ig-fLC receptor, 20 million 
BMMCs were lysed in lysis buffer. Immunoprecipitation was performed using biotinylated 
Ig-fLCs in combination with neutravidin beads. Figure 3 shows that isolation of proteins 
binding to Ig-fLC-biotin results in co-isolation of DAP12. DAP12 protein was not isolated 
from a BMMC lysate with biotinylated IgE and neutravidin beads or neutravidin beads 
alone.
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Figure 3   DAP12 is associated with the receptor for Ig-fLC in BMMC.

Cell lysates were immunoprecipitated with neutravidin-beads (A), biotinylated IgE plus neutravidin 
beads (B) or biotinylated Ig-fLC plus neutravidin beads (C). Proteins were immunoblotted with  anti-
mouse DAP12 Ab and visualized by enhanced chemoluminescence detection.
No DAP12 was detected using neutravidin beads only (A) or IgE (B), while DAP12 was clearly 
present in the Ig-fLC precipitation (C). 

Figure 4    DAP12 colocalizes with cell surface-bound IgLC on human mast cells (LAD2).

Cytospins of Ig-fLC-FITC incubated LAD2 human mast cells were stained for DAP12 expression. 
Confocal imaging revealed membranous staining of both Ig-fLC (A) and DAP12 (B). Colocalisation 
(C) of DAP12 and bound Ig-fLC could be detected (white arrow) yet not all DAP12 positive cells 
showed bound Ig-fLC (blue arrow). Magnification 400x.  
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In conclusion, our studies provide new insights in the mechanism by which Ig-fLC activate 
mast cells. The importance of DAP12 as signalling protein for Ig-fLC mediated mast cell 
activation provides a novel tool for receptor isolation and identification.

Discussion

In this chapter we demonstrate a crucial role for DAP12 in the mechanism of Ig-fLC 
mediated mast cell activation. Furthermore we provide evidence that the receptor for 
Ig-fLCs in mast cells is physically associated with DAP12. 

Mice deficient of a functional DAP12 did not develop a significant ear swelling when 
sensitized with Ig-fLCs and challenged with the cognate antigen. In previous studies[3], 
we showed that mast cell activation by Ig-fLCs is essential for the elicitation of this 
immediate hypersensitivity response. Indeed, in vitro experiments demonstrated that 
DAP12 also plays a key role in Ig-fLC mediated mast cell activation and degranulation. 
Numerous studies have reported that DAP12 plays several important roles in hematopoietic 
cell function[13, 15, 16, 19-23, 25, 29-31]. Mice impaired in DAP12 signalling have a 
reduced ability to induce a contact hypersensitivity response and fail to develop 
autoimmune encephalomyelitis (EAE)[13, 32]. It has been suggested that DAP12 
signalling may be required for optimal antigen-presenting cell (APC) function and NK 
functionality[13, 19]. Mast cells could also play a crucial role in these T cell-mediated 
inflammatory responses. In various studies it has been shown that mast cell-deficient 
mice do not develop EAE, arthritis, inflammatory bowel disease or contact sensitivity[4, 
33].  On the other hand, others indicated that mast cells could be dispensable[34-36] or 
may even be involved in suppression of the inflammatory response[37, 38].  We have 
shown that activation of mast cells via Ig-fLC plays an essential role in the initiation of 
contact sensitivity responses induced by DNFB[3].  Our present study suggests that the 
mechanism of activation of mast cells by Ig-fLC occurs via the signal protein DAP12. 

Biochemical analysis further strengthens that the receptor involved in binding of Ig-fLC is 
associated with DAP12. DAP12 is an ITAM-containing signalling protein, which is 
expressed by many immune cells[14, 15, 20, 21]. DAP12 forms a stable non-covalent 
complex with different receptor proteins. Activation of these receptors results in phospho-
rylation of the ITAM of DAP12 and recruitment of syk or ZAP-70 tyrosine kinases[39, 40]. 
Various receptors have been identified that associate with DAP12 in these different cell 
lineages. Of special interest are CD200R3 and LMIR5[23, 25], which are expressed on 
mast cells and activate mast cells on triggering.  Yamaishi et al[24] have identified TIM1 
as a potential endogenous ligand for LMIR5, but a natural ligand for CD200R3 is presently 
unknown. In current research we are investigating which DAP12-associated receptor may 
be involved in binding of Ig-fLC.

Chapter 2 Immunoglobulin free light chains: signal transduction

2



34 35

25. Yamanishi, Y., et al., Analysis of mouse LMIR5/CLM-7 as an activating receptor: differential regulation of 
LMIR5/CLM-7 in mouse versus human cells. Blood, 2008. 111(2): p. 688-98.

26. Karimi, K., et al., Stem cell factor and interleukin-4 increase responsiveness of mast cells to substance P. Exp 
Hematol, 2000. 28(6): p. 626-34.

27. Kirshenbaum, A.S., et al., Characterization of novel stem cell factor responsive human mast cell lines LAD 1 
and 2 established from a patient with mast cell sarcoma/leukemia; activation following aggregation of 
FcepsilonRI or FcgammaRI. Leuk Res, 2003. 27(8): p. 677-82.

28. Sun, M., et al., Antigen recognition by an antibody light chain. J Biol Chem, 1994. 269(1): p. 734-8.
29. Chen, X., et al., A critical role for DAP10 and DAP12 in CD8+ T cell-mediated tissue damage in large granular 

lymphocyte leukemia. Blood, 2009. 113(14): p. 3226-34.
30. Sjölin, H., et al., Pivotal role of KARAP/DAP12 adaptor molecule in the natural killer cell-mediated resistance 

to murine cytomegalovirus infection. J Exp Med, 2002. 195(7): p. 825-34.
31. Tessarz, A.S. and A. Cerwenka, The TREM-1/DAP12 pathway. Immunol Lett, 2008. 116(2): p. 111-6.
32. Bakker, A.B.H., et al., DAP12-Deficient Mice Fail to Develop Autoimmunity Due to Impaired Antigen Priming. 

Immunity, 2000. 13(3): p. 345-353.
33. Theoharides, T.C. and D.E. Cochrane, Critical role of mast cells in inflammatory diseases and the effect of 

acute stress. J Neuroimmunol, 2004. 146(1-2): p. 1-12.
34. Bennett, J.L., et al., Bone marrow-derived mast cells accumulate in the central nervous system during 

inflammation but are dispensable for experimental autoimmune encephalomyelitis pathogenesis. J Immunol, 
2009. 182(9): p. 5507-14.

35. Mekori, Y.A. and S.J. Galli, Undiminished immunologic tolerance to contact sensitivity in mast cell-deficient 
W/Wv and Sl/Sld mice. J Immunol, 1985. 135(2): p. 879-85.

36. Zhou, J.S., et al., Mast cell deficiency in Kit(W-sh) mice does not impair antibody-mediated arthritis. J Exp 
Med, 2007. 204(12): p. 2797-802.

37. Li, H., et al., Kit (W-sh) Mice Develop Earlier and More Severe Experimental Autoimmune Encephalomyelitis 
Due to Absence of Immune Suppression. J Immunol, 2011. 187(1): p. 274-82.

38. Piconese, S., et al., Exacerbated experimental autoimmune encephalomyelitis in mast-cell-deficient KitW-
sh|[sol]|W-sh mice. Laboratory Investigation, 2011. 91(4): p. 627.

39. McVicar, D.W., et al., DAP12-mediated signal transduction in natural killer cells. A dominant role for the Syk 
protein-tyrosine kinase. J Biol Chem, 1998. 273(49): p. 32934-42.

40. Lanier, L.L. and A.B. Bakker, The ITAM-bearing transmembrane adaptor DAP12 in lymphoid and myeloid cell 
function. Immunol Today, 2000. 21(12): p. 611-4.

References

1. Schroeder, H.W. and L. Cavacini, Structure and function of immunoglobulins. J Allergy Clin Immunol, 2010. 
125(2 Suppl 2): p. S41-52.

2. Nimmerjahn, F. and J.V. Ravetch, Fcgamma receptors: old friends and new family members. Immunity, 2006. 
24(1): p. 19-28.

3. Redegeld, F.A., et al., Immunoglobulin-free light chains elicit immediate hypersensitivity-like responses. Nat 
Med, 2002. 8(7): p. 694-701.

4. Rijnierse, A., et al., Ig-Free Light Chains Play a Crucial Role in Murine Mast Cell-Dependent Colitis and Are 
Associated with Human Inflammatory Bowel Diseases. J Immunol, 2010. 185(1): p. 653-9

5. Schouten, B., et al., Contribution of IgE and immunoglobulin free light chain in the allergic reaction to cow’s 
milk proteins. J Allergy Clin Immunol, 2010. 125(6): p. 1308-14

6. Nakano, T., et al., Free immunoglobulin light chain: Its biology and implications in diseases. Clinica chimica 
acta; international journal of clinical chemistry, 2011. 412(11-12): p. 843-9

7. Kaplan, B., A. Livneh, and B.-A. Sela, Immunoglobulin free light chain dimers in human diseases. Scientific-
WorldJournal, 2011. 11: p. 726-35.

8. Abraham, R.S., et al., Trimolecular complexes of lambda light chain dimers in serum of a patient with multiple 
myeloma. Clin Chem, 2002. 48(10): p. 1805-11.

9. Groot Kormelink, T., et al., Atopic and non-atopic allergic disorders: current insights into the possible 
involvement of free immunoglobulin light chains. Clin Exp Allergy, 2009. 39(1): p. 33-42.

10. Kraneveld, A.D., et al., Elicitation of allergic asthma by immunoglobulin free light chains. Proc Natl Acad Sci 
USA, 2005. 102(5): p. 1578-83.

11. Thio, M., et al., Free immunoglobulin light chains: a novel target in the therapy of inflammatory diseases. 
Trends Pharmacol Sci, 2008. 29(4): p. 170-4.

12. van der Heijden, M., A. Kraneveld, and F. Redegeld, Free immunoglobulin light chains as target in the 
treatment of chronic inflammatory diseases. Eur J Pharmacol, 2006. 533(1-3): p. 319-26.

13. Tomasello, E., et al., Combined natural killer cell and dendritic cell functional deficiency in KARAP/DAP12 
loss-of-function mutant mice. Immunity, 2000. 13(3): p. 355-64.

14. Lanier, L.L., et al., Immunoreceptor DAP12 bearing a tyrosine-based activation motif is involved in activating 
NK cells. Nature, 1998. 391(6668): p. 703-7.

15. Hamerman, J.A., et al., The expanding roles of ITAM adapters FcRgamma and DAP12 in myeloid cells. 
Immunol Rev, 2009. 232(1): p. 42-58.

16. Helming, L., et al., Essential role of DAP12 signaling in macrophage programming into a fusion-competent 
state. Science signaling, 2008. 1(43): p. ra11.

17. Lanier, L.L., DAP10- and DAP12-associated receptors in innate immunity. Immunol Rev, 2009. 227(1): p. 
150-60.

18. Roumier, A., et al., Impaired synaptic function in the microglial KARAP/DAP12-deficient mouse. J Neurosci, 
2004. 24(50): p. 11421-8.

19. Sjölin, H., et al., DAP12 signaling regulates plasmacytoid dendritic cell homeostasis and down-modulates 
their function during viral infection. J Immunol, 2006. 177(5): p. 2908-16.

20. Takaki, R., S.R. Watson, and L.L. Lanier, DAP12: an adapter protein with dual functionality. Immunol Rev, 
2006. 214: p. 118-29.

21. Tomasello, E. and E. Vivier, KARAP/DAP12/TYROBP: three names and a multiplicity of biological functions. 
Eur J Immunol, 2005. 35(6): p. 1670-7.

22. Anfossi, N., et al., Contrasting roles of DAP10 and KARAP/DAP12 signaling adaptors in activation of the 
RBL-2H3 leukemic mast cell line. Eur J Immunol, 2003. 33(12): p. 3514-22.

23. Kojima, T., et al., Mast cells and basophils are selectively activated in vitro and in vivo through CD200R3 in an 
IgE-independent manner. J Immunol, 2007. 179(10): p. 7093-100.

24. Yamanishi, Y., et al., TIM1 is an endogenous ligand for LMIR5/CD300b: LMIR5 deficiency ameliorates mouse 
kidney ischemia/reperfusion injury. J Exp Med, 2010. 207(7): p. 1501-11.

Chapter 2 Immunoglobulin free light chains: signal transduction

2



Chapter 3

Antigen binding characteristics  
of immunoglobulin free light chains 
and the need for crosslinking to 
initiate an allergic response

1Marco Thio
2Marcel Fischer
1Bart Blokhuis
1Tom Groot Kormelink
1Saskia  Berndsen
1Frans Nijkamp
1Frank Redegeld

Submitted to the Journal of Immunology

1 Division of Pharmacology and 2Division of Medicinal Chemistry, Department of Pharmaceutical Sciences,  
Faculty of Science, Utrecht University, the Netherlands



38 39

Abstract 

B cells produce a wide variety of immunoglobulins such as IgG, IgA and IgE. Under 
certain conditions however, B cells also produce immunoglobulin free light chains (Ig-fLC). 
In the past we have shown that, based on their capability to recognize antigen, these 
Ig-fLCs are able to induce immediate hypersensitivity reactions. Recognition, binding to 
the antigen and the subsequent crosslinking are crucial steps in the onset of this 
inflammatory response. Previous studies aimed to verify the binding of Ig-fLCs to cognate 
antigen have resulted in mixed results. In this study, using surface plasmon resonance, 
immunoblotting and ELISA, the binding characteristics of Ig-fLC to its antigen were 
investigated. In addition we investigated the ability of mast cell-bound Ig-fLC to bind 
antigen. Thirdly, we investigated whether antigen-mediated crosslinking of mast 
cell-bound Ig-fLC is required to initiate an inflammatory response in vivo. 

Our results show binding of Ig-fLCs to antigen using various techniques. Real-time 
analysis of antigen binding revealed unique binding characteristics. Antigen recognition 
and binding was further detected using ELISA and immunoblotting.  Secondly, we report 
that mast cell bound Ig-fLCs are capable to bind antigen in vitro and provide proof that 
crosslinking is essential for Ig-fLC elicitated contact hypersensitivity. These findings 
provide substantial evidence Ig-fLCs can recognize and bind antigen and its biological 
importance in mast cell activation. 

Introduction

Immunoglobulins form the backbone of the adaptive humoral immune response. 
Recognition of a specific antigen can initiate various immune responses directed at 
removal or neutralization of potential threats. In addition to complete immunoglobulins, 
free immunoglobulin light chains (Ig-fLCs) are also present in several body fluids and 
tissues and they have been shown to initiate inflammation by antigen-specific activation 
of mast cells[1-4].

Ig-fLCs contain both a constant and variable region, the latter being defined by gene- 
rearrangements resulting in antigen specificity. In the tetrameric subunits of Igs, both the 
heavy chain and light chain variable region contribute to the binding of antigen. 
Controversy exists on the ability of Ig-fLC’s to bind antigen. Many studies have found that 
binding-affinities of isolated light chains have no binding capability or the binding strength 
is several orders of magnitude lower than that of the parent Ig[5-7]. On the contrary, other 
studies showed that Ig-fLCs have the capacity to bind to antigen with reasonable 
affinities[8]. Masat [9] found that the monomeric kappa light chain specific for a molecule 
expressed by human cells of melanocytic lineage was able to recognize this antigen. 
Mahana and Schechter[10, 11] proved that preparation of Ig-fLCs by reducing complete 
antibodies does not influence its antigen recognizing ability compared to natural occurring 
Ig’s. In several cases, reported affinities are equal to or even exceed those of the parent 
Ig[12]. The differences in binding affinities of Ig-fLC’s might be a consequence of the use 
of polyclonal Ig fractions to obtain single L- and H-chains, ineffective renaturation after 
separation and/or differences in the relative contributions of light and heavy chains in 
antigen binding by different antibodies. 

We have shown previously that antigen-specific Ig-fLCs are crucial in eliciting inflammatory 
responses leading to contact sensitivity, asthma, IBD, and food allergy in mice[3, 4, 13, 
14]. Binding of Ig-fLCs to mast cells results in a sensitized state and contact with the 
cognate antigen induces mast cell activation and degranulation[14]. 

In this study we have investigated the properties of antigen binding by Ig-fLC in more 
detail using various in vitro binding analysis techniques. Furthermore we determined if 
crosslinking by multivalent antigen was necessary to elicit skin inflammatory responses 
via Ig-fLC’s. 
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PVDF blotting membrane overnight. Binding to TNP-conjugated proteins was measured 
by incubating the membranes with TNP-specific Ig-fLC (2µg/ml) for 2h at room 
temperature. Blots were washed with PBS-T and probed with goat anti-immunoglobulin 
kappa light chain Ab conjugated to HRP (1:10.000 dilution, Jackson Immunolabs, Suffolk, 
Great Britain) and followed by enhanced chemiluminescence detection using ECLplus 
(GE Healthcare, Zeist, the Netherlands).

Ig-fLC binding to antigen-coated wells
50µg/ml TNP-OVA in 0.05M bicarbonate buffer at pH 9.6 (Sigma Aldrich, Zwijndrecht, the 
Netherlands) was coated overnight in 96-well ELISA plates (Costar, Sigma-Aldrich, 
Zwijndrecht, the Netherlands). After incubation and removal of unbound TNP-OVA, 
unused and charged surfaces in the wells were blocked using PBS/1%BSA for 1h at 37°C. 
TNP-specific Ig-fLC (2µg/ml) was administrated and incubated for 1.5h at 37°C. Bound 
Ig-fLC was detected using goat-anti-kappa Ig-fLC conjugated with HRP (1:10.000) in 
PBS/0.1%BSA visualised by TMB substrate (Pierce, Rockford IL, USA). 

Flow cytometry
10 mg/ml DNP-HSA (Sigma-Aldrich, Zwijndrecht, the Netherlands) in 0.1M sodium 
bicarbonate buffer was coupled to succinimidyl ester activated Alexa-633 (Invitrogen, 
Breda, the Netherlands) according to the manufacturer’s protocol. To determine binding 
of antigen to Ig-fLC- or IgE-sensitized mast cells, 2x105 BMMC’s in 200µl were incubated 
with 4µg TNP-specific Ig-fLC or 2µg TNP-specific IgE for 45 min. at room temperature. 
Subsequently, 150 µg DNP-HSA-Alexa633 was added and incubated for 30 minutes at 
room temperature. Binding of DNP-HSA-Alexa633 was analyzed on a FACSCalibur flow 
cytometer (BD Biosciences, Etten Leur, the Netherlands). To prevent possible 
degranulation which may interfere with the FACS analysis, all experiments were conducted 
in 0.05% sodium azide containing buffers to suppress cell activation.  

Ear swelling measurements
Right ears of BALB/c mice (The Jackson Laboratory, Maine, USA) were intradermally 
injected with 500ng TNP-specific Ig-fLCs or DNP-specific IgE, left ears received PBS only. 
Twenty hours after sensitization, 100µg DNP-HSA or 100µg DNP-HSA combined with 
750µg DNP-Ala (Sigma-Aldrich) was injected intravenously. Ear thickness was measured 
at 10, 30 and 60 minutes after challenge using an electronic engineer’s micrometer 
(Mitoyo, Veenendaal, the Netherlands).

Materials and Methods

Immunoglobulin free light chains
Trinitrophenol-specific immunoglobulin free light chains were isolated as described 
earlier[14]. Briefly, TNP-specific IgG1 (kappa isotype) was purified from 1B7-11 (ATCC) 
culture supernatant by protein G-sepharose (Amersham Biosciences, Roosendaal, the 
Netherlands). Complete IgG was reduced and alkylated to prevent dimerization. 
Immunoglobulin free light chains were isolated by gel filtration and stored at -20°C in PBS.

Isolation and culture of primary mast cells 
Primary mouse mast cells were cultured as described earlier[14]. In brief, femurs from two 
BALB/c mice were flushed and the bone marrow cells were isolated. Bone marrow cells 
were cultured for 3 weeks in 10 ng/ml IL-3 and 10% conditioned medium (see below) in 
RPMI1640 supplemented with 10% fetal calf serum. Bone marrow derived mast cells 
(BMMCs) were recultured in fresh medium every week. As a source of mast cell growth 
factors, spleen cells were activated with 10 µg/ml pokeweed mitogen (Sigma-Aldrich, 
Zwijndrecht, the Netherlands). After one week, the cell-free supernatant (conditioned 
medium) was isolated and stored at -20°C until future use.

Surface Plasmon Resonance 
Bovine serum albumin (80 µg/ml) was covalently coupled to a Biacore CM5 sensor chip 
(Biacore AB, Uppsala, Sweden) through the free amino groups by EDC/NHS chemistry. 
Subsequently, one sensor-side was derivatized with 5% picryl sulphonic acid in 0.1M 
borate pH 11 for 15 min whilst the reference side did not receive picryl sulphonic acid. The 
reaction was stopped by regeneration with ethanolamine. SPR experiments were 
performed using an Autolab Esprit SPR (Metrohm, Utrecht, the Netherlands) in 
Hepes-buffered saline pH 7.4 (HBS-buffer) under a constant temperature of 25°C. 
Regeneration was performed using 10mM NaOH with 0.1% SDS. TNP-specific free light 
chains or DNP-specific IgE were added in HBS-buffer at the indicated concentrations and 
allowed to bind to the surface- bound antigen. Detected binding was corrected for 
unspecific binding to the sensor chip by subtracting the detected signal measured in the 
non-picryl sulphonic acid-treated part of the chip.

Detection of antigen-binding by immunoglobulin free light chains with 
immunoblotting
TNP-coupled ovalbumin (TNP-OVA), TNP-coupled bovine serum albumin (TNP-BSA) or 
unlabeled proteins were run on a 12% polyacrylamide gel for 4 hours and transferred to a 
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Binding of Ig-fLC to antigen-coated microplates
In another experimental setup, binding of TNP-specific Ig-fLCs to antigen was analysed in 
an ELISA format[16]. TNP-specific Ig-fLC was administrated to TNP-OVA coated 96-well 
ELISA plates. Figure 2A shows dose-dependent binding (detected as measured OD) of 
variable concentrations of TNP-Ig-fLC to wells coated with 50µg/ml TNP-OVA. 
Administrated Ig-fLC levels were recalculated into molar ranges and plotted into an 
Eadie-Hofstee diagram in which the measured OD was plotted against the measured OD/
[Ig-fLC] (Figure 2B). Based on the displayed trend line, the binding constant Kd was 
calculated (1.25x10-8M).

Surface Plasmon Resonance analysis of antigen binding by 
immunoglobulin free light chains
Binding activity of TNP-specific Ig-fLCs for TNP conjugated to albumin (TNP-albumin) 
was analyzed by surface plasmon resonance (SPR). Figure 3A shows binding curves of 
various concentrations of TNP-specific Ig-fLC to the TNP-albumin coated surface. 
Comparable to IgE, Ig-fLC binding shows rapid binding to the antigen. No apparent 
equilibrium of binding was reached at the indicated concentrations of Ig-fLC even after 
extending the analysis up to 1500s (data not shown) (figure 3B). SPR measurements were 
limited by the available concentrations of TNP-specific Ig-fLC, because high concentrations 

Results

Antigen binding of immunoglobulin free light chains measured by 
immunoblotting
Binding of Ig-fLC to antigen was evaluated using an immunoblotting technique which has 
been used earlier to detect immunoreactivity of e.g. IgE[15]. Trinitrophenol-conjugated 
ovalbumin or bovine serum albumin and corresponding unlabeled proteins were electro-
phoresed using SDS-PAGE and electroblotted to PVDF membranes. Membranes were 
probed with TNP-specific Ig-fLC. Binding of TNP-specific Ig-fLC to increasing 
concentrations of TNP-conjugated proteins was clearly detectable (Figure 1) even after 
extensive washing. No binding was detected to non-derivatized protein.
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Figure 1    Binding of Trinitrophenol (TNP)-specific immunoglobulin free light chains  
(Ig-fLC) to TNP-conjugated ovalbumin or TNP-conjugated bovine serum 
albumin detected by immunoblotting.

TNP-coated carrier proteins (either BSA (left) or OVA(right)) at various concentrations (0.4µg (B), 
0.8µg (C) 1.6µg (D) and 3.2µg (E))  and TNP-kappa Ig-fLC (1µg) (A) were run on a SDS-gel and 
immunoblotted with 2µg/ml TNP-specific Ig-fLCs visualized with 1:10.000 HRP-conjugated  goat 
anti-mouse kappa light chain antibodies. Both TNP-OVA and TNP-BSA conjungated protein were 
detected by TNP-specific Ig-fLC. 

Figure 2    Binding of (TNP)-immunoglobulin free light chains to immobilized TNP-OVA.

TNP-OVA was coated to the surface of 96-well plates. Unbound TNP-OVA was washed away 
followed by blocking with PBS/1%BSA. TNP-Ig-fLC were administrated and detected using anti-
mouse kappa IgG conjungated with HRP. Bound Ig-fLC was measured in OD (A). The OD was 
plotted vs OD/Ig-fLC concentration in M (Eadie-Hofstee plot) and the Km was calculated (slope)(B).

A B
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Immunoglobulin free light chains bound to mast cells are capable to 
recognize antigen in vitro
To investigate if Ig-fLC bound to the cell surface of mast cells was able to recognize 
antigen, bone marrow derived mast cells were sensitized with TNP-specific Ig-fLC and 
binding of Alexa633-labeled DNP-HSA was analyzed using flow cytometry. As shown in 
figure 4, a shift in fluorescence indicated binding of DNP-HSA to Ig-fLC-sensitized mast 
cells as compared to non-sensitized cells (right panel). A similar shift was observed with 
IgE-sensitized BMMCs (left panel).  

Crosslinking of Ig-fLC is necessary to induce skin inflammation in vivo
To investigate if crosslinking by antigen is required in Ig-fLC-mediated skin inflammation, 
mice were sensitized by local injection of TNP-specific Ig-fLC into the ears.  Systemic 
challenge with multivalent antigen DNP-conjugated human serum albumin (DNP-HSA: 
30-40 molecules DNP per molecule albumin) resulted in a rapid ear swelling (Fig 5).  
When mice were challenged with DNP-conjugated albumin in combination with a 50x 
excess of monovalent antigen (DNP-L-Ala), no ear swelling was observed. For comparison, 
also the effect on an IgE-mediated passive cutaneous anaphylaxis reaction was 
measured. As expected,  presence of excess of monovalent antigen prevented the DNP-
HSA-induced IgE-mediated ear swelling response.

of Ig-fLC tend to aggregate and results in loss of functional protein. Administration of 
soluble TNP-conjugated human serum albumin to the reaction chamber resulted in a 
complete loss in binding of Ig-fLC to the TNP-groups coated on the SPR chip (Figure 3C). 
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Figure 3    Real-time analysis of TNP-Ig-fLC binding to TNP-BSA coated SPR chips.

Various concentrations of Ig-fLC ((300ng (red), 900ng (blue), 1.8µg (green), 2.7µg (grey) and 3.6µg 
(black) per CM5 sensor chip) resulted in increased binding curves (A). Administration of TNP-IgE 
(12µg, red line) resulted in significant binding to the TNP-coated surface and saturation around 
350s. Administration of equal amounts of TNP-Ig-fLC showed binding yet no clear saturation was 
observed (blue line) (B). Administration of TNP-BSA (1µg/ml) completely abolished the observed 
binding (red vs blue) (C). No loss in binding was observed after non-TNP conjungated BSA 
administration (data not shown). 

A

B
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Figure 4    Binding of Alexa633-labeled TNP-BSA to TNP-specific Ig-fLCs bound to mast 
cells.

Murine bone marrow derived mast cells were incubated with TNP-specific Ig-fLC or IgE. After 
incubation, Alexa633-labeled TNP-BSA was administrated. Binding of the labelled antigen could  
be detected on both TNP-IgE (A) and TNP-Ig-fLC (B) loaded mast cells (grey line) compared to 
binding to mast cells without Ig-fLC or IgE (dark grey). 
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Discussion

In this study we show in various binding assays that Ig-fLC’s bind specifically to cognate 
antigen. Furthermore, flow cytometric analysis shows that when, bound to the mast cells, 
Ig-fLC’s are able to bind antigen. We further demonstrate that binding to multivalent 
antigen by Ig-fLC’s is required to induce an allergic skin inflammation. 

Three different experimental setups were used to investigate the interaction of antigen-
specific Ig-fLC with its cognate antigen. First, the interaction of hapten-specific Ig-fLC with 
hapten-conjugated proteins was measured by immunodetection of binding to membrane 
immobilized antigen. This method has been proven useful to characterize binding of IgE 
to specific allergen epitopes [15, 17, 18].  Binding of specific Ig-fLC’s to Ag-conjugated 
and not to non-derivatized protein was clearly detectable using this approach, which 
indicates that binding affinity is sufficient to survive repeated washing. Secondly, concen-
tration-dependent binding of Ig-fLC to antigen-coated wells was measured in an ELISA 
format. Thirdly, real-time binding of immunoglobulin free light chains to antigen was 
measured with SPR. Ig-fLC’s showed rapid binding to antigen. However, binding curves 
did not reach equilibrium which did not permit calculation of associating and dissociating 
constants. The continuous increase in binding signal suggests that after the initial binding 
to the antigen, a continued non-typical binding and/or aggregation of Ig-fLC’s to the chip 
surface occurred. Interestingly, non-saturating binding kinetics were also reported for 
binding of C-reactive protein to Fc�RI[19].  Taken together, the different binding assays 
consistently support earlier observations that Ig-fLC’s bind specifically and strongly to 
antigen[7][20]. Although affinities may not reach those of tetrameric antibodies, 
antigen-bound Ig-fLC resisted extensive washing indicating a tight binding, perhaps due 
to increased avidity or conformational changes upon binding. In this study, the Kd for 
binding for TNP-specific Ig-fLC was found 1.25x10-8M, demonstrating a high affinity for 
the antigen. A wide range of binding affinities ranging from 10-3 till 10-8 M have been 
reported, and even some studies showed that Ig-fLCs are not capable to recognize and 
bind antigens[21]. The reported discrepancies may be due to the way the Ig-fLCs are 
prepared, assays used to determine binding and the antigen involved[11, 22-24].

Flow cytometry was used to analyse antigen-binding by cell membrane-bound Ig-fLC. 
Our results demonstrate that primary cultured murine mast cells sensitized with 
TNP-specific Ig-fLC indeed bind antigen. Direct binding of Ig-fLC to primary cultured 
mouse mast cells has been demonstrated earlier using fluorescence microscopy and in 
rosetting assays[14]. The present results are in line with these observations, but also 
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Figure 5    Crosslinking is required for elicitation of contact hypersensitivity responses.

TNP-sensitized mice  (5 mice per group, either with 500ng TNP-Ig-fLC (A and C) or 500ng 
TNP-IgE (B and D)) were topically challenged with either 100µg DNP-HSA or 100µg DNP-HSA 
combined with 750µg DNP-Ala after which earswelling was measured 10, 30 and 60 minutes 
after challenge. Earswelling could only be detected when DNP-HSA was applied. DNP-HSA 
administration facilitated a significant (P<0.05) increase in earswelling in both Ig-fLC and IgE 
sensitized mice (A and B). Ig-fLC sensitized mice challenged with both DNP-HSA and DNP-Ala 
show a reduction in the detected earswelling (C vs. A). This reduction was also detected for IgE 
sensitized mice (B and D).

A B
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demonstrate that cell surface-bound Ig-fLC is able to interact with cognate antigen. Such 
an interaction is necessary to transduce activation of mast cells in an antigen-specific 
manner.

The requirement of crosslinking of immunoglobulin free light chain by multivalent antigen 
was demonstrated in the passive cutaneous anaphylaxis experiments. Excess of 
monovalent Ag completely inhibited the Ag-induced skin inflammation. This demonstrates 
that the mechanism of Ig-fLC-mediated mast cell activation and initiation of local 
inflammatory responses bears marked similarities with activation induced by Fc-receptors 
[25]. In previous experiments we have excluded an involvement of receptors associated 
with the common gamma chain such as e.g. Fc receptors and paired immunoglobulin 
receptors[14]. Research on the molecular mechanism of mast cell activation by Ig-fLC is 
in progress (manuscript in preparation).

In conclusion, in this study we have demonstrated that the interaction of a hapten-specif-
ic Ig-fLC with its cognate antigen is of sufficient strength to be detected with common 
immunodetection methods. Whether these methods may be useful to measure antigen-
specific Ig-fLC in body fluids and/or identify to what antigens Ig-fLC are directed is subject 
of ongoing studies. Thus far, limited studies on the measurement of specific Ig-fLC in 
body fluids have been reported. Nakano et al. were unsuccessful in the measurement of 
specific free Ig light chains as a diagnostic marker for patients with allergy, although 
practical limitations may have hampered this study[5, 26]. On the other hand, in AIDS 
patients with Toxoplasma gondii encephalitis, Toxoplasma gondii encephalitis-specific 
free kappa light chains were successfully detected in cerebrospinal fluid [27]. Current 
research is focused on the development of assay for antigen-specific Ig-fLC in human 
body fluids (work in progress). We further provide evidence that besides antigen binding, 
crosslinking of Ig-fLC’s by antigen is necessary to induce activation of mast cells and to 
initiate a local inflammatory response.
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Abstract 

Immunoglobulin free light chains (Ig-fLCs) have recently shown to be involved in mast cell 
activation and are believed to play key effector roles in several inflammatory diseases. In 
many biological processes, the effect identified on one cell may also evoke a cellular 
response on different haematopoietic cells. Expanding our research towards other 
myeloid cells, we investigated the possible effects of Ig-fLCs on human polymorphic 
mononuclear cells (PMNs). Our results show binding of human kappa Ig-fLC to PMNs. 
Crosslinking of Ig-fLC resulted in activation and degranulation of the PMNs resulting in an 
increase in detected CXCL8. To verify whether Ig-fLC bound to PMNs occur under 
pathological conditions, PMNs from IBD patients were analysed on endogenous Ig-fLC 
binding. We identified Ig-fLC positive PMNs and detected increased numbers of Ig-fLC-
positive cells in colon tissue from IBD patients.  In conclusion, our results suggest an 
additional pro-inflammatory role for Ig-fLC via PMN activation.

Introduction

Fc receptor proteins can be detected on virtually all leukocytes and, more recently, these 
receptors have been identified on various epithelial and muscle cells[1, 2]. In particular, 
the expression of the IgE high affinity receptor Fc#RI and its low affinity variant CD23 have 
been investigated in more detail. Initially, these receptors were found only on mast cells 
and basophils[3]. Recent studies however have shown that these receptors can be 
detected on monocytes[4], dendritic cells[5], Langerhans cells[6], smooth muscle cells[7] 
and polymorphonuclear (PMN) cells[8].

PMN cells are crucial in the defence against bacteria and fungal infections and are now 
generally regarded as a key component of the inflammatory response[9]. They can be 
detected in virtually every body tissue and fluid. They home towards the site of inflammation 
guided by chemotactic factors such as CXCL8 released by activated mast cells, 
endothelial cells and macrophages[9]. Attraction and activation of PMNs are found crucial 
in the onset of chronic inflammatory diseases such as COPD and IBD[10, 11]. A biological 
factor influencing their apoptotic rate and/or biological activity may therefore have direct 
effect on the onset, development and sustainability of inflammation. Recently it has been 
described that binding of monovalent IgE to PMNs from allergic asthma patients resulted 
in delayed apoptosis[12]. Interestingly, comparable effects were also observed for 
immunoglobulin free light chains (Ig-fLC)[13]. Immunoglobulin free light chains have in the 
past been identified as mast cell activating immunoglobulins[14]. Through antigen 
recognition and binding (this thesis) can mast cell-bound Ig-fLCs mediate activating 
signals resulting in degranulation of the mast cell and production of pro-inflammatory 
cytokines[14]. It has been shown that Ig-fLC-mediated mast cell activation can contribute 
to the development of various inflammatory diseases in vivo[14-17]. Studies by our group 
have led to the identification of its key signal transducing element and reconfirmed its 
antigen binding capabilities (this thesis). With the exception of dorsal root ganglia[18], 
little is however known about possible effects of Ig-fLC-mediated activation of other cells, 
in particular myeloid cells.

In this study, we describe the biological effects of Ig-fLCs on human PMNs. We show that 
Ig-fLC bind to PMN and stimulate CXCL8 production. Furthermore, Ig-fLCs were found 
bound to PMNs isolated from patients diagnosed with inflammatory bowel disease.
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a positive control 1 µg/ml LPS (Sigma Aldrich, Zwijndrecht, the Netherlands) was added 
to the isolated PMNs also incubated for 4, 6 and 8 hours. After incubation the cells were 
centrifuged at 500g for min. and the supernatant was collected for CXCL8 measurement.  

CXCL8 ELISA 
CXCL8 levels were measured using a human CXCL8 ELISA kit (BD Biosciences, Breda, 
the Netherlands) according to manufacturer’s instructions.

Ig-fLC staining of IBD patient blood samples
Cytospins of PMNs isolated from whole blood samples originating from IBD patients were 
fixed in cold methanol for 5 minutes and incubated with anti kappa or anti lambda IgG 
Ig-fLC antibody diluted at 1:200 in PBS/1%BSA (kindly provided by Dr. A. Solomon, 
Knoxville TN, USA) for 45’ on ice. After washing, bound anti-kappa or anti-lambda were 
detected using anti-mouse Alexa-488 (Invitrogen, Breda, the Netherlands).  Sections were 
sealed with Prolong Gold (Invitrogen, Breda, the Netherlands). Analysis was performed 
on a Zeiss fluorescence microscope (Zeiss, Sliedrecht, the Netherlands).

Ig-fLC staining of IBD patient tissue samples
Macroscopically inflamed/affected as well as non-inflamed/unaffected intestinal mucosa 
was prospectively collected after surgical resection at the Leiden University Medical 
Centre, The Netherlands and kindly provided by Dr. P. Koelink. Cryostate sections (5 µm) 
were cut and put on Starfrost slides and stored at -20°C. Frozen tissue samples were air 
dried for 10 minutes and fixed for 10 minutes in cold methanol. Following fixation, the 
sections were washed with PBS and blocked using a 3%BSA/3% normal goat serum/0.1% 
Tween in PBS mixture for 1 hour (Sigma Aldrich, Zwijndrecht, the Netherlands). Sections 
were then overnight incubated at 4°C with anti-free Ig kappa light chain or anti-free Ig 
lambda light chain Ab (kindly provided by Dr. A. Solomon, Knoxville TN, USA) diluted to 
1:250 in PBS/1%BSA/0.1%Tween. Sections were washed 3 times with PBS and incubated 
with goat anti mouse Alexa 488 (Invitrogen, Breda, the Netherlands) for 30' in the dark. 
After washing, sections were incubated for 10 minutes with DAPI and sealed with Prolong 
Gold (Invitrogen, Breda, the Netherlands). Analysis was performed on a Zeiss fluorescence 
microscope.

Methods

Isolation of human neutrophils
PMNs were isolated from buffy coats which were purchased from Sanquin Blood Bank 
(Amsterdam, The Netherlands). PMNs from 5 IBD patients were kindly supplied by Dr. 
Wolfkamp, AMC, Amsterdam. The PMNs were obtained by gradient centrifugation on 
Ficoll-PaqueTM PLUS (density: 1.077 g/ml, GE Healthcare, Diegem, Belgium), followed by 
hypotonic lysis of erythrocytes with sterile lysis buffer (0.15 M NH4Cl, 0.01 M KHCO3 and 
0.1 mM EDTA, pH 7.4) on ice. Contamination by monocytes was prevented by incubating 
the isolated PMN fraction at 37°C in RPMI/10%FBS medium for 1h. After incubation, the 
PMNs were washed with PBS and finally resuspended in RPMI 1640 medium (without 
L-glutamine and phenol red) supplemented with 1% heat-inactivated FBS. Purity of PMN 
preparations were 95-97% as determined by flow cytometry. 

Flow cytometry of Ig-fLC on neutrophils
Freshly isolated PMNs (2x105 cells/200 µl) were incubated with 7µg FITC labeled !Ig-fLC 
(!Ig-fLC were isolated and purified from the urine of multiple myeloma patients) for 30 min 
on ice. After incubation, the cells were washed to remove the unbound FITC-Ig-fLC and 
fixed in PBS/1%BSA containing 1% PFA (Sigma Aldrich, Zwijndrecht, the Netherlands). 
Binding of FITC labeled !Ig-fLC to PMNs was analyzed using a FACSCalibur (BD 
Biosciences, Breda, the Netherlands).

Immunofluorescence of Ig-fLC on neutrophils
Freshly isolated PMNs (1x106 cells/ml) were incubated with 7µg FITC labeled !Ig-fLC for 
30 min on ice. After incubation, the cells were washed to remove the unbound FITC-Ig-fLC. 
The labeled cells were spun onto slides using a cytospin cytocentrifuge (Thermo Scientific, 
Breda, the Netherlands). The FITC signal was amplified using a FITC signal amplification 
kit (Invitrogen, Breda, the Netherlands). Fluorescent imaging was performed on a Zeiss 
fluorescent microscope (Zeiss, Sliedrecht, the Netherlands). 

PMN stimulation assay
96-well plates (Greiner, Alphen a/d Rijn, the Netherlands) were coated with !Ig-fLC (10, 30 
and 100 µg/ml) in carbonate buffer (pH 9.6) by overnight incubation. Prior to adding the 
cells, the coated surface was blocked with RPMI containing 10% immunoglobulin-free 
BSA (Sigma Aldrich, Zwijndrecht, the Netherlands) for 1h at room temperature. Buffy coat 
isolated PMNs (200 µl per well, cell density adjusted to 1x106 cells/ml using RPMI/10%FCS) 
were added to the 96-well plate coated with !Ig-fLC and incubated for 4, 6 or 8 hours. As 
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PMNs derived from IBD patients contain bound Ig-fLC
In order to investigate whether Ig-fLC–positive PMNs exist under pathological conditions, 
we isolated fresh PMNs from whole blood isolated from 5 IBD patients. Figure 3A shows 
that PMNs show detectable binding of kappa Ig-fLCs to their cell surface. In contrast, very 
little bound lambda Ig-fLC was found on the surface of the PMNs (Figure 3B).

Kappa Ig-fLC positive cells are detected in colon of IBD patients 
To investigate if Ig-fLC positive cells are present in IBD patients, histological analysis was 
performed on inflamed sections of IBD colon. Such experiments were already performed 
in previous studies yet only for lambda Ig-fLCs. In this study we were able to analyse the 
presence of kappa Ig-fLCs in both Crohn’s Disease and Ulcerative Colitis patients.

Figure 4A and 4B show the presence of kappa and lambda Ig-fLC respectively in 
uninflamed colon. Kappa Ig-fLC-positive cells were detected in the lamina propria and 
inside the crypts (4A). Lambda Ig-fLCs were predominantly detected in the lamina propria 
(4B). As immunohistochemistry with kappa Ig-fLC-specific antibody showed most 
abundant staining, sections from Crohn’s Disease (CD) patients and ulcerative colitis 
(UC) patients were subsequently stained for presence of kappa Ig-fLC. Figure 4C shows 
a high abundance of kappa Ig-fLC-positive cells in the lamina propria of CD patients. 

Results

Immunoglobulin free light chains bind to PMNs
Binding of Ig-fLC to PMNs was investigated by FACS and immunofluorescent analysis.  
FITC-labeled Ig-fLC showed extensive binding to PMNs determined via FACS analysis 
(Fig. 1a). Immunofluorescent analysis confirmed the presence of Ig-fLC on the cell surface  
of the PMN’s. Binding of Ig-fLC showed a patchy distribution. Interestingly, not all PMNs 
appeared to be able to bind Ig-fLC.

Immunoglobulin free light chains induce the release of CXCL8 by PMNs
To further investigate if Ig-fLCs bound to PMNs are able to induce activation, PMNs were 
administered to Ig-fLC-coated 96-well plates and incubated for various time periods. 
Measured CXCL8 production was corrected for baseline CXCL8 production measured by 
administration of PMN to uncoated wells. Figure 2 shows that a significant production of 
CXCL8 could be detected in Ig-fLC stimulated PMNs compared to the non-stimulated 
cells. The maximum release was detected after 4h. This optimum time point was also 
found for CXCL8 production induced by LPS.  
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Figure 1    Immunoglobulin free light chains can bind to polymorphic mononuclear cells.

Binding of fluorescently labeled IgLCs to human PMNs could be detected using both flow 
cytometry (left figure, blue represents Ig-fLC-FITC treated PMNs vs non-treated PMNs (red)) and 
immunofluorescence (200x, right). 

A B Figure 2    Ig-fLC facilitate the release of CXCL8.

Crosslinking of Ig-fLC bound to human PMNs results in a significant release of CXLC8 with an 
optimum release after 4h (left, P<0.01 vs. 2h). At this timepoint, the control for CXCL8 release 
LPS also showed a maximum release. Data is corrected for non-specific release of CXCL8 and 
represents results from 3 different donors. 
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Staining of kappa Ig-fLC in UC patient material (4D) showed Ig-fLC positive cells in both 
the lamina propria (4E) and crypts (4G). Positive staining was also detected on the apical 
side of the epithelium.   

Discussion

In this study, we describe that immunoglobulin free light chains bind to and activate PMN’s 
to produce CXCL8.  Furthermore, an enhanced expression of Ig-fLCs in inflammatory 
regions in the colon of IBD was detected, while in IBD patients also Ig-fLC-positive 
neutrophils were found in the circulation. Our present findings suggest that neutrophils 
may be a cellular target for activation by Ig-fLC. The observed biological effects of Ig-fLC 
show parallels with activation or engagement of the Fc#RI on PMNs. Indeed, crosslinking 
of Fc#RI initiates the release of CXCL8 from PMNs [8], while binding of monovalent IgE 
decreases apoptosis [12].  Similarly, Ig-fLC modulates apoptosis in PMNs[13]. The CXCL8 
release by PMNs induced by Ig-fLC as well as the possible delayed PMN apoptosis might 
lead to an exacerbation of the inflammatory state. 

Previous studies have shown that Ig-fLC levels are significantly increased in CD 
patients[19]. To verify whether Ig-fLC positive PMNs are indeed present under pathological 
condtions, we investigated whether Ig-fLC positive PMNs were present in blood from IBD 
patients. Indeed, our results identified the presence of Ig-fLC bound to PMNs. Our study 
also corroborates previous findings[19] by showing the presence of kappa IgLC-positive 
cells in colon tissue from both UC and CD patients. In both UC and DC, we detected an 
increase in Ig-fLC positive cells (both kappa and lambda) located in the lamina propria. 
Based on our previous studies, these cells may be mast cells, plasma cells or PMNs.  In 
addition, we also detected the presence of kappa Ig-fLC inside crypts and on the apical 
side of the colonic epithelium in UC patients. Our data suggests that mucosal epithelium 
may be capable to transport Ig-fLC. Such mechanism has also been described for IgA. 
The secretion of IgA across the epithelial layer towards the colonic cavity has been shown 
to be important against the defence against invading pathogens[20, 21]. Whether the 
observed Ig-fLC present on the apical side of the epithelium exerts comparable functions 
remains to be investiated.

Our results show for the first time another pro-inflammatory role for Ig-fLCs mediated by 
myeloid-lineage cells. We have previously shown that Ig-fLC bound to mast cells can 
recognize antigen and upon subsequent crosslinking, facilitate mast cell activation, 
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Figure 3   Endogenous Ig-fLC bound to PMNs derived from IBD patients.

PMNs derived from IBD patients showed significant binding of kappa Ig-fLCs (A). Relatively 
less bound lambda Ig-fLCs could be detected (B) (both magnification 400X).

Figure 4   Immunofluorescent staining of Ig-fLC in IBD tissue.

Staining for kappa Ig-fLC on healthy tissue sections from IBD patients revealed Ig-fLC 
positive cells (arrows) in the lamina propria  (white arrow) and inside the crypts (red arrow)(A, 
magnification 200x). Less Ig-fLC positive cells could be detected in staining for lambda Ig-fLC 
(B). Staining for kappa Ig-fLC µin inflamed tissue from Crohn’s disease patients revealed a 
multitude of Ig-fLC positive cells (C, magnification 100x). Staining of kappa Ig-fLC in colon from 
ulcerative colitis patients (D, 100x) revealed the presence of kappa Ig-fLC in the lamina propria 
(E) and crypts (F and G, 2) (magnification 200x). Also, some Ig-fLC was detected on the apical 
side of the colon epithelium. Figures represent staining of 3 individual donors.
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Abstract 

Dendritic cells (DC) play important roles in our defence against foreign invaders. A special 
phenotype of DCs however, is capable to invoke inverse effects by suppressing T cell 
mediated mechanisms either by initiating anergy or differentiation of naïve T cells into 
regulatory T cells. These so called tolerogenic dendritic cells typically express low levels 
of MHC and costimulatory molecules and produce IL10. Immunoglobulin free light chains 
(Ig-fLC) have in the past been identified as effectors of inflammation. However, several 
indications exist that suggest that Ig-fLC may also have immunosuppressive properties. 
In this study we investigated whether Ig-fLC facilitate immunosuppression via modulation 
of dendritic cells. Our present data show that immunoglobulin free light chains (Ig-fLC)  
are capable to inhibit DC maturation in vitro. Our results showed markedly reduction of 
costimulatory marker expression and revealed that Ig-fLC treated DCs in coculture with  
T cells are capable to inhibit antigen specific T cell activation in vitro. Subsequent 
cocultures with Ig-fLC treated DCs and naïve T cells showed expression of markers found 
on regulatory T cells. Finally we show that in vivo administration of Ig-fLCs can inhibit 
delayed type hypersensitivity (DTH). Our data suggest that Ig-fLC facilitate immuno-
suppression via modulation of dendritic cells rendering them less responsive to maturation 
stimuli. We propose a new role for immunoglobulin free light chains in immune modulation 
via modulation of dendritic cells.

Introduction

Dendritic cells (DCs) are key players in antigen presentation and the drive towards effector 
T cell development.  Next to their function as inducers of an inflammatory response, 
recent observations have shown that DCs also play a role in the maintenance of 
immunological tolerance. Ideally, these DCs remain immature or develop into a 
semi-mature phenotype and produce suppressive factors such as IL10, TGF$ and 
indoleamine dioxygenase (IDO)[1-3]. These tolerogenic DCs (tDC) are capable to inhibit 
autoreactive T cells and induce the differentiation of naïve T cells into regulatory T 
cells[4-6]. Compounds such as vitamin D, dexamethasone and retinoic acid have shown 
to induce the development of tDCs[5, 7-10]. Biological compounds such as vitamin D3 
and retinoic acid exert these effects via the vitamin D3 receptor[11] or intracellular retinoic 
acid receptors[12, 13]. Chemical agents such as dexamethasone and rapamycin are 
believed to exert their effects via affecting the NF-!B pathway[14] or inhibiting mTOR 
signalling respectively[15]. These tDCs are characterised by the aforementioned 
production of immunosuppressive compounds and reduced expression of costimulatory 
markers such as CD80, CD86, CD40 and major histocompatibility complexes I and II[7, 
16]. The ability to inhibit an inflammatory response by tDCs for clinical purposes is 
currently tested in various inflammatory diseases such as rheumatoid arthritis (RA)[17]. 

Inside the inflamed joint, a multitude of both proinflammatory and suppressive compounds 
can be detected. Immunoglobulin free light chains (Ig-fLC) are one of these factors. These 
Ig-fLCs play a role in disease initiation and prolongation by activation of mast cells[18, 19]. 
On the other hand, a recent study by Matsumori et al has shown that Ig-fLC may also have 
immunosuppressive characteristics[20]. 

Immunosuppression by Ig-fLCs could also play a role in light chain myeloma, a malignant 
expansion of Ig-fLC producing plasma cells, that results in very high monoclonal Ig-fLC 
serum levels.  Several studies have shown that the DC’s in some of these patients have a 
tDC phenotype that may be the cause of  increased regulatory T cell numbers often 
observed in these patients[21, 22]. These cells are believed to be responsible for an 
increased immunosuppressed condition.  This immunosuppression is believed to prevent 
the host from developing an effective immune response against the malignant B-cells and 
correlates with poorer disease prognosis[6]. A correlation between Ig-fLC serum levels 
and regulatory T cell numbers has already been observed[6]. 
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Flow cytometry
Collected cells were washed in PBS/BSA and incubated with selected antibodies against 
MHCII, CD86, CD80, CD40, IL10, IFN%, IL2 (Ebioscience, Vienna, Austria) for 30 minutes 
on ice. Intracellular staining was performed using the FoxP3 intracellular staining kit 
(Ebioscience, Vienna, Austria). After incubation, cells were washed and resuspended in 
PBS/BSA containing 2% PFA. FACS analysis was performed on either a BD FACSCalibur 
or BD FACS Canto II (BD Biosciences, Breda, the Netherlands).

In vivo experiments
Male C57BL/6 and BALB/C, 5-6 weeks of age, were obtained from the Central Animal 
Laboratory, Utrecht, the Netherlands. All mice had free access to tap water and chow 
food. Experiments were approved by the Animal Care Committee of the Utrecht University. 
BALB/c mice were contact-sensitized with 0.5% DNFB (Sigma Aldrich, Zwijndrecht, the 
Netherlands) in olive oil/acetone or vehicle only[18]. In the indicated groups, 24h prior to 
the sensitization, Ig-fLC (5µg per mouse) was administrated intravenously. Control mice 
were injected with PBS only. At day 5 after the start of the sensitization, ears were 
challenged with 0.2% DNFB in acetone/olive oil. Ear swelling was determined at 2h and 
24h after the challenge.

Results

Immunoglobulin free light chains impair LPS-induced dendritic cell 
maturation
In order to investigate whether Ig-fLC have an inhibitory role on DC maturation, murine 
kappa Ig-fLC were administrated to cultured mouse immature dendritic cells in 
combination with 1 µg/ml LPS. After overnight maturation, the expression of CD40 and 
CD86 and MHCII was analysed by flow cytometry. Administration of Ig-fLC in combination 
with LPS displayed a markedly reduction in expression of MHCII, CD86 and CD40 (figure 1).
 
Immunoglobulin free light chains downregulate antigen-specific T cell 
activation  
To ascertain whether the observed inhibition on costimulatory marker expression has any 
effect on T cell activation, p53 peptide-pulsed bone marrow-derived dendritic cells 
(BMDC) were cocultured with KO4 p53-specific T cells for 24h in the presence of LPS. 
After coculture, petridish-attached DC-T cell colonies were clearly visible (figure 2A). Wells 
containing Ig-fLC treated DCs also showed colony formation yet these were unattached 

In this study we show that Ig-fLC exert an immunological suppression via rendering 
immature DCs less responsive to maturation stimuli. In addition, we show that 
Ig-fLC-treated DCs are capable to affect effector T cell activation in vitro and naïve T cell 
development. Finally, we provide proof that in vivo administration of Ig-fLCs has immuno-
suppressive potential.

Methods

DC culture and KO4 T cells
Bone marrow derived dendritic cells were obtained from C57BL/6 mice as described by 
Lutz et al.[23, 24]. p53-Specific T cells (KO4) and p53-peptide were obtained as previously 
described[25].

LPS stimulation assays
Day 9 old DCs were washed and incubated for 24h with either 1µg/ml LPS (Sigma Aldrich, 
Zwijndrecht, the Netherlands) combined with 2µg/ml kappa Ig-fLC[18] or LPS alone. After 
culture, unbound Ig-fLCs were washed away followed by FACS analysis.

DC – p53-specific T cell cocultures
At day 9, DCs were transferred into fresh culture medium in 10cm plates at a concentration 
of 3x106 cells per dish. At day 12, murine kappa-Ig-fLCs isolated from whole IgG1 
immunoglobulin[18] were added in combination with 1ug/ml LPS (Sigma Aldrich, 
Zwijndrecht, the Netherlands) and 2.5uM p53 peptide. On day 13, unbound Ig-fLC were 
washed away and the cells were harvested and  diluted into a 1:1 ratio with 0.5µM car-
boxyfluorescein succinimidyl ester (CFSE) (Invitrogen, Breda, the Netherlands) labelled 
p53-specific KO4 T cells. At day 14, cells were harvested for FACS analysis.

Naïve T cell cocultures
Day 9 old BMDCs were cocultured in a 1:1 ratio with CD4+CD62L+ naïve T cells. Naïve T 
cells were isolated from 2 spleens (C57BL/6) using the Miltenyi Biotech naïve T cell 
isolation kit (Miltenyi Biotech, Leiden, the Netherlands). Cognate interaction was mimicked 
by administration of 500ng/ml staphylococcus enterotoxin A (SEA). Coculture was 
incubated for 72h after which FACS analysis was performed on markers CTLA-4 and 
FoxP3.
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Immunoglobulin free light chains impair DC maturation in coculture with 
naïve T cells and upregulate CTLA-4 and FoxP3 expression
To assess whether the aforementioned results affect naïve T cell development, 
Ig-fLC-treated murine BMDC were stimulated with Staphylococcus enterotoxin A (SEA) in 
the presence of naïve T cells. During culture, no difference in adhesion to the culture dish 
was observed via microscopic analysis by two individual subjects. After the 72h 
incubation, expression of costimulatory markers was analysed. Ig-fLC administration 
again showed a reduction in the expression of CD40, CD80, CD86 and MHCII. To analyse 
whether Ig-fLC treated DCs affect naïve T cell differentiation, we analysed the expression 
of CTLA-4 and FoxP3 as both these markers are known to be expressed on regulatory T 
cells. Figure 3 shows that naïve T cells cocultured with Ig-fLC treated DCs increase the 
expression of CTLA-4 and FoxP3. 

In vivo administrated Ig-fLC inhibit delayed hypersensitivity (DTH) response
The observed in vitro findings suggested that Ig-fLC administration might induce an 
 immunosuppressive effect by preventing DC maturation. To investigate if Ig-fLC’s have 
indeed suppressive capabilities, Ig-fLC-pretreated BALB/c mice were sensitized with 
DNFB. Following sensitization, the ears were challenged with DNFB and the ear swelling 
was measured. Ig-fLC administration prior to the sensitization resulted in a complete loss 
in early phase (2h) ear swelling. Consecutive analysis of the late phase response (24h) 
also showed a significant reduced capability to induce an ear swelling in the Ig-fLC- 
pretreated mice. The inhibitory effects were not dependent of specificity of the Ig-fLCs, 
because ag-specific and non-specific Ig-fLCs were both found inhibitory.

to the petridish. Labelling the T cells with CFSE enabled the identification of clusters 
containing DCs and T cells likely attached via their MHC-TCR receptors. Flow cytometric 
analysis of cells inside these clusters showed reduced expression of CD40, CD86 and 
MHCII (Figure 2B). Early T cell activation measured by CD69 expression showed a marked 
reduction on T cells cocultured with Ig-fLC-treated DCs. Reduced expression of CD3 was 
also observed on T cells associated with Ig-fLC-treated DCs (Figure 2B). Within the DC-T 
population, no change in IFN-% expression was observed (data not shown), yet an 
increase in intracellular IL10 and decrease in intracellular IL2 was observed (Figure 2C). 
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Figure 1    Immunoglobulin free light chains impair LPS induced dendritic cell maturation.

BMDCs were incubated with either 1µg/ml LPS or LPS/IgLC (2µg/ml) after which expression 
of MHCII, CD86 and CD40 was analysed. IgLC administration resulted in a significant (P<0.01) 
reduction in MHCII and CD86. CD40 was also reduced yet not significantly. Results represent 3 
independent replicate experiments.
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5Figure 2    Immunoglobulin free light chains downregulate antigen-specific T cell 
activation.

Ig-fLC-treated DCs pulsed with p53 peptide were cocultured with p53-specific CFSE labelled 
T cells. 24h after coculture, colonies were visible (Figure 2A, magnification 100x) in cultures 
containing immature DC-T cells (A1), mature DC-T cells (A2), Ig-fLC treated DCs (A3). No 

colonies were detected in cultures containing only T cells (A4). Analysis of expression of 
MHCII , CD86, CD80, CD40 in the DC-T population showed a partial significant  reduction in 
expression (MHCII, P<0.01; CD86, P<0.05)) in Ig-fLC-treated DCs vs non treated DCs. Ig-fLC 
treatment also resulted in significantly decreased CD69 (P<0.01) and CD3(P<0.01) expression 
(Figure 2B). Decreased IL2 levels and increased IL10 expression was also detected in Ig-fLC 
treated DCs (Figure 2C).

A B

C



76 77

Chapter 5 Immunoglobulin free light chains: dendritic cells (1)

5

Figure 3    Immunoglobulin free light chains reduce the expression of DC costimulatory 
markers and upregulate CTLA-4 and FoxP3 on CD4+ naïve T cells.

Ig-fLC treated DCs were cocultured with CFSE labelled naïve T cells, cognate interaction was 
facilitated by SEA administration. A strong reduction in MHCII, CD86, CD80 and CD40 could 
be observed in the DC-T population. In addition, CTLA-4 and FoxP3 expression was increased 
in Ig-fLC treated DC-T cell cocultures vs non-treated.

Figure 4    Ig-fLC administration inhibits the onset of delayed hypersensitivity in both 
early and late phase.

Mice received 5µg of kappa Ig-fLC prior to the sensitization with DNFB. After the ear-challenge 
with the cognate antigen, both the early 2h (upper) and late 24h (lower) hypersensitivity 
response were significantly reduced (24h) or even non-existent (2h). Administration of either 
antigen specific (LC-TNP) or non-specific (LC-OX) Ig-fLCs did not show any significant 
differences. Control mice received only PBS **P<0.01; difference vs. corresponding DNFB 
sensitized group, #P,0.05, ##P<0.01; vs. control PBS pretreated / DNFB sensitized group. 
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initiation of regulatory T cell differentiation[42]. The unchanged levels of IFN% are not in line 
with an early T cell activation, but it is possible that the 24h culture time is not long enough 
to visualize any changes in IFN% levels[43]. 

In line with the previous experiments, DCs pre-treated with Ig-fLC were also less 
susceptible to mature after SEA stimulation during coculture with naïve T cells. Interestingly, 
DCs pre-treated with Ig-fLC induced the expression of CTLA-4 on naïve T cells. Once 
expressed, this protein is known to transmit an inhibitory signal to effector T cells[44]. 
Also, elevated expression of FoxP3 was detected. Both CTLA-4 and FoxP3 are found on 
CD4+CD25+ regulatory T cells[44]. The earlier observed production of IL10 by Ig-fLC 
treated DCs may contribute to the upregulation of CTLA-4 and FoxP3[44-47]. Additional 
research is needed to show the functional inhibitory potential of Ig-fLC, the current study 
suggests that Ig-fLC treated DCs are capable to affect naïve T cell differentiation in vitro. 
Systemic administration of Ig-fLC resulted in an inability to generate a delayed hypersen-
sitivity (DTH) response. Crucial to this Th1 response is the antigen uptake, presentation 
and subsequent T cell induction[48]. Based on the in vitro experiments, it is possible that 
the observed decreased DTH response may have been caused by a less optimal T cell 
activation due to their encounter with Ig-fLC-induced dendritic cells. Future experiments 
will have to validate this possibility. 

Previously, it was shown that immunoglobulin free light chains play an important role as 
effector molecules in inflammation[18]. The results described in this study suggest that 
Ig-fLC may also have other immune functions. In contrast to the mechanism of activation 
of mast cells[18] (Chapters Two and Three in this thesis) impaired DC maturation can be 
induced independent of the specificity of the Ig-fLC. This suggests that only binding of 
monomeric Ig-fLC to immature DC is sufficient to exert immunomodulation. Similarly, 
Cohen[49] et al reported that monovalent binding of Ig-fLC to polymorphonuclear cells 
delayed neutrophil apoptosis. The dual functionality of being either an effector in 
inflammation or immunosuppressive agent is not uncommon. Many receptor families 
consist of activating and inhibiting members[50-54]. Although the identity of the receptor 
for Ig-fLC is presently unknown, it can be hypothesized that both expression of activating 
and inhibitory receptors for Ig-fLC on different immune cells could occur. Notably, DAP12 
a signalling adaptor for the Ig-fLC (see this thesis) has been shown to be involved in 
activation and inhibition of cellular activation[55, 56]. 

In conclusion, we suggest that Ig-fLCs may exert immunosuppressive capabilities via an 
inhibitory effect on DC maturation.

Discussion

In this study, we present for the first time the immunosuppressive capabilities of Ig-fLC in 
vitro and in vivo. The effects observed in vitro suggest that Ig-fLC induce immunological 
tolerance by preventing the maturation of DCs. The observed phenotype fits the 
phenotype described by others as a possible tolerogenic DC[3-5, 9, 10, 16, 26-28]. 
Several methods have been described by which tolerogenic DCs can be cultured[5]. For 
example, administration of vitamin D3[8, 10, 29] and dexamethasone[29] can induce DCs 
during differentiation into a tolerogenic phenotype[5, 7]. Vitamin D3 is normally not 
present in high concentrations in the human body unless the body is exposed to strong 
UVB radiation, while dexamethasone is an artificial drug that is normally not present in 
humans. Other studies have shown that IL10 can induce tolerogenic DC development[9, 
16, 30-33] yet under normal circumstances, IL10 levels are, like vitamin D3, relatively low 
in blood or tissue. In contrast to these compounds, Ig-fLC can be found in virtually all 
bodily fluids and in a multitude of tissues[19, 34]. This broad occurrence in combination 
with the observed DC modulatory capabilities opens up the possibility that Ig-fLC could 
be physiologically used by the body for immune regulatory control.

In the coculture model for memory T cell activation, Ig-fLC administration again resulted 
in decreased costimulatory marker expression. Interestingly, administration of Ig-fLCs 
resulted in DC-T cell colonies that were unattached to the culture dish reflecting a possible, 
unknown physiological effect of Ig-fLC treatment. The lower expression of costimulatory 
markers may explain why decreased early T cell activation was observed in Ig-fLC-treated 
DC-T cell cocultures as less stimulating interaction between TCR and MHC-Ag could have 
occurred. However, the reduced early activation measured by CD69 coincides with a 
decreased TCR (CD3) expression. TCR downregulation has been shown to occur after 
interaction with the MHC-Ag complex, which suggests that in our experiments, interaction 
between TCR and MHC-Ag was not obstructed[35, 36]. The apparent interaction between 
MHC-Ag and TCR together with reduced T cell activation opens up the hypothesis 
whether Ig-fLC induced DCs are capable to render T cells unresponsive (anergic)[16, 37, 
38]. T cell anergy has been defined by Schwarz[39] as a “tolerance mechanism in which 
the lymphocyte is intrinsically functionally inactivated following an antigen encounter, but 
remains alive for an extended period of time in the hyporesponsive state”. Based on this 
definition, it is of high interest to validate if T cells that were stimulated with Ig-fLC-treated 
DCs are less responsive upon consecutive stimulations. Cytokine analysis revealed a 
decrease in IL2 and increase in IL10. Such cytokine patterns have been reported in earlier 
studies[40, 41] also using tolerogenic dendritic cells. IL10 is a crucial cytokine for the 
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Abstract

Dendritic cells are professional antigen-presenting cells (APCs), which can induce, 
sustain and regulate antigen-specific T cell responses. However, if DCs are subjected to 
certain compounds, DCs are capable of inducing T cell mediated tolerance either via T 
cell anergy and/or the formation of regulatory T cells. These tolerogenic DCs are currently 
under investigation for clinical use. Recently, we discovered that immunoglobulin free light 
chains (Ig-fLC) can impair dendritic cell maturation and inhibit T cell activation using 
rodent cells. To validate whether these findings also apply to human cells, we performed 
the similar treatment protocols using Ig-fLC on monocyte-derived human DCs. Our results 
show that both kappa and lambda human Ig-fLCs can impair toll-like receptor induced 
DC maturation. In addition, we detected an upregulation of IL-6 and IL-10 production but 
no IL12p70 production by DCs cultured with Ig-fLC. Coculture experiments using naïve T 
cells suggest that Ig-fLC treated DCs evoke IL10 producing T cell differentiation. In 
conclusion, this study corroborates with the earlier findings in murine DC’s and offers a 
new strategy to develop immunosuppressive DCs.

Introduction

Dendritic cell-based immunotherapy is one of the major cell-based therapeutic strategies 
currently being developed for a multitude of diseases. Through various methods, DCs are 
engaged to present a specific antigen to induce an antigen-specific immune response. In 
particular, clinical studies using DCs as a tumour vaccination strategy have lead to 
encouraging results for the treatment of cancer[1]. However, not all dendritic cells are 
capable of inducing an immune response. Several studies[2-8] have revealed the 
existence of tolerogenic dendritic cells (tDC), characterized by their low expression of 
MHC molecules and costimulatory markers and their capability to suppress a T cell 
mediated immune response. These tDCs can be generated by the administration of 
chemicals and/or biologicals to immature DC before or during exposure to a maturation 
stimulus. These treatments effectively render them unresponsive to maturation stimuli and 
promote the production of immunosuppressive cytokines[6-10]. These tDC are now 
considered candidates for new autologous cell therapies to treat inflammatory diseases[7, 
10-14] and improve immunological tolerance for transplants such as kidneys[5, 15-17]. 
Indeed, administration of tDCs has shown beneficial effects in rodent models for 
rheumatoid arthritis[14], type 1 diabetes (T1D)[7, 11, 12] and graft acceptance[15]. Several 
of these murine studies have also shown simultaneous increases in the numbers and 
suppressive activity of regulatory T cells, which may have been generated by the tDC 
intervention[2-4, 6, 18, 19]. 

Though progress has been made on generating tDCs for (pre)clinical trials, and a phase 
1 trial for RA is imminent; it is still largely unclear which mechanisms are triggered or 
inhibited in tDCs in order for them to remain in their immature-like state and exercise im-
munomodulatory actions. Also, as many of the employed agents used to develop tDCs 
are not normally present in the human body or only in very limited concentrations, the 
questions still remains as to how the body generates and maintains its own endogenous 
tDC populations.  Recently, we have found indications that immunoglobulin free light 
chains (Ig-fLC) can impair murine DC maturation (this thesis). An abundance of Ig-fLC is 
present in virtually all bodily fluids[20, 21] and makes them ideal candidates to be 
facilitators for tDC development in vivo. However, no data exists showing Ig-fLCs having 
comparable immunosuppressive effects in humans.  

In this study, we used human monocyte derived DCs to verify our recent findings obtained 
with murine DCs. We show that human Ig-fLCs can exert comparable phenotypical effects 
on human DCs and we provide new insights into the effects of Ig-fLC administration on 
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Results

Immunoglobulin free light chains impair human DC maturation
Human monocyte derived dendritic cells were stimulated with 1 µg/ml LPS in the absence 
or presence of kappa or lambda Ig-fLCs. 24 hour after incubation, costimulatory markers 
CD86 and MHCII expression were measured. Figure 1 shows that expression of these 
markers is significantly reduced by administration of various Ig-fLCs. To evaluate whether 
the origin of the Ig-fLC’s is important during the impairment of DC maturation, two types 
of kappa Ig-fLC were used. One monoclonal kappa Ig-fLC was isolated from a Multiple 
Myeloma patient and the polyclonal kappa Ig-fLC was obtained commercially consisting 
of kappa Ig-fLC pooled from various donors. Both monoclonal and polyclonal kappa 
Ig-fLC’s were able to inhibit expression of CD86 and MHCII caused by LPS (figure 1A). 
Upon polyclonal kappa Ig-fLC treatment, the total percentage of DCs classified as MH-
CIIhighCD86high was significantly reduced as compared to matured, LPS-treated DCs and 
the population closely resembled the immature, untreated DC controls. Comparative 
results were obtained using the monoclonal Ig-fLCs (data not shown). Administration of 
lambda (polyclonal) Ig-fLCs also resulted in an impaired expression of MHCII and CD86, 
comparable to treatment with kappa Ig-fLC. Microscopic analysis showed observable 
changes in DC morphology when kappa Ig-fLC’s were administrated in combination with 
LPS (Figure 1B). 

Immunoglobulin free light chain-treated DCs have an altered cytokine 
production profile
Due to their semi-immature-like state, tolerogenic DCs produce different cytokines 
compared to mature DCs stimulated by LPS[24]. To evaluate if Ig-fLC administration 
resulted in an alteration of the cytokine production by DCs compared to LPS matured and 
immature DCs, supernatants of DCs incubated with monoclonal kappa Ig-fLC (30µg/ml) 
were analysed for the presence of IL1$, IL6, IL10, IL12p70, IL23 and CXCL10. Figure 2 
shows that DCs incubated with LPS upregulate IL10, IL6, IL12p70, IL23 and IL1$ compared 
to immature DCs. 

Ig-fLC-treated DC also upregulated production of IL10, IL6 and IL1$ but no IL12p70 and 
IL23. Also, Ig-fLC-treatment also resulted in a loss in CXCL10 production compared to 
both immature DCs and LPS-matured DCs.

human DC cytokine and chemokine production. Additionally, we demonstrate the 
relevance of the effects of Ig-fLC treatment on DC function by investigating the effects of 
Ig-fLC-DCs on naïve T cell differentiation.

Methods

Generation of human monocyte dendritic cells
Immature DCs (iDC) were generated from 5 HLA-A2+ leukapheresis products as 
previously described[22] and frozen at 20 x 106 cells per vial in 1.5 ml Iscove’s modified 
Dulbecco’s medium (Invitrogen Ltd., Paisley, UK) + 50% human serum (HS, Sanquin 
blood bank, Maastricht, The Netherlands) + 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich 
Co., St. Louis, MO, USA). As partners in a joint EU project, we obtained iDC from IDM. 
Upon thawing, cells were left to recover in serum-free AIM-V (Invitrogen, Breda, the 
Netherlands) containing differentiation cytokines.

Coculture experiments
T cells were isolated from 9 x108 PBMCs of the same leukapheresis donor as the DCs by 
binding them to fixed sheep red blood cells (SRBC). After density centrifugation, SRBC 
were removed from the T cell fraction by lysis in NH4Cl and KHCO3. Day 7 old iDCs 
received corresponding maturation agents and were incubated for 24h. After incubation, 
medium samples were collected and stored at -20° until analysis. LPS was obtained from 
Invivogen (Invivogen, Toulouse, France). Monoclonal kappa Ig-fLC were obtained as 
described before[23]. Polyclonal kappa and lambda were purchased from Fitzgerald 
(Fitzgerarld, Acton MA, USA). At day 0 of the coculture, 50xE3 naïve T cells were 
administrated to 20xE3 DCs. At day 1, 3, 5 and 7, samples of culture medium were 
collected and stored at -20° until analysis.

Cytokine analysis
Quantification of IL10, IL6, IL1$, IL12, IL23 and CXCL10 was performed using the Th1/Th2/
Th17 cytometric bead assay (BD Biosciences, Breda, the Netherlands) and according to 
the manufactures instructions. Analysis of IL2, IL4, IL6, IL10, TNF& and IFN% was performed 
using Flex kits also based on cytometric bead assays (BD Biosciences, Breda, the 
Netherlands). Flow cytometric analysis was performed on a BD FACS Canto II (BD 
Biosciences, Breda, the Netherlands).
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production was found to remain stable over the measured time points. No IFN% production 
was detected in the Ig-fLC treated DCs as compared to immature and LPS stimulated DC 
cocultures. IL2 production remained constant during the first 6 days after which production 
increases in both Ig-fLC- and LPS-treated CD4+ T cells. 

Immunoglobulin free light chain-treated DCs induce the formation of IL10 
producing CD4+ T cells.
Previous murine experiments have shown that Ig-fLC treatment of DCs cocultured with 
CD4+ T cells results in impaired T cell activation and altered naïve T cell differentiation (this 
thesis). These experiments also revealed an upregulation of IL10 by Ig-fLC-treated DCs 
compared to non-treated DCs. To investigate how Ig-fLC treatment would affect DC-T cell 
interaction using human DCs, Ig-fLC treated DCs were cocultured with naïve T cells for 7 
days. DC-T cell interaction was mimicked by administration of PADRE, a superantigen 
(PAN-DR binding peptide). At day 1, 3, 5 and 7, supernatants were collected and analysed 
for IL2, IL4, IL6, IL10, TNF& and IFN%. Figure 3 shows that Ig-fLC treatment of DCs results 
in an increased release of IL4 and TNF& at day 1 which gradually reduces in time. 
Compared to LPS only, Ig-fLC treated DCs produced lower amounts of IL4 and TNF&. IL6 
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Figure 1    Immunoglobulin free light chains impair LPS-induced human DC maturation.

(A) Human DCs were cultured with LPS (1ug/ml) in combination with either PBS, 2ug/ml monoclonal 
kappa Ig-fLC (Ig-fLC(M)), 2ug/ml polyclonal kappa Ig-fLC (Ig-fLC K(P)) or 2ug/ml polyclonal lambda 
Ig-fLC (Ig-fLC L(P)). All Ig-fLC-variant administration resulted in an impaired expression of MHCII 
(LPS/Ig-fLC K (P) P<0.05; LPS/Ig-fLC L (P) P<0.01), CD86 (LPS/Ig-fLC K (M) P<0.05; LPS/Ig-

fLC K (P) P<0.05) and CD83 (LPS/Ig-fLC L (P) P<0.05) compaired to LPS induced expression. 
Measurement of the total percentage of live HLA-DRhighCD86high population revealed that 
administration of polyclonal kappa Ig-fLC results in a reduced total percentage vs non-Ig-fLC treated 
DCs. Results reflect 2 similar experiments using various donors. (B) Morphological analysis showed 
that DCs that received kappa Ig-fLC/LPS (B3) closely resembled immature (B1) DCs vs. mature DCs 
(B2) (magnification 200x).
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Figure 2    Immunoglobulin free light chain treated DCs facilitate an altered cytokine 
production.

Human monocyte derived DCs were subjected to 30ug/ml kappa Ig-fLC (monoclonal) and 
incubated overnight. Supernatant analysis revealed increased production in IL10, IL6, and IL1$ 
compared to immature DCs. Ig-fLC treatment inhibited the production of IL12 and CXCL10 by 
immature DCs and did not evoke IL23 production. 

Figure 3    Immunoglobulin free light chain treated DCs induce the formation of IL10 
producing CD4+ T cells.

Human Ig-fLC treated DCs were cocultured with naïve T cells for 7 days. Medium samples at 
various time points were analysed on T cell mediators. Administration of Ig-fLC treated DCs 
resulted in an increased production of IL2 at day 7 concurrent with LPS stimulated DCs. IL4 
levels decreased over time. IL6 levels remained constant during coculture showing Ig-fLC 
treated DCs producing less IL6 than LPS stimulated DCs. IL10 production reduced in the first 3 
days after which in Ig-fLC treated DCs in coculture with naïve T cells an increase in IL10 could 
be detected at day 5. Comparative to IL4, TNF& levels reduced in time yet stabilised at from 
day 3 showing lower levels of TNF& in the cultured containing Ig-fLC treated DCs vs. LPS. No 
IFN% was detected in Ig-fLC cultures.
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CXCL10 production by DCs after Ig-fLC treatment. CXCL10 regulates immune responses 
by activation and recruitment of T cells, monocytes and NK cells[35]. The observed 
reduction suggests that, upon binding of Ig-fLCs to tissue-resident DCs, these DCs may 
have capabilities to limit an inflammatory response. Taken together, the observed cytokine 
and chemokine profile of Ig-fLC treated DCs suggest that these DCs may be more 
suppressive than activating. 

The effect of Ig-fLC-treated DC’s on T cell activation was investigated in a co-culture 
system. The initial high concentrations of IL4, IL10 and TNF& are likely produced by 
DCs[36]. The production of cytokines from DC-activated T cell is expected to occur at 
later time points as this process requires DC-T cell interaction, signal transduction and the 
start of transcription of cytokine genes[37]. From day 3 till 7, the increased production of 
IL10 suggests that DCs treated with Ig-fLC facilitate the generation of IL10 producing 
CD4+T cells. For similar reasons, the constant production of IL6, is likely derived from 
stimulated DCs and not the CD4+ T cells as an increase would have been expected if 
produced by T cells. LPS-treated DCs did not result in increased IFN% levels as would be 
expected[38]. The reason why no IFN% was detected is unknown, but it is possible that the 
low levels of IL12 produced were not potent enough to induce IFN% production. In order to 
verify whether the used DCs were able to facilitate IFN% production by naïve T cells, 
administration of FMKP[39], a mixture of ligands for TLR2 and TLR4, to DCs was also 
tested which resulted in significant IL12 production and triggered IFN% production (data 
not shown).

Collectively, Ig-fLC treatment of immature DCs facilitates a DC-phenotype that 
predominantly produces IL4, IL10, IL6 and TNF& which, in coculture with naïve T cells, 
results in a CD4+ T cell producing IL10. Since no IL12 and IFN% production was detected, 
this suggests the absence of Th1[38] differentiation. Also, the observed decrease in IL4 
indicates that a Th2 differentiation is less likely to have occurred [38]. For the development 
of an Th17 response, naïve T cells require IL23[34], which is not produced by Ig-fLC 
treated DCs thus limiting their ability to induce Th17 cells. 

Regulatory T cell differentiation requires the presence of IL10[40], which is produced by 
the Ig-fLC treated DCs. Moreover, our data suggests that the CD4+ T cells developed 
during coculture produced IL10 which is characteristic for regulatory T cells. Experiments 
to identify the effects on costimulatory marker expression on DCs and the phenotype of 
the CD4+ T cells are still ongoing. Future flow cytometric analysis will ideally reveal 
CD4+CD25+FoxP+ T cells. However, FoxP3 is not a crucial marker for regulatory T cells as 

Discussion

In extension to our recent observations that immunoglobulin free light chains are capable 
of impairing murine dendritic cell maturation (this thesis), we now show in this study that 
similar effects may be induced in human DCs. Human Ig-fLC are capable to inhibit LPS 
induced DC maturation. In addition to the kappa Ig-fLC findings in the murine system, 
both kappa and lambda Ig-fLCs were found to be inhibitory. Furthermore, the activity of 
the Ig-fLC is not affected by its antigen specificity or origin, as both monoclonal and 
polyclonal kappa Ig-fLCs impaired dendritic cell maturation. This observation is in line 
with our murine in vivo experiments. Our experimental setup did not allow the investigation 
whether the observed variance in inhibition between monoclonal and polyclonal kappa 
Ig-fLC is related to the clonal composition of the Ig-fLCs. 

Cytokine analysis of DCs cultured in the presence or absence of Ig-fLC revealed that 
Ig-fLC treatment of immature DCs initiated an increased IL10 production, compared to 
immature DCs. The increased production of IL10 stimulated by LPS has been described 
before[18, 25]. Ig-fLC administration triggers the IL10 production via a yet unknown 
mechanism. Similar effects have been shown by others [6, 24, 26-28], yet in these studies 
DCs were stimulated by other compounds such as vitamin D3[29], IL10[24] and 
dexamethasone[26, 27]. 

Interestingly, Ig-fLC-treated DCs also produce IL6. IL6 is a well-known pro-inflammatory 
cytokine important for resisting bacterial infections[30]. Recent studies however, have 
shown that high levels of IL6 and IL10 signal via STAT-3 resulting in the generation of DCs 
unable to induce T cell activation and capable of initiating CD4+CD25+FoxP3 positive 
regulatory T cells[31, 32]. Although STAT-3 signalling was not investigated in the present 
study, it is possible that Ig-fLC treatment activates DC’s via similar mechanisms.

The production of IL1$ is unexpected, as IL-1$ is a potent cytokine with a multitude of 
proinflammatory functions such as stimulating angiogenesis at inflamed tissue sites, 
triggering proinflammatory cytokine release from antigen presenting cells (APCs) and 
contributing to the polarization of Th17 cells[33]. However, the detected levels are very low 
and it is questionable whether these low levels of IL1$ are able to exert any inflammatory 
response. Both IL12p70 and IL23 are not produced by DCs treated with Ig-fLC. These 
interleukins are crucial for the initiation of Th1 and Th17 response, respectively[34] and 
their absence indicates that Ig-fLC treatment of DCs does not invoke naïve T cells to 
differentiate into these effector T cells. Our experiments also showed a strong reduction in 
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This thesis describes several aspects of the biological activity of immunoglobulin free 
light chains (Ig-fLC) as both effector and modulator in inflammation. In this chapter, 
current knowledge on the function of Ig-fLC’s is discussed and a new hypothesis is 
suggested regarding how the observed proinflammatory and immunosuppressive effects 
coincide within the body. 

Antigen binding, DAP12 signal transduction and mast 
cell activation

Using both in vivo and in vitro experiments, we have identified the crucial role of DAP12 as 
the key signalling protein for Ig-fLC-induced mast cell degranulation (Chapter One). 
Unlike most published studies on the role of DAP12 in signal transduction[1-16], where 
generally an associated receptor protein is described, often with an unknown ligand, our 
results indicate a DAP12 involvement via a yet unidentified receptor protein. Identification 
of this protein remains one of the main focus points and the identification of DAP12 as 
associated adaptor protein provides new opportunities to isolate and identify the 
Ig-fLC-binding protein.  

Precipitation experiments have shown that DAP12 is associated with Ig-fLCs. This method 
can now be applied to isolate DAP12-associated proteins from mast cells. Once isolated, 
these proteins can be subjected to Ig-fLC binding studies to narrow down possible 
candidates for the Ig-fLC binding protein. Secondly, the identification of the role of DAP12 
in Ig-fLC-mediated mast cell activation allows the analysis of more downstream signalling 
pathways.      

We and our collaborators have in the past hypothesized that Ig-fLC may be involved in 
mast cell activation in non-atopic allergy patients[17]. These patients display symptoms of 
activated mast cells yet lack increased levels of systemic or local IgE. Previous studies 
have shown that Ig-fLC can facilitate mast cell activation and induce non-atopic food 
allergy and non-atopic asthma[18, 19] in established mouse models. In addition, 
increased levels of Ig-fLCs have been detected in non-atopic rhinitis patients[20]. 

Since Ig-fLC mediates its mast cell-activating signal via DAP12 and not the common 
gamma-chain[21] utilized by IgE, both signal transduction pathways could be active 
during the activation of mast cells in inflammatory diseases. Indeed, ELISA studies by our 
group have shown that Ig-fLC levels can be increased in both atopic and non-atopic 
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been shown to be facilitating further PMN recruitment that can exacerbate the inflammatory 
response[36]. The observed capability to activate PMNs and observed anti-apoptotic 
effects as observed by Cohen[37] indicate that immunoglobulins may play an important 
role in PMN associated diseases. Activation of PMNs has been identified as a major 
contributor to inflammatory disease development for COPD and IBD[38, 39] and, 
interestingly, increased levels of IgE and Ig-fLC have been found in both diseases[40-42] 
(Braber and Thio et al., submitted). Previous studies focused on the role of Ig-fLC in 
activation of mast cells and not PMNs. This does not however exclude the possibility that 
Ig-fLC contribute to these diseases by activation of PMNs. These results suggest multiple 
functions for Ig-fLC in disease development extending beyond mast cell activation

Dendritic cells
We expanded our research to investigate the effects of Ig-fLCs on other myeloid cells 
such as dendritic cells. Surprisingly, we found that Ig-fLCs can exert immunosuppressive 
effects via inhibition of dendritic cell maturation and that these modulated DCs inhibit 
antigen-specific T cell activation and possibly facilitate the generation of regulatory T 
cells. These effects are hallmarks of tolerogenic DCs[43-57](Chapter Four and Five). 

Tolerogenic DCs are characterized by their immature-like phenotype, typically expressing 
low levels of costimulatory markers and MHCI/MHCII and are significantly less responsive 
to maturation signals[48, 55-59]. Though we have not specifically investigated the role of 
DAP12 in the Ig-fLC-mediated effects on DCs, it would be interesting to investigate 
whether DAP12 could also play a role in future DC research. Interestingly, immunosup-
pressive effects related to DAP12 have been observed by others[60-62]. Absence of 
DAP12 expression (knockout mice) increases costimulatory and coregulatory molecule 
expression on DCs. More importantly, the loss of DAP12 reduces IL10 production by liver 
DCs and improved Th1 cell responses[60, 62]. It is however important to realise that in 
reported studies, DAP12 deficient mice are utilized. As such, it is unclear by which 
receptor(s) these effects are facilitated. It is also still unclear whether DAP12 deficiency 
has any immunological effects in humans as patients with Nasu-Hakola disease, a rare 
condition in which patients lack a functional DAP12 protein, display no significant changes 
in their immune system[13].

Our results suggest that if DCs encounter Ig-fLCs, this could render the DC less responsive 
to maturation stimuli. Increased levels of Ig-fLC would therefore invoke a change in DC 
populations towards an immunosuppressive phenotype. According to our data, this 
change could facilitate an increase in regulatory T cells and suppress effector T cell 

rhinitis patients and increased free kappa and lambda Ig-fLCs have recently been 
reported in atopic dermatitis patients[20, 22]. In both diseases, the role of mast cell 
activation has been well documented[17]. The simultaneous presence of IgE and Ig-fLC 
creates the possibility that both Ig-fLC and IgE-mediated mast cell activation may occur 
in these patients. 

Crucial for Ig-fLC-mediated mast cell activation is the ability of Ig-fLC to recognize and 
bind antigen causing crosslinking of the Ig-fLC receptor and phosphorylation of the 
DAP12-tyrosine residues in the cytoplasmic ITAM by SRC kinases[16]. Though various 
studies have shown conflicting results about the ability of Ig-fLCs to bind antigens[23-30], 
our experiments provide new proof that Ig-fLC are capable of antigen binding (Chapter 
Two). Our approach, compared to others[31-33] was more extensive because several 
techniques such as ELISA, immunoblotting and SPR were employed to validate binding 
in vitro. In addition, we show that Ig-fLC bound to mast cells can recognize and bind 
antigen. All results indicated that Ig-fLCs are indeed capable to bind antigen. Binding of 
antigen was also shown to be crucial in the facilitation of crosslinking and the onset of in 
vivo contact hypersensitivity mediated via Ig-fLCs. Now that the antigen-binding 
capabilities of Ig-fLCs have been confirmed once more[23, 27], it is interesting to evaluate 
the effects of mast cell activation via IgE and Ig-fLC through recognition of the same 
antigen. As both utilize a different signal transduction protein (gamma chain vs. DAP12 
respectively) it is highly interesting if activation of both by the same antigen induces a 
more prominent activation and if so, whether this occurs in patients having increased 
levels of IgE (atopic) and Ig-fLC (non-atopic).

The expanding role of immunoglobulin free light chains 
in inflammatory disease

Polymorphic mononuclear cells
PMNs exposed to plate-bound Ig-fLC’s produced CXCL8 (Chapter Three). Next to the 
described activation of mast cells and dorsal root ganglia[34], this is another cell type to 
be activated by Ig-fLCs. As DAP12 has been shown to be crucial in Ig-fLC-mediated mast 
cell activation, it is possible that DAP12 is also responsible for the observed PMN 
activation. Though little is known about the function of DAP12 in PMNs, activation of 
TREM-1, a DAP12-associated receptor, results in the release of various pro-inflammatory 
cytokines such as CXCL8 and reactive oxygen species by PMNs, illustrating that DAP12 
could be responsible for the observed CXCL8 production[35]. Once released, CXCL8 has 

Chapter 7 General Discussion

7



106 107

present, Ig-fLC are less likely to invoke mast cell activation and to initiate a subsequent 
inflammatory response. 

An alternative view on the function of immunoglobulin 
free light chains

Returning to the question of how both mechanisms can coincide together in the body 
and, at the same time, keeping the role for antigen recognition/binding and crosslinking 
in mind, this paragraph will elaborate on a new, alternative hypothesis. This hypothesis 
merges the inflammatory and immunosuppressive characteristics of Ig-fLCs. 

First, it is important to differentiate at which level (local and/or systemic) these mechanisms 
operate. Inflammation is, in several diseases (e.g. RA, T1D, rhinitis and IBD), limited to 
certain local sites (joint, pancreas, nose and colon respectively).  At a local site of 
inflammation, an abundance of antigen is present due to damage in the surrounding 
tissues or from possible invading pathogens. These antigens are likely to be presented to 
naïve T cells in the local lymphoid organs and induce T cell activation and differentiation 
(Th1, Th2, Th17, Treg). Upon Th2 differentiation, Th2 cells help Ag-specific B-cells present 
at the site of inflammation or in the secondary lymphoid tissues. Upon B-cell recognition 
of  these antigens, plasma cell differentiation is induced[75-77] and the plasma cells 
eventually produce complete Ig’s and/or Ig-fLCs specific for the encountered antigen, 
effectively upregulating Ag-specific Ig-fLC levels locally. 

These Ig-fLCs can now either bind to mast cells OR dendritic cells, both often present in 
inflamed tissue[78-85]. Binding of Ag-specific Ig-fLCs to mast cells can, together with the 
presence of antigen, invoke mast cell activation and sustain the inflammatory state. As 
mast cell degranulation occurs very rapidly[86], the proinflammatory effects of Ig-fLC are 
also likely to be induced very rapidly. On the other hand, unbound Ig-fLCs may stay 
around locally. These Ig-fLCs could reduce DC maturation and via DC-derived IL10, 
prevent the exacerbation of the inflammation by, for instance, suppressing mast cell 
activation[87]. These local DCs are also exposed to the numerous antigens found at the 
site of inflammation and will have the capacity to present them via MHC class II molecules. 
Thus, the interaction with Ig-fLCs may also stimulate the formation of antigen-specific 
regulatory T cells[59]. The importance of Tregs as regulators of inflammation is well 
established[88-90]. These suppressive mechanisms are based on complex cellular 
processes both at the site of inflammation and secondary draining lymph nodes. 

function. Interestingly, DC populations in multiple myeloma patients have been found to 
be functionally impaired[63-65]. mDCs and plasmacytoid DCs isolated from these 
patients express lower levels of maturation markers compared to healthy individuals. 
Also, less efficient allogeneic T cell proliferation and increased levels of CD4+CD25+FoxP3+ 

T cells were detected in patients with multiple myeloma[66-68]. Due to the malignant 
expansion of B cells in these patients, high levels of monoclonal Ig-fLC can be detected 
in these patients. In fact, serum levels of Ig-fLC are used as a biomarker for several types 
of MM[69-72]. It is still unclear which biological mechanism is responsible for the observed 
immunosuppression in these patients, yet the immunosuppressive state in these patients 
is believed to impair the ability to induce an anti-tumor response and it is postulated that 
inhibiting this suppression might improve the prognosis[73, 74]. According to our 
experiments described in Chapter 4 and 5, the Ig-fLCs in MM patients could play a 
significant role in inducing the tolerogenic phenotype of their DCs and increased Treg 
numbers. A correlation between serum levels of Ig-fLCs and Treg numbers was already 
detected by others[67] though no functional role for Ig-fLCs was suggested. 

Immunoglobulin free light chains as effectors and 
modulators in inflammation: the importance of antigen-
mediated crosslinking

It has become clear that Ig-fLC next to their inflammatory role as mast cell and PMN 
activators also have the capability to suppress an immune response via tDC generation. 
This raises the question of how these two mechanisms work in concert in the human 
body? To answer this question, it is crucial to identify the major difference between the 
two mechanisms. We showed in Chapter Two that antigen-mediated crosslinking is 
crucial for mast cell activation and a functional role for crosslinking is also suggested for 
PMN activation. However, in our experiments using Ig-fLCs and DCs, we did not facilitate 
any intentional crosslinking. It is unlikely that any agents used during trinitrophenol specific 
Ig-fLC/DC culture induced crosslinking as no trinitrophenol compounds were present in 
the murine DC cultures. Experiments with human DC were conducted under serum-free 
conditions, again limiting the chance for crosslinking. In short, during all our DC 
administration, the observed effects were induced by administration of Ig-fLC alone 
without using its antigen binding capabilities and subsequent crosslinking. 

It becomes evident that the crucial difference between the immune-effector and immune-
modulator role of Ig-fLC may depend on antigen-mediated crosslinking. If no antigen is 
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possibly via the generation of tDCs, is induced. The biological mechanism(s) involved 
remain to be investigated. In short, the experiments suggest that the timing of Ig-fLC and/
or (local) antigen presence may be of crucial importance in facilitating either an immuno-
suppressive or inflammatory response.

Therefore, these processes are less likely to occur as fast as mast cell activation. 
Consequently, it is possible that these processes occur after the Ig-fLC induced mast cell 
activation and possibly regulate the exacerbation of the inflammation. In short, it is 
possible that both mechanisms can work in concert at the local site of inflammation.

Under non-pathological conditions where there is no clear signal for B cells to initiate 
plasma cell differentiation, humans still retain between 3 and 26 mg/L Ig-fLC in their 
circulatory system[91]. These Ig-fLC are likely produced by plasma cells. It is unclear what 
stimuli are facilitating these basal Ig-fLC levels and, more importantly, why these basal 
levels exist. Though binding of these Ig-fLCs to mast cells is possible, a possible lack of 
antigen in the vicinity of the mast cells prevents their activation. However, since the effects 
of Ig-fLCs on DCs do not require interaction with an antigen, it is possible that these 
Ig-fLCs may regulate basal immunosuppression via tDC generation. Indeed, our 
experiments demonstrate that increasing the systemic levels of Ig-fLCs can induce 
immune suppression (this thesis) and a correlation between Ig-fLC levels and regulatory 
T cell numbers has been found[67]. 

Numerous studies have reported increased levels of Ig-fLCs during inflammation as 
summarized by Groot Kormelink[17]. This increase in polyclonal Ig-fLC was, until now, 
hypothesized as an initiator of inflammation. However, based on the fact that Ig-fLC may 
play a role in controlling inflammation, this increase could also be interpreted as a 
response to the inflammation. 

How can we reconcile the pro-inflammatory properties of Ig-fLC as described in different 
experimental disease models [21, 41, 92] and the fact that systemic administration (iv) of 
Ig-fLCs results in immune suppression? In the mouse models used, active sensitization 
resulted in the generation of antigen-specific Ig-fLCs that induced an inflammatory 
response. Several studies have shown that activated B-cells can be detected within one 
hour after immunization indicating a strong proinflammatory response[93-95]. This 
suggests that the Ig-fLCs produced during this phase are more likely to exert pro-
inflammatory effects.  In this thesis we show that pretreatment with Ig-fLC prior to the 
sensitization using either antigen-specific or non-specific Ig-fLCs results in significant 
reduction of the inflammatory response (comparative results have been detected by van 
Esch et al. in a mouse model for food allergy (PhD thesis van Esch, 2011)). These results 
suggest that an inflammatory state (with a resultant humoral response) may be required 
to steer the pro-inflammatory function of Ig-fLC. If however, Ig-fLCs are present in elevated 
levels in the absence of a preceding B cell activation, an immunosuppressive effect, 
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Figure 1    Overview of immunoglobulin free light chain mediated-activation of a poly-
morphic mononuclear cell, mast cell and dendritic cell.

Upon encounter with an antigen, B cells become activated and differentiate into plasma cells. These 
plasma cells can produce immunoglobulin free light chains (Ig-fLC) specific to the aforementioned 
antigen. The produced Ig-fLC can interact with mast cells which, bound to the cognate antigen, 
become activated and degranulate. Crosslinking of PMN bound Ig-fLC can also facilitate an 
inflammatory response by release of CXCL8. Finally, Ig-fLC can interact with immature DCs which 
become less responsive (tolerogenic) to maturation stimuli. Upon encounter with T cells, these DCs 
may prevent T cell activation or induce the formation of regulatory T cells.
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reactions. However, when data were corrected for this F991-induced irritant reaction, a 
significantly smaller early-phase skin reaction after treatment with F991 compared with 
placebo was found in HDM-allergic patients (Table 1), suggesting the clinical efficacy of 
F991 in the treatment of these allergies. Yet, because of the irritant effect of F991 and the 
relatively small sample size of the allergic groups (HDM, n = 24; PN, n = 15) in this study, 
further proof-of-concept studies using other routes of administration are warranted to 
ascertain the role of immunoglobulin free light chain and the clinical efficacy of F991 in 
these allergic disease.

Tolerogenic dendritic cells: utilizing the suppressive potential of Ig-fLCs 
The use of tolerogenic dendritic cells has received increasing attention over the last 5 
years. Numerous in vivo studies for various inflammatory diseases have shown that 
adoptive transfer of tDCs generated via various mechanisms, is able to induce local im-
munosuppression and improve disease outcome[52, 54, 58, 97-100]. In addition, tDC 
administration has been shown to improve immunological graft acceptance in mice. 
Based on these encouraging results, a phase one clinical trial is imminent focussing on 
reducing the inflammation in rheumatoid arthritis patients. 

In summary, the author hypothesizes that the choice of whether Ig-fLCs support an 
inflammatory response or act as immunosuppressive agents depends on the induced 
B-cell activation, local availability of Ig-fLC and the presence of antigen (mast cell 
activation). If these factors are absent, it is likely that Ig-fLCs act as immunosuppressive 
guards via the generation of tolerogenic dendritic cells (Figure 1). 

To validate the abovementioned hypothesis, several key-questions must be investigated. 
First, both Ig-fLC-positive mast cells and DCs must be identified in inflamed tissue. It is 
then important to verify whether these cells are indeed activated (mast cells) or suppressed 
(DCs). Secondly, to verify if Ig-fLCs indeed regulate immunosuppression via DCs, 
experiments using adoptively transferred tDCs generated by Ig-fLC induction will test the 
hypothesis. According to the author’s hypothesis, mice treated with these DCs will be less 
susceptible to inflammatory stimuli. Thirdly, it has not been proven that Ig-fLC in MM 
patients are indeed responsible for the observed altered DC populations and immune 
suppression. It is crucial to investigate this, as it will also increase our understanding of 
systemic Ig-fLC under non-pathological conditions.  

Therapeutic opportunities

Inhibition of Ig-fLCs as effectors in inflammation
Over the last decade, it has been found that various inflammatory diseases may benefit 
from inhibiting the proinflammatory effects invoked by Ig-fLC-mediated mast cell 
activation. Beneficial effects of F991, an Ig-fLC antagonist, have been published showing 
inhibition of the development of contact hypersensitivity, inflammatory bowel disease, 
food allergy and  asthma[21, 41, 92, 96]. 

A study to gain an insight into the clinical efficacy of F991[21] and the role of Ig-fLCs in 
human allergic disorders has been carried out in house dust mite (HDM)- and peanut 
(PN)-allergic patients. An earlier phase I clinical study showed that F991 has no adverse 
effects in healthy human subjects when administered intravenously. In this follow-up 
study, the inhibition of allergic skin reactions was investigated after prophylactic local 
administration of F991 in HDM- and PN-allergic patients. Wheal size and corresponding 
erythema were measured 15min and 6h after injection of an allergen extract to assess the 
effect of F991 on early- and late- phase skin reactions. Interpretation of the results of the 
study was greatly complicated by the fact that a number of patients exhibited a significant 
‘irritant’ effect to the F991 injection, frequently as large as the allergen-induced allergic 
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HEICWS MWD

House dust mite allergic patients

Erythema 42.1% (P=0.015) 38.1% (P=0.034)

Weal reaction 24.4% (P=0.026) 16.3% (P=0.103)

Peanut-allergic patients

Erythema 86.4% (P=0.354) 83.4% (P=0.039)

Weal reaction 30.9% (P=0.139) 27.8% (P=0.248)

Table 1    Inhibitory effect of F991 on erythema and weal reactions in house dust mite- 
and peanut-allergic patients 15min. after allergen challenge.

* Percentages represent mean reductions in symptoms in the F991-treated group compared with the placebo- 
treated control group 15 min after allergen challenge. Data are corrected for the F991-induced irritant reaction. 
HEICWS, histamine equivalent intracutaneous weal size; MWD, mean weal diameter.
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Immunoglobuline-vrije lichte ketens (Eng. Ig-fLC) werden voor een  lange tijd gezien als 
bijproducten gedurende de productie van antilichamen. Desalniettemin hebben 
verschillende studies diverse functies van Ig-fLCs vast gesteld waaronder anti-angiogene 
stimuli en complement activatie. In de laatste tien jaar hebben wij en onze medewerkers 
aangetoond dat Ig-fLC overgevoeligheidsreacties kunnen induceren via de activatie van 
mestcellen. Deze activatie wordt teweeggebracht door binding van Ig-fLC aan de mestcel. 
Door middel van zijn inherente antigeen-bindende eigenschap kan deze mestcel-gebon-
den Ig-fLC een antigeen herkennen en binden. Deze binding faciliteert “crosslinking” van 
twee of meer Ig-fLCs gebonden aan een mestcel waarna deze wordt geactiveerd. Sinds 
deze ontdekking zijn diepgaande studies verricht om het biologische mechanisme van 
Ig-fLC-gemedieerde mestcel activatie te ontrafelen.

Dit proefschrift beschrijft studies gericht op het in kaart brengen van de antigeen bindende 
eigenschappen van Ig-fLCs en onderzoek naar welk signaaltransductiemolecuul verant-
woordelijk is voor mestcel activatie door Ig-fLCs. Daarnaast worden ook de eigenschappen 
van Ig-fLCs op neutrofielen en dendritische cellen beschreven.

Het eerste hoofdstuk (General Introduction) geeft achtergrondinformatie over Ig-fLCs  
en hun mogelijke rol als “target” bij inflammatoire ziektes. Daarnaast geeft dit hoofdstuk 
een kort overzicht van studies die een rol van Ig-fLC bij andere cellen dan de mestcel 
suggereren.

Hoofdstuk twee beschrijft de studie waarin de rol van DAP12 in Ig-fLC-gemedieerde 
mestcel activatie werd onderzocht. DAP12, een signaaltransductie  eiwit met inherente 
ITAM (Eng. Immunoreceptor Tyrosine-based Activation Motif), kan associëren met 
verschillende receptoreiwitten op verschillende bloedcellen zoals mestcellen, dendritische 
cellen, macrofagen en NK cellen. Activatie van DAP12 kan leiden tot zowel activerende als 
inhiberende effecten door deze cellen. In muizen met een non-functioneel DAP12 (Eng. 
Loss Of Function (LOF)) is aangetoond dat deze muizen niet in staat zijn om een overge-
voeligheidsreactie op te wekken. Gebruik makend van deze muizen werd onderzocht of 
passieve sensitisatie m.b.v. trinitrofenol (TNP) specifieke  Ig-fLCs een ontstekingsreactie 
kan induceren wanneer deze muizen worden blootgesteld aan het antigeen. Onze studie 
toont aan dat in DAP12 LOF muizen geen Ig-fLC gemedieerde overgevoeligheidsreactie 
kan worden geïnduceerd. Daarnaast werd aangetoond dat mestcellen gekweekt uit 
DAP12 LOF muizen niet door Ig-fLCs kunnen worden geactiveerd in vitro. Immuunprecipi-
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overgevoeligheid kan inhiberen. Samengevat suggereren deze studies een immuunmo-
dulerende rol voor Ig-fLC via modulatie van DCs.

Het laatste hoofstuk (General Discussion) omvat een algehele discussie van de 
bevindingen opgenomen in dit proefschrift. In dit hoofdstuk is de rol van DAP12 in relatie 
tot neutrofiel activatie en DC modulatie bediscussieerd. De ontdekking dat DAP12 het 
signaal molecuul is dat verantwoordelijk is voor de signalering via Ig-fLCs in mestcellen 
opent de mogelijkheid dat zowel IgE als Ig-fLC mestcellen kunnen stimuleren via een 
identiek antigeen. Deze hypothese kan implicaties hebben voor de ontwikkeling van 
ziektes zoals hooikoorts en atopische dermatitis. Onze studies hebben een tweetal 
nieuwe mechanismen aan het licht gebracht waarbij Ig-fLCs in staat zijn om een 
biologische respons op te wekken. Een enerzijds immuunactiverende functie via 
neutrofielen alsook een mogelijke immuunmodulerende functie via dendritische cellen. 
Afsluitend aan dit proefschrift worden er in deze algehele discussie dan ook nieuwe 
inzichten geleverd hoe deze pro-inflammatoire en immuunmodulerende effecten kunnen 
co-existeren onder normale en pathologische condities. Tot slot worden de bevindingen 
in dit proefschrift en hun potentiele therapeutische toepassingen bediscussieerd.

tatie en immunofluorescentie experimenten hebben verder aangetoond dat DAP12 is 
geassocieerd met Ig-fLCs gebonden aan mestcellen. Wij concluderen dat DAP12 een 
belangrijke rol speelt in de signaaltransductieroute van Ig-fLC-gemedieerde mestcelacti-
vatie en geassocieerd is met de, tot op heden onbekende, Ig-fLC receptor.

Hoofdstuk drie omschrijft de antigeen-bindende eigenschappen van Ig-fLCs. In het verleden 
is verdeeldheid ontstaan over de mogelijkheid van Ig-fLC om antigenen te herkennen en te 
binden. Aangezien deze herkenning en binding van het antigeen door Ig-fLCs cruciaal is voor 
mestcelactivatie, zijn in deze studie de antigeen-bindende kwaliteiten van Ig-fLCs nader 
onderzocht. Middels ELISA, immunoblotting en surface plasmon resonance (SPR) werd 
aangetoond dat Ig-fLCs in staat zijn om antigeen te herkennen en te binden. Aanvullend op 
deze experimenten is vast gesteld dat Ig-fLCs gebonden aan mestcellen in staat zijn om 
antigeen te herkennen en binden in vitro. Tot slot wordt bewijs geleverd dat antigeen- 
gemedieerde “crosslinking” noodzakelijk is voor de activatie van mestcellen.

In hoofdstuk vier werden de effecten van vrije lichte ketens onderzocht op neutro-
fielactivatie. Voorafgaande studies hebben aangetoond dat IgE in staat is om  
neutrofielen te activeren hetgeen de aanleiding is geweest om mogelijke vergelijkbare 
effecten van Ig-fLCs nader te onderzoeken. Onze experimenten hebben aangetoond dat 
Ig-fLC in staat zijn te binden aan neutrofielen en dat activatie via Ig-fLCs tot CXCL-8 
productie leidt. Tevens werd aangetoond dat neutrofielen afkomstig van IBD (Eng. 
Inflammatory Bowel Disease) patienten Ig-fLCs gebonden hebben hetgeen suggereert 
dat deze invloed kunnen hebben op het ziektebeeld. Samengevat wijzen deze studies op 
een mogelijk nieuwe cellulaire “target” voor Ig-fLCs welke  zou kunnen bijdragen aan de 
ontwikkeling van ontstekingen.

Hoofdstukken 5 en 6 omschrijven studies gericht op het onderzoeken van de effecten 
van Ig-fLCs op dendritische cellen (DC). Onverwacht hebben deze studies aangetoond 
dat administratie van Ig-fLCs aan DCs afkomstig uit zowel muis alsook mens, minder 
gevoelig worden om te matureren tot een pro-inflammatoir fenotype (beoordeeld door het 
meten van de expressie van costimulatoire molekulen). Experimenten met humane DCs 
behandeld met Ig-fLCs toonden verder aan dat deze DCs hun productie van het immuun-
modulerende IL10 verhogen. Verder hebben deze studies aangetoond dat het met Ig-fLC 
behandelen van DCs kan leiden tot een verminderde T cel stimulatie en verhoogde 
expressie van CTLA-4 en FoxP3. Laatstgenoemde moleculen suggereren dat Ig-fLC 
behandelde DCs mogelijk in staat zijn om de vorming van regulatoire T cellen te induceren. 
Tot slot werd aangetoond dat in vivo administratie van Ig-fLCs experimenteel opgewekte 

Nederlandse samenvatting Nederlandse samenvatting



Summary



127

Summary

Immunoglobulin free light chains (Ig-fLC) have for a long time been regarded as waste 
products during antibody formation. Nonetheless, limited studies have identified several 
biological functions such as complement activation and anti-angiogenetic capabilities. In 
the last decade, we and our collaborators showed that Ig-fLC can elicit immediate hyper-
sensitivity reactions via mast cell activation. This mast cell activation is facilitated by 
binding of the Ig-fLC to the mast cell. Due to its inherent antigen recognizing capabilities, 
mast cell-bound Ig-fLC can bind its cognate antigen. This binding facilitates crosslinking 
of two or more mast cell-bound Ig-fLC and induces mast cell activation. Since this 
discovery, we have undertaken several in-depth studies to unravel the biological 
mechanism by which Ig-fLCs activate mast cells. 

This thesis describes studies on the antigen-binding properties of Ig-fLC and the mechanistic 
aspects of Ig-fLC-induced mast cell activation. In addition, the effects of Ig-fLC on poly- 
morphic mononuclear cells (PMN) and dendritic cells (DC) have been investigated. 

At the start of this thesis, a general introduction (Chapter One) is given on the background 
of Ig-fLCs and the possibility of their role as a target in inflammatory diseases. Additionally, 
this chapter gives as short overview of studies that suggest that Ig-fLC may also evoke 
other biological effects on cells other than mast cells.

Chapter Two describes our study in which we investigated the role of DAP12 as the key 
ITAM-containing signalling protein used by Ig-fLC to evoke mast cell activation. DAP12 
can associate with many receptor proteins present on haematopoietic cells such as mast 
cell, dendritic cells, macrophages and NK cells. Activation of DAP12 has been shown to 
induce both activating and inhibiting effects by these cells. Interestingly, mice lacking a 
functional DAP12 (DAP12 loss of function (LOF)) have been shown to be unable to 
develop a delayed hypersensitivity response (DTH). Using these mice, we investigated if 
passive sensitization using trinitrophenol (TNP)-specific Ig-fLC could elicit an inflammatory 
response after challenge with its cognate antigen. It is shown that DAP12 LOF mice do not 
develop an inflammatory response to Ig-fLC. In addition, we showed that mast cells 
derived from these mice were impaired to become activated by Ig-fLCs in vitro. Immuno-
precipitation and immunofluorescence studies further showed that DAP12 is associated 
with Ig-fLC bound to mast cells. We conclude that DAP12 plays as major role in the signal 
transduction pathway of Ig-fLC-mediated mast cell activation and is associated with the 
Ig-fLC receptor.
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The last chapter (Chapter Seven) givesoffers an overall discussion of the described 
findings in this thesis. In this chapter, the possible role of DAP12 in relation to PMN 
activation and DC modulation is elaborated. Secondly, the discovery that DAP12 is the 
signal transducing adapter protein in Ig-fLC-mediated mast cell activation opens up the 
possibility that stimulated both IgE and Ig-fLC can stimulate mast cells via the same 
antigen. This may have implications for disease development of diseases like rhinitis and 
atopic dermatitis, which is discussed.  Third, our studies have identified two new 
mechanisms by which Ig-fLC elicit an biological response. The ability of Ig-fLC to modulate 
DC responsiveness possibly resulting in immune suppression counteracts its proinflam-
matory potential to stimulate mast cells and PMNs. In this chapter, new insights are given 
as to how both the pro-inflammatory and immunoregulatory effects can co-exist under 
normal and pathological conditions. Finally, the impact of the findings in this thesis on the 
therapeutical application of Ig-fLC biology is discussed.

Chapter 3 elaborates on the antigen-binding properties of Ig-fLC. In the past, there have 
been conflicting results on the ability of Ig-fLC to recognize and bind antigen. As antigen 
recognition and binding is crucial for the activation of mast cells, we investigated this in 
greater detail. In this study, we show through ELISA, immunoblotting and surface plasmon 
resonance (SPR) that Ig-fLC can indeed bind to antigens. In addition to these experiments, 
we show that mast cell-bound Ig-fLC are also capable to bind antigen in vitro. Finally we 
provide proof that antigen-mediated crosslinking is crucial to induce Ig-fLC mediated 
immediate hypersensitivity in vivo. Our studies confirm the capability of Ig-fLCs to bind to 
antigen and underline the importance of crosslinking for the induction of inflammation.

In Chapter Four, we investigated the activation of PMNs by Ig-fLC. Previous studies by 
others demonstrated that IgE stimulated CXCL8 release by PMNs. This prompted us to 
investigate whether Ig-fLC induced similar effects. Indeed, our experiments showed that 
Ig-fLC activated PMNs to produce CXCL8. PMNs play an important role in disease 
development of COPD and IBD. In addition, we show that PMNs derived from IBD patients 
have surface-bound Ig-fLC, which may possibly contribute to the disease. These studies 
point to another possible cellular target for Ig-fLC, which may contribute to the onset and 
propagation of inflammation.

Chapter Five and Chapter Six describe studies on the effects of Ig-fLC on DCs. 
Surprisingly, administration of Ig-fLC to both murine (Chapter 4) and human DCs (Chapter 
5) made the DC less responsive to maturation stimuli. This was determined by analysing 
the expression of costimulatory markers such as CD86 and CD40 and class II molecules 
(MHCII). Moreover, in a DC-T cell coculture, murine Ig-fLC-treated reducedDCs reduced 
T cell activation. Coculture of Ig-fLC treated DCs with naïve T cells resulted in an 
upregulation of CTLA-4 and FoxP3 indicating that these DCs may induce the formation of 
regulatory T cells. Finally, intravenous injection of Ig-fLC inhibited the onset of delayed 
hypersensitivity independent of antigen specificity. 

Using human DCs, we investigated the effect of Ig-fLC treatment on the cytokine 
production by DCs. Ig-fLC-treatment resulted in an upregulation of IL10. IL10 is one of the 
hallmarks of DCs that can induce immune suppression. Coculture of these DCs with 
human naïve T cells resulted in the induction of IL10-producing T cells, a characteristic of 
regulatory T cells. In overall, these studies suggest a novel immune regulatory role for 
Ig-fLC.
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Dankwoord

He, he, eindelijk heeft u het boekje helemaal uitgelezen en bent u, beste lezer, aangekomen 
bij het dankwoord! U kunt zich wellicht voorstellen dat het moeilijk is om iedereen op te 
noemen die ik zou willen bedanken voor alle steun tijdens het doen van proeven of het 
schrijven van dit proefschrift. Traditioneel gezien begin je met het bedanken van je 
hoogleraren. Nou, ik maak daar in dit geval ook geen uitzondering op, het was een fijne 
tijd bij Farmacologie die ik dankzij hen (Frans Nijkamp en Johan Garssen) heb mogen 
ervaren. 

Net zo belangrijk is natuurlijk de rol van je co-promotor (Frank Redegeld). Ik kan u 
zeggen, beste lezer, die is echt geweldig geweest. Deze man heeft veel geduld nodig 
gehad aangezien ik toch wat langer over mijn boekje heb gedaan dan normaal. Bovendien 
kon ik bij hem altijd terecht voor vragen omtrent werk of de beste smaak Nespresso. De 
deur was nooit gesloten en ik durf te beweren dat ik eindelijk van hem heb geleerd hoe je 
een artikel moet schrijven! En toen het in 2009 nogal tegen zat, kreeg ik alle ruimte om dit 
een goede plek te geven. Dat vond ik heel bijzonder. Het blijft me wel verbazen hoe 
gefascineerd (of geobsedeerd??) een mens kan zijn over zijn schijnbaar eeuwig durende 
zoektocht naar een duistere receptor!!! 

Geen dankwoord is compleet zonder je paranimfen in het zonnetje te zetten. Nou, beste 
lezer, ik heb me toch twee uitgezocht! Allereerst mijn beste vriend (Andres Engelbert) 
met wie ik al sinds ’98 menig biercafe heb getest (ondanks mijn aziatische alcohol-dehy-
drogenase deficiëntie), onbeschofte hoeveelheid chili con carne heb verschalkt, 
geweldige metal-concerten heb bezocht en zijn veel te zware dozen zooi heb verhuisd. 
Dit alles bood de nodige afwisseling van werk toen dat zo hard nodig was. En dan was 
daar nog die last-minute check op mijn gebrekkig Nederlands! En als u denkt dat dit 
bijzonder is, dan kent u paranimf nummer twee nog niet (Saskia Overbeek)! Wat dacht u 
dan van het schminken van een hoogleraar tot terrorclown? Of het schrijven en filmen van 
een heuse Harry Potter-achtige film? Proefjes tot diep in de nacht begeleid door massieve 
hoeveelheden Indiaas eten? Maar ook momenten van onbetaalbare steun in een zware 
tijd. Iemand om je op te verheugen om elke dag weer te zien! Dit boek was nooit tot stand 
gekomen zonder deze twee belangrijke steunpilaren! 

En wat over de anderen op het lab zult u wel denken? Ook daar ben ik als Limburger in 
een heel bijzondere situatie terecht gekomen. Als beoefenaar van de zachte Gs bevond 
ik mij plots in een wereld Grolsch en Normaal. Een analist (Bart Blokhuis) die zeerzeker 
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geweldige Maastrichtse Tumor Immunologie team (Joris “altijd met koffie” Vanderlocht, 
Wilfred Germeraad, Tammy Oth en Gerard Bos). Dat kleine “testje” liep tevens uit tot 
iets meer dan een puur wetenschappelijk project. In de voetstappen van mijn vader 
besloot ik om met deze bevinding de stap naar het ondernemerschap te wagen. Gelukkig 
kon ik terugvallen op een overvloed aan fantastisch advies en motivatie (Rolf Jan Rutten, 
Rene Lardenoije, Reinout Hesselink, Maurice Horsten, Daan Ellens, Christianne 
Rijcken en vele anderen). “Read my lips”: de BV gaat er komen!

En dan zijn er natuurlijk nog de “echte” Limburgers. Mensen zoals Tante Gabriella ,Oom 
Ruud, Eduardo en Barbara (is toch nog goed gekomen dankzij jou bijlessen, he) waar 
ik altijd mijn tweede thuis had. Familie Cox, Eurlings en Oudt waar de wijn en het plezier 
schijnbaar nooit op raakte. En nog vele, vele anderen. Fast am Ende dieses Dankworts 
mochte ich auch meine Familie aus der Pfalz Danken fuer Ihr Vertrauwen, ihre Liebe und 
eine scheinbar unerschopfliche Menge an Lyoner Wurst. En ook mijn wijze Oom Tan Lin 
en Tante Dolly mogen niet ontbreken. Ontspanning was ook nooit ver weg, of het nu 
onderwater was (Duikteam Amphiprion) of op de rug van een paard (Manege de Horst).
Beste lezer, het einde van de pagina nadert en mij rest nog drie bijzondere mensen te 
bedanken. Lieve pa, dit proefschrift heb je niet meer in levende lijve kunnen meemaken 
maar je was nooit, nooit ver weg in alles wat ik hieraan heb gedaan. Toen ik je in 2006 
vertelde dat ik een baan als AIO had gekregen zie je dat dat het allermooiste kado voor je 
60ste was, dat zal ik nooit vergeten. Een tweede Thio mag zich PhD noemen, met jou als 
grote voorbeeld. Het is allemaal goed gekomen. Lieve ma, dit proefschrift is een bewijs 
voor alle waardevolle lessen in het leven die jij en pa mij hebben meegegeven. Grenzen 
zijn verlegd en ons leven gaat nu door. Dit alles was nooit mogelijk geworden zonder jullie 
steun, liefde en vertrouwen en ik zal dat ook nooit vergeten.

Lieve Liz. Van collega en goede vriend tot mijn grote steun en toeverlaat. Wat je hebt 
moeten meemaken, van een periode van rouw en groot verlies tot de stress van het 
schrijven, je deed het allemaal mee zonder een krimp te geven. Je motiveerde als het 
tegen zat, je lachte mee als ik weer vol trots jou een pagina liet zien. Je maakt het verschil.

de beste blotjes van West-Europa kan maken. Of een collega light-chain AIO (Tom Groot 
Kormelink) waarmee ik (zeer) beschonken stafleden heb geobserveerd in Warschau. 3 
kerels aan 1 labtafel; ik laat het, beste lezer, verder aan uw fantasie over om te gissen naar 
de gespreksonderwerpen waar ik dagelijks zozeer van heb genoten. 

Beste lezer, ik reisde elke dag bijna 2 uur van Nijmegen naar Utrecht en u kunt zich 
voorstellen, “soms” laat de NS je in de steek. Met opgekropte frustratie kom je dan naar 
je werk, maar gelukkig zijn daar een paar speciale mensen die je toch weer aan het 
lachen kunnen brengen. Wat dacht u van een vrolijk “Salaam Buurman” van mijn trouwe 
kamergenoot (Esmaeil Mortaz)? Of gebraden eend kop met gember proeven na werktijd 
(Bin Zheng)? Paardrijden met iemand (Saskia Braber) die op je 30-ste verjaardag voor 
je uit een doos springt (nee, het was heel netjes gehouden beste lezer). Of een heuse 
expositie met eigen foto’s (Bastiaan Schouten). Ik bof maar met zulke fijne mensen om 
mij heen! And not to forget all the students that assisted me in my research (Marcelo 
"absolutely Portugese", Jeroen, Marloes and may more)

AIO zijn betekend ook af en toe kunnen zeuren over wat er toch allemaal niet klopt, of het 
nu terecht is of niet, een mens moet af en toe zijn hart kunnen luchten niet? Ik heb gemerkt 
dat daarvoor heel speciaal getrainde mensen bestaan en die noemen ze postdocs. Of je 
nu met ze op congres gaat (Astrid Hogenkamp) naar Warschau en in de avond een 
hossende bende Polen op de muziek van Flogging Molly aanschouwd of de verschillen 
tussen Randstad en “de rest” gaat onderzoeken (Naomi van Vlies); ik heb ervan genoten! 
En dan zijn er natuurlijk nog al die anderen van Farmacologie over wie ik u, beste lezer, 
zou willen vertellen, maar dan zou dit hoofstuk wel heel lang worden. Mensen waarmee ik 
bv. samen les heb gegeven (Anneke van Houwelingen, Marjolein de Ruwe, Ferdi 
Engels), collega-AIOs en analisten (Kim, Dr. Betty, Gerard, Henk, Marije, Sander, 
Joann, Lieke, Gillina, Carolien, Jiangbo, Carmen, Pim en Seil). De stafleden van de 
FFF en natuurlijk iedereen die ik ben vergeten. 

Maar het bleef niet tot Farmacologie beperkt. Al vroeg in mijn promotie heb ik gewerkt aan 
binding van eiwitten en dat was nou niet precies mijn specialiteit. Gelukkig is er dan hulp 
uit de afdeling Medicinal Chemistry (Marcel Fischer) zonder wiens (zeer uitvoerige) 
uitleg ik dit nooit echt had gesnapt! 

Een klein “testje” liep uit tot een project dat mijn stoutste dromen heeft overtroffen. Dit 
werd mogelijk gemaakt door de hulp van een fantastisch team bij de afdeling Biochemie  
en Celbiologie (Marca Wauben, Esther Nolte ’t Hoen en Els van der Vlist) en het 
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