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Chapter 1

Introduction

Adapted from: The immune theory of psychiatric diseases: a key role for activated microglia 
and circulating monocytes [1]. By: Beumer W, Gibney SM, Drexhage RC, Pont-Lezica L, 
Doorduin J, Klein HC, Steiner J, Connor TJ, Harkin A, Versnel MA, Drexhage HA. J Leukoc Biol. 
2012 Nov; 92(5): p. 959-75.
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General introduction

This thesis focusus on the dual janus-faced role of myelo-monocytic cells in the early and 
late phases of endocrine autoimmune diseases, such as diabetes mellitus type 1 (T1DM) and 
autoimmune thyroid disease (AITD), and psychiatric disorders such as schizophrenia (SZ) and 
bipolar disorder (BD). First, a short introduction on the immune system, followed by a brief 
description of the studied diseases. Therafter I will zoom in on the myelo-monocytic cells and 
their known role in endocrine autoimmune disease and psychiatric disorders. This chapter will 
finish with the aims of the studies carried out for this thesis work.

The immune system
The immune system is a complex system of tissue with cells and messenger molecules interacting 
to protect an organism against pathogens. It must recognize bacteria, viruses and parasites and 
should be able to distinguish these pathogenic invaders from the organisms own (healthy) cells 
and tissues. 
	 The innate arm of the immune system represents an immediate but non-specific response. 
The first layers of defense to protect the organism from infection are mechanical and biological 
barriers such as the skin and the mucus in the lungs and intestine. After these barriers are 
breached, innate immune cells are triggered by recognition of molecules on the microbe via 
the so called pattern recognition receptors. Also signals of damaged and stressed cells can 
activate innate immune cells. Characteristics of the innate immune response are recruitment 
and activation of immune cells by cytokines, activation of the complement system, recognition 
and clearance of pathogens in tissue and induction of an adaptive immune response via antigen 
presentation. Innate immune cells are phagocytes such as macrophages (MØ), and dendritic cells 
(DCs) collectively called the myelo-monocytic cells, and neutrophils, but also neutrophils, mast 
cells, eosinophils, basophils and natural killer cells are part of the innate immune system. 

Table 1. The two arms of the immune system

Innate Adaptive 

Non antigen/pathogen specific response Pathogen and antigen specific response

Immediate maximal response Lag time between exposure and maximal response

Cell-mediated and humoral components Cell-mediated and humoral components

No immunological memory Exposure leads to immunological memory

Found in nearly all forms of life Found only in jawed vertebrates

The adaptive arm of the immune system evokes a strong and specific immune response and also 
encompasses immunological memory to recognize specific pathogens when encountered for a 
second time. A key step in the adaptive immune response is the recognition and presentation 
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of antigens by antigen presenting cells such as DCs to T cells. This results in a specific response 
to the antigen and the induction of memory cells. Cells of the adaptive immune response are 
lymphocytes, which can be divided into two major subclasses: T cells and B cells. T cells can be 
subdivided in cytotoxic T cells and T helper cells. Cytotoxic T cells characterized by the expression 
of CD8 and recognize cells infected with pathogens, whereas T helper cells are characterized 
by expression of CD4 and are involved in the regulation of both the adaptive as well as the 
innate immune response. T helper cells can be subdivided in several subtypes based on the 
expression of specific surface markers or production of cytokines. T helper cells include: a) Th1 
cells; these cells produce IFN-γ and are involved in the clearance of intracellular bacteria and 
protozoa by activating cytotoxic T cells and MØs; b) Th2 cells; these cells produce IL-4 and are 
involved in helping B cells to produce specific antibodies against multicellular organisms; and c) 
Th17 cells; these cells produce pro-inflammatory cytokines such as TNF-α, IL-6 and IL-17 and are 
involved in the response against extracellular bacteria and fungi. Finally, regulatory T (Treg) cells 
suppress the immune response and maintaining tolerance to self-antigens e.g. by producing anti-
inflammatory cytokines such as IL-10 and TGF-β. 
	 B cells produce after activation by Th2 cells specific antibodies (also called the humoral 
response) that can recognize and bind to specific antigens. Upon binding, these antibodies 
trigger the activation of the complement system and facilitate the recognition by phagocytes. 
Table 1 shows the main characteristics of both arms of the immune response.
	 Autoimmunity is the failure of the immune system to recognize its own constituent parts as 
harmless self and therefore it leads to an immune response against its own cells and tissues. 
Diseases that are a results of autoimmunity are called autoimmune diseases. Autoimmune 
diseases that will be discussed in this thesis are autoimmune thyroid disease, where thyrocytes 
of the thyroid gland are the target of the immune system and type 1 diabetes mellitus (T1DM), 
characterized by the autoimmune destruction of the insulin-producing β cells in the Islets of 
Langerhans in the pancreas. Both autoimmune diseases belong to the so-called endocrine organ-
specific autoimmune diseases.

Autoimmune thyroid disease
Autoimmune thyroid disease (AITD) encompasses a diverse range of clinical entities including 
Hashimoto’s thyroiditis, atrophic autoimmune thyroiditis, postpartum thyroiditis, Graves’ 
disease and Graves’ associated opthalmopathy. Hashimoto’s thyroiditis (HT) and Graves’ disease 
(GD) are the archetypical clinical entities and differ in clinical phenotype (hypothyroidism versus 
hyperthyroidism), but resemble each other in the histological features of thyroid lymphocytic 
infiltration, although in HT this infiltration is generally more severe than in GD. Furthermore, 
without surgical or radioactive iodine ablation, the natural course of GD leads not uncommonly 
to hypothyroidism [2]. Also, HT and GD run in the same families, implying a shared genetic 
background of both diseases [3]. 
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In Graves’ disease autoantibodies directed against the TSH receptor stimulate the thyroid cells 
to grow and to produce more thyroid hormone leading to goiter formation and hyperthyroidism 
respectively [4]. Ophtalmopathy (a protrusion of one or both eyes) is often part of the clinical 
picture of GD in about 30-50% of cases; it is histologically characterized by edematous swelling 
and leukocyte infiltration of the retrobulbar tissues and fat accumulation behind the eye balls 
[5]. Retrobulbar adipose tissue consists of special adipocytes/fibroblasts. These cells express 
the TSH-receptor together with the IGF-receptor. A cell- and autoantibody-mediated reaction 
to these receptors is thought to induce a stimulation of these receptors leading to fibroblast/
adipocyte proliferation and enhanced production of water-attracting glycosaminoglycans by the 
adipocytes/fibroblasts This in turn leads to a pathological leukocyte infiltration and swelling of 
the retro-orbital tissues (fat and eye muscles). Studies in Western Europe put the incidence of GD 
at 1 to 2 cases per 1000 population per year. It occurs much more frequently in women than in 
men. The disease frequently presents itself during early adolescence or begins gradually in adult 
women, often after childbirth, and is progressive until treatment.
	 Hashimoto’s thyroiditis is characterised by a gradual destruction of the thyroid gland by a T 
cell-mediated autoimmune process leading to low levels of thyroid hormone (hypothyroidism). 
HT is serologically characterized by the presence of autoantibodies against thyroid peroxidase 
(TPO) [4]. The other main auto antigen is thyroglobulin (Tg). This disorder is believed to be the 
most common cause of goiter and primary hypothyroidism in North America. An average of 1 to 
1.5 out of 1000 people has this disease. It occurs far more often in women than in men (between 
10:1 and 20:1), and is most prevalent between 45 and 65 years of age. In European countries, 
the atrophic, non-goitrous form of autoimmune thyroiditis is more common than Hashimoto’s 
goiter. Although the clinical manifest disorder has a prevalence of 1 to 1.5 per 1000, serological 
positivity for anti-TPO antibodies (TPO-abs) occurs in about 10% of the general population. These 
TPO-antibody positive individuals do have minor leukocyte infiltrations (focal thyroiditis, see 
below) in the thyroid and have a higher risk of developing clinically overt AITD. This serological 
positivity is dependent of gender and age: older females of over 30 years of age are in particular 
serologically positive (up to 30%).

Autoimmune diabetes
Autoimmune diabetes or Type 1 diabetes (T1DM) is the other well-known organ-specific 
endocrine autoimmune disease [6]. In T1DM the insulin producing β cells in the islets of 
Langerhans in the pancreas are destroyed or silenced by an autoimmune process. Because of this 
β cell hypo function, the production of insulin diminishes and finally comes to an end. This will 
lead to hyperglycaemia. Abrupt insulin shortage can cause ketoacidosis which is, when untreated, 
a fatal outcome of autoimmune diabetes. Several auto antigens have been reported to play a 
role in autoimmune diabetes, including insulin, GAD65 (65 kDA glutamic acid decarboxylase), 
the protein tyrosine phosphatase-like antigen IA2 and ICA 69 (69 kDa islet cell antigen) [7]. Of 
these auto-antigens insulin is the most important one. Antibodies against the above mentioned 
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auto antigens are not only frequently present in patients but also in their 1st degree relatives [8]. 
However, these autoantibodies do not have an active role in the pathogenesis of diabetes; β cell 
destruction is caused mainly by CD8+ T cells and MØ infiltrating the islets [9]. Prevalence rates 
for T1DM are increasing and vary widely by country. In Finland, the incidence is a high of 35 per 
100,000 per year, in Japan and China a low of 1-3 per 100,000 per year, and in Northern Europe 
and the U.S., an intermediate of 8-17 per 100,000 per year [10]. Serological positivity for GAD65 
is more prevalent in the general population and ranges around the 1-2%, serological positive 
individuals do have a higher risk to develop T1DM.

Mood disorders 
Bipolar disorder is one of the major mood disorders. The term “bipolar disorder” replaced the 
older term “manic-depressive illness” that was introduced by Emil Kraepelin (1856-1926) in 
the late 19th century [11]. Standardized classification systems as DSM-IV [12] and ICD-10 [13] 
are used to describe the psychiatric disorders. According to the DSM-IV classification bipolar 
disorder is a chronic disorder with manic and depressive episodes and usually a full recovery 
between episodes. Patients have to suffer from at least one manic episode to be diagnosed with 
bipolar disorder, but most if not all patients also have depressive episodes. In this aspect bipolar 
disorder differs from major depressive disorder (unipolar depression) since in that disorder 
patients do not experience manic episodes but only depressive episodes. To achieve stabilisation 
of their mood episodes, bipolar patients are treated with mood stabilizers. Lithium is the oldest 
among these mood stabilizers and still considered (one of the first choices) because of its proven 
effectiveness. The life time prevalence of bipolar disorder is estimated at 1.0-2.0% in the general 
population [14-16].
	 Major depressive disorder is a mental disorder characterized by an all-encompassing low 
mood accompanied by low self-esteem, and by loss of interest or pleasure in normally enjoyable 
activities. The term “depression” is ambiguous; it is often used to denote this syndrome but 
may refer to other mood disorders or to lower mood states lacking clinical significance. Major 
depressive disorder is a disabling condition that adversely affects a person’s family, work or 
school life, sleeping and eating habits and general health. Typically, patients are treated with 
antidepressant medication and, in many cases, also receive psychotherapy or counselling. The 
life time prevalence of major depressive disorder ranges from 8-12% [17,18]. In North America 
the probability of having a major depressive episode within a year-long period is 3-5% for males 
and 8-10% for females [19,20]. Population studies have consistently shown major depression 
to be about twice as common in women as in men, although it is unclear why this is so. Mood 
disorders belong to the ten leading causes of disability worldwide [21] and are associated with 
high suicide rates [22]. In the United States, around 3.4% of people with major depression 
commit suicide, and up to 60% of people who commit suicide had depression or another mood 
disorder.
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Schizophrenia
Schizophrenia is the other major psychiatric disorder next to bipolar disorder and major 
depressive disorder. Schizophrenia was first described as Dementia Preacox by Emil Kraepelin. 
A few years after the original description, Eugen Bleuler suggested rephrasing the disorder into 
schizophrenia (“fragmented mind”) [23]. According to the DSM-IV classification schizophrenia 
is a mixture of positive and negative psychiatric signs and symptoms [12]. Positive symptoms 
reflect an excess or distortion of normal perceptive function such as delusions and hallucinations. 
Negative symptoms reflect a diminution or loss of normal function such as affective flattening and 
lack of initiative. Patients with schizophrenia are usually treated with antipsychotic medication 
for the positive symptoms such as psychosis and delusions [24]. There is so far hardly medication 
for the negative symptoms. In general the effect of medication is not totally satisfactory and there 
are numerous serious side effects [25]. Schizophrenia is present worldwide and the prevalence 
is in the range of 0.5%-1.5%. There are geographic differences in prevalence, e.g. the incidence 
is higher in urban areas [24]. Also migrant groups have a higher incidence: In the Netherlands 1st 
and especially 2nd generation immigrants from Morocco and Surinam have a 5.8 times and 2.8 
higher chance respectively for the development of schizophrenia [26]. 

Co-occurrence of thyroid autoimmune disease, type 1 diabetes, mood disorders and 
schizophrenia 
It is well known that AITD and autoimmune diabetes co-occur more frequently within patients 
and their families than in the normal population. The co-occurrence of these two organ specific 
autoimmune diseases is described as Autoimmune Polyendocrine Syndrome (APS), subtype 3A 
[27,28]. With regard to the pathogenesis of AITD and T1DM shared factors are evident: The same 
gene polymorphisms such as particular MHC class II subtypes (DR3) and polymorphisms in the 
CTLA4 and PTPN22 genes are linked to both diseases, and in both diseases there is destruction 
and/or silencing of the target endocrine tissue by auto reactive CD8+ T cells and Th1 activated 
MØ. 
	 Hypothyroidism, often the consequence of HT is commonly accompanied by depressive 
symptoms and this is, in part, due to a lack of thyroid hormone; thyroid hormone is needed for 
brain cells to function optimally. However subjects positive for TPO-antibodies without evidence 
of hypothyroidism were also shown to have a higher risk to develop mood disorders [29,30]. Vice-
versa, mood disorder patients and their relatives are 3-4 times more prone to develop thyroid 
autoantibodies and in fact up to one third of bipolar patients, their first degree relatives and 
post-partum psychosis patients show positive thyroid auto-antibodies. It was shown in several 
studies that this was not related to the use of lithium and irrespective of psychiatric symptoms 
[31-34]. Also, bipolar patients have a 3-4 times higher prevalence of endocrine autoantibodies 
other than thyroid autoantibodies, i.e. autoantibodies to gastric parietal endocrine cells and to 
the diabetes related antigen GAD-65 [35]. 
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A large Danish national study also showed the association of psychiatric disease with endocrine 
(and other organ-specific) autoimmune diseases and showed an association of bipolar disorder 
with pernicious anemia in the family. In addition, there was also an association found between 
Guillain-Barré syndrome, inflammatory bowel disease and autoimmune hepatitis in the individual 
[36]. The Danish national studies in addition showed that patients with schizophrenia had a 
45% higher chance of developing an autoimmune disease, amongst which thyroid autoimmune 
disease [37]. Moreover, these autoimmune diseases were also more prevalent in the parents of 
patients with schizophrenia, showing that family members have a higher chance of developing 
such autoimmune disease.
	 Collectively these findings of a high prevalence of psychiatric disorders and endocrine and 
other (organ-specific) autoimmune diseases in patients and/or their family members refute the 
concept that psychiatric disorders and endocrine autoimmune disease are cause or consequence 
of each other. The findings rather imply a shared immune pathogenesis for bipolar disorder, 
schizophrenia and endocrine autoimmune diseases. The research group I worked in has evidence 
that this shared immune factor is the presence of a hyper reactive inflammatory MØ or myelo-
monocytic cell system.

The myelo-monocytic cell system
The myelo-monocytic cell system encompasses progenitors in the bone marrow, blood monocytes 
and the various form of tissue MØs and DCs. The cells have a single nucleus. Phagocytosis and 
pinocytosis of foreign material, recognition of this material by pattern recognition receptors 
and elimination of the material are archetypical functions of the cells. However, these cells and 
processes are also important for the adaptive immune response. An overview of the cell system 
is shown in figure 1. More specific examples of tissue-residing MØs are the microglia in the brain, 
the Kuppfer cells in the liver and MØ that reside in the peritoneal cavity, lung, splenic red pulp and 
bone marrow. These tissue residing MØ play important roles in tissue homeostasis under steady-
state conditions [38]. Recent advances in so-called fate mapping experiments demonstrated 
that these tissue MØ and microglia do not originate from bone marrow derived precursors but 
were during embryogenesis derived from primitive yolk-sac MØ [39,40]. Still, many similarities 
between bone marrow derived monocytes/ MØs, tissue MØ and these cell types are present. All 
express the surface markers CD11b, CD14 and CFS1R and require the transcription factor PU.1 for 
development and function [41]. In addition, gene expression profiling shows a close relationship 
between bone-marrow derived MØ and microglia in the C57BL/6 mouse model [42]. 
	 Under steady-state conditions, tissue MØ are maintained independently from circulating 
monocytes [43]. However, under pathological conditions such as metabolic disease and 
atherosclerosis, monocytes infiltrate the tissue from the bloodstream and subsequently 
differentiate into tissue MØ (reviewed in [44,45]) or after viral CNS infection into microglia [46]. 
A schematic overview of the lineage is shown in figure 1. 
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The endocrine regulatory role of tissue MØs and DC under steady state conditions 
Under steady state conditions tissue MØs (the histiocytes) and tissue immature DC (iDC) are 
mainly derived from local precursors. The tissue MØs and iDC are primarily involved in functions 
of tissue homoiostasis and growth- and function-regulation of neighboring parenchyma and not 
in functions of defense when there are no dangerous microbes or compounds around. To give a 
few examples: iDC in the anterior pituitary are known as folliculo-stellate cells and involved in the 
build up of the architecture of the anterior pituitary (nests of endocrine cells) and the regulation 
of the secretion of FSH, LH, GH and TSH by gonadotrophs, somatotrophs and thyrotrophs [47]. 
iDC and MØs in the thyroid, the islets of Langerhans and the ovaries are involved in the regulation 
of endocrine cell proliferation, e.g. follicle and islet formation, and in the dampening of the 
secretion of thyroid hormones and insulin [48-50]. IL-1 and IL-6 produced by these steady state 
iDC and tissue MØs play important roles in these endocrine regulatory processes.

Figure 1. Overview of the lineage of myelo-monocytic cells [53]. Primitive yolk-sac (YS) MØs give 
rise to microglia (or microglia progenitors) from embryonic day 9.5 (E9.5) and tissue MØs [39,40, 
42]. Circulating monocytes do not contribute to the microglia or tissue MØ pool under steady state 
conditions [43]. Under pathological conditions (red arrows) monocytes enter the tissue and differentiate 
into MØs and microglia [44-46]. Abbreviations in figure: HSC: Hematopoietic stem cell, CMP: common 
myeloid progenitor, GMP: granulocyte and MØ progenitor, MDP: MØ and DC progenitor, CDP: common 
DC progenitor.

Under steady state conditions the endocrine iDC also take up – due to their strong endocytic 
capability – the compounds present in their vicinity, such as insulin when in the islets, 
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thyroglobulin when in the thyroid, etc. etc., thus in fact “auto-antigens”. The iDC, maturing partly 
under the influence of local cytokines (such as TNF) to semi-mature DC, thereafter travel via 
the lymphatics (known there as veiled cells [51], to the draining lymph nodes (known there as 
interdigitating cells) carrying the auto-antigens along. In the draining lymph nodes the superb 
antigen-presenting cell (APC) capability of the semi-mature DC becomes evident and they start 
to trigger and expand in particular subsets of naturally [47] occurring T regulatory cells [52]. In 
triggering this population of T cells DC build up a strong non-reactivity (=tolerance) towards self 
under steady state conditions. 

The neuro-endocrine regulatory role of microglia in steady state 
Classically the function of the microglial cells is considered to be in host defense being part of 
the MØ system. However and perhaps more importantly in steady state, when there are no 
microbes around, microglial cells participate in various aspects of brain development, including 
developmental cell death, axon remodeling, synaptogenesis, and synaptic pruning [54-57]. 
	 Animal studies have shown that microglia do not differentiate from circulating monocytes, as 
originally thought, but from primitive myeloid progenitors that emigrate from the yolk sac into 
the brain parenchyma [39,58,59]. Thus microglia are present in the brain rudiment early during 
brain development (from E8 in the mouse) [58]. 
	 One of the best known developmental functions of microglia is the phagocytosis of neurons 
undergoing programmed neuronal cell death (reviewed in [55,60,61]). Microglia are found 
associated with neurons undergoing developmental cell death in various central nervous system 
(CNS) regions including the hippocampus [62,63], the cerebellum [64], the retina [65-70] and 
the spinal cord [71-74]. In fact, in vivo imaging of the zebra fish embryo revealed that microglia 
engulf dying neurons with their processes [75]. In addition microglia direct cells to undergo 
programmed neuronal cell death via various pathways including the production of nerve growth 
factor (NGF) or the production of a respiratory burst in the retina [62,64,65], CD11b and DAP12 
in the neonatal hippocampus [62] and TNF-α in the spinal cord [74]. 
	 The phagocytic capacity of microglia has also been observed in relation to axon remodeling 
and synaptic pruning. For example, in kittens and neonatal rats, microglia in the corpus callosum 
were observed engulfing non-myelinated fibers during the known postnatal period of transitory 
axon elimination [76,77]. Moreover, in the juvenile mouse it was shown that microglia processes 
contact synaptic elements in the visual cortex and that this apposition is regulated by sensory 
experience [78]. Developing microglia express the complement receptor CR3 and it has been 
proposed that they eliminate unwanted synapses marked by complement protein C1q [79]. 
Evidence in support of this hypothesis comes from Paolicelli et al., who found synaptic elements 
within the phagocytic compartments of microglia [80]. In addition, a transient increase in synaptic 
spine density and immature synapses was observed in the hippocampus of mice with altered 
microglial function (CX3CR1-KO) [80]. It remains unclear whether these changes have functional 
consequences on hippocampal neurotransmission as groups studying these mice have obtained 



16 | Chapter 1

conflicting results [81,82]. Microglia may also participate in synaptogenesis via the secretion of 
neurotropic factors such as thrombospondins [83], a family of extracellular matrix proteins [84]. 
	 Finally, a role for microglia in neuronal development is also suggested by in vitro work with 
microglia-conditioned medium and primary neuronal cultures. It was shown that microglia-
conditioned medium enhances neuronal survival [85-88], increases neurite growth and 
complexity [86,87] and, in the case of catecholaminergic neurons, promotes neuronal maturation 
[85]. More generally, microglia secrete an array of chemokines, cytokines, gliotransmitters and 
neurotrophic factors that have been implicated in various aspects of neuronal function [89-92].
	 Microglia are present in the neurogenic niches of both the embryonic and adult brains [93, 
94], and their role has been found to be either beneficial or detrimental depending on the 
paradigm (enriched environment, injury, inflammation) [95]. In support of a permissive role in 
neurogenesis, several in vitro studies carried out in non-inflammatory conditions have shown that 
microglia, or microglia conditioned medium, stimulate proliferation and differentiation of both 
embryonic and adult neural progenitor cells (NPCs) [94,96,97]. Adult mice with altered microglial 
function (CX3CR1 KO) were found to have impaired neurogenesis compared to wild type [81, 
98], also supporting the role for microglia in neurogenesis. In the adult hippocampus only a 
subset of the sub-granular zone -generated neurons are integrated into the mature circuitry; 
the remaining apoptotic newborn neurons are eliminated by microglia [93]. These findings show 
the importance of the microglial phagocytic function within the neurogenic niche. Despite the in 
vitro and in vivo evidence for a functional role of microglia in neurogenesis, the signals governing 
these mechanisms remain to be uncovered. 
	 Figure 2 shows a schematic overview of the homeostatic roles of microglia in neuron growth 
and function.

Figure 2. Homeostatic role of microglia in the normal brain. Microglia produce neurotrophic factors 
such as nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GNDF), fibroblast growth 
factor (FGF), Transforming growth factor-beta 2 (TGF-β2), neurotrophin 4/5 (NT) [41,42,99,100]. NGF, 
TNF-α and Nitric Oxide (NO-) are involved in programmed neuronal cell death (PNCD). Interactin of 
fractalkine produced by neurons and CX3CR1 plays a role in removing unwanted synapses [80]. More 
recently, it has been shown that C1q is also involved in regulation of synapse formation, probably 
through CR3 on microglia [100].
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The role of myelo-monocytic cells in the onset of endocrine autoimmunity
There are only limited detailed immune histochemistry studies on the infiltration and activation 
of DCs and MØ in thyroids and retro-bulbar tissue of patients with active autoimmune thyroid 
disease (AITD). Most of these studies are not of recent date. The studies show that the number 
of DCs and MØ is increased in the thyroids of patients with HT and GD [101]. The intra-thyroidal 
DCs showed signs of activation, i.e. an up regulation of the maturation marker RFD1 (fashionable 
at the time of these studies), this in contrast to DCs in not-affected, healthy thyroid glands. Also 
MØ engaged in colloidophagy were often seen to infiltrate the thyroid follicles particularly in 
Hashimoto’s thyroiditis; this was taken as a sign of thyrocyte destruction. 
	 With regard to active Graves’ ophtalmopathy, the studies showed that the retro-bulbar 
tissues hardly contained activated RFD1 positive DCs [102]. More recent studies show that 
activated MØ are clearly present in the retro-bulbar tissues and over produce growth factors like 
PDGF-BB which are capable of stimulating the fibroblasts to grow. The MØs also produce pro-
inflammatory cytokines/chemokines contributing to the inflammatory process [103]. 
	 Studies on the infiltration and activation of DCs and MØ in the human pancreas of recent 
onset T1DM cases are even rarer than the studies on human AITD tissues. There is a study on 
an increased number of TNF and IL-1 containing DCs in the pancreas [104] as well as a study 
on a high number of RFD1 positive DCs in the pancreas of an 8 month old child that died of a 
keto-acidotic diabetic coma [105]. Histo-morphological studies showing higher numbers of MØ 
in recent onset T1DM pancreases are more numerous, these studies indicate that MØ form the 
predominant infiltrating population of cells next to CD8+ lymphocytes [106]. Interestingly new 
imaging approaches also show an activation of intra-pancreatic MØ in early onset T1DM [107]. 

The role of myelo-monocytic cells in the onset of mood disorders and schizophrenia 
As indicated above, DCs and MØ are pro-inflammatory activated in the target organs of patients 
with autoimmune thyroid disease and autoimmune diabetes. This abnormal activation of the 
cells most likely plays a role in breaking T cell tolerance to induce an excessive Th1, Th17 and B 
cell autoimmune response towards thyrocytes and β cells. An intrinsic defect in T regulatory cell 
function adds to this, leading to a further imbalance between T effector and T regulator forces. 
	 Precisely such an activated state of the DCs, MØ and T cells is presently thought to underlie 
major mental disorders, and this concept is generally referred to as the “Macrophage-T cell 
Theory of Major Mental Disorders” proposed in 1992 and adapted in 1995 [108,109]. This theory 
states that chronically activated MØ (and their counterparts in the brain, i.e. microglia) and T cells 
produce cytokines and inflammatory compounds impacting brain development and predisposing 
the brain in such way that genetic and environmental influences are able to precipitate the 
symptoms of schizophrenia and mania/depression. Although there are reports of an involvement 
of the immune system in major mental illnesses already in the first decade of the 20th century, it 
was not until the last decade of the 20th century that detailed studies on an involvement of the 
immune system in these disorders became more numerous. These studies reported aberrant 
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levels of pro-inflammatory cytokines in the serum, plasma and cerebrospinal fluid of patients 
with schizophrenia and major mood disorders [110-113] and were recently reviewed by us 
[114,5]. On the basis of these reports it was hypothesized that a pro-inflammatory state of the 
cytokine network induces psychopathologic symptoms and is involved in the pathogenesis and 
pathophysiology of these major mental illnesses. 

MØ-related pro-inflammatory cytokines
A recent meta-analysis of cytokine studies in schizophrenia [115] confirmed that cytokines such 
as IL-12, TNF-α, IFN-γ and sCD25 are trait markers of schizophrenia, while IL-1β, IL-6 and TGF-β 
appeared to be state markers of acute schizophrenia in that study. In a recent meta-analysis 
on cytokines in major depression IL-6 and TNF-α were found increased [116]. The listed pro-
inflammatory cytokines are primarily produced by activated cells of the immune system; such 
as activated endothelial cells, MØ, DCs and T cells. In the “Macrophage-T cell theory of major 
mental disorders” it was indeed proposed that chronically activated MØ and T cells produce 
these cytokines, which would cross the blood-brain barrier and impact brain development, 
destabilizing the brain functionally in such a way that other genetic and environmental influences 
are able to precipitate the signs and symptoms of schizophrenia and mania/depression.
	 Cytokines are relatively large molecules, and not all of them cross the blood-brain barrier 
readily [117,118]. However, there are several (known) mechanisms and routes through which 
cytokines might enter and act in the brain. These routes have recently been reviewed by us 
and others [119,120]. In short, after entering the brain parenchyma, it has been shown that 
these cytokines bind to their receptors on neurons, microglia and other glia cells of various brain 
nuclei [121], where they can trigger/produce/initiate deregulations of major neurotransmitter 
and neurodevelopmental systems to facilitate development of psychiatric symptoms [117]. 
An abnormal inflammatory activation of microglia can be detrimental to neurogenesis and 
synaptogenesis through lack of provision of neuronal trophic factors or by producing neurotoxic 
factors and cytokines [95]. Mutant mice in which microglia are in an altered activation state 
during prenatal development (CD200KO and DAP12KO mice) have impaired hippocampal synaptic 
transmission, including an increased contribution of AMPA receptors to synaptic currents and 
altered long-term potentiation relative to wild type animals [122-124]. In favour of a direct 
detrimental action of inflammatory cytokines on neuronal development, in vitro work has shown 
that cytokines, such as IL-6, TNF-α, and IL-18, can affect neuronal proliferation, survival, and 
aspects of differentiation like neurite outgrowth and gene expression patterns [125,126].

Circuating monocytes
The majority of reports on activated meylo-monocytic cells in psychiatric disease evidently deals 
with the circulating cells, i.e. the blood monocytes, since circulating cells are easily obtainable 
via venapuncture. Indeed there are strong indications for a pro-inflammatory activation of 
circulating monocytes in 50-60% of patients with an active psychiatric disease. 
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There are early reports showing that the number of circulating monocytes is higher in patients with 
schizophrenia. Rothermundt et al. reported a slight increase in the mean absolute and relative 
monocyte counts [127], while others supported these observations, also finding a monocytosis 
and a higher number of CD14+ cells in acute schizophrenia patients and children with psychosis 
[128,129]. In contrast to schizophrenia, higher numbers of CD14+ monocytes could not be found 
in patients with bipolar disorder [130,131]. Neither were differences found between the number 
of mature (CD14+CD16+) and immature (CD14+CD16neg) circulating monocytes in these bipolar 
disorder patients [130]. 
	 Recently, two gene expression profiling studies [130,132] were carried out on purified 
monocytes of psychiatric patients (56 bipolar and 27 schizophrenia patients) using Affymetrix 
analyses followed by confirmatory quantitative real time PCR. In summary, an up regulated 
expression of 34 genes was detected forming a monocyte gene expression signature. In all 
individuals tested it was shown that the monocyte gene signature consisted of two main gene 
clusters:
	 Cluster 1, composed of mainly cytokines and inflammatory compounds, including notable 
factors such as IL1B, IL-6, TNF, PTGS2, PTX3, various pro-inflammatory chemokines, and 
inflammation regulators like PDE4B, DUSP2. There are indications that this sub-cluster is driven 
by the transcription factors/regulators ATF3 and EGR3 [133]. Of note, some of the genes up 
regulated in this cluster are not always pro-inflammatory, but also anti-inflammatory (e.g. ATF3). 
The gene signature thus represents a situation of an activation of immune gene transcription, 
rather than a pro-inflammatory state.
	 Cluster 2, composed of mainly adhesion/motility factors and chemokines, such as CDC42, 
CCL2, CCL7, EMP-1 and STX1A. PTPN7 and NAB2 are most likely the important transcription 
regulators of this cluster.
	 The majority, i.e. 50-60%, of patients with bipolar disorder showed an activated monocyte 
gene expression signature involving both cluster 1 and cluster 2 genes, 50-60% of schizophrenia 
patients showed an activated monocyte signature too, but of cluster 1 genes only [132]. Also, 
the over-expression of monocyte activation genes was particularly evident in active cases, i.e. 
in bipolar patients with an active mania or depression or schizophrenia patients with an active 
psychosis [130]. A twin study on bipolar index cases and their monozygotic or dizygotic co-twins 
found that the monocyte gene activation for cluster 1 was entirely dependent on common 
environmental factors shared between the twins. The monocyte activation for some of the 
cluster 2 genes, e.g. CCL2, was in part driven by genetic factors [134].

Histotomorphological studies on microglia
Although there are histomorphological signs of an abnormal inflammatory activation of microglia 
in post-mortem studies on patients with major psychiatric disorders, studies are limited and 
controversial. A post-mortem study on brains from schizophrenia patients, who had committed 
suicide during acute psychosis, revealed increased density of microglia [135]. Three other studies 
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reported increased microglial activation in schizophrenia patients [136-138], while another three 
did not find an activation state of microglia [139-141]. A drawback of some of these post-mortem 
studies is that they were performed on old to very old individuals after the process of dying. The 
increased density of microglia might therefore not reflect the pathophysiology of acute psychotic 
exacerbation, but the process of dying. Thus far, only two histological studies have analysed 
patients with affective disorders. A qualitative study of HLA-DR expression showed increased 
expression of this surface marker on microglia of the hippocampus and prefrontal cortex of 
depressed patients [138]. 
	 Supporting the view of an activation of cells of the mononuclear phagocytes in the brain of 
psychiatric patients is the observation that there is an accumulation of monocytes and MØ in the 
cerebrospinal fluid of patients with schizophrenia during acute psychotic episodes [142]. Table 2 
summarizes studies on post-mortem brains of psychiatric patients. 

Table 2. Summary of histological post-mortem studies on microglia.

Study Analyzed brain regions Main findings

Arnold et al. [139] hippocampus, prefrontal, 
orbitofrontal, and calcarine cortex

CD68 expression unchanged in SZ compared to 
controls

Bayer et al. [138] hippocampus and prefrontal cortex “stronger” HLA-DR expression (qualitative 
evaluation) in SZ and MD compared to controls

Falke et al. [141] mediodorsal thalamus and caudate 
nucleus

CD68 unchanged in SZ compared to controls

Radewicz et al. 
[136]

prefrontal, anterior cingulate, and 
temporal cortex

Increased HLA-DR expression in elderly patients 
with SZ compared to controls 

Steiner et al.  
[143,144]

hippocampus, mediodorsal 
thalamus, prefrontal, anterior 
cingulate cortex

HLA-DR unchanged in the whole group of SZ 
and depression cases compared to controls, but 
increased in acutely ill suicidal patients

Steiner et al. [145] subregions of the anterior cingulate 
cortex (sACC, aMCC, pACC)

Quinolinic acid immunoreactivity increased in 
microglial cells of sACC and aMCC of depressed 
patients compared to controls (particularly in MD, 
but not in BD)

Togo et al. [140] hippocampus and temporal cortex CD40 and HLA-DP/DQ/DR unchanged in SZ 
compared to controls

Wierzba-Bobrowicz 
et al. [137,146]

anterior cingulate and temporal 
cortex

“stronger” HLA-DP/DQ/DR expression (qualitative 
evaluation) in SZ compared to controls

Brain scans detecting activated microglia
Developments in the field of positron emission tomography (PET) allow researchers to 
study microglia activation in patients in real time. A PET-tracer ([11C]-PK11195) binds to the 
mitochondrial translocator protein (TSPO), whose expression is increased in activated microglia 
and interestingly also in pro-inflammatory activated cells of other lineages [147]. This technique 
has already successfully been applied in several patient and animal studies of neuropsychiatric 
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disorders [148]. These studies show that immune activation (“inflammatory”) lesions occur in 
brain regions that are related to the specific disease process. For example, in schizophrenia 
microglia activation is found in the hippocampal area where functions (immediate memory, 
sensory/emotional integration) are impaired. Interestingly these focal changes are found only 
in acute psychotic patients with prominent cognitive impairment [149] and not in patients 
that recovered from psychosis [150], these acute psychotic patients showed a global brain 
inflammation effect. In addition to the novel PET tracers for the translocator protein, PET tracers 
are under development that allow imaging of other components of the immune system, such 
as other markers of neuro-inflammation (β-glucuronidase by 18F-FEAnGA, [151]), and activated 
T and B cells. For example, it was recently shown that activated microglia and MØ can also be 
imaged with the PET tracer [11C]-ketoprofen methyl ester that binds to COX-1 (and not to COX-2), 
an enzyme that plays an important role in the regulation of neuro-inflammation [152].

Animal models
In addition to epidemiological studies in patient studies, there is also evidence from animal 
models that an inflammatory state of myelo-monocytic cells has an effect on the normal function 
of the brain causing an altered behavior. Animal models allow study of the early stages of disease 
in all organs (i.e. brain, pancreas and thyroid). The two models discussed in this thesis are the 
Maternal Immune Activation (MIA) model and the Non-Obese Diabetic (NOD) mouse. In both 
models, aberrancies of myelo-monocytic cells have been described. The animal models allow us 
to monitor activation of the myelo-monocytic cells in both the periphery as well as in the brain.

The maternal immune activation animal model
Epidemiological studies in humans have revealed a strong, positive correlation between prenatal 
infection and an increased risk of developing psychiatric disorder. For example, the children of 
mothers who suffered from influenza in the first trimester of pregnancy have a 7 times higher 
chance of developing schizophrenia; this was 3 times higher for an infection in the second 
trimester. Another study showed that mothers who are seropositive for HSV-2 during pregnancy 
have a 2 times higher chance that their offspring develops schizophrenia. Moreover, in a cohort 
study, IgG antibodies to Toxoplasma were twice as high in mothers who gave birth to a child 
with schizophrenia [153]. Generally, it has been proven that Toxoplasma, HSV, rubella and 
cytomegalovirus cross the placenta and cause congenital brain anomalies directly. However, a 
role for inflammation and immune activation in general should not be neglected. Indeed, it has 
also been shown that levels of pro-inflammatory cytokines were higher in the serum of mothers 
during the pregnancy of a child who later developed a psychiatric disorder [153]. 
	 Studies using the maternal immune activation model vary widely in what species and 
immunogens are used (LPS for TLR4 activation or poly I:C for TLR3 activation), how the immunogen 
is administered, at what dose, as well as the timing and length of exposure. Similarly, there are 
numerous behavioral, anatomical and molecular readouts that have been evaluated and this at 
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various postnatal ages. Several detailed and comprehensive reviews of the results obtained from 
rodent maternal immune activation models have recently been published [154-156]. In addition, 
studies where the immunogen was directly administered into the uterus or the fetus have also 
been reviewed [157,158]. 
	 Studies using these various versions of the maternal immune activation model resulted in 
offspring that display behavioral deficits reminiscent of symptoms associated with psychiatric 
disorders, such as impaired pre-pulse inhibition, impaired latent inhibition, increased anxiety, 
impaired locomotor activity, altered social behavior, and deficits in learning and memory [154-
156,159].
	 The particular power of the maternal immune activation models is that they can be used to 
investigate the mechanisms that lead to the reported changes in behavior and brain function, 
and in particular how the maternal and fetal immune systems might influence fetal brain 
development. Initially, studies focused on identifying the characteristics of the activated immune 
response in the mother and fetus. Thus it was observed that maternal immune activation results 
in increased levels of various pro-inflammatory molecules not only in the pregnant dam, but also 
in the placenta, amniotic fluid and the fetus itself [155-159]. Moreover, there is evidence that 
this fetal immune response has long-lasting effects on the immune system of the offspring as 
they grow [155,160]. More specifically, LPS- and poly I:C-induced maternal immune activation 
in the rat and mouse have been linked to elevated circulating levels of TNF-α, IL-1β, IL-6, iNOS, 
IL-10, MCP1, VEGF protein and/or mRNA after stimulation [155,156,161-165]. In addition, there 
are reports that maternal immune activation can change the levels of neurotrophic and other 
neuronal development factors such as NGF, BDNF [161, 166], semaphorin 5B and groucho [163] 
in the neonatal brain. 
	 A direct role for many of these cytokines has been established using techniques such as 
the administration of blocking antibodies or injection of the pregnant dam with the purified 
cytokine itself. Much attention has focused on IL-6, because exposure of pregnant dams to IL-6 
late during pregnancy results in deficits similar to those observed in LPS and poly I:C-induced 
maternal immune activation models. These deficits include impaired spatial learning and other 
hippocampal abnormalities such as neuronal loss, astrogliosis, and changes in neurotransmitter 
receptor expression [167]. In support for a central role of IL-6, treatment of inflamed dams 
with anti-IL6 antibodies protects against the development of these abnormal behaviors [168], 
and IL-6KO animals that were exposed to prenatal immune activation have normal behavior 
[154-156]. Another important cytokine is TNF-α, a gene implicated in the risk of schizophrenia 
[159]. Elevated concentrations of TNF-α have been linked to fetal loss and growth restriction by 
showing that these effects could be limited by the administration of anti-TNF-α antibodies and 
reproduced by direct treatment of pregnant dams [156,169,170]. Other cytokines might also 
mediate the effects of prenatal inflammation: for example, prenatal exposure to EGF, IL-1β or 
leukemia inhibitory factor leads to reduced pre-pulse inhibition and impaired social interaction 
in rats [159]. Finally, some cytokines have been found to be neuroprotective: treatment with 
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IL-10 can protect against the white matter damage observed in maternal immune activation 
models [171]. 
	 Apart from the changes in cytokine levels found, maternal immune activation models have 
often been associated with increased neuronal cell death (regional or whole brain) and/or 
decreased neurogenesis resulting in region-specific or whole brain size reduction [155,156,158]. 
Another common feature of maternal immune activation are white matter lesions with reduced 
numbers of oligodendrocytes and hypomyelination [155,156,158]. Finally, a characteristic found 
in these animal models and that is common to psychiatric disorders is increased astrogliosis and 
microglial activation [155,156,158]. Interestingly, some of the most affected areas of the brain 
are those innervated by the dopaminergic system, and the pyramidal cells of the cortex and the 
hippocampus. 
	 Regarding the dopaminergic system, the majority of studies show that prenatal inflammation 
leads to dopaminergic hyper-function in animal models, similar to what is observed in schizophrenia 
[154,156]. The majority of work has been done using the viral mimic model (poly I:C), where 
immune staining showed increased numbers of tyrosine hydroxylase and dopamine-transporter+ 
cells in mesencephalon, as well as increased tyrosine hydroxylase immune reactivity in 
dopamine-innervated regions. Interestingly, although investigators found raised dopamine levels 
in the prefrontal cortex, this area had decreased dopamine 1 and 2 receptor immune reactivity 
[154-156]. In the case of LPS-mediated maternal immune activation, several studies in the rat 
have shown that chronic LPS-induced maternal immune activation results in increased levels of 
dopamine and tyrosine hydroxylase reactivity in the nucleus accumbens of the offspring [160, 
172,173], whereas a more acute treatment has the opposite effect, decreasing the dopamine 
concentration and tyrosine hydroxylase reactivity [155,174,175]. The discrepancies in some of 
these results might reflect the differences in maternal immune activation models used (different 
immunogens administered to different species at different time points in gestation).

The NOD mouse animal model 
The NOD mouse model is considered an excellent model of human T1DM and spontaneously 
develops an autoimmune insulitis and an autoimmune thryroiditis similar to T1DM/AITD patients 
[176,177]. This includes the presence of organ-specific autoantibodies, autoreactive T cells and 
genetic aberrancies in MHC and various non-MHC alleles. 
	 The autoimmune insulitis of the NOD mouse has been studied in much more detail than the 
autoimmune thyroiditis and therefore we will focus mostly on the NOD autoimmune insulitis. 
With regard to the early phases of the NOD autoimmune insulitis. Diana et al. recently showed 
a transient accumulation of a small number of plasmacytoid DCs, lymphocytes and B cells in the 
pancreatic islets of NOD mice at 2 weeks of age [178]. An interaction between these infiltrating 
cells was shown to be involved in the onset of autoimmunity against the β cells. For this very early 
time point small transient accumulations of DCs and MØ around the islets have been reported on 
before [179,180], as well as on apoptosis abnormalities in the pancreas of the NOD mouse [181]. 
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This first relatively mild intra-islet and peri-islet accumulation of immune cells at 2 weeks of age 
is followed by a second wave of a larger para- and peri-islet immune cell accumulation starting at 
5 weeks of age consisting predominantly of cDCs and MØ, later followed (7-8 weeks) by a massive 
lymphocyte accumulation [182,183] and a second wave of pDCs. At the time of this larger para- 
and peri-islet immune cell accumulation there is also a steady increase of dispersed cDCs and 
MØ in the exocrine pancreas [182]. A key role for the peri-islet and pancreas accumulating cDCs 
and MØ in the pathogenesis of the destructive insulitis is indicated by the demonstration that a 
temporal depletion of cDCs and MØ at 5 weeks of age before the onset of lymphocytic insulitis 
blocks or significantly delays the diabetes onset in NOD mice [184,185]. Also, there are signs that 
these early accumulating MØ and DCs tend to have an immune activated set point, they lack 
surface CCR5 expression (CCR5 ligation is essential to dampen IL-12 production) [186], and the 
composition of the accumulating population of MØ and DCs lacks a prototypic tolerogenic DC 
population, the CD8α+CD103+Langerin+ DCs [187]. 
	 With regard to circulating monocytes in the NOD mouse, there is abnormal maturation and 
differentiation of monocytes from precursors resulting in an abnormally high number of mature 
Ly6Clow monocytes (the murine counterpart of CD14+CD16+ monocytes) [188,164]. This imbalance 
is also found in the non-diabetic strains NOR and NODH2b, suggesting that this feature is intrinsic 
of its genetic background and not a consequence of disease. Secondly, these mature monocytes 
display a high adhesion to fibronectin and ICAM-1. Third, results from in vitro cultures showed 
that NOD monocytes preferentially differentiate into inflammatory MØ-like cells instead of 
tolerogenic DCs. This might be related to the dysfunction of STAT5 in the monocytes/MØ of the 
NOD mouse resulting in aberrantly high prostaglandin E2 (PGE2), COX-2 and GM-CSF production 
[189,165]. These findings were partially supported by a more recent study, where they found, 
after in vitro LPS stimulation, an increased expression of COX-2 mRNA and PGE2 secretion by the 
monocytes obtained from NOD mice compared to C57BL/6 mice [190,166]. 
	 Interestingly – and importantly for the clinical association between endocrine autoimmunity 
and psychiatric disease – there are indications of an abnormal behavior of and neurodevelopment 
in the NOD mouse. Several reports indicate an abnormal behavior in NOD mice as compared to 
C57BL6 mice. An early study by Amrani et al., found increased activity of NOD mice in the open 
field. In addition NOD mice showed a decreased response to a psychological stressor, but not to 
a metabolic stressor as compared to C57BL/6 mice [191,167]. The finding of increased activity 
in the open field was supported by a study of Buthe et al., where they compared 14 inbred 
mouse strains in the open field and the NOD was among the most active strains [192,168,168]. 
Limitation of these studies is that they do not take into account the different genetic background 
of the strains as a possible cause of this abnormal behavior. Nevertheless the NOD mouse model 
opens avenues to study the association of autoimmunity and psychiatric disease and gene-
environment interactions in this association.
	 Although there are many similarities between peripheral MØ/DC, monocytes and microglia 
(see before), they nevertheless belong to different sub-lineages. It remains therefore to be 
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established, whether the abnormalities found in the peripheral counterparts of the myelo-
monocytic cell lineage in the NOD mouse are also present in the microglia. A the study of 
Bluthé et al., where they also injected NOD and CD-1 mice with IL-1β and LPS to induce sickness 
behavior, indicated that NOD mice are particularly sensitive to the behavioral effects of IL-1β 
compared to CD-1 mice even though the distribution of IL-1 receptors in the dentate gyrus, 
choroid plexus, meninges, and anterior pituitary of NOD and CD-1 mice was found the same 
[193,170]. Interestingly, NOD MØs and DCs have been described as defective for IDO activity 
after IFN-γ stimulation [194]. Excessive IDO activity has been linked to depressive-like behavior 
and is considered to be associated with chronic low grade inflammation of the brain. Apparently, 
the IDO pathway does not play a role in the NOD mouse model under steady-state conditions, 
but might be applicable under LPS or IL-1 stress.
	 Overall, the NOD mouse is a unique and interesting model to study gene-environment 
relationships between peripheral and brain myelo-monocytic cell activation and abnormal 
behavior. 

Aim and outline of the thesis

The overall aim of this thesis was to investigate the role of myelo-monocytic cells in the onset 
and pathogenesis of autoimmune endocrine and psychiatric disease. 
	 The main focus of the first part of this thesis (chapter 2 to 4) is on the role of myelo-
monocytic cells in the early stages of autoimmune endocrine disease and brain development in 
mouse models. Myelo-monocytic cells (DC and MØ) were isolated by flow cytometic sorting and 
microarrays were used to study genome-wide gene expression profiles in chapters 2-4. Chapter 2 
describes a study aiming to elucidate the implications of microglia activation on the development 
of the corpus callosum in mouse embryos. Microglia were challenged both chemically (maternal 
immune activation by LPS at embryonic day 15) or genetically (DAP12 loss of function mutation). 
In chapter 3, the goal was to study the microglia in the NOD mouse under both steady-state 
as well as inflammatory conditions. To provide more insight on the role of DCs in the onset of 
diabetes the properties of the major pancreatic subset of DCs in pre-diabetic NOD were studied 
by flow cytometry and microarray analysis in chapter 4. 
	 The second part of this thesis (chapter 5 and 6) describes two large patient studies on MØ-
related serum factors in AITD and chronic SZ patients. Serum factor analysis included monocyte/
MØ related cytokines, growth factors and tissue remodeling factors, which were measured and 
assessed as biomarkers for the prediction of sero-conversion in AITD in chapter 5. The immune 
activation indicated by increased levels of cytokines, chemokines and adipokines and the effect 
of comorbidities such as metabolic syndrome were studied in chronic SZ patients in chapter 6. 
	 Finally, in chapter 7 we discuss the significance and implications of these studies, its 
limitations and directions for future research.
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Abstract

Microglia colonize the brain parenchyma at early stages of development and accumulate in 
specific regions where they participate in cell death, angiogenesis, neurogenesis and synapse 
elimination. A recurring feature of embryonic microglial is their association with developing axon 
tracts, which together with in vitro data, supports the idea of a physiological role for microglia in 
neurite development. Yet the demonstration of this role of microglia is still lacking. Here, we have 
studied the consequences of microglial dysfunction on the formation of the corpus callosum, the 
largest commissure of the mammalian brain, which shows consistent microglial accumulation 
during development. We studied two models of microglial dysfunction: the loss-of-function of 
DAP12, a key microglial-specific signaling molecule, and a model of maternal inflammation by 
peritoneal injection of LPS at E15.5. We also took advantage of the Pu.1-/- mouse line, which is 
devoid of microglia. We performed transcriptional profiling of maternally inflamed and Dap12-
mutant microglia at E17.5. We found that both treatments principally down-regulated genes 
involved in nervous system development and function, particularly in neurite formation. We then 
analyzed the developmental consequences of these microglial dysfunctions on the formation of 
the corpus callosum. We show that all three models of altered microglial activity resulted in the 
defasciculation of dorsal callosal axons. Our study demonstrates that microglia display a neurite-
development promoting function and are genuine actors of corpus callosum development. It 
further shows that microglial activation impinges on this function, thereby revealing that prenatal 
inflammation impairs neuronal development through a loss of trophic support.
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Introduction

Microglia differentiate from primitive myeloid progenitors produced by the yolk sac that migrate 
into the developing brain parenchyma [1,2]. This colonization occurs early in CNS embryogenesis 
and in a highly stereotyped manner in all species examined, supporting the notion that microglia 
have important physiological roles in development. During development microglia can be found 
throughout the brain but tend to preferentially reside at specific locations where they actively 
contribute to such processes as cell death, angiogenesis, synapse elimination and neurogenesis 
(references in [3]). A consistent feature of embryonic microglia distribution is their close 
association with developing axon tracts. Such recurring association has been found in rodent [4], 
birds [5], fish [1] and humans [6], and raised the question of whether microglia might contribute 
to tract formation. Under physiological conditions, it has been proposed that in agreement with 
their phagocytic function, microglia clear a path for developing axons or eliminate transient axonal 
projections [4,7]. Yet this contrasts with the morphological observation of microglia associated 
with non-transient axons [5] and with in vitro studies suggesting a trophic role in neurite extension 
[8,9]. Despite these compelling in vitro data and circumstantial in vivo evidence, there has been 
no in vivo proof of a definitive role for microglia in neurite development. In addition, microglia 
might be involved in developmental white matter diseases given that prenatal inflammation and 
mutations affecting the function of DAP12, a microglial specific signalling molecule, result in 
adult white matter alterations including lesions and hypomyelination [10,11]. 
	 The corpus callosum (CC) is the largest brain commissural structure between the cerebral 
hemispheres. Corpus callosum formation occurs towards the end of embryogenesis and involves 
multiple steps including midline crossing, axon guidance and fasciculation, and the elimination 
of exuberant axons [12]. The abundant presence of microglia during callogenesis and the tract’s 
susceptibility to prenatal inflammation make it a relevant system to decipher the role of microglia 
in shaping developing tracts. To study the functional relationship between microglia and corpus 
callosum development, we changed their activity pharmacologically and genetically. We then 
combined transcriptome and morphological analyses to conclude that microglia are actively 
involved in the fasciculation of corpus callosum axons.

Materials and methods

Mouse lines and treatments.
Cx3cr1+/gfp [13], Dap12-/- [14] and Pu.1+/- mice [15] were maintained on a C57Bl/6j background. 
C57Bl/6j or heterozygous embryos were used as controls. The day of vaginal plug formation 
was considered as embryonic day (E)0.5. The protocols were approved by the Charles Darwin 
committee in Animal experiment (Ce5/2012/017). Pregnant dams were given LPS (0.12mg/g in 
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PBS; InVivoGen) by a single intra-peritoneal injection at E15.5. Injection of sterile PBS and needle 
prick were used as controls. 

Immunohistochemistry, image acquisition and statistical analysis
Immunostaining was carried out on C57Bl/6j, Dap12-/- and Pu.1-/- embryos as described [16]. 
Primary antibodies: rat CD68 (AbD Serotec); chicken GFP (Aves); goat nrp1 (R&D Systems), rat L1 
(Millipore) and rabbit Iba1 (Wako). Secondary antibodies were from Jackson ImmunoResearch. 
Hoechst (Invitrogen) was used for nuclear staining. Images were acquired with Leica microscopes 
(MZ16F and TCS SP5). Image analysis was carried out using ImageJ software. Briefly, a stack of 10 
images per section was Z-projected and the ratio of the Nrp1-positive tract to the total CC width 
(L1-positive tract) calculated. Graphpad, R and SPSS statistical software were used for statistical 
analysis.

Microglia isolation and transcriptome analysis
Medial cortical regions including the hippocampus, the surrounding fiber tracts (fimbria, corpus 
callosum) and the overlying prospective cingulate cortex were isolated from Cx3cr1+/gfp and 
Dap12-/- (on Cx3cr1+/gfp background) E17.5 embryos, and dissociated by incubation with 0.25% 
trypsin, then DNaseI (10 mg/ml). Microglia were sorted on a FACSAria II (Becton Dickinson) 
directly into QIAzol (Qiagen) for RNA isolation. Flow cytometric analysis was used to phenotype 
the CX3CR1-GFP+ cells, by labeling them with antibodies against the CD11b (BD) and CD45 
(eBioscience). The expression of these cell surface makers was analyzed with Flowjo software 
(Tree Star). RNA was isolated with the miRNeasy Mini Kit according to manufacturer’s protocol. 
The RNA was processed with the Ovation Pico WTA v2 and Encore Biotin Module (NuGEN 
Technologies) and hybridized on Mouse Genome 430 2.0 Arrays (Affymetrix) according to 
manufacturer’s protocols. The gene expression data is accessible through GEO Series accession 
number GSE49079.
	 The .CEL files were processed with Partek genomics suite and gene expression data normalized 
using Robust Multichip Average with GC background correction [17]. Differentially expressed 
genes were identified by ANOVA linear contrasts model with multiple testing corrections 
using the false discovery rate method [18] with a p<0.05 cut off. Ingenuity pathway analysis 
(Ingenuity® Systems) was used for mapping of DEG to biological functions. Q-PCR validation was 
performed with a commercially available mix (TaqMan Universal PCR Master Mix) according 
to manufacturer’s protocol. All probes and primers were pre-formulated and designed by the 
manufacturer (TaqMan Gene Expression Assays; Applied Biosystems).
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Results

Alteration of microglial function impairs the expression neurite-growth related genes
To investigate possible roles for microglial during brain development, we challenged microglial 
function by two complementary approaches. First, we induced maternal inflammation by 
peritoneal injection of LPS into pregnant dams. Next, we analyzed the consequences of a loss 
of function of DAP12, a microglia-specific membrane protein necessary for normal phagocytosis 
[19] and signalization [20]. We compared the gene expression profiles of microglia from control, 
maternally-inflamed (MI) by LPS, and Dap12-mutated embryos. Microglia were purified by cell-
sorting from the medial cortical region of Cx3cr1+/gfp E17.5 mouse embryos [13]. This led to an 
>99% pure microglial population (Figure 1A) according to the expression of CD45 and CD11b [2]. 
Microglial genome-wide gene expression profiles were obtained using Affymetrix microarrays 
and analyzed using the Ingenuity software. 
	 We found that maternal inflammation and DAP12 mutation induced the differential 
expression of 3906 and 628 genes respectively (Figure 1B). In microglia from MI embryos, we 
found an up-regulation of immune genes such as IL1β (+3.075-fold; p=1.19x10-2); CCL4 (+2.632-
fold; p=4.54x10-3); CCL5 (+6.186-fold; p=2.28x10-2); NFkB (+2.097-fold; p=7.90x10-3) and STAT5B 
(+2.062-fold; p=1.60x10-3), as anticipated for an inflammatory condition [21]. Within the 
Ingenuity database, genes are associated with known functions, which are themselves grouped 
into categories (Figure 1C). We identified functional groupings of differentially expressed 
genes (DEG), based on the statistical association with these functions and categories. Within 
the category “Hematological system development and function”, the function “Development 
of mononuclear leukocytes” was significantly affected by prenatal inflammation (p=3.34x10-5; 
154 DEG with 64.9% of them being up-regulated). The functions “Proliferation of mononuclear 
leukocytes” (p=3.80x10-4; 194 DEG; 70.6% up) or “Engulfment of cells” (p=1.82x10-4; 91 DEG, 
68.1% up) were similarly altered. In Dap12-mutated microglia, DEG were associated with 
functions such as “Development of mononuclear leukocytes” (p=4.48x10-3; 31 DEG; 61.3 
up), “Apoptosis” (p=7.84x10-8; 140 DEG; 55% up) and, to a lesser extent, “Phagocytosis by 
macrophage” (p=1.02x10-2; 7 DEG). Thus, our data correlate well with previous reports of the 
functions altered by prenatal inflammation [21] and mutation of the Dap12 gene [19,22,23]. 
	 The “Nervous system development and function” category displayed the highest number of 
DEG in both MI- and DAP12-deficient microglia (Figure 1C). Amongst the >1200 functions of this 
category, figure 1D shows the top ten functions significantly regulated by prenatal inflammation 
or upon Dap12 mutation. It is noteworthy that in both conditions, the most significantly 
regulated functions were related directly to the formation of neurites (Figure 1D). Remarkably, in 
both models, the vast majority of differentially expressed “Nervous system” genes were down-
regulated (73.5% in MI; 72.3% in DAP12, see Figure 1B).
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Several genes known to be involved in neuritogenesis that are down-regulated both by prenatal 
inflammation and by Dap12 mutation: Sema3C (LPS: -2.7x, p=0.028; Dap12-/-: -2.9x, p=6.09x10-3), 
Vcan (LPS: -3.1x, p=1.6x10-4; Dap12-/-: -4.1x, p=2.9x10-2), PlxnA2 (LPS: -4.1x, p=4.2x10-2; Dap12-/-: 
-5.4x, p=3.08x10-2) or NFIA (LPS: -3.8, p=1.1x10-3; Dap12-/-: -2.6x, p=1.8x10-2). 
	 Thus, altering microglial function during embryonic development by inducing an inflammatory 
response or genetic mutation leads to the up-regulation of immune genes, but it also alters, 
primarily by down-regulation, the expression of genes related to neuritogenesis. These results 
raised the provocative hypothesis that prenatal inflammation would lead to the loss of a neurite 
development function in microglia. This led us to examine more closely the relationship of 
microglia to the developing axon tracts. 

Alteration of microglial function impairs the fasciculation of corpus callosum dorsal 
tract
The corpus callosum is the largest commissure of the brain. Callogenesis in the mouse begins at 
E15.5 and the first callosal axons cross the midline at E16.5 [24]. The coincidence of the early 
stages of CC development with the microglial expression of genes involved in neurite formation 
led us to study the relationship between microglia and callogenesis. Investigation of the 
localization of microglia at E15.5 shows that microglia accumulate at the site of the future corpus 
callosum (Figure 2A). At E17.5, microglia can be seen at high density in the midline zipper, the 
subcallosal sling (SCS) and in the induseum griseum (IG) (Figure 2B). Closer examination at E17.5 
shows two morphological populations of microglia (Figure 2C, D): round microglia with high 
expression of CD68 are accumulated mostly outside the tracts in the ventral region. In contrast, 
ramified microglia, with low expression of CD68 are located within the callosal tract, their 
processes lining up parallel to the fibers (Figure 2C). The accumulation of microglia ventral to 
the corpus callosum suggests that they may contribute to callogenesis. We therefore compared 
callogenesis in controls, MI and Dap12-/-mutant embryos. As we were interested by a putative 
loss of microglial function, we also analyzed CC development in the absence of microglia using 
Pu.1-/- embryos, in which the inactivation of the transcription factor PU.1 disrupts the generation 
of all myeloid cells, including microglia [15].
	 Microglia in the corpus callosum of MI and Dap12-/- embryos displayed the same morphology 
and distribution than in the control embryos (Figure 3), with round CD68-expressing microglia 
located ventrally to the tract and ramified low CD68-expressing cells within the axon tract. 
We first studied the organization of callosal axons by analysing the expression of L1-CAM, an 
adhesion protein expressed by all callosal fibres [25]. The overall organization of the corpus 
callosum was not altered at E17.5 in any of the conditions examined, with callosal axons crossing 
the midline. These results show that microglia are not necessary for axon midline crossing during 
callogenesis. The corpus callosum width was similar under all conditions (Figure 3).
	 We next analyzed the fasciculation of the callosal axons by measuring the width of the 
Neuropilin 1 (Nrp1)-positive dorsal tract of the corpus callosum [25] as compared to the width 
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of the L1-positive fibres. In MI-embryo, the ratio Nrp1/L1 shows a 12% increase relative to 
controls (Figure 3). The increase was even more striking in the Dap12-/ -and Pu.1-/- mutants with 
an average 40% and 70% thickening of the Nrp1 tract respectively (Figure 3). In some mutant 
animals, the Nrp1+ tract was not dorsally restricted but spread out over the whole width of the 
corpus callosum (Dap12-/- n=3/15; and Pu.1-/- n=3/7); no such events were observed in controls. 
This increase in the width of the Nrp1+ tract shows that in maternally inflamed and in animals 
with altered microglial function, there is a defasciculation of the dorsal tract within the corpus 
callosum. 

Figure 2. Coronal section of Cxcr3cr1+/gfp brains at E15.5 (A) and E17.5 (B-D). A. At E15.5, GFP+ microglia 
accumulate at the site of the future corpus callosum. B. At E17.5, microglia accumulate at the induseum 
griseum (ig), in the medial zipper (mz), and in the subcallosal sling (scs). C. In the induseum griseum 
and the scs, GFP-labeled microglia (green) display mostly a round morphology (arrows) whereas in 
the tract of the corpus callosum (cc), they display a ramified morphology (arrowheads) with their 
processes lining up parallel to the axon fibers (small arrows). Blue staining: DAPI. D. Most microglia 
display CD68 immunoreactivity. Scale bars: A, B: 250mm: C, D: 50mm. Ncx: Neocortex; Str: Striatum.
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Figure 3. Defasciculation of the corpus callosum upon alteration of microglial function. Coronal 
sections of E17.5 brains from A. untreated (UT); B. Maternally inflamed (LPS); C. Dap12-/- and D. 
Pu.1-/- mice immunostained for L1-CAM (left), Nrp1 (right; purple) and Iba1 (right, green). ig: induseum 
griseum; scs: subcallosal sling. Scale bar: 25mm. E. Quantification of the L1 width in untreated (UT, 
n=18), needle prick (Prick, n=16), PBS-injected (PBS, n=16), MI (LPS, n=15), Dap12-/- (n=15) and Pu.1-/- 
(n=7) E17.5 embryos. No significant differences. F. Quantification of the Nrp1/L1 ratio. No significant 
difference in the Nrp1/L1 ratio was found between PBS-injected, needle prick and untreated controls 
(ANOVA, p=0.846). PBS vs. LPS, Student’s t-test p=0.00056 (***). Dap12-/-; Pu.1-/-; UT: ANOVA p<0.0001 
(###), Games-Howell post-hoc test: UT vs. Dap12-/-p=0.001; UT vs. Pu.1-/- p=0.023; Dap12-/ - vs. Pu.1-/- 
p=0.578). Shown are means ± 2SEM. 
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Discussion

In this study, we show that alteration of prenatal microglial preferentially alters genes involved 
in neurite formation, and induces a defasciculation of axonal tracts within the corpus callosum.
	 In order to address the potential roles of microglia during late CNS development we 
specifically isolated and carried out transcriptional profiling on cortical microglia in two models 
of altered microglial function, maternal inflammation by LPS (MI) and Dap12 mutation. Microglia 
purification by cell-sorting combines all microglial phenotypes. The transcriptional profile of 
sorted microglia is thus probably biased toward the most abundant populations and functions. 
The microarray data shows that in microglia from both the MI and Dap12-mutant embryos, 
immune function is strongly affected, with the expression of the majority of immune genes 
being up-regulated. These results are in accordance with previous findings that demonstrated an 
activation of the fetal immune system in response to maternal inflammation [21,26]. Similarly, 
Dap12-mutant microglia were shown to secrete higher levels of pro-inflammatory cytokines and 
to have impaired phagocytosis [19,20]. The transcriptional profiling of E17.5 microglia revealed 
that the largest proportion of DEG in MI and Dap12-mutant microglia belonged to the “Nervous 
system development and function” category, and more specifically to genes involved in the 
formation of neurites. Microglia are known to secrete molecules involved in axon growth [9] as 
well as neurotrophic factors [27]. Our microarray data show that altering microglia function by 
pharmacological or genetic means during late embryonic development leads to the anticipated 
induction of a microglial immune response, but also the unexpected down-regulation of a neurite 
development function. 
	 The abundance of microglia at the level of the corpus callosum is striking. Neither MI, nor 
Dap12 mutation altered microglia morphology or distribution in the region. Moreover, corpus 
callosum formation was largely normal in all three models (MI, Dap12-/- and Pu.1-/- mice), with 
axons effectively crossing the midline and total corpus callosum width being similar all around. 
Closer inspection, however, showed that Nrp1-positive axons are no longer restricted to the 
dorsal part of the corpus callosum but defasciculate and in some cases spread out over the 
whole structure. It is of note that the severity of the defasciculation phenotype varies between 
models, with MI-embryos being the least affected and Dap12-mutant, then Pu.1-mutants being 
progressively more severe. The varied penetrance of the phenotype may be due to the timing 
of the altered microglial function. Indeed, maternal inflammation was induced at E15.5 and the 
consequences were observed at E17.5, affecting developmental processes in a short time frame. 
On the other hand, Dap12 mutation likely affects microglial function from an earlier time point 
(expression from E14 [28]), and so might result in a greater developmental effect. Along the same 
continuum, Pu.1-/- embryos have the most severe callosal phenotype and they lack microglial 
function from the onset of embryogenesisneutrophils. There appears to be a discrepancy 
between the severity of the callosal tract phenotype in MI and Dap12-mutant embryos, and the 
number of DEG identified in each case (3906 and 628 respectively). In the case of MI, microglia 
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respond to a variety of signals produced by maternal inflammation [21, 26]. In Dap12-mutants on 
the other hand, the number of affected pathways is likely restricted, thus altering fewer genes. 
The difference between phenotype severity and number of DEG suggests that only a small 
number of key genes and pathways are responsible for the observed defasciculation.
	 The best described function of microglia during development is phagocytosis of progenitors 
[29] and neurons [23]. Microglia located at meeting points of major white matter tracts are 
thought to contribute to axon growth by utilizing their phagocytic capacity to clear a path for 
developing axons [8,30], as well as eliminating exuberant and transient axons [7]. Microglia 
also associate with developing white matter tracts in the absence of neuronal cell death or 
axon degeneration [5]. Such association, in conjunction with their ability to stimulate neuronal 
differentiation and neurite growth in vitro, led to the hypothesis that microglia might contribute 
to axon growth and guidance via the release of trophic factors ([27] and references in [3]). We 
find the same defasciculation phenotype in animals with immune activation, in which microglial 
phagocytosis is increased, as in Dap12-/- animals, in which it is impaired [19], and in Pu.1-/- 
animals that lack microglia. The fact that the defasciculation phenotype does not correlate with 
the changes in phagocytosis suggests that defasciculation is not purely phagocytosis-dependent. 
The transcriptional profiling of microglia revealed that they express genes involved in neurite 
formation and that these are down-regulated in microglia from MI and Dap12-mutant animals. 
Moreover, the mild defasciculation seen in MI embryos is comparable to that observed in mice 
with impaired Sema3A signaling [25,31] supporting the notion that impairment of microglial 
function may affect trophic support. We thus hypothesize that microglia participate in axon 
growth and guidance via the modulation of neurite formation pathways. At this stage, however, 
we cannot exclude that microglia indirectly control the development of corpus callosum axonal 
tracts via engulfment of guidepost glia and neurons, or by endocytosis of guidance molecules 
themselves. 
	 Prenatal inflammation is a known risk factor for the development of psychiatric conditions, 
such as schizophrenia and bipolar disorder, which often feature abnormal connectivity, 
hypomyelination and atrophy of axon tracts [32]. DAP12 mutations in humans induces Nasu-
Hakola disease which is characterized by presenile dementia and leukodystrophy [10]. Both MI 
and Dap12-mutation lead to changes in microglial activity during CNS embryogenesis and our 
study sheds new light on the patho-physiological mechanisms by which microglia influence tract 
development and contribute to the development of mood disorders. 
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Abstract

Background: The target glands in spontaneous animal models of endocrine autoimmune disease 
show – prior to the autoimmune reaction – growth and connective tissue abnormalities, while 
the autoimmune reaction is initiated by an early accumulation of macrophages and dendritic 
cells in the target glands. 

Aim: To test the hypothesis that serum factors related to these growth and connective tissue 
abnormalities and the early accumulation of immune cells, i.e. tissue growth/remodelling 
factors, adhesion molecules, chemokines and pro- and anti-inflammatory cytokines, are related 
to TPO-Ab sero-conversion in subjects at risk to develop autoimmune thyroid disease (AITD).

Design: A controlled study on 64 TPO-Ab negative euthyroid female relatives with at least one 1st 
or 2nd degree relative with documented autoimmune hyper- or hypothyroidism, 32 of whom did 
and 32 did not seroconvert to TPO-Abs positivity in 5 year follow-up. The relatives were compared 
to 32 healthy controls. In all subjects we measured serum levels of CCL2, CCL3, CCL4, sVCAM-1, 
sICAM-1, THBS-1, VEGF-A, TIE-2, MMP13, PDGF-BB, Fibronectin (FN), IL-1β, IL-6, TNF-α, IL-10 and 
GDF-15 by multiplex (Cytometric Bead Array, eBioscience) or single commercial ELISA. 

Results: Both sero-converting and non-sero-converting family members showed an up regulation 
of FN and a down regulation of PDGF-BB and of the adhesion and migration factors CCL2, CCL4, 
sVCAM-1, TIE-2 and MMP-13. The sero-converters differed from the non-sero-converters by up 
regulation of the pro-inflammatory compounds Il-1β, IL-6 and CCL3. 

Conclusion: This study shows that euthyroid females within AITD families show a characteristic 
pattern of abnormalities in serum levels of tissue remodelling factors, growth factors, chemokines, 
(vascular) adhesion molecules and cytokines prior to the occurrence of TPO-Abs in serum. The 
results provide proof of principle that pre-sero-conversion stages and sero-conversion to AITD 
might be predicted using serum analytes related to growth/connective tissue abnormalities and 
migration/accumulation abnormalities of macrophages and dendritic cells. 
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Introduction 

The aetiology of autoimmune thyroid disease (AITD), encompassing Graves’ hyperthyroidism and 
Hashimoto’s thyroiditis, is multifactorial [1]. Genetics play an important role in the development 
of AITD, illustrated by the concordance rate for Graves’ disease and Hashimoto’s hypothyroidism 
in monozygotic twins, which is higher than in dizygotic twins [2,3]. In addition, many patients with 
AITD have family members affected by this disorder. However it has been estimated that at best 
79% of the liability to develop AITD can be attributed to genetics [3] and therefore environmental 
risk factors must also be involved [4]. 
	 In the early 2000’s we initiated a follow-up cohort study (the Amsterdam AITD Cohort) to 
determine risk factors involved in newly incident cases of AITD. To increase the likelihood of 
diagnosing new patients during a 5-year follow-up, we included only women who had at least 
one relative with documented AITD and who were in self-proclaimed good health. Evidence for 
thyroid autoimmunity, i.e. presence of thyroid peroxidase autoantibodies (TPO-Abs), was found 
at baseline in 24% of the cohort [5]. In the 5 year follow-up 10.2% of participants developed 
de novo TPO-Abs (so- called SeroConverters, SC), while 6.5% progressed to overt autoimmune 
hypothyroidism or hyperthyroidism, particularly in the TPO-Abs positive subjects. Taken together, 
our findings in the Amsterdam cohort are thus in agreement with the generally accepted view 
that subjects with a family history of AITD are at increased risk for autoimmune thyroid disease 
and that TPO-Abs are acceptable markers to predict progression to clinical disease [5-7]. 
	 Markers to predict the risk for AITD in very early stages of the autoimmune disease and 
before TPO-Abs are detectable in serum are limited and comprise genetic polymorphisms of 
immune-related genes (MHC class II molecules, CTLA4, PTPN22) and of genes related to thyroid 
antigens (the TSH receptor and thyroglobulin) [1,8]. For this study we hypothesized that other 
early prediction markers might be found in a set of molecules related to the accumulation and 
activation of macrophages and dendritic cells (DC) in the thyroid gland just prior to thyroid 
autoimmunization. In animal models of spontaneously developing AITD, i.e. the NOD mouse 
and BB-DP rat, macrophages and DC play a key role in the initiation of the thyroid autoimmune 
reaction [9,10]. Extensive data gathered in these animal models show that the actual process 
starts with the accumulation and clustering of macrophages and DC in the target organs, shortly 
followed by a T and B cell reaction in the draining lymph nodes. The initial accumulation of 
macrophages and DC in the target glands-to-be is thought to occur via infiltration of monocytes 
from the blood stream. Diapedesis of monocytes from the blood stream via endothelium into 
and through the tissues requires chemokines [11], such as e.g. Chemokine (C-C motif) ligand 2 
(CCL2), CCL3 and CCL4. Apart from chemokines, the attachment of the cells to endothelium is 
important for diapedesis, and after diapedesis an interaction of the cells with extracellular matrix 
proteins is essential [12]. Vascular factors and adhesion molecules, such as integrins, Vascular 
cell adhesion protein 1 (VCAM-1) and thrombospondin-1 (THBS-1) [13], play important roles 
in these adhesive interactions. Evidence of the important role of chemokines and integrins has 
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been found previously in AITD in the up regulation of CCL2 [14] and that of Soluble Intercellular 
Adhesion Molecule-1 (sICAM-1 or sCD54) in the serum of patients [15,16]. There are also 
indications that the Angiopoietin-1 receptor (TIE-2) system has a role in the recruitment of 
monocytes to the thyroid gland in AITD [17].
	 Apart from adhesive processes a remodeling of the connective tissue is a prerequisite 
for monocytes, macrophages and dendritic cells to travel through the tissues. Matrix 
metalloproteinases (MMPs) and platelet-derived growth factors (PDGFs) produced by the cells 
of the mononuclear phagocyte system are instrumental in this remodeling [18]. 
	 Finally to initiate the thyroid autoimmune response DC and macrophages need to switch to a 
pro-inflammatory non-tolerogenic state. Cytokines, such as IL-1β, IL-6, TNF-α, IL-10 and Growth 
differentiation factor 15 (GDF-15) secreted by these pro-inflammatory mononuclear phagocytes 
are positive and negative regulators of such inflammatory set point change of the cells.
	 In this study we investigated putative abnormalities in above listed chemokines, adhesion 
molecules, tissue remodelling factors, growth factors and pro- and anti-inflammatory cytokines 
in humans at risk for the development of AITD, taking advantage of the Amsterdam AITD cohort 
[5]. We compared serum levels of CCL2, CCL3, CCL4, sVCAM-1, sICAM-1, THBS-1, VEGF-A, TIE-2, 
MMP13, PDGF-BB, FN, IL-1β, IL-6, TNF-α, IL-10 and GDF-15 between three groups: 32 euthyroid 
family members of AITD patients who developed de novo TPO-Abs during 5 years follow-
up (SeroConverters, SC), 32 euthyroid family members of AITD patients who did not develop 
TPO-Abs in the follow-up (Non-SeroConverters, NSC) and 32 healthy controls (HC), the latter 2 
control groups of subjects were matched to the SC for age, smoking habits and current estrogen 
medication. We previously reported that current smoking prevented the development of TPO-
Abs in the cohort [19]; the use of oral contraceptives was also negatively associated with TPO-
Abs development [20].

Subjects and Methods

Subjects 
The present studies were carried out among the 803 subjects from the Amsterdam AITD 
Cohort. The cohort has previously been described in detail [20]. In short, the cohort consisted 
of women between 18 and 65 years of age in self-proclaimed good health without a history of 
thyroid disease, who had at least one 1st or 2nd degree relative with documented autoimmune 
hyper- or hypothyroidism. Results of thyroid function tests at study entrance revealed overt 
hypothyroidism in 10 subjects and overt hyperthyroidism in 3 subjects, leaving 790 subjects to be 
included in the present study. Subjects were followed for five years, or shorter when overt hyper- 
or hypothyroidism had occurred (defined as TSH <0.4 mU/l in combination with FT4>20.1 pmol/l, 
or TSH>5.7 mU/l in combination with FT4<9.3 pmol/l respectively). At each annual visit to our 
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institution blood samples were collected to measure TSH, FT4, TPO-Ab, Tg-Ab and Thyrotrophin 
Binding Inhibiting Immunoglobulin (TBII). 
	 All subjects were asked to fill in questionnaires on smoking habits (current and past) and use 
of oral contraceptives or other estrogens (current and past). Current pregnancy is an exclusion 
criterion for the present studies. Current smoking is defined as smoking now, or having stopped 
smoking within one year before visiting our institution clinic. Current estrogen usage is defined 
as presently on exogenous estrogen medication.
	 The population who qualified for this study was selected from the inception cohort of the 
790 euthyroid subjects after excluding subjects who had any serological sign of AITD at baseline 
i.e. abnormal TSH and/or thyroid antibodies at baseline (TPO-Ab of 100 kU/l or greater, Tg- Ab 
of 100 kU/l or greater, or TBII of 12U/L or greater). Consequently, 521 euthyroid participants 
without any serological sign of AITD at baseline were thus enrolled. 
	 The actual selection of subjects for the present study from these 521 participants was 
performed as follows: at first 81 euthyroid subjects who were TPO-Ab and Tg-Ab  negative at 
baseline but developed TPO-Ab during follow-up (so-called Sero-Converters, SC) were identified. 
The end-point for a seroconverter was the time at which she had become positive for the first time 
for TPO-Ab without developing abnormal TSH. Each selected sero-converter was matched with a 
euthyroid subject who was TPO-Ab and Tg-Ab negative at baseline and did not develop TPO-Ab 
up to the time at which the seroconverter they were matched to, had received her end-point. 
Seroconverters and Non-Sero-Converters (NSC) were matched for age, current smoking, current 
estrogen and duration of follow up. Because the cost of measuring all compounds in all samples 
is very high, for reasons of cost-effectiveness we then randomly selected 32 seroconverters and 
their corresponding 32 non-seroconverters. The mean age of the selected subjects was 36,8 
years (range 20-58 years).
	 As a control group, we used 32 female subjects between 20 and 69 years of age, who were 
recruited through advertisements in local newspapers, to participate in an ongoing program 
within our institution for delineating reference values of endocrine function tests. They were 
also in self-proclaimed good health, had no family or personal history of thyroid disease and had 
normal TSH and no thyroid antibodies. Blood samples were collected over the same period of 
time as those of the Amsterdam AITD cohort, and processed in the same manner. 
	 All subjects gave informed written consent and the Medical Ethics committee of the Academic 
Medical Center in Amsterdam and the Medical Ethics committee of Erasmus MC in Rotterdam 
approved the study.

TSH, FT4, TPO-Ab determinations
Serum samples were stored at -20°C until determination of the study parameters. Serum TSH 
and FT4 were measured using time-resolved fluoroimmunoassay (Delphia, Turku, Finland). 
Reference values are for TSH 0.4-5.7 mU/l and for FT4 9.3-20.1 pmol/l. TPO-Ab and thyroglobulin 
(Tg) antibodies were measured by chemiluminescence immunoassays (LUMI-test anti-TPO and 
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LUMI-test anti-Tg respectively, Brahms, Berlin, Germany). Improved versions of both assays 
became available during follow-up: detection limits of these new assays were for TPO-Ab 30 kU/l 
and for Tg-Ab 20 kU/l. TPO-Ab concentrations obtained with the old assay were multiplied by 
a factor 0.72 to obtain comparative values in the new assay. TPO-Ab and Tg-Ab concentrations 
were considered to be positive at values >100 kU/l. TSH receptor antibodies were determined as 
TSH binding inhibitory immunoglobulins (TBII) using the TRAK assay (Brahms, Berlin, Germany); 
detection limits in the 1st and 2nd generation TRAK assays were 5 and 1 IU/l respectively, and 
values above 12 and 1.5 U/l respectively were considered as positive.

Serum analytes 
The levels of TNF-α, IL-10, IL-6, IL-1β, MMP-13, CCL3, CCL4, VEGF-A, PDGF-BB, CCL2, sVCAM-1, 
sICAM-1 were measured using the FlowCytomix Multiple Analyte Detection System (eBioscience, 
San Diego, USA) a bead-based multiplex immunoassay according to the manufacturer’s protocol. 
Samples were analyzed with a BD LSR II flow cytometer (BD Biosciences, San Diego, USA) and the 
raw data were further converted with FlowCytomix Pro 3.0 software (eBioscience, San Diego, 
USA). ELISA technology was used for single analyte detection of FN and TIE-2 (Platinum ELISA, 
eBioscience, San Diego, USA) and GDF-15 and THBS-1 (Quantikine Colorimetric Sandwich ELISA, 
R&D systems, Abingdon, UK) according to the manufacturer’s protocol. Undetectable serum 
analyte levels were considered as 0 pg/ml and included in the statistical analysis. 

Statistics
Statistical analysis was performed using the SPSS 20 (IBM) package for Windows. Data were 
tested for normal distribution using the Kolmogorov-Smirnov test. Depending on the distribution 
pattern, parametric (Students T test and one-way ANOVA) or nonparametric group comparisons 
(Mann-Whitney U and Kruskal-Wallis H tests) were applied. Correlations were determined by 
Spearman-correlation. Dendrograms were constructed by SPSS using hierarchical cluster analysis 
of the serum analytes using the between-groups linkage method. The heat map was designed 
using Java Treeview (by Alok Saldanha). Levels of significance were set at p=0.05 (two-tailed). The 
specific tests and group size are mentioned in table footnotes and in figure legends. Graphs were 
designed with Graphpad Prism 5.04 (Graphpad Software) for windows.

Results

In order to select subjects without serological signs of thyroid autoimmunity at baseline we 
included women from the inception cohort who were in self-proclaimed good health, had a 
normal TSH, normal free T4 and were negative for TPO-Ab, Tg-Ab and TBII at study entrance. 
With regard to the Sero-Converters (SC) 6 of the 32 women (19%) who developed TPO-Ab during 
follow-up were also TgAb positive at the time of seroconversion to TPO-Ab (Tg-Ab levels were  
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235, 180, 135, 120, 115, 100 kU/l). With regard to the Non-Sero-Converters (NSC), just 2 of the 
32 women (6%) were Tg-Ab positive (levels 150 and 125 kU/L) at the time their corresponding SC 
developed TPO-Ab. As expected and as a result of the randomization and stratification procedure 
Sero-Converters (SC), Non-Sero-Converters (NSC) and healthy controls (HC) were not different 
regarding age, current smoking behavior and current estrogen medication (Table 1). 
	 In NSC subjects, as compared to HC, an up regulation of cluster C compounds was found, 
namely a statistically significant strong up regulation of FN (see also Figure 4). The up regulation of 
FN occurred in the vast majority of the relatives, i.e. in 84% of subjects (defined as the proportion 
of values above the mean plus SD of the HC, Figure 4). With regard to cluster B compounds we 
found in NSC subjects a strong down regulation (Figure 3). These reductions were in particular 
evident for PDGF-BB (94% of the values below the IQR of the HC of subjects), sVCAM-1 (97% of 
subjects values below the mean minus SD of the HC of subjects) and CCL2 (81% of subjects values 
below the IQR of the HC of subjects). With regard to cluster A compounds, the levels of the 
inflammatory cytokines/chemokines IL-1β, IL-6 and CCL3 were also reduced and most frequently 
not detectable in our cytometric bead array (Figure 2). With regard to the compounds found 
outside the clusters (Figure 4), the TIE-2 levels were strongly reduced as well in the group of NSC 
(100% of subjects values below the IQR of the HC of subjects).

Table 1. Characteristics of healthy controls, and of female euthyroid relatives of AITD patients grouped 
for TPO antibody conversion during 5 year follow-up. HC, healthy controls; SC, sero-converters; NSC, 
non-sero-converters.

HC NSC SC HC vs NSC
P-value

HC vs SC
P-value

NSC vs SC
P-value

n 32 32 32

Age mean (range) 35 (22-61) 33 (19-62) 33 (18-61) 0.401 0.399 0.999

BMI mean (range) 23.8 (18.1-33.7) 24.0 (18.7-42.1) 24.2 (19.1-40.8) 0.840 0.744 0.902

TSH median (IQR) 1.50 (1.20-2.00) 1.20 (1.00-1.65) 1.40 (1.20-2.00) 0.473 0.141 0.265

FT4 median (IQR) 13.0 (12.2-14.7) 13.5 (12.3-14.6) 12.0 (11.9-14.5) 0.894 0.533 0.653

Current smoking (%) 15 (47%) 15 (47%) 15 (47%)

Current estrogen use (%) 6 (19%) 12 (38%) 12 (38%)

Figure 2-5 and Supplemental Table I show the results of analyte measurements in the serum of 
the SC, NSC and HC. But first, we performed a cluster analysis (Figure 1) and found in essence 
three clusters of mutually in-expression-level correlating compounds, i.e. a cluster A containing 
most of the inflammatory cytokines/chemokines (TNF-α, IL-10, IL-6, IL-1β, MMP-13 and CCL3), a 
cluster B containing the vascular adhesion, growth and migration factors (CCL4, VEGF-A, PDGF-BB, 
CCL2, sVCAM-1) and a small cluster C containing FN and sICAM-1. The other tested compounds 
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(GDF-15, THBS-1 and TIE-2) did hardly correlate to the expression levels of the other compounds. 
Results in Figure 2-5 and Supplemental Table 1 are presented according to the cluster analysis as 
groups of compounds. 
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Figure 1. Heat map of hierarchical cluster analysis of the tested serum levels of cytokines, chemokines, 
adhesion molecules and tissue remodelling factors. Colour-coded correlation matrix illustrates 
Spearman’s correlation coefficients between the serum levels of the indicated compounds. Significant 
positive correlations (p<0.05) are given in the red scale (darkest red are correlation coefficients >0.50), 
significant negative correlations are given by the green scale. Lighter fields are not significant. Also 
a dendrogram is presented as a result of the hierarchical clustering. The dendrogram and heat map 
show in essence three major clusters of mutually correlating compounds: One cluster of inflammatory 
compounds (Cluster A: TNF-α, IL-10, IL-6, IL-1β, MMP13 and CCL3); a second cluster of vascular 
adhesion, growth and migration factors (Cluster B: CCL4, VEGF-A, PDGF-BB, CCL2 and s-VCAM) and a 
small cluster C containing s-ICAM1 and Fibronectin (FN).
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Figure 2. The figure represents the outcomes of serum measurements of all Cluster A compounds. 
Medians with IQR are shown for each group of serum measurement in healthy controls (HC), non-sero-
converting (NSC) and sero-converting (SC) family members. Bars represent p values between groups 
(see also Supplementary Table 1); the number of undetectable (0) concentrations is shown below the 
dots for each study group.

Comparing SC to HC, the picture was the same as in the NSC for cluster C compounds (namely 
FN up regulated in 84% of individuals above the mean plus SD of the HC of subjects) and for 
cluster B compounds (down regulated, in 85% to 100% of cases below the IQR of the HC of 
subjects) (see Figure 4 and 3). When comparing SC and NSC, SC however differed from the NSC 
for cluster A compounds (Figure 2): These inflammatory compounds were not down regulated, 
but were at the same level as in healthy controls but significantly up regulated as compared to 
the NSC subjects for the pro-inflammatory cytokines Il-1β and IL-6 and the pro-inflammatory 
chemokine CCL3. There were no differences observed between SC and NSC in the other clusters 
of compounds.
	 We also investigated the analyte patterns of the smoking/non-smoking and oral contra-
conceptive-using/non-oral contra-conceptive-using women separately, since we previously 
reported that smoking and usage of oral contraceptives decreased vulnerability for AITD [19,20]. 
Smoking did not have any effect on the levels of the here tested analytes. However, the use of 
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oral contraceptives did, but only for FN. Figure 5 shows that with regard to FN the use of oral 
contraceptives led to a smaller increase in the level of FN in all groups (the SC, NSC and HC, 
though in the latter just not significant at p=0.06).

CCL4

pg
/m

l

HC NSC SC

0

50

100

150

200
200
400
600
800

<0.001 0.126
<0.001

1 23 28

VEGFA

pg
/m

l

HC NSC SC

0

500

1000

1500

6000
8000

10000
12000
14000

0.898 0.245
0.304

2 28 19

PDGF-BB

pg
/m

l

HC NSC SC

0

1000

2000

3000

4000

5000
5000

10000
<0.001 0.124

<0.001

CCL2

pg
/m

l

HC NSC SC

0

200

400

600

800
<0.001 0.317

0.271

sVCAM-1

ng
/m

l

HC NSC SC

0

500

1000

1500

2000

2500
<0.001 0.926

<0.001

0 1 1

Cluster B

Figure 3. The figure represents the outcomes of serum measurements of all Cluster B compounds. 
Medians with IQR are shown for each group of serum measurement in healthy controls (HC), non-
sero-converting (NSC) and sero-converting (SC) family members. In addition, sVCAM-1 was normally 
distributed, therefore the mean with SD are shown. Bars represent p values between groups (see also 
Supplementary Table 1); the number of undetectable (0) concentrations is shown below the dots for 
each study group.
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Figure 4. The figure represents the outcomes of serum measurements of all Cluster C and other 
compounds. Medians with IQR are shown for each group of serum measurement in healthy controls 
(HC), non-sero-converting (NSC) and sero-converting (SC) family members. In addition, Fibronectin 
and THBS-1 were normally distributed, therefore the mean with SD are shown. Bars represent p values 
between groups (see also Supplementary Table 1).
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Figure 5. Means with SD are shown for the serum Fibronectin (A) and median with IQR for the serum 
PDGF-BB (B) levels in the tested groups, i.e. healthy controls (HC), non-sero-converting (NSC) and sero-
converting (SC) family members, grouped according to the use of oral contraceptives (OAC = using oral 
contraceptives). Bars represent p values between groups. As can be seen serum Fibronectin levels are 
reduced in subjects using oral contraceptives.
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Discussion

This study shows that euthyroid females with at least one 1st or 2nd degree relative with a 
documented autoimmune hyper- or hypothyroidism show a characteristic pattern of abnormalities 
in serum levels of tissue remodelling factors, growth factors, chemokines, (vascular) adhesion 
molecules and cytokines, giving proof of principle that very early stages of AITD (still no TPO-Ab 
in serum) are detectable in individuals at risk by testing peripheral blood for these compounds. 
	 The levels of FN (up regulated in over 80%) and PDGF-BB (down regulated in over 90%) 
were strong determinants characterizing the 1st or 2nd degree relatives, irrespective of later 
sero-conversion to TPO-Ab positivity. The abnormalities suggest growth and connective tissue 
abnormalities in individuals with an inborn risk for AITD. Interestingly there is an early report [21] 
on abnormalities in the growth of skin fibroblasts of 1st degree relatives of T1D individuals (these 
individuals are also known to have a higher risk for AITD) [6,22]. 
	 The observed high FN and reduced PDGF-BB levels in subjects at risk for AITD are reminiscent 
of the connective tissue and endocrine growth abnormalities which have been observed in the 
pre-autoimmune stage in animal models of spontaneously developing endocrine autoimmune 
disease, such as the OS chicken, the BB-DP rat and the NOD mouse. Pre-thyroiditis abnormalities 
in the BB-DP rat involve a smaller thyroid volume (prior to lymphocytic infiltration) and a 
hampered growth of thyrocytes [23]. Similar thyrocyte growth defects have been described for 
the Obese Strain of chicken, even as early as in fetal life [24]. The thyroids of NOD mice have only 
accidentally been studied for abnormalities in growth, and in these studies a high frequency of 
intra-thyroidal ectopic thymus tissue was found [25]. However, the pre-weaning NOD pancreas 
has been studied in more detail. Irregularly shaped islets are a hallmark of the pre-weaning 
NOD pancreas [26] and these irregularly shaped islets show in addition an excessive FN content 
predominantly at the islet vascular pole [27]. Interestingly autoimmune insulitis starts in this 
model with an accumulation of macrophages and DC essentially at these sites of high FN 
expression [27]. 
	 In the here reported study we additionally found that the use of oral contraceptives resulted 
in a reduced increase in the serum level of FN. Since oral-contraceptives also reduced the risk 
for TPO-Ab sero-conversion in the Amsterdam cohort [20], it is tempting to speculate that oral 
contraceptives reduce the FN content in the target glands thereby reducing the macrophage and 
DC accumulation leading to a reduced incidence of sero-conversion. 
	 With regard to the chemokines, adhesion and migration factors CCL2, CCL4, sVCAM-1, MMP-
13 and TIE-2 we found these reduced in serum of 1st or 2nd degree relatives, irrespective of later 
sero-conversion. Particularly the levels of sVCAM-1, CCL2 and TIE-2 were strong determinants 
and were reduced in 80 to 100% of relatives. Interestingly reduced CCL2 levels have also been 
reported in individuals genetically at risk for T1D [28]. 
	 The reduced levels of chemokines, adhesion and migration factors suggest a reduced general 
infiltration and migration of immune cells into and through the tissues of individuals with an 
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inborn risk to develop an endocrine autoimmune disease. This in contrast to patients with 
clinically overt AITD or T1D, who have been reported to have raised serum levels of CCL2 [14] 
and normal or even higher expression levels of soluble adhesion molecules and immune cellular 
infiltrations in their glandular tissue [29,30]. 
	 The here reported data on generally reduced levels of chemokines, adhesion and migration 
factors in relatives of AITD patients are again reminiscent of the reduced migration we have 
observed in the pre-phases of the autoimmune process in the animal models of spontaneously 
developing endocrine autoimmune disease. Particularly NOD macrophages show a hampered 
migration in these stages [31] and it is difficult to recruit (inflammatory) monocytes from the 
circulation to sites of inflammation in the NOD mouse [32]. 
	 The here reported study finally suggests that the levels of the pro-inflammatory cytokines 
and chemokines might make a distinction possible between SC and NSC, since IL-1β, IL-6, and 
CCL3 did differ between NSC and SC (though it must be admitted that the sensitivity of the IL-1β 
assay was low). Reduced levels of the pro-inflammatory cytokines/chemokines as compared to 
healthy controls were measured in the family members, who did not seroconvert in a follow-up 
of 5 years and levels of IL-1β, IL-6, and CCL3 were reduced. In family members who did sero-
convert to TPO-Ab positivity this pattern was different, and IL-1β, IL-6 and CCL3 were significantly 
raised as compared NSC subjects and reached equal values as found in comparison to healthy 
controls. 
	 We like to explain this pattern of differences by assuming 1) that in NSC family members of 
AITD patients leukocytes are not only systemically down regulated with regard to adhesion and 
migration (see before), but also with regard to the production of pro-inflammatory cytokines/
chemokines, and 2) that in SC family members the auto-inflammation in the thyroid had already 
started and that intra-thyroidal pro-inflammatory macrophages and DC secrete pro-inflammatory 
cytokines raising the levels above the systemically down regulated levels generally found in the 
NSC family members. 
	 Again parallels with the NOD mouse model are striking. There are indeed indications that DC and 
macrophages in the endocrine tissues of the NOD mouse are prior to the actual autoimmunization 
at a reduced maturation set point producing less chemokines and inflammatory cytokines, but 
that at the time of sero-conversion and the start of the autoimmune reaction this reduced set 
point of DC and macrophages turns over to a high inflammatory set point [33-38]. In addition 
there is evidence that these abnormal inflammatory DCs and macrophages do not support T cell 
tolerance mechanisms sufficiently, thus tipping the balance towards autoimmunization [39-42]. 
	 In conclusion, the here reported study is a limited study on a relatively small group of 
family members of AITD patients. The study also has its technical limitations. A limitation of 
the cytometric bead array test which we used for this study is that for some of the compounds 
sensitivity was low, such as for IL-1β, TNF-α and IL-10. For these compounds serum levels of many 
patients were below the detection limit. Also, because this is an explorative study we did not 
take type I errors into account. Applying Bonferroni correction will result in loss of significance 
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between the subject groups for some of the cluster A compounds. Indeed further validation 
studies in a larger cohort of subjects with more sensitive detection methods are needed.
	 Despite these limitations, our study represents a first report on the levels of tissue 
remodeling factors, adhesion molecules, chemokines and cytokines in individuals at risk 
for thyroid autoimmune disease and data suggest a characteristic pattern of abnormalities 
in growth and composition of endocrine tissues and in immune activation state prior to the 
auto-reactive state and reminiscent of the pre-autoimmune state found in the animal models 
of endocrine autoimmune disease. An early identification of individuals at risk for a thyroid 
autoimmune disease and an exquisite knowledge on the abnormalities in immune-endocrine 
functioning in the very early stages are the basis for future rational approaches to prevent 
endocrine autoimmune disease. Therefore outcomes of this study urge on the one hand for a 
further profiling of the serum of individuals at risk in a multi-analyte approach using assays with 
sufficient sensitivity and on the other hand for the determination of the size of the thyroid gland 
prior to autoimmunization as well as the patterns of infiltration with macrophages and dendritic 
cells using ultrasound and novel imaging techniques respectively [43]. 
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Abstract

At present there are strong indications of a shared vulnerability factor for schizophrenia (SZ), 
diabetes and the metabolic syndrome (metS). In this study we focus on an aberrantly activated 
monocyte/macrophage system as the shared factor. 
	 We measured in SZ patients (n=144), the serum levels of monocyte/macrophage cytokines/
chemokines/adipokines CCL2, CCL4, IL-1β, TNF-α, IL-6, PTX3, leptin, adiponectin, PAI-1, OPG and 
ICAM-1 and compared these levels to healthy controls (HC) (n=138). Using multivariate analysis, 
we studied the effect of the presence of the disease SZ, the components of the metS including 
BMI, the levels of lipids (HDL Cholesterol and triglycerides (TG)), diabetes (hyperglycemia) and 
the use of antipsychotic medication, on the serum levels of these immune compounds.
	 We found all measured immune compounds with the exception of PAI-1 and OPG to be 
elevated in the SZ patient population. Multivariate analysis showed that elevations were linked 
to gender (ICAM-1, leptin, TNF-α and adiponectin), an increased BMI (leptin, adiponectin), 
hyperglycemia/diabetes (CCL4, and OPG), reduced HDL-cholesterol or increased levels of TG 
(adiponectin and PTX3) or the metS (CCL2, leptin and adiponectin). IL-1β and IL-6 were the only 
immune compounds raised in the serum of patients not affected by any of the included factors. 
	 Although many of the immune compounds were found linked to (components of) the metS, 
the most dominant linkage was found with the disease schizophrenia, confirming earlier reports 
on increased monocyte/macrophage activation as a key component for understanding the 
pathogenesis of schizophrenia. 
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Introduction

Increased prevalence of both components and the metS itself has been a systematic finding in 
metabolic research in SZ [1]. It is well-known that one year of antipsychotic drug treatment in 
the first episode of schizophrenia induces clinical relevant weight gain and rise of fasting plasma 
glucose levels [2]. In a cross-sectional study of 200 Caucasian patients with SZ or schizoaffective 
disorder (mean age 41 years) the prevalence of hyperglycemia was 7% and that of type 2 DM 
14.5%, being significantly increased compared to the general population [3]. However, the 
development of diabetes was unrelated to duration of antipsychotic treatment or to a specific 
antipsychotic drug [4], suggesting that disease-related instead of treatment-related effects 
determined the higher risk for diabetes.
	 Studies in drug-naïve SZ patients suggests that diabetes and the metS are linked to the to 
the disease state schizophrenia itself [5]. This direct linkage was already suggested in 1879 by 
Sir Maudsley in his paper ”Diabetes and Insanity” far before the era of antipsychotic medication, 
where he noted that diabetes was more prevalent in psychotic patients and their family 
members [6]. A more recent paper found increased diabetes prevalence and increased IL-6 blood 
concentrations in drug-naïve recent onset SZ patients, irrespective of BMI, gender, age and other 
confounding factors [7]. 
	 Presently there are strong indications that several vulnerability factors for schizophrenia, 
diabetes and the metS are shared [8,9] and possibly interlinked. We focus in this report on the 
contribution of an aberrantly activated monocyte/macrophage system. 
	 Evidence is accumulating that an aberrantly activated monocyte/macrophage system 
found in SZ patients is a key to the understanding of the disease. We previously reported 
on monocytosis and an up regulated inflammatory gene expression profile in circulating 
monocytes of SZ patients involving genes such as IL-1β, TNF-α, IL-6, PTX3, CCL2 and CCL4 [10]. 
Also increases in the serum concentrations of these cytokines and chemokines have been 
reported in SZ patients (data reviewed in [11]). It is thought that these excessively produced 
immune compounds destabilize the brain in such a way that other genetic and environmental 
influences are capable of precipitating the signs and symptoms of SZ [12,13]. Indeed, receptors 
for inflammatory cytokines are expressed in various brain nuclei [14] and via their triggering, 
deregulations of important neurotransmitter and neuro-developmental systems are introduced, 
facilitating the development of psychiatric signs and symptoms. Moreover, infusion with pro-
inflammatory cytokines (such as IFN-α and TNF-α) are capable of inducing psychiatric symptoms 
[15,16]. Anti-inflammatory therapies, such as anti-TNF [17], COX-2 inhibitors [18-20], aspirin 
[21] and strong macrophage-dampening anti-oxidants, such as n-acetyl cysteine (NAC) [22,23], 
are capable of alleviating symptoms of depression and SZ. Furthermore, increased levels of the 
osteoclastogenesis factor OPG have been described in SZ patients [24]. OPG is a member of the 
tumor necrosis factor receptor family and known to act as a competitive decoy receptor for 



118 | Chapter 6

RANKL preventing the genesis of the macrophages of the bone, the osteoclasts. Interestingly SZ 
patients also have a higher frequency of osteoporosis [25,26].
	 An aberrantly activated monocyte/macrophage system is also a key player in T2D and the 
metS. In T2D monocytes/macrophages are involved by excessively secreting inflammatory 
cytokines (such as CCL2 and TNF-α), which are capable of inducing insulin-resistance in muscle 
and liver cells [27,28]. 
	 In patients with obesity, macrophages in the white adipose tissue are in a chronic inflamed 
state and produce an array of (pro-inflammatory) cytokines including ICAM-1, CCL2, CCL4, IL-1β, 
TNF-α, IL-6, leptin, adiponectin, PAI-1 [29,30]. PAI-1 is considered to be an anti-fibrinolytic 
adipokine synthesized by macrophages in adipose tissue and the level of PAI-1 in serum is known 
to be increased in individuals with obesity [31]. Increased PAI-1 expression that accompanies 
abdominal obesity is the most well documented abnormality associated with the metS. 
Interestingly, we have found the PAI gene overexpressed in the monocytes of SZ patients [10]. 
With regard to dyslipidemia, reduced HDL levels are correlated to a high inflammatory set point 
of monocytes and macrophages [32]. 
	 The aim of this study was to investigate, using an array-based system, whether monocyte/
macrophage related “inflammatory” cytokines/chemokines/adipokines were raised in the serum 
of SZ patients as compared to HC. We focused in particular on those compounds which have been 
described in the literature as abnormal or which we found previously as abnormally expressed in 
the monocytes of SZ and diabetes patients [10,33,34]. We therefore tested for the chemokines 
CCL2, CCL4, the cytokines IL-1β, TNF-α, IL-6, PTX3 OPG, the adipokines leptin, adiponectin and 
PAI-1 and the adhesion factor ICAM-1 and studied whether putative elevations in the serum 
of SZ patients were related to the disease, to the BMI, the levels of lipids (HDL, TG), diabetes 
(hyperglycemia) or the use of antipsychotic medication.

MATERIALS AND METHODS

The study protocols for the inclusion of both the study patients’ samples and HC were reviewed 
and approved by two independent medical ethical review committees METIGG (Utrecht, The 
Netherlands) and Utrecht University respectively.

Patients with schizophrenia
Chronic stable SZ patients between the ages of 19 and 65 years, with minimum disease duration 
of 5 years, were recruited from the mental health care organizations Rijngeestgroep (Oegstgeest, 
Voorhout, and Noordwijkerhout), De Grote Rivieren (Dordrecht) and Anoiksis, the Dutch 
organization for patients with schizophrenia. Most participants of the study were recruited from 
the semirural part of the Dutch province Zuid-Holland.
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After providing written informed consent, the M.I.N.I. Plus [35], a structured diagnostic interview 
for DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, 4th edition) diagnosis [36], and 
the available medical records were used for a DSM-IV diagnosis of schizophrenia or schizoaffective 
disorder. The study design as well as the demographic data of the study population has been 
described before [3]. Patients were classified as on typical (n=39/144) and atypical (n=94/144) 
medication. The two treatment groups did not differ in age, BMI, or waist to-hip ratio.
	 Although the group of SZ patients share a long history of antipsychotic medication use, a small 
subgroup (n=11) were currently drug-free. This subgroup did not use anti-psychotic medication 
for at least 3 months. The drug-free population had significantly lower BMI and higher HDL (Table 
S3). The demographic data for the SZ patients are listed in table 1.

Healthy controls
HC (n=138) were laboratory staff, medical staff and medical students at the Erasmus MC. 
The inclusion criteria for HC were an absence of any major psychiatric disorder including 
schizophrenia, bipolar and major depressive disorder and an absent history of these disorders in 
first-degree family members. The HC had to be in good health and free of any diagnosed medical 
disorder or illness for at least 2 weeks before blood withdrawal. The demographic data for the 
HC are listed in Table 1.

Clinical variables
Clinical variables including TG, HDL, mean fasting glucose levels were only determined in the SZ 
patient group. BMI was determined only in 43 of 144 HC. Overall, the HC were considered lean.
	 The metabolic syndrome (metS) was defined according to a modified definition of the NCEP-
ATP III [37]. 
	 Hyperglycemia was diagnosed when the mean fasting glucose plasma level was between 
6.1 and 7.0 mmol/l, or when the oral glucose tolerance test (OGTT) plasma glucose levels at 
T=120 min were between 7.8 and <11.1 mmol/l. The glucose measurements were performed in 
the morning between 0900h and 1100h. In addition, we also determined the metS according to 
International Diabetes Federation guidelines [38], but this did not result in a change of the total 
number of SZ patients with metS. 
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Table 1. Patient characteristics.

  HC SZ   SZ-metS    

p-Value p-value p-value

      HC vs SZ   SZ vs  
SZ-metS

HC vs  
SZ-metS

Group size n 138 98   46    

Age (Mean) 18-62 (33) 19-65 (40) <0.001 22-65 (41) 0.857 <0.001

Gender

Female n (%) 84 (61%) 24 (24%) 19 (41%)

Male n (%) 54 (39%) 74 (76%)   27 (49%)    

Medication use

None 138 8 3

Typical . 26 13

Atypical . 64 30

Clozapine . 14 11

Risperidone . 22 9

Olanzapine . 25 10

Quetiapine . 3   0    

BMI mean (range) 24(18-36)a 26 (18-35) <0.001 32 (19-47) <0.001 <0.001

TG mean (range) mmol/L NA 1.4 (0.3-9.0) NA 2.8 (0.6-9.4) <0.001 NA

HDL mean (range) mmol/L NA 1.1 (0-5.6)a NA 0.9 (0.0-1.8) <0.001 NA

Diabetes Mellitus (%) 0 5 (5%) . 7(15%) . .

Characteristics of HC, SZ patients and SZ patients with the metS. a BMI was measured in 42 HC.

Laboratory methods
Serum collection
After a 12h fasting period a blood sample was taken between 0900h and 1100h in both 
populations. Blood was collected in in clotting tubes for serum preparation and stored at -20°C.

Cytokine and adipokine measurements
The serum cytokine/chemokine/adipokine concentrations were measured using the Cytometric 
Bead Array kits (BD Biosciences, San Diego, USA) according to the manufacturer’s protocol. 
Samples were analyzed with a Calibur flow cytometer (BD Biosciences, San Diego, USA) using BD 
FCAP Array Software (BD Biosciences). Results are expressed as picograms per milliliter.
	 Undetectable cytokine levels were considered as 0 pg/ml and included in the statistical 
analysis. Subjects with missing serum cytokine values as a result of limited amount of serum 
were excluded from the specific test.
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Statistics
Statistical analysis was performed using the SPSS 20 (IBM, Inc.) package for Windows. Data were 
tested for normal distribution using the Kolmogorov-Smirnov test. Depending on the distribution 
pattern and the total number of subjects, parametric (normal distribution) or nonparametric 
group comparison (Mann-Whitney U and Kruskal-Wallis H tests) were applied. Correlations 
were determined by Spearman-correlation. The effect of components of the metS on the serum 
cytokine/chemokine/adipokine concentrations were determined by generalized linear models 
with bootstrapping to improve model fit. Levels of significance were set at p=0.05 (two-tailed). 
The specific tests and group size are mentioned in tables, footnotes and in figure legends. Graphs 
were designed with Graphpad Prism 5.04 (Graphpad Software, Inc) for windows.

RESULTS

We compared the serum cytokines/chemokines/adipokines concentrations between the study 
groups, i.e. HC, SZ patients with and without the metS. The studied serum proteins appeared 
not normally distributed according to the Kolmogorov-Smirnov test; therefore we used non-
parametric tests for group comparison and correlation. According to the Kruskal-Wallis H test 
(Table 2) there are significant differences in serum levels between the study groups for CCL2, 
CCL4, IL-1β, TNF-α, IL-6, PTX3, leptin and adiponectin. There was a significant difference in age 
between the HC and SZ patient groups (Table 1, p<0.001). Generalized linear models applied 
to our data set demonstrated that age had a significant, but small effect on adiponectin serum 
concentrations in HC and SZ patients (Table S1, β=3.9). However, the regression coefficient of age 
was smaller than the beta of the disease presence (β=13.2), indicating that the effect of age on 
the adiponectin concentrations was smaller than the effect of disease. In addition, no significant 
correlation between age and the studied clinical variables was found by Spearman correlation 
(Table S2). 
	 Similarly, we studied the effect of gender on the serum protein concentrations with 
generalized linear models. A negative beta value corresponding to gender means an increase in 
cytokine/chemokine/adipokine concentration in males, whereas a positive beta corresponds to 
an increase of the specific immune compound in females. There was a significant effect of gender 
on ICAM-1, TNF-α, leptin and adiponectin (Table S1). Our finding of higher leptin concentration 
in the serum of females compared to males is supported by literature [39,40]. For ICAM-1 such 
literature data is not available. Only in the case of ICAM-1 and Leptin the effect of gender was 
larger than the disease presence and we therefore stratified ICAM-1 and leptin into male and 
female groups.
	 For each of the immune compounds the individual study groups were thereafter compared 
using Mann-Whitney U tests. Group size, median, interquartile range (IQR) and p-values are 
summarized in Table 2. 
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CCL2 and CCL4
We found a significant increase of CCL2 (Figure 1A) and CCL4 (Figure 1B) in the serum of SZ 
patients without the metS as compared to HC (p<0.001 for both chemokines), indicating a 
significant effect of disease on these chemokines. SZ patients with the metS had an even more 
and significantly raised serum level (p=0.017) of CCL2 in comparison to the serum levels found in 
patients without the metS. For CCL4 there was also such increase, but this did not reach statistical 
significance in comparison to the patients without the metS. Outcomes of the generalized linear 
model showed that none of the components of the metS did have a significant effect on the CCL2 
levels. There was a significant effect of a disturbed OGTT on the CCL4 serum concentration in the 
SZ patient group (Table 3; βOGTT=28.4, p=0.035) and we therefore checked whether there was a 
correlation between the CCL4 serum concentrations and fasting glucose serum levels (Spearman 
correlation). There was no such correlation (Rs=0.215, p=0.017).

Figure 1. A. CCL2 and B. CCL4 serum concentrations. Dots depict individual study subjects, the line 
represents the median and the whiskers depict the interquartile range (summarized in Table 2). 
P-values were obtained by Mann-Whitney U tests *p<0.05, ***p<0.001.

IL-1β, TNF-α, IL-6 and PTX3
We measured significant rises in the serum levels of IL-1β (Figure 2A: p<0.001), TNF-α (Figure 2B; 
p<0.001), IL-6 (Figure 2C; p=0.001) and PTX3 (figure 2D; p<0.001) in SZ patients without the metS 
in comparison to the HC. The presence of the metS and its components in SZ patients had no 
further effect on the raised serum levels of IL-1β, TNF-α and IL-6. Decreased HDL had a significant 
effect on the serum concentration of PTX3 (Table 3: βHDL=-78.6, p=0.05).



124 | Chapter 6

Figure 2. A. IL-1β, B. TNF-α, C. IL-6 and D. PTX3 serum concentrations. Dots depict individual study 
subjects, the line represents the median and the whiskers depict the interquartile range (summarized 
in Table 2). P-values were obtained by Mann-Whitney U tests **P<0.01, ***p<0.001.

Leptin
Females with SZ (without the metS) had a significantly higher level of leptin as compared to female 
HC (Figure 3A: p<0.001). This increase was not present in male patients, indicating that a disease 
effect was only noticeable in the female gender. For both genders the additional presence of the 
metS resulted in higher leptin levels, but values only reached statistical significance for males 
(p<0.001). Gender and BMI appeared to be components of the metS showing the strongest effect 
on the serum leptin levels (table 3: βgender=73.4, p=0.001; βBMI=31.1, p=0.003).

Adiponectin
We found a significant increase in adiponectin levels in the serum of SZ patients without the metS 
as compared to HC (Figure 3B; p<0.001), indicating an effect of presence of SZ on the expression 
of this adipokine in serum. SZ patients with the metS had an even more and statistically raised 
serum level of adiponectin in comparison to patients without the metS. Gender, BMI and TG had 
the strongest effect on adiponectin serum levels (Table 3: βgender=-9.4, p=0.049; βBMI=8.7, p=0.001; 
βTG=6.3, p=0.020).

PAI-1
There was no increase of PAI-1 in the serum of SZ patients compared to HC irrespective of 
the absence or presence of the metS (Figure 3C). In addition, we did not find any effect of the 
components of the metS on serum PAI-1 levels (Table 3).

OPG
We did not find differences in OPG serum levels between HC and SZ patients. However, we did 
find a significant difference between HC and SZ patients with the metS (Figure 4A: p=0.017) 
There was an effect noticeable of a disturbed OGTT on OPG levels (table 3: βOGTT=46.9, p=0.001).
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Figure 3. A. Leptin, B. Adiponectin and C. PAI-1 serum concentrations. Dots depict individual study 
subjects, the line represents the median and the whiskers depict the interquartile range (summarized 
in table 2). P-values were obtained by Mann-Whitney U tests ***p<0.001.

ICAM-1
Females with SZ and without the metS had a higher level of serum ICAM-1 as compared to 
female HC (p=0.026). There was no difference between the ICAM-1 levels in males, indicating 
that a small disease effect was only noticeable in the female gender (Figure 4B). For both genders 
the additional presence of the metS and its components (Table 3) did not have any effect on 
ICAM-1 levels. 

Figure 4. A. OPG, B. ICAM-1 serum concentrations. Dots depict individual study subjects, the line 
represents the median and the whiskers depict the interquartile range (summarized in Table 2). 
P-values were obtained by Mann-Whitney U tests *p<0.05.
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Effect of antipsychotic medication
We studied the effect of antipsychotic medication use (users vs. currently 11 non-users) as well 
as the type of antipsychotic medication (as summarized in Table 1) on the serum cytokine/
chemokine/adipokine levels and did notfind a correlation with the measured levels (Table S3). 
The use of antipsychotic medication did correlate weakly, but significantly with HDL (Rs=-0.174, 
p=0.03) and the BMI (Rs=0.209, p=0.012). 
	 Omission of the 11 drug-free cases (Table S4) from the statistical analysis did not change 
the outcome of the study group comparison shown in table 3. Furthermore, generalized linear 
models to study the effect of the components of the metS on the serum cytokine/chemokine/
adipokine levels did not reveal any major changes when removing the 11 drug-free patients 
from the analysis (Table S5). However, the effect of HDL levels on PTX3 serum levels, the effect 
of TG on serum adiponectin levels and the effect of a positive outcome of the OGTT on CCL4 lost 
significance.
	 Since the use of antipsychotic medication resulted in a higher BMI (Table S3, p=0.012) and a 
reduced HDL (Table S3, p=0.039) in our series, the omission of the drug-free patients (and thus 
of the leanest patients with the most favorable lipid spectrum) might have influenced indirectly 
the loss of correlation between the lipid levels/OGTT on PTX3, adiponectin and CCL4 levels.
	 Since it has been found that clozapine treatment increases serum IL-6 concentrations [41] 
and since clozapine mobilized CD34 progenitor cells [42], we tested for clozapine correlation 
separately in our group of SZ patients. A considerable proportion of SZ patients in this study 
were taking clozapine (n=25). Spearman correlation indicated that the use of clozapine did not 
correlate with any of the serum cytokine/chemokine/adipokine levels (Table S6). In addition no 
differences in serum cytokine/chemokine/adipokine levels between clozapine users and users of 
other anti-psychotic medication were detected (Table S7). 

DISCUSSION

Although many studies report increased serum levels of monocyte/macrophage related cytokines 
IL-1β, IL-6, TNF-α in SZ patients [10], the majority of studies did not take confounders such as 
age, gender, BMI, medication and presence of the metS into account. 
	 This study shows an elevation of the monocyte/macrophage cytokines IL-1β, TNF-α, IL-6, 
PTX3, the chemokines CCL2 and CCL4 and the adipokines leptin and adiponectin in the serum 
of patients with chronic schizophrenia (for synopsis of findings see table 4). Multivariate 
analysis showed that these elevations were linked to both the disease state itself as well as 
to confounders such as gender (ICAM-1, leptin, TNF-α and adiponectin), a high BMI (leptin, 
adiponectin), hyperglycemia (CCL4 and to some extent OPG), reduced levels of HDL/high levels of 
TG (adiponectin and PTX3) and/or the presence of metS in general (CCL2, leptin and adiponectin). 
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IL-1β and IL-6 were the only cytokines raised in the serum of SZ patients not affected by any of 
the here studied confounding factors.

Table 4. Results synopsis.

Disease Age Gender metS BMI TG HDL OGTT

Chemokines

CCL2 +++ . . + . . . .

CCL4 +++ . . . . . . ++

Pro-inflammatory cytokines

IL-1β +++ . . . . . . .

TNF-α +++ . + (♂) . . . . .

IL-6 ++ . . . . . . .

PTX3 +++ . . . . . + .

Adipokines

Leptin +++ (♀) . +++ (♀) ++ (♂) + . . .

Adiponectin +++ . + (♂) +++ ++ + . .

PAI-1 . . . . . . . .

OPG (+)b . . . . . . ++

Adhesion factor

ICAM-1 (+)a (♀) . +++ (♂) . . . . .

Synopsis of results obtained from the statistical models. + represent the effect of each component on the serum cytokine/
chemokine/adipokine concentration. (♀): effect in females, (♂) effect in males. a Not significant after Bonferroni correction. 
b Significant difference in OPG serum concentration between HC and SZ patients suffering from the metS.

 
PAI-1 was not raised in the serum of chronic schizophrenia patients. Carrizo et al. did not find 
significant differences in serum PAI-1 levels between SZ patients and their healthy relatives [43]; 
however, they did find a strong correlation of PAI-1 levels and BMI and antipsychotic medication 
use, something we did not find.
	 OPG was slightly elevated in SZ patients, but only the difference between HC and SZ-metS 
was significant and a prime role for hyperglycemia in this subgroup of patients is likely (Table 
3 and 4) [24] did find increased OPG levels in SZ patients, but these authors did not take the 
presence of the metS into account (Hope et al., 2010). 
	 Monocyte migration into the tissues is – besides on the action of chemokines – also dependent 
on the action of integrins and the ICAM-1 system is important in this. The concentration of the 
adhesion molecule ICAM-1 was elevated in SZ patients, but with only a p-value of 0.026 and 
linked to gender. It is questionable whether we should apply Bonferroni testing on this limited 
array of cytokines/chemokines/adipokines/ adhesion factors studied here (in particular since 
we focused on monocyte/ macrophage compounds from a hypothesis-driven approach), but in 
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doing so the significance for ICAM-1 levels was lost (see legend Table 2, not for the other studied 
compounds). Despite the questionable significance for the rise in ICAM-1, it is in line with results 
from a previous study [44], where also increased ICAM-1 levels were detected in SZ patients. 
However elevations in ICAM-1 were found in that study in medicated patients, while drug-naïve 
patients did not show such increase. Therefore the authors suggested that the anti-psychotic 
medication was responsible for the rise in serum ICAM-1 levels. Only a small group of our SZ 
patients (n=11/144) did not use antipsychotic medication at the time of serum collection, but 
they had used such medication in the past. 
	 Although we did not find any difference in serum levels of the immune compounds in 
this study between medicated versus currently-non-medicated chronic SZ patients (including 
clozapine), it is possible that long term medication in the presently 11 drug-free patients may 
have had a long lasting stimulating influence on the immune system being responsible for a long-
lasting rise in the level of the immune compounds. It must be noted however, that antipsychotic 
medication, has in general an immune suppressive effect [45], confirmed by a meta-analysis 
of [46], who found significantly decreased IL-1β and IL-6 levels after initiation of antipsychotic 
treatment. Suffice to say that more in depth studies on the effects of anti-psychotic medication 
on the levels of the here reported cytokines/chemokines/adhesion molecules is indicated.
	 Our study has several limitations. First, the drug-free group of patients is of insufficient size 
and insufficient length of – drug-free – time. Secondly, the HC group composed of laboratory 
and hospital staff was not only younger than the SZ patients and had a lower BMI than the SZ 
patients, but maybe even more important, they had a higher socioeconomic status (SES) than 
the SZ patients. Because of the normal BMI, we assume that these healthy hospital and medical 
faculty staff were not or hardly suffering from the metS, though exact data are not available on 
the HDL, TG and OGTT values in the healthy control group. In comparison to the levels found in 
this HC group, the levels CCL4, IL-1β, TNF-α, IL-6, PTX3, leptin (females) and adiponectin were 
significantly raised in the serum of SZ patients without the metS. If the prevalence of the metS 
in our healthy controls would have been considerable and would have had an impact, it would 
have bIurred the difference between the two groups (since the metS has an increasing effect on 
the cytokine/chemokine/adipokine levels). We are therefore confident that our data strongly 
suggest that the higher expression of CCL4, IL-1β, TNF-α, IL-6, PTX3, leptin and adiponectin are 
linked to the disease state of SZ itself and not to the presence of the metS. 
	 A low SES was found to be correlated to higher levels of circulating inflammatory markers 
including IL-6 and TNF-α [47]. However, strong association of smoking, drinking, less exercise 
and obesity with low SES might explain this increase in inflammatory makers. Schizophrenia is 
associated with a greater probability of ever daily smoking compared to other mood disorders 
and the general population [48]. Tobacco smoking leads to increased IL-6 levels in the serum; 
decreased TNF-α however, was found to be associated with smoking in females only [49].
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Suffice to say, that our data should be verified in new cohorts with healthy controls matched for 
age, gender, signs and symptoms of the metabolic syndrome, smoking habits and particularly 
socioeconomic status.
	 In a previous study of serum cytokine levels, using the same assay, but in younger (mean 
age 24) psychotic recent-onset SZ patients with a treatment duration under 3 months, the levels 
of CCL2, IL-1β, TNF-α, IL-6 and PTX3 were found to be normal [50]. However, we did find in this 
young group of SZ patients an up regulation in the circulating monocytes for CCL2, IL-1β, TNF-α, 
IL-6 and PTX3 mRNA and we then argued that there must be a control over the excessively up 
regulated monocyte genes not to result in excessive protein production. The present data suggest 
that during the development of the disease to the chronic phase, these control factors are lost. 
However our data did not clearly indicate which conditions were responsible for breaking control, 
since the presence of the metS did not influence the expression of the studied cytokines apart 
from that of CCL2, Leptin (in males) and adiponectin. It might be that the cumulative treatment 
with antipsychotic medication resulting in obesity (this report confirmed the correlation of 
antipsychotic medication with the BMI) has an indirect increasing effect on serum cytokine 
levels; macrophages in fat are producers of (pro-inflammatory) cytokines including ICAM-1, 
CCL2, CCL4, IL-1β, TNF-α, IL-6 and adipokines leptin, adiponectin and PAI-1 [29,30]. However, we 
were unable to find an effect of increased BMI on the serum levels of the mentioned cytokines 
(Table 3). Also in a separately small series study of morbid obese non-SZ patients, we could not 
find higher serum levels of the above mentioned inflammatory cytokines in comparison to lean 
controls [51].
	 The diabetes found in antipsychotic treated SZ patients has three outstanding characteristics. 
First it occurs at a younger age [1,4]. Second, it might develop into a diabetic form of ketoacidosis 
(DKA) or a hyperglycemic hyperosmolar state (HHS) [52-55]. Third, the increased incidence of 
DKA/HHS notwithstanding, no indications of autoimmune origin were found: antibodies and 
antibodies to GAD65 are not present in SZ patients with diabetes [56]. Although we did not 
find a direct correlation between CCL4 serum levels and fasting glucose or glucose levels after 
the OGTT, we did find a small, but significant effect of CCL4 levels on the outcome of the OGTT, 
indicating that the increase of CCL4 is linked to the presence of impaired glucose tolerance or 
(pre)-diabetes in SZ patients. In addition, CCL4 was encountered as a predominant T2D-expressed 
monocyte gene of T2D patients in a preliminary set of gene-finding experiments in monocytes of 
T2D patients (unpublished data). Collectively these data support a view that CCL4 is an important 
gene in both SZ and T2D. 
	 In conclusion, chronic schizophrenia patients clearly show an activated monocyte/
macrophage system as evidenced by raised serum levels of the chemokines CCL2 and CCL4, the 
cytokines IL-1β, TNF-α, IL-6 and PTX3, the adipokines leptin and adiponectin. Although many of 
these immune compounds were found linked to gender, the metS and hyperglycemia/diabetes, 
the most dominant linkage was found with the disease state of schizophrenia itself supporting 
our earlier expressed view (studying psychotic patients with recent onset schizophrenia) that 
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immune system activation is a key to understand the pathogenesis of schizophrenia [50]. These 
findings support the rational for an (add-on) anti-inflammatory treatment in patients with 
chronic SZ.
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Supplementary tables

Table S1. Effect of disease, age and gender on serum cytokines/chemokines/adipokines in HC and SZ 
patients. 

  Disease Agea Gender

  Beta(95% CI), p-value Beta(95% CI), p-value Beta(95% CI), p-value

CCL2
(n=228)

87.8 (54.26,123.58),
0.001

-5.7 (-41.6,32.9),
0.759

2.4 (-14.0,32.9),
0.756

CCL4 
(n=207)

17.6 (0.6,32.8),
0.023

6.2 (-0.9,14.2),
0.115

-9.3 (-20.6,4.5),
0.158

IL-1β
(n=222)

6.0 (3.2,8.7),
0.001

0.4 (-0.7,1.7),
0.483

-0.8 (-3.5,2.0),
0.569

TNF-α
(n=208)

16.9 (7.1,26.4),
0.001

1.1 (-4.0,6.6),
0.698

-12.5 (-23.7,-2.3),
0.016

IL-6
(n=205)

17.3 (2.8,30.5),
0.014

0.5 (-4.9,6.6),
0.892

-6.7 (-22.7,6.6),
0.380

PTX3
(n=234)

259.1 (151.0,375.5),
0.001

13.5 (-32.3,64.4),
0.603

112.4 (2.3,225.3),
0.055

Leptin
(n=207)

49.7 (30.3,71.0),
0.002

-0.9 (-10.5,9.0),
0.842

55.3 (35.1,78.3),
0.002

Adiponectin
(n=207)

13.2 (5.2,21.8),
0.003

3.9 (0.3,7.7),
0.042

-9.1 (-16.1,-1.7),
0.017

PAI-1
(n=207)

-0.8 (-1.9,0.3),
0.153

0.3 (-0.1,0.7),
0.221

-0.7 (-1.5,0.2),
0.122

OPG
(n=207)

6.8 (-10.0,25.9),
0.479

5.3 (-2.0,12.7),
0.151

15.2 (-2.0,34.4),
0.138

ICAM-1 
(n=207)

197.8 (39.0,352.3),
 0.014

-37.8 (-115.5,40.0),
0.356

-247.9 (-384.7,-104.0),
0.002

Generalized linear model to identify the effect of disease, age and gender on the serum cytokine/chemokine/adipokine 
concentrations in the HC, SZ and SZ-metS groups combined. A negative beta value corresponding to gender means an 
increase in concentration in males (ICAM-1, TNF-α and adiponectin), whereas a positive beta (leptin) corresponds to an 
increase in females. a Age was standardized as z-score to correct for the effect size.



136 | Chapter 6

Table S2. Correlation between age and serum cytokine/chemokines/adipokine levels and clinical 
variables.

A. Serum Cytokines B. Clinical variables

ICAM-1 Rs -0.007 Gender Rs -0.011

p-value 0.919 p-value 0.855

N 207 N 282

CCL2 Rs 0.143 BMI Rs 0.267

p-value 0.031 p-value 0.000

N 228 N 186

CCL4 Rs 0.255 TG Rs 0.157

p-value 0.000 p-value 0.061

N 207 N 143

IL-1β Rs 0.122 HDL Rs 0.042

p-value 0.070 p-value 0.615

N 222 N 143

TNF-α Rs 0.092 OGTT Rs 0.205

p-value 0.187 p-value 0.001

N 208 N 247

PTX3 Rs 0.192 MetS Rs 0.162

p-value 0.003 p-value 0.006

N 234 N 282

IL6 Rs 0.080

p-value 0.256

N 205

Leptin Rs 0.190

p-value 0.006

N 207

Adiponectin Rs 0.234

p-value 0.001

N 207

OPG Rs 0.143

p-value 0.040

N 207

PAI1 Rs 0.029

p-value 0.678

N 207

Spearman correlation between age in the HC and SZ patient group and A. Serum cytokines/chemokines/adipokines and B. 
Clinical variables. 
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Table S3. Cytokines/chemokines/adipokines and components of the metS in SZ patients currently 
drug-free and patients using anti-psychotic medication.

Drug-free Anti-psychotic medication

N Median(IQR) N Median(IQR) P-value

CCL2 11 169.2(70.3) 133 202.2(135.8) 0.520

CCL4 11 81.6(30.4) 113 84.2(44.4) 0.456

IL-1β 11 8.4(9.9) 127 10.8(14.2) 0.589

TNF-α 11 21.8(11.4) 119 23.2(57.2) 0.694

IL-6 11 38.8(30.1) 117 35.5(63.9) 0.662

PTX3 11 386.3(203.5) 132 441.3(528.8) 0.628

Leptin 10 0.0(12.4) 113 0.0(64.2) 0.175

Adiponectin 10 82.8(25.8) 113 97.7(28.6) 0.069

PAI-1 10 10.2(1.8) 113 9.8(2.2) 0.595

OPG 10 90.0(49.5) 113 87.8(35.2) 0.743

ICAM-1 10 550.1(241.5) 113 656.8(466.9) 0.165

Clinical variables

BMI 11 24.5(5.5) 133 28.0(7.0) 0.012

TG 11 1.5(1.6) 132 1.4(1.3) 0.542

HDL 11 1.2(0.7) 132 1.0(0.4) 0.039

Group size, median with IQR, p-values obtained by Mann-Whitney U test. We did not stratify the ICAM-1 and leptin into 
males and females, because of the small group size for the clozapine users.
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Table S6. Correlation between Clozapine use and serum cytokine/chemokines/adipokine levels and 
clinical variables within the SZ patient group.

A. Serum cytokines B. Clinical variables

ICAM-1 Rs 0.038 Age Rs 0.067

p-value 0.677 p-value 0.425

N 123 N 144

CCL2 Rs -0.012 Gender Rs -0.040

p-value 0.883 p-value 0.636

N 144 N 144

CCL4 Rs 0.146 BMI Rs 0.167

p-value 0.106 p-value 0.046

N 123 N 144

IL-1β Rs 0.019 TG Rs 0.152

p-value 0.829 p-value 0.070

N 138 N 143

TNF-α Rs 0.031 HDL Rs -0.159

p-value 0.729 p-value 0.058

N 130 N 143

PTX3 Rs 0.116 OGTT Rs 0.139

p-value 0.169 p-value 0.097

N 143 N 143

IL-6 Rs 0.002 MetS Rs 0.064

p-value 0.980 p-value 0.442

N 127 N 144

sIL-2R Rs 0.125

p-value 0.413

N 45

Leptin Rs 0.120

p-value 0.187

N 123

Adiponectin Rs 0.091

p-value 0.319

N 123

OPG Rs 0.102

p-value 0.259

N 123

PAI1 Rs 0.160

p-value 0.078

N 123

Spearman correlation between clozapine use (users/non-users) in the SZ patient group and A. Serum cytokines/chemokines/
adipokines and B. Clinical variables. 
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Table S7. Cytokines/chemokines/adipokines and components of the metS in clozapine users and users 
of other anti-psychotic medication.

Other anti-psychotic medication Clozapine

N Median(IQR) N Median(IQR) P-value

CCL2 119 198.9 (154.9) 25 193.2 (97.2) 0.309

CCL4 106 80.1 (42.6) 17 90.3 (83.6) 0.165

IL-1β 115 10.8 (13.9) 23 9.1 (13.7) 0.922

TNF-α 108 22.5 (50.0) 22 23.2 (52.9) 0.768

IL-6 107 35.5 (64.2) 20 35.7 (59.8) 0.772

PTX3 119 437.2 (506.6) 24 384.5 (612.8) 0.974

Leptin 106 0.0 (47.1) 17 0.0 (94.3) 0.479

Adiponectin 106 96.8 (27.3) 17 102.2 (39.4) 0.671

PAI-1 106 9.7 (2.3) 17 10.4 (2.3) 0.135

OPG 106 87.0 (39.4) 17 88.6 (21.1) 0.466

ICAM-1 106 645.3 (436.5) 17 835.5 (445.0) 0.198

Clinical variables

BMI 119 28.0 (7.0) 25 29.0 (3.8) 0.369

TG 118 1.4 (1.2) 25 1.5 (2.4) 0.067

HDL 118 1.0 (0.4) 25 1.0 (0.4) 0.712

Group size, median with IQR, p-values obtained by Mann-Whitney U test. We did not stratify the ICAM-1 and leptin into 
males and females, because of the low group size for the clozapine users.
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General discussion
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Cells derived from the myelo-monocytic cell lineage are essential for the normal functioning of 
the immune system. The data presented in this thesis and the theses of previous candidates 
(Rosmalen, 2000; Lam-Tse, 2003; Nikolic, 2004; Geutskens, 2004; Canning, 2005; Bouma, 2005; 
Sommandas, 2008; Wildenberg, 2008; Welzen-Coppens, 2013) show that these cells are not only 
involved in the recognition and clearance of invading pathogens (their classical function), but that 
these cells also play a crucial role in tissue development (e.g. of the brain, the thyroid and the 
pancreas islets). And in addition play a crucial role in the preservation of immune homeostasis, 
most notably in the preservation of tolerance to neuro-endocrine auto-antigens. 
	 As stated in the introduction of this thesis various studies have shown the association of 
psychiatric disease with endocrine (and other organ-specific) autoimmune diseases, not only 
in patients, but also and independently in not-affected family members of patients [1]. This 
suggests a common underlying abnormality responsible for both the autoimmune endocrine 
and mental disorders. 
	 This thesis (and the other previous theses) provide strong evidence that aberrantly 
inflammatory activated microglial cells in the brain of patients with major psychiatric disease 
and aberrantly inflammatory activated, non-tolerogenic DCs/MØs in the thyroids/pancreases of 
patients with AITD/T1DM constitute to this common underlying abnormality. 
	 The data of this and the other theses point to the view that it is caused by an intrinsically 
aberrant proliferation/differentiation of cells of the myelo-monocytic lineage in animals and 
individuals prone to endocrine autoimmunity and psychiatric disease, which make their progeny 
(DCs/MØs) excessively prone for inflammatory over stimulation and lack of tolerogenic capability. 

Conclusions from the animal studies in this thesis

In steady state microglia are involved in synapse formation, they produce growth factors 
for developing neurons and blood vessels and execute programmed neuronal cell death 
(reviewed in [2,3]). Microglia colonize the brain parenchyma at early stages of development 
and accumulate in specific regions where they actively participate in cell death, angiogenesis, 
neurogenesis and synapse elimination during embryogenesis. A recurring feature of embryonic 
microglial distribution is their association with developing axon tracts, which together with in 
vitro data, supports the idea of a physiological role for microglia in neurite development. Yet 
the demonstration of this role of microglia is still lacking. In Chapter 2 of this thesis, we have 
studied the consequences of microglial dysfunction on the formation of the corpus callosum, the 
largest commissure of the mammalian brain, which shows consistent microglial accumulation 
during development. We studied two models of microglial dysfunction: the loss-of-function of 
DAP12, a key microglial-specific signaling molecule, and a model of maternal inflammation by 
peritoneal injection of LPS at E15.5. We also took advantage of the Pu.1-/- mouse line, which is 
devoid of microglia. We performed transcriptional profiling of maternally inflamed and Dap12-
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mutant microglia at E17.5. We found that both treatments principally down-regulated genes 
involved in nervous system development and function, particularly in neurite formation. We then 
analyzed the developmental consequences of these microglial dysfunctions on the formation 
of the corpus callosum. We now show in this thesis that all three models of altered microglial 
activity resulted in the defasciculation of dorsal callosal axons. Our study demonstrates that 
microglia display a neurite-growth promoting function and are genuine actors of corpus callosum 
development. It further shows that microglial inflammatory activation impinges on this function, 
thereby revealing that prenatal inflammation can impair neuronal development.
	 In Chapter 3 of this thesis, we used the Non-Obese Diabetic (NOD) mouse as another model 
of putative microglial inflammatory activation. The NOD mouse is a model of spontaneously 
developing endocrine autoimmune disease (autoimmune thyroiditis and autoimmune diabetes), 
in addition NOD mice are highly anxiogenic at steady state and show an exaggerated depressive-
like behavioral response to LPS. Since there is also increasing evidence that microglia plays a 
role in the etiology of major depression, we compared the genotype of NOD microglia (at steady 
state and after LPS injection) to its background control strain CD1 to determine if these cells 
are significantly inflammatory altered in the NOD mouse. Microglia were isolated, FACS sorted 
(SSClowCD11b+CD45low) and Affymetrix microarray analysis was performed on the microglia. 
Genome-wide expression data were analyzed by BRB-Arraytools, Ingenuity analysis and a 
detailed literature search using PubMed for the top over- and under-expressed genes. At steady 
state, microglia in the NOD mouse showed an altered gene profile characterized by a differential 
expression of genes involved in neuronal support (e.g. GADD45A, PHGDH and SHMT1). In 
addition there was an altered expression of genes involved in the inflammatory process: NOD 
microglia showed an IFN type 1 skewed inflammatory machinery in steady state (over expressed 
genes such as IRF3 and SP110), and an alternative IFN-driven activation pattern in response to 
LPS (the CD1 microglia showed a ‘classic’ inflammatory response to LPS). We concluded that the 
differential expression in steady state of genes involved in neuronal support supports a view 
of an altered development in NOD mice of brain regions critical for mood regulation, while the 
alternative IFN type 1 driven inflammatory reaction of microglia of LPS stimulated NOD mice 
supports a view in which IFN type 1 plays a critical role in LPS driven depressive-like behavior. 
	 It has been shown before that DCs and MØs play a crucial role in the onset of T1DM in the 
NOD mouse [4-6] and in patients [7,8]. Prior to the onset of lymphocytic insulitis, DCs accumulate 
at the islet edges. Our recent work indicates that these local DCs may derive from proliferating 
local precursor cells, similar to the situation in the brain where microglia mainly derives from 
local precursors under steady state conditions [9]. These local precursors give rise, amongst 
other cells, to CD8α+and CD8α- DC. 
	 As CD8α+ DCs play a role in tolerance induction in steady-state conditions, we hypothesized 
in previous work that the autoimmune phenotype might associate with deficiencies in 
CD8α+ DCs in the pre-diabetic NOD mouse pancreas. Indeed we reported that the frequency 
of CD8α+CD103+Langerin+ (tolerogenic phenotype) cells was significantly reduced in the 
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pre-diabetic NOD pancreas compared with control mice [10]. In addition, NOD pancreatic 
CD8α+CD103+Langerin+ DCs expressed reduced levels of CCR5, CLEC9A, and IL-10 as compared 
with control DCs. We took these data as suggesting that an abnormal differentiation of pancreatic 
DCs from local precursors contributes to a loss of tolerance, hallmarking the development of 
autoimmune diabetes [10].
	 However, the tolerogenic CD8α+ DC population only constitutes a very small population in 
the mouse pancreas; the immunogenic CD8α- DC population is much larger. In chapter 4 we 
analyzed the larger subset of CD8α- DCs isolated from the pancreas of pre-diabetic NOD mice 
for genome-wide gene expression (validated by Q-PCR) to elucidate abnormalities in gene 
expression networks. CD11c+CD8α- DCs were isolated from 5 week old NOD and control C57BL/6 
pancreas. The steady state pancreatic NOD CD11c+CD8α- DCs showed a reduced expression of 
several gene networks important for the prime functions of the cell, i.e. for cell renewal, immune 
tolerance induction, migration and for the provision of growth factors including those for β cell 
regeneration. A functional in vivo BrdU incorporation test showed the reduced proliferation 
of steady state pancreatic DC. Despite these deficiencies NOD CD11c+CD8α- pancreatic DCs 
showed a hyperreactive response to LPS, which resulted in an enhanced pro-inflammatory 
state characterized by a molecular profile of an enhanced expression of a number of classical 
inflammatory cytokines. The enhanced up regulation of inflammatory cytokines was functionally 
confirmed by an in vitro higher production of the cytokines. We concluded that our data 
showed that NOD pancreatic CD8α- DCs show various deficiencies in steady state, but are over-
inflammatory when encountering a Pathogen-Associated Molecular Pattern such as LPS.
	 Collectively the findings in these three chapters and of previous theses (see before) point to a 
crucial role of myelo-monocytic cells in tissue homeostasis and development, most notably in the 
organogenesis of the brain and the islets. In steady state the cells provide various growth factors 
and growth mechanisms for a proper development of important brain structures (this thesis), 
for β cells (this thesis) and for thyrocytes [11-13]. However, when these cells are inflammatory 
activated the provision of growth factors is hampered, leading to an abnormal development of 
brain structures (this thesis), islets [14,15] and thyroid tissue [16]. Such inflammatory activation 
may take place due to an environmental microbial or stressful event during pregnancy (this thesis, 
[3]), on the other hand the altered provision of growth supporting factors by myelo-monocytic 
cells may take place “spontaneously” in animals prone to develop endocrine autoimmunity, such 
as the NOD mouse (this thesis). Interestingly the precursors of the local myelo-monocytic cells in 
this model (the precursors for the NOD microglia and NOD pancreas DC and macrophages) show 
a reduced proliferation and renewal (a phenomenon also observed for the myelo-monocytic 
precursors in the NOD bone marrow [17,18]), while the progeny of the cells, the NOD DC and 
macrophages, show a diminished tolerogenic capacity, are hypersensitive to classical TLR4 
agonists and/or show an alternative aberrant reaction to such classical agonists, i.e. an excessive 
local IFN-driven reaction. 
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Integration of animal data

Figure 1A depicts a model that summarizes and integrates these animal findings. This hypothetical 
model shows the abnormalities in proliferation, cell renewal and differentiation of the precursors 
in the myelo-monocytic cell lineage (occurring at the level of the brain, bone marrow and endocrine 
tissues) as the key element underlying the pathogenesis of major psychiatric disorders, thyroid 
autoimmunity and autoimmune diabetes. The differentiation abnormality (either genetically or 
environmentally induced, or both) leads to a progeny of aberrant (“primed”) microglia, DC and 
macrophages with a reduced growth support potential for the surrounding parenchymal cells, 
leading to architectural changes in the organs, e.g. in the brain to defasciculation (this thesis) and 
in the islets to morphological changes such as a high fibronectin (FN) content, irregularly shaped 
islets and mega-islets [14,15,19]. These morphological and growth abnormalities characterize 
the pre-stages of the disorders which only become clinically evident after second hits. 

Figure 1A. Summary scheme integrating the data from animal experiments carried out in this thesis 
and those of previous theses (see text).

The differentiation abnormality of the local precursors also leads to a reduced number of local 
tolerogenic DC (suggested in this thesis and by [9] at the level of the islets in the NOD) as well 
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as an abnormal and often excessive inflammatory response of the local progeny (the microglia, 
DC and macrophages) to TLR stimulation. This will contribute to the loss of tolerance induction 
after microbial or necrotic hits and together with the innate T regulatory cell defects in the NOD 
mouse [20] to the development of autoreactive T and B cells, ultimately leading to endocrine 
autoimmune disease.
	 Also at the level of the bone-marrow NOD mice show myelo-monocytic cell differentiation 
abnormalities [17,18], leading – already in the pre-stage of the disease – to an abnormal 
apportioning between immature and mature circulating monocytes in the peripheral blood 
of the NOD mouse, with immature cells reduced and mature cells increased [21]. Preliminary 
unpublished data show that the immature NOD monocytes have a spontaneously reduced 
inflammatory gene expression, while the NOD mature monocytes have a spontaneously 
enhanced inflammatory gene expression. Interestingly the NOD monocyte population is also less 
capable of contributing to tissue inflammatory reactions due to a reduced migration capability 
[22].

Conclusions from the human studies in this thesis

Apart from studying the pathogenic role of the myelo-monocytic cell lineage in the early phases 
of endocrine autoimmunity in animal models, we have also tried to study the cells in the early 
phases of autoimmune thyroid disease (AITD) in the human. Local thyroid DC and macrophages 
in human pre-AITD are difficult (and perhaps even unethical) to obtain, we therefore carried out 
a study described in chapter 5 to test the hypothesis that myelo-monocytic cell related serum 
factors involved in the growth and connective tissue abnormalities and the early accumulation of 
dendritic cells and macrophages in the thyroid gland can be used for this purpose. 
	 We measured tissue growth/remodeling factors, adhesion molecules, chemokines and pro- 
and anti-inflammatory cytokines in a controlled study on 64 TPO-Ab negative euthyroid female 
relatives with at least one 1st or 2nd degree relative with documented autoimmune hyper- or 
hypothyroidism, 32 of whom did and 32 did not seroconvert to TPO-Abs positivity in 5 year 
follow-up. The relatives were compared to 32 healthy controls. In all subjects we measured 
serum levels of CCL2, CCL3, CCL4, sVCAM-1, sICAM-1, THBS-1, VEGF-A, TIE-2, MMP13, PDGF-
BB, Fibronectin (FN), IL-1β, IL-6, TNF-α, IL-10 and GDF-15 by multiplex (Cytometric Bead Array, 
eBioscience) or single commercial ELISA. 
	 We found that both sero-converting and non-sero-converting family members showed an up 
regulation of FN and a down regulation of PDGF-BB and of the adhesion and migration factors 
CCL2, CCL4, sVCAM-1, TIE-2 and MMP-13. The sero-converters differed from the non-sero-
converters by up regulation of the pro-inflammatory compounds Il-1β, IL-6 and CCL3. 
	 We concluded that this study shows that euthyroid females within AITD families show a 
characteristic pattern of abnormalities in serum levels of myelo-monocytic-cell-related tissue 
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remodeling factors, growth factors, chemokines, (vascular) adhesion molecules and cytokines 
prior to the occurrence of TPO-Abs in serum. The results provide proof of principle that pre-
sero-conversion stages and sero-conversion to AITD might be predicted using serum analytes 
related to growth/connective tissue abnormalities and migration/accumulation abnormalities of 
macrophages and dendritic cells. Further studies are indicated.
	 In chapter 6 we measured in schizophrenia patients (n=144), the serum levels of the 
monocyte/macrophage cytokines/chemokines/adipokines CCL2, CCL4, IL-1β, TNF-α, IL-6, PTX3, 
leptin, adiponectin, PAI-1, OPG and ICAM-1 and compared the found levels to those found in 
healthy controls (HC) (n=138). Since there are strong indications that the levels of monocyte/
macrophage pro-inflammatory cytokines/chemokines/adipokines are strongly confounded 
by components of the metabolic syndrome (MetS) we studied, using multivariate analysis, 
the effect of the presence of the disease schizophrenia itself; As well as the components of 
the MetS including BMI, the levels of lipids (HDL cholesterol and triglycerides (TG)), diabetes 
(hyperglycemia) and the use of antipsychotic medication, on the serum levels of these immune 
compounds.
	 We found that all measured immune compounds, with the exception of PAI-1 and OPG, were 
elevated in the schizophrenia patient population. Multivariate analysis showed that elevations 
were linked to gender (ICAM-1, leptin, TNF-α and adiponectin), an increased BMI (leptin, 
adiponectin), hyperglycemia/diabetes (CCL4 and OPG), reduced HDL-cholesterol or increased 
levels of TG (adiponectin and PTX3) or the presence of the MetS (CCL2, leptin and adiponectin). 
IL-1β and IL-6 were the only immune compounds raised in the serum of patients not affected by 
any of the included confounding factors. 
	 We concluded that although many of the monocyte/macrophage pro-inflammatory cytokines/
chemokines/adipokines were found linked to (components of) the MetS, the most dominant 
linkage was found with the disease schizophrenia, confirming earlier reports on increased 
monocyte/macrophage activation as a key component for understanding the pathogenesis of 
schizophrenia (see also introduction).

Integrated view

If we now put these human serum inflammatory compound data in the integrating Figure 1A on 
the pathogenesis derived from animal data we arrive at a unifying hypothesis depicted in Figure 
1B. This figure shows, in addition to Figure 1A, that the pre-disease stages of the autoimmune 
endocrine diseases (and probably also of the psychiatric diseases) can in principle be predicted by 
detecting the abnormalities in the growth and differentiation of the myelo-monocytic cell lineage, 
the neuro-endocrine cells and the connective tissue compartments by finding abnormalities in 
the serum levels of: 
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1.	 Growth and differentiation factors reflecting the neuro-endocrine growth abnormalities, 
e.g. in PDGF-BB (this thesis). Regarding psychiatric disorders there is ample literature data 
showing altered serum concentrations of myeloid growth factors, such as of G-CSF [23] and of 
various other growth factors, including SCF, GM-CSF and IGFBP2 [24]. Also polymorphisms in 
the IL-3R have been described determining the prevalence of schizophrenia [25], suggesting 
an important role for the macrophage growth factor IL-3.

2.	 Immune compounds reflecting the poor development of DC and macrophages, such as 
reduced chemokines (this thesis) and cytokines (this thesis), 

3.	 Factors reflecting the abnormal connective tissue composition, e.g. FN and MMPs (this 
thesis). 

Figure 1B. Summary scheme integrating both data from animal experiments and human studies. The 
bottom panel summarizes the abnormalities of serum compounds during the pre-stages of the disease 
and during the psychiatric and endocrine diseases as found in this thesis.

The transition to overt autoimmune or psychiatric disease is -according to our limited set of 
data – heralded by an increase in pro-inflammatory cytokines and endocrine autoantibodies (a 
second hit). It must be noted here that the levels of these inflammatory compounds in serum are 
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strongly confounded by the BMI (macrophages in fat produce large quantities of inflammatory 
compounds, see Figure 1 B) and by the lipid profile of the patients. Nevertheless there is a large 
body of evidence that serum cytokines do reach the brain and are capable to stimulate important 
brain centers via a cascade like pathway, leading to behavioral abnormalities [3,26,27].

Limitations of the studies

The studies presented in this thesis have several limitations that should be taken into 
consideration. The main limitation for all animal model studies is that they only partly resemble 
the human disease. Especially, since the majority of mouse models discussed here are inbred mice 
and genetically identical, housed under very constant conditions minimalizing environmental 
influences. Humans are heterogeneous and there are clear indications supporting a major effect 
of environment on the development of disease. That itself is also a limitation of human studies. 
The heterogeneity between patients of a specific disease is high and this requires often a large 
number of study subjects to confirm findings. 
	 In chapter 2 we isolated the microglia from the total cerebral cortex not taking into account 
possible heterogeneity of microglia subtypes in different areas of the brain [28]. Similarly, in 
chapter 3, we analyzed microglia isolated on the expression of general microglia markers 
resulting in a heterogeneous microglia population for the microarray analysis.
	 Limitations of the study described in chapter 3 are the relative small group size of mice used 
for the experiments. This affects the robustness of the microarray analysis, since the larger the 
study groups, the smaller chance for false-positives (type I error). In addition, there is discussion 
on a proper control for the NOD mouse, since this mouse is genetically different from the CD-1 
outbred strain it was derived from [29]. However, the CD-1 mouse is genetically closest to the 
NOD mouse. Also, the relatively small number of microglia that can be isolated from the mouse 
brain was challenging for the microarray analysis. Extra RNA amplification steps were introduced 
to obtain enough RNA for a proper microarray analysis. This might results in more false-positives 
or false-negatives (type II error). High abundant transcripts might results in more type I errors 
and low abundant transcripts in type II errors [30]. This limitation holds also true for the studies 
in chapter 2 and 4 with RNA amplification steps. A general disadvantage of microarrays is the 
limited set of transcripts studies. In the chips used for microarray studies described in chapter 
2, 3 and 4 miRNAs and other non-coding RNAs were not taken into account. It has been shown 
for example that these small non-coding RNAs are involved in the regulation of microglia and 
MØs function in the CNS [31]. A more unbiased approach such as next-general transcriptome 
sequencing would be preferred in future studies.
	 In chapter 4, even though we isolated the major subset of DCs in the pancreas, the total 
number of sorted cells was very low. Pancreas is difficult to dissociate into single-cell suspensions 
seen the high concentrations of digestive enzymes resulting in a large number death cells and 
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cell waste. Therefore, flow cytometric analysis was challenging and limited the total number 
of cellular markers to be studied. In addition, we did not study the CD8α- DCs in the pancreatic 
lymph node where the actual T cell priming takes place. 
	 In chapter 5 and 6 multiplexing technology was used for cytokine measurements in serum. 
Most inflammatory cytokines had measurements below detection level. Cytometric bead array 
for cytokine measurements are very robust and able to measure a large panel of cytokines at 
the same time, however it lacks in sensitivity compared to ELISAs and Luminex technology. Also, 
since it was an exploratory study the number of relatives of AITD patients studied in chapter 
5 is small. Still, the data obtained in this study has a very robust outcome and the very high 
significance levels provides a strong bases to proceed with further studies in a larger group of 
subjects. 
	 The limitation of the study in chronic schizophrenia patients in chapter 6 was the small 
number of drug-free patients. The majority of schizophrenia patients, especially the chronic 
patients, have a long history of medication use. The use of medication might have had an effect 
on the levels of cytokines measured. However, in general antipsychotic medication has anti-
inflammatory properties and would therefore result in reduced levels of (pro)-inflammatory 
cytokines. In addition, the group of healthy controls had different demographic data in terms of 
age, education and social-economic status, BMI and presence of the metabolic syndrome. 
	 It goes thus without saying that data presented in this thesis need further study and 
confirmation in larger and more controlled data sets.

Future prospects

The studies in this thesis reflect different diseases, organs and disease stages in both human and 
mouse models. It demonstrated that the NOD mouse is a good model for T1DM, AITD and possibly 
also for abnormal brain development related to psychiatric disease. More specifically, the NOD 
mouse has inborn abnormalities in myelo-monocytic cells and target organs including the brain, 
pancreas and thyroid. However, crucial information linking the different molecular and cellular 
processes in the onset of the pathogenesis of these diseases is still lacking. Current advances 
in the fields of next-generation sequencing, multiplex protein detection and flow cytometry 
platforms combined with a systems biology approach will provide a robust and powerful tool to 
detect all pathways and cell types involved in diseases. It would be informative to use such an 
approach in NOD mice where detection and isolation of different cell types by flow cytometry is 
combined with transcriptome analysis and serum/tissue protein detection at different ages and 
stages of disease development, rather than to focus on one small part in a very complex system 
of biological processes and environmental influences. In the end, it could provide us more insight 
into the pathological mechanism underlying autoimmune and psychiatric disease, but could also 
provide a set of biomarkers to be validated in patients. These biomarkers could be used for 
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early detection of autoimmune disease or more specific detection of psychiatric disease. Early 
detection and more insight in potential targets for therapy will allow novel therapeutics to be 
developed to better treat or prevent disease. 
	 Another emerging field is the use of scanning technologies such as MRI and PET for the non-
invasive visualization of cells and molecular processes. An example of this is the use of magnetic 
nanoparticles to identify a subset of MØs involved in pancreas infiltration in the NOD mouse 
[32]. Also, PET tracers against a large number of cellular markers involved in autoimmune and 
psychiatric diseases are developed including PBR (activated MØs and microglia), COX-2, IL2R. 
Future developments of new PET tracers, magnetic nanoparticles and higher resolution scanners 
will provide useful tools for unraveling the mechanisms underlying disease and detection of early 
abnormalities in target organs of autoimmunity.
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Summary

The immune system is a complex system of tissue with cells and messenger molecules interacting 
to protect an organism against pathogens. Autoimmunity is the failure of the immune system 
to recognize its own constituent parts as harmless self and therefore it leads to an immune 
response against its own cells and tissues. Diseases that are a result of autoimmunity are called 
autoimmune diseases. Autoimmune diseases discussed in this thesis are autoimmune thyroid 
disease (AITD), where thyrocytes of the thyroid gland are the target of the immune system and 
type 1 diabetes mellitus (T1DM), characterized by an autoimmune destruction of the insulin-
producing β cells of the Islets of Langerhans in the pancreas.
	 Various epidemiological studies have shown the association of psychiatric disease with AITD 
and T1D (and other autoimmune diseases), not only in patients, but also and independently 
in not affected family members of patients. This suggests a common underlying abnormality 
responsible for both the autoimmune endocrine diseases and mental afflictions. 
	 We hypothesized that dysfunctional cells of the myelo-monocytic cell lineage (monocytes, 
macrophages (MØ) and dendritic cells (DCs)) are this common underlying abnormality.
	 The overall aim of this thesis was therefore to investigate the role of myelo-monocytic cells in 
the onset and pathogenesis of endocrine autoimmune diseases and psychiatric disease. We used 
several animal models of depressive and psychotic-like behavior and of T1DM to study the pre-
stages of the disorders in chapter 2 to 4. We thereafter tested the hypothesis in chapter 5 and 6 
that serum factors related to myelo-monocytic cell dysfunction can be used as tools to predict 
AITD and to detect the presence of schizophrenia.
	 In Chapter 2 of this thesis, we studied the consequences of dysfunction of the MØ/DCs 
of the brain (the microglia) on the formation of the corpus callosum. We show in this chapter 
that microglia display a neurite-growth promoting function and are genuine actors of corpus 
callosum development. The chapter further shows that microglial inflammatory activation 
negatively impinges on this function. Microglial inflammatory activation was introduced by a 
loss-of-function of DAP12, or in the fetus by maternal inflammation via peritoneal injection of 
lipopolysaccharides (LPS) at embryonic day 15.5. These procedures resulted in fetal microglial 
activation and the defasciculation of dorsal callosal axons in the fetal brain, thereby revealing 
that prenatal inflammation can impair neuronal development.
	 In Chapter 3 of this thesis, we used the Non-Obese Diabetic (NOD) mouse model and studied 
their putative microglial inflammatory activation. NOD mice are extensively used as a model of 
autoimmune T1DM and AITD. NOD mice are, however, also highly anxiogenic at steady state and 
show an exaggerated depressive-like behavioral response to LPS as compared to their parental 
strain, the CD1 mice. At steady state, we found that microglia of the NOD mouse displayed an 
altered gene profile characterized by a differential expression of genes involved in neuronal 
growth compared to CD1 mice. In addition NOD microglia showed an interferon (IFN) type 1 



158 | Summary

skewed inflammatory machinery in steady state, and an alternative IFN-driven activation pattern 
in response to LPS. We concluded that the differential expression in steady state of genes involved 
in neuronal growth supports a view of an altered development in NOD mice of brain regions 
critical for mood regulation, while the alternative IFN type 1 driven inflammatory reaction of 
microglia of LPS stimulated NOD mice supports a view in which IFN type 1 plays a critical role in 
LPS driven depressive-like behavior.
	 We not only studied in the NOD mouse model the myelo-monocytic cells of the brain, 
but also those of the pancreas. In the pancreas DCs and MØ are the first cells to accumulate 
around the islets initiating the lymphocytic insulitis ultimately destroying the pancreatic β cells 
leading to hypo-insulinemia in the NOD mouse model of T1DM. In chapter 4 we analyzed the 
proliferation potential and gene expression profiles of DCs (DCs) isolated from the pancreas of 
pre-insulitis and pre-diabetic NOD mice. The pancreatic NOD DCs showed a reduced proliferation 
potential and a reduced expression of several gene networks important for the prime functions 
of the cell, i.e. for cell renewal, immune tolerance induction, migration and for the provision of 
growth factors including those for β cell regeneration. Despite these deficiencies NOD pancreatic 
DCs showed a hyper reactive response to LPS, which resulted in an enhanced pro-inflammatory 
state characterized by a molecular profile of an enhanced expression of a number of classical 
inflammatory cytokines. Our observations support a view in which the myelo-monocytic cells 
of the pancreas show a poor proliferation and differentiation in steady state, leading to early 
architectural islet disturbances (previously described in the thesis of Rosmalen, 2000) and a 
poor tolerance induction. Under conditions of Toll-like receptor (TLR) stress (e.g. local infections, 
a high apoptosis of β cells,) the “deficient” DC would over-react with a strong inflammatory 
response tipping the balance over to islet autoimmunity.
	 Collectively the findings in these three chapters and of previous theses of our group point 
to a crucial role of myelo‐monocytic cells in tolerance induction and in tissue homeostasis and 
development, most notably in the organogenesis of the brain and the islets. In steady state 
the cells provide various growth factors and growth mechanisms for a proper development of 
important brain structures, for β cells and for thyrocytes. The cells also travel, in steady state, 
to the draining lymph nodes carrying important endocrine auto-antigens along (thyroglobulin, 
insulin) and induce tolerance in the draining lymph nodes to these antigens via expansion of 
antigen specific natural T regulator cells. However, when the local myelo-monocytic cells are 
inflammatory activated by a danger signal (through the TLR for example) the provision of growth 
factors is hampered, leading to an abnormal development of brain structures, islets and thyroid 
tissue. Also tolerance induction shifts over to immunization against the endocrine auto-antigens.
	 In the discussion a model is presented (Figure 1A) that summarizes and integrates our animal 
findings with those of others. This hypothetical model shows the abnormalities in proliferation, 
cell renewal and differentiation of the precursors in the myelo‐monocytic cell lineage (occurring 
at the level of the brain, bone marrow and endocrine tissues) as the key element underlying the 
pathogenesis of major psychiatric disorders, thyroid autoimmunity and autoimmune diabetes. 
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The differentiation abnormality (either genetically or environmentally induced, or both) leads to 
a progeny of aberrant (“primed”) microglia, DC and MØ with a reduced growth support potential 
for the surrounding parenchymal cells, leading to architectural changes in the organs, e.g. in the 
brain to defasciculation and in the islets to earlier described morphological changes such as a 
high fibronectin (FN) content, irregularly shaped islets and mega‐islets. These morphological and 
growth abnormalities characterize the pre‐stages of the disorders which only become clinically 
evident after second hits.
	 The differentiation abnormality of the local precursors also leads to a reduced number of 
local tolerogenic DC (suggested in this thesis and by earlier work at the level of the islets in the 
NOD) as well as an abnormal and often excessive inflammatory response of the local progeny 
(the microglia, DC and MØ) to TLR stimulation. This will further contribute to the loss of tolerance 
induction after microbial or necrotic hits and together with the innate T regulatory cell defects in 
the NOD mouse to the development of autoreactive T and B cells, ultimately leading to endocrine 
autoimmune disease.
	 In chapter 5 the idea was explored to use serum compounds related to growth and 
extracellular matrix disturbances of the endocrine tissues, as found in the pre-stages of 
endocrine autoimmunity in the animal models, to detect pre-stages of AITD in the human. In 
addition we explored for this purpose also serum compounds related to the deficiencies and the 
hyper-reactivity of myelo-monocytic cells, as found in the pre-stages of the animal models. We 
measured tissue growth/remodeling factors, adhesion molecules, chemokines and cytokines in 
64 TPO-antibody negative Euthyroid female relatives with at least one 1st or 2nd degree relative 
with documented autoimmune hyper- or hypothyroidism, 32 of whom did and 32 did not 
seroconvert to TPO-Abs positivity in 5 year follow-up. The relatives were compared to 32 healthy 
controls. We found that both sero-converting and non-sero-converting family members showed 
an up-regulation of FN and a down-regulation of PDGF-BB and of the adhesion and migration 
factors CCL2, CCL4, sVCAM-1, TIE-2 and MMP-13. The sero-converters differed from the non-
sero-converters by up-regulation of the pro-inflammatory compounds IL-1β, IL-6 and CCL3. The 
results provide proof of principle that pre-sero-conversion stages and sero-conversion to AITD 
might be predicted using serum analytes related to growth/connective tissue abnormalities and 
migration/accumulation abnormalities of MØ and DCs, though clearly more explorative work 
needs to be done.
	 In chapter 6 we measured the serum levels of the myelo-monocytic cell related cytokines/
chemokines/adipokines in 144 schizophrenia patients and compared levels to those found in age 
and gender matched healthy controls. We found that many of the myelo-monocytic factors were 
increased in the serum of schizophrenia patients. Levels of many factors were found to be linked 
to (components of) the metabolic syndrome, which is prevalent in schizophrenia. However, 
the most dominant linkage was found with the disease schizophrenia itself. The study further 
supported our idea that an increased myelo-monocytic cell activation as a key component for 
understanding the pathogenesis of schizophrenia.
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In conclusion, outcomes of chapter 5 and 6 (the human studies) indicate that the various 
(pre‐disease) stages of autoimmune endocrine diseases (and probably also of the psychiatric 
diseases) can in principle be predicted by detecting the abnormalities in the growth and 
differentiation of the myelo‐monocytic cell lineage, the neuroendocrine cells and the connective 
tissue compartments underlying the pathogenesis of the these disorders. This might be done by 
finding abnormalities in the serum levels of compounds reflecting these abnormalities, such as:
1.	 Growth and differentiation factors reflecting the neuro‐endocrine growth abnormalities, e.g. 

in PDGF‐BB. 
2.	 Immune compounds reflecting the poor development of DC and MØ, such as reduced 

chemokines (this thesis) and cytokines (this thesis),
3.	 Factors reflecting the abnormal connective tissue composition, e.g. FN and MMPs (this 

thesis).
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Samenvatting

Het immuunsysteem is een complex systeem bestaande uit verschillende weefsels met witte 
bloedcellen en hun boodschapper-moleculen welke samen een organisme beschermen tegen 
vreemde binnendringende ziektekiemen. Normaal valt het immuunsysteem niet het eigen 
lichaam aan. Er is sprake van auto-immuniteit wanneer het immuunsysteem abusievelijk de 
lichaamseigen cellen en weefsels aanvalt. Ziektes die het gevolg zijn van een auto-immuunreactie 
worden auto-immuunziekten genoemd. De auto-immuunziekten welke worden besproken in dit 
proefschrift zijn schildklier auto-immuunziekte (of AITD naar ‘AutoImmune Thyroid Disease’), 
waarbij de schilkliercellen in de schildklier doelwit zijn van het immuunsysteem. De andere ziekte 
is diabetes mellitus type 1 (T1DM) waarbij de insulineproducerende β-cellen in de eilandjes van 
Langerhans in de pancreas het doelwit zijn van het immuunsysteem.
	 Verschillende epidemiologische studies hebben aangetoond dat psychiatrische ziekten, AITD 
en T1DM meer dan bij gewoon toeval met elkaar voorkomen. Niet alleen in de patiënten zelf, 
maar ook onafhankelijk, in familieleden van deze patiënten; de ziekten zijn dus een “erfelijke” 
belasting van de families. Dit betekent dat waarschijnlijk een gezamenlijke onderliggende af-
wijking verantwoordelijk is voor zowel de beide auto-immuunziektes alsook voor de psychiatrische 
aandoeningen.
	 De hypothese voor dit proefschrift is geweest dat afwijkingen in een bepaalde soort witte 
bloedcellen, de zogenaamde myelo-monocytaire cellen (dat is de groep van monocyten, 
macrofagen en dendritische cellen) de onderliggende oorzaak van deze ziekten zijn.
	 Het doel van dit proefschrift was daarom het bestuderen van de rol van myelo-monocytaire 
cellen in de ontstaanswijze van AITD, T1DM en psychiatrische aandoeningen. We hebben 
hiervoor in hoofdstuk 2 en 3 twee verschillende diermodellen onderzocht die een gedrag 
vertonen dat de hoofdkenmerken van psychiatrisch gedrag in de mens nabijkomt, bijvoorbeeld 
een zeer angstig en/of terug getrokkengedrag. De proefdier modellen die zijn onderzocht zijn 
het zogenaamde MIA (naar ‘Maternal Immune Activation’)-muismodel en het NOD (naar ‘Non-
Obese Diabetic’)-muismodel. Dit laatste muismodel ontwikkelt ook AITD en T1DM. Wij hebben 
deze dieren onderzocht om de meest vroege fases (eigenlijk de voorfases) van de hierboven 
beschreven ziektes te bestuderen. In hoofdstuk 4 hebben wij ons geconcentreerd op de pancreas 
van de NOD-muis. Daarna hebben we in hoofdstuk 5 en 6 geprobeerd de bevindingen uit de 
muismodellen toe te passen op de menselijke ziekten. We hebben de hypothese getest of door 
het kijken naar het gehalte in serum van boodschappermoleculen van myelo-monocytaire cellen 
het uitbreken van AITD te voorspellen is of schizofrenie te diagnosticeren is.
	 In hoofdstuk 2 van dit proefschrift hebben wij de gevolgen bestudeerd van het verkeerd 
afgesteld staan van de myelo-monocytaire cellen van het brein. Deze cellen worden microglia 
genoemd. We laten in dit hoofdstuk zien dat normale microglia bijdragen aan de groei van uitlopers 
van zenuwcellen en betrokken zijn bij de ontwikkeling van belangrijke hersenstructuren, zoals 
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het corpus callosum (de verbinding tussen de linker en rechterhelft van het brein). Daarnaast 
laten we in dit hoofdstuk zien dat ontstekingsactivatie van de microglia een negatief effect heeft 
op deze zenuwcel ondersteunende functies. Ontstekingsactivatie van microglia was geïnduceerd 
in de muizen door middel van genetische modificatie of door middel van het nabootsen van een 
ernstige infectie tijdens de zwangerschap van de muis (het in de buikholte injecteren van het 
kapseleiwit van bepaalde bacteriën, dit kapseleiwit wordt LPS genoemd). Beide methodes leiden 
tot ontstekingsactivatie van microglia. Het bleek dat dit ook effect – via de microglia – had op de 
opbouw en organisatie van zenuw bundels in het corpus callosum. Daarmee toonden we aan dat 
ontstekingsactivatie van microglia een negatief effect heeft op de ontwikkeling van de hersenen.
	 In hoofdstuk 3 van dit proefschrift hebben we het NOD-muismodel gebruikt, en ook hier 
gekeken naar ontstekingsachtige microglia activatie. NOD-muizen worden zeer veel gebruikt als 
model voor T1DM en AITD. NOD-muizen vertonen daarnaast echter een zeer angstig gedrag. 
Bovendien vertonen zij een verhoogd terug getrokken (=“depressief”) gedrag na behandeling 
met LPS, dit in vergelijking tot de moederstam, de CD1-muis, van waaruit de NOD-muis is 
gefokt. De CD1-muis heeft geen AITD, T1DM en de hierboven beschreven gedragsstoornissen. 
We vonden dat al onder normale omstandigheden de microglia van de NOD-muizen anders 
waren en dat zij hun genen in een ander patroon afschrijven. Voornamelijk genen betrokken bij 
de groei van zenuwen werden anders afgeschreven. Verder vertoonden de NOD microglia een 
ander afschrijvingspatroon van genen betrokken bij ontsteking; een bepaalde boodschapperstof, 
namelijk interferon (IFN)-type 1 kwam prominent naar voren, vooral na LPS-injectie. We 
concludeerden dat mogelijk het afwijkende afschrijvingspatroon van genen betrokken bij de 
groei van zenuwen leidt tot een abnormale ontwikkeling van hersengebieden betrokken bij het 
zeer angstige gedrag van NOD-muizen. Daarnaast, zou de preferentiële afschrijving van IFN-type 
1 gedreven genen in de microglia van NOD-muizen na behandeling met LPS een rol spelen in het 
met LPS-geïnduceerde “depressieve” gedrag.
	 We hebben niet alleen gekeken naar de myelo-monocytaire cellen in de hersenen (de micro-
glia), maar ook naar dit type cel in de pancreas van de NOD-muis. In de pancreas zijn dendritische 
cellen en macrofagen de eerste cellen die zich ophopen om de eilandjes van Langerhans in de 
pancreas om daarna de vernietigende afweerreactie tegen de insulineproducerende β-cellen 
aan te zwengelen. Dit leidt in de NOD-muis uiteindelijk tot vernietiging van de β-cellen met een 
absoluut gebrek aan het hormoon insuline (het hoofdkenmerk van T1DM). In hoofdstuk 4 hebben 
we de delingscapaciteit en het gen-afschrijvingspatroon van dendritische cellen bestudeerd die 
geïsoleerd waren uit de pancreas van NOD-muizen, nog voor de aanvang van de vernietigende 
ontstekingsreactie en de ontwikkeling van diabetes. De dendritische cellen in de pancreas van de 
NOD-muis vertoonden een verlaagde delingscapaciteit en een verlaagde afschrijving van genen 
betrokken bij belangrijke functies van de dendritische cel, zoals: celvernieuwing, het regelen 
van het niet-reageren op lichaamseigen stoffen (in de immunologie tolerantie genoemd), de 
migratie van witte bloedcellen en de productie van groeifactoren (inclusief groeifactoren 
betrokken bij β-cel groei). Ondanks deze verschillende gebreken, waren de dendritische cellen in 
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de pancreas van de NOD-muis hyperreactief voor LPS. Zij reageerden met een verhoogde staat 
van ontsteking. Onze bevindingen waarbij myelo-monocytaire cellen allerlei gebreken vertonen 
(vooral in de productie van groeifactoren) suggereren dat dit waarschijnlijk kan leiden tot de 
vroege afwijkingen in de opbouw van de eilandjes (eerder beschreven in het proefschrift van 
Rosmalen, 2000), de stoornissen in de opbouw van immuuntolerantie en de overdreven reactie 
op LPS zouden een rol kunnen spelen bij het uitlokken van auto-immuniteit. 
	 De bevindingen beschreven in de drie hoofdstukken over de proefdiermodellen tonen - samen 
met de eerdere proefschriften van onze groep – aan dat onder normale omstandigheden een 
cruciale rol is weggelegd voor myelo-monocytaire cellen bij het opwekken van immuuntolerantie 
en de groei en ontwikkeling van de hersenen, de eilandjes van Langerhans en de schildklier. 
Myelo-monocytaire cellen dragen bij aan de productie van diverse groeifactoren en inductie 
van groeimechanismen betrokken bij de normale ontwikkeling van hersenstructuren, β-cellen 
en schildkliercellen. Daarnaast kunnen deze cellen ook afreizen naar de drainerende lymfeklier 
en belangrijke weefselstoffen (bijvoorbeeld thyreoglubuline en insuline) met zich mee slepen. 
In de lymfeklieren wekken zij tegen deze weefselstoffen immuuntolerantie op. Echter, wanneer 
de lokale myelo-monocytaire cellen abusievelijk ontstekingsachtig geactiveerd zijn door 
bijvoorbeeld een ontwikkelingsstoornis van de myelo-monocytaire cellen zelf, dan zal dit een 
verstoring van de productie van groeifactoren tot gevolg hebben. Dit kan juist leiden tot een 
abnormale ontwikkeling van hersenstructuren, eilandjes van Langerhans en schildklier. Ook zal de 
balans van immuuntolerantie verschuiven naar immunisatie tegen de belangrijke weefselstoffen 
en auto-immuniteit tegen thyreoglubuline en insuline is dan het gevolg (hoofdkenmerken van 
respectievelijk AITD en T1DM).
	 In de discussie van dit proefschrift tonen wij een model (Figuur 1A) dat onze bevindingen (en 
die van anderen) samenvat en integreert. Dit hypothetisch model toont de abnormaliteiten in 
de groei, celvernieuwing en differentiatie van myelo-monocytaire voorlopercellen cellen als een 
belangrijke oorzaak in de ontstaanswijze van psychiatrische aandoeningen, AITD en T1DM. De 
abnormaliteiten in groei en differentiatie (genetisch of door middel van omgevingsfactoren, of 
beide) resulteren in een nageslacht van abnormale (“primed”) microglia, dendritische cellen en 
macrofagen met een verminderde ondersteuningscapaciteit voor groei van omliggende cellen in 
het parenchym en een verminderde tolerantie-inductie capaciteit. 
	 In hoofdstuk 5 hebben we onderzocht of de afwijkingen die we in het NOD-diermodel 
gevonden hebben in de vroegste stadia van T1DM, AITD en gedragsstoornissen, ook gereflecteerd 
zouden kunnen worden in afwijkingen in de gehaltes in het serum van boodschapperstoffen. 
Voornamelijk van boodschapperstoffen die een rol spelen bij groei- en ontwikkeling van organen 
en van boodschapperstoffen, die een rol spelen in de groei, de ontwikkeling en functie van myelo-
monocytaire cellen. Wij hebben dit getest in mensen (waarvan serum redelijk gemakkelijk te 
verkrijgen is) met als doel om de vroegste stadia van AITD bij de mens te detecteren. We hebben 
daarbij gebruik gemaakt van het Amsterdam Cohort, een groep van vrouwelijke 1e of 2de graad 
familieleden van patiënten met een gekende AITD. Deze familiegroep heeft een sterk verhoogd 
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risico om zelf ook AITD te ontwikkelen, gezien de erfelijke belasting. Uit deze familiegroep 
hebben wij het serum van 32 familieleden geselecteerd die in het verloop van de studie (5 jaar) 
de eerste tekenen van AITD ontwikkelden (de SC groep). Deze sera hebben wij vergeleken met 
de sera van 32 familieleden die geen AITD ontwikkelden in het verloop van de studie (de NSC 
groep) en met de sera van 32 compleet gezonde personen (de HC groep). In de sera hebben wij 
een aantal boodschapperstoffen gemeten zoals hierboven vermeld. 
	 We vonden (ten opzichte van de HC groep) in het serum van zowel de SC- als de NSC-groep 
een verhoging van fibronectine en een verlaging van de groei factor PDGF-BB en een verlaging 
van myelo-monocytaire functiefactoren als CCL2, CCL4, sVCAM-1, TIE-2 en MMP-13. De SC-groep 
verschilde van de NSC-groep door een verhoging van ontstekingsboodschapperstoffen (IL-1β, 
IL-6 en CCL3) in het serum. Deze resultaten bieden een “proof of principle” dat zeer vroege 
fases van AITD voorspeld kunnen worden door middel van bepaling van abnormaliteiten in de 
serumspiegels van boodschapperstoffen betrokken bij groei en ontwikkeling van organen en de 
migratie/ophoping en ontstekingsactiviteit van dendritische cellen en macrofagen. Aangezien 
dit de eerste schoorvoetende pogingen zijn voor zo’n eerste en zeer vroege detectie, is verder 
onderzoek nodig om een en ander uit te diepen. 
	 In hoofdstuk 6 hebben we de serumwaarden van myelo-monocytaire celgerelateerde 
boodschapperstoffen in 144 schizofrenie patiënten gemeten en vergeleken met de waardes 
in gezonde controles. We vonden vrijwel alle gemeten factoren verhoogd in het serum van 
schizofreniepatiënten. De waardes van een groot aantal van deze factoren werden bepaald door 
niet-psychiatrische factoren zoals vetzucht en een verstoord bloedlipiden-profiel (bijvoorbeeld 
te veel cholesterol); deze stofwisselingsafwijkingen komen vaak voor bij schizofreniepatiënten. 
Echter, de sterkste relatie werd toch gevonden met de ziekte schizofrenie zelf. Deze studie 
ondersteund dus het idee dat een verhoogde ontstekingsachtige activiteit van myelo-monocytaire 
cellen een sleutelrol speelt in het ontstaan van schizofrenie.
	 Concluderend uit de resultaten beschreven in hoofdstuk 5 en 6 (patiënten studies) zijn er 
sterke aanwijzingen dat de verschillende (voor) stadia van endocriene auto-immuun ziektes (en 
waarschijnlijk ook psychiatrische aandoeningen) voorspeld kunnen worden door middel van 
detectie van afwijkingen in de groei, differentiatie en functie van myelo-monocytaire cellen, 
zenuw cellen, hormoonproducerende cellen en steuncellen welke een rol spelen bij de patho-
genese van deze ziektes. 
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Abbreviations

Ab: Antibody
AITD: Autoimmune thyroid disease
APC: Antigen-presenting cell
BD: Bipolar disorder
BM: Bone marrow
BrdU: Bromodeoxyuridine
CC: Corpus callosum
CCL: Chemokine (C-C motif) ligand
CCR: C-C chemokine receptor type
CD: Cluster of differentiation
CDP: common Dendritic Cell progenitor
CMP: common myeloid progenitor, 
CNS: Central nervous system
DAMP: Danger-associated molecular pattern
DAP12: DNAX-activation protein 12
DC: Dendritic cell
DEG: Differentially expressed genes
E: Embryonic day
ELISA: Enzyme-Linked Immunosorbent Assay
FDR: False discovery rate
FGF: fibroblast growth factor 
FN: Fibronectin
GD: Graves’ disease
GMP: granulocyte and Macrophage 
progenitor, 
GNDF: glial cell line-derived neurotrophic 
factor 
HC: Healthy controls
HDL: High-density lipoprotein
HSC: Hematopoietic stem cell, 
HT: Hashimoto’s thyroiditis
ICAM-1: Intercellular Adhesion Molecule-1
IDO: Indoleamine-pyrrole 2,3-dioxygenase
IFN: Interferon
IG: Induseum griseum 
IL-: Interleukin-

IQR: interquartile range
LPS: Lipopolysaccharide
MD: Major depressive disorder
MDP: Macrophage and Dendritic Cell 
progenitor 
metS: Metabolic syndrome
MI: Maternal inflammation 
MIA: Maternal immune activation
MMP: Matrix metalloproteinase
MØ: Macrophage
NF-κB: nuclear factor kappa-light-chain-
enhancer of activated B cells
NGF: Nerve growth factor
NMDA: N-methyl-D-aspartate
NO-: Nitric Oxide 
Nrp1: Neuropilin 1
NSC: Non-SeroConverters
NT: neurotrophin 
OGTT: oral glucose tolerance test
OX-LDL: Oxidized-Low-density lipoprotein
PCA: Principle component analysis
PDGF: Platelet-derived growth factor
PET: Positron emission tomography
PNCD: programmed neuronal cell death
Poly (I:C): Polyinosinic:polycytidylic acid
qPCR: Quantitative polymerase chain reaction
QUIN: Quinolinic acid
RMA: Robust Multichip Average
SC: SeroConverters
SCS: Subcallosal sling
STAT: Signal transducer and activator of 
transcription
SZ: Schizophrenia
T1DM: Type 1 diabetes mellitus
Tg: Thyroglobulin
TG: triglycerides
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TGF-β2: Transforming growth factor-beta 2
Th: T helper
THBS-1: Thrombospondin-1
TIE-2: Angiopoietin-1 receptor
TLR: Toll like receptor

TNF-α: Tumor necrosis factor α
TPO: Thyroid peroxidase
Treg: Regulatory T cells
TSPO: Translocator protein
VCAM-1: Vascular cell adhesion protein 1
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