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The central nervous system (CNS) consists of the brain and the spinal cord. It 

contains specialized nerve cells known as neurons that control whole-body 

processes and glial cells. There are three types of glial cells: oligodendrocytes, 

astrocytes and microglia. The principal function of oligodendrocytes is to 

support neuronal survival and axonal function by metabolically supporting 

neurons and by producing the myelin sheath that insulates axons [1]. Astrocytes 

are critical for the development, support and repair of neurons, and the 

formation and maintenance of the blood brain barrier (BBB) [2-4]. In addition, 

astrocytes can play a role in innate and adaptive immune responses in the CNS. 

Microglia are the resident immune cells and phagocytes of the CNS. They have 

important roles in the healthy CNS by surveying their environment, interacting 

with other brain cells, and playing active roles at developing and mature 

synapses [5-7]. For the maintenance of normal brain functions microglial 

phagocytosis of dead cells and debris is crucial. During CNS injury or disease, 

microglia rapidly become activated and are major players in ensuing innate and 

adaptive immune responses [8, 9]. Modulation of microglial responses therefore 

holds therapeutic potential for many neuroinflammatory disorders. In this thesis 

several ways have been explored to modulate microglial responses induced by 

innate immune receptors known as Toll-like receptors (TLR). 

 

1. MICROGLIA 

 

Microglia are classically known as the tissue macrophages of the CNS. Most 

macrophages are derived from multipotent hematopoietic stem cells of the 

definitive hematopoiesis located in the adult bone marrow. By contrast, CNS 

resident microglia derive from immature phagocytes of the embryonic 

hematopoiesis. Immature myeloid progenitor subsets migrate from the yolk sac 

through the primitive vascular system into the neuroepithelium [11, 12]. These 

erythromyeloid precursors only exist in the embryo and their developmental 

potency is limited to macrophages and erythrocyte lineages. They develop into 

mature macrophages and eventually proliferate to become the microglia in the 

adult CNS [11].  

Microglia account for more than 10% of the resident cells in the adult CNS. 

They are distributed in all brain regions with diverging density, varying from 

5% in the corpus callosum to 12% in the substantia nigra [13, 14]. There has 

been much debate about the possibility of the generation of new microglia in the 

adult CNS from circulating myeloid cells. In contrast to previous reports in 

favor of this concept more recent studies have now demonstrated that 

replacement of microglia by peripheral myeloid cells in the CNS is only 

achieved under particular (experimental) conditions [14-18]. Microglia are thus 

not replenished from the blood under homeostatic conditions. Throughout life, 

microglia numbers in the brain are relatively constant and they are sustained by 

self-renewal [12, 19-22]. Although microglia can proliferate in response to 

tissue injury this proliferation is followed by a limited round of apoptosis [23]. 

Because of the low turnover rate and long lifespan of microglia they are 

sensitive to changes in the CNS environment that may occur over lifetime [24], 

a feature thought to play a role in age-related diseases such as Alzheimer’s 

disease [5, 25, 26]. 

Microglia are suggested to reside in the adult brain in a relatively 

undifferentiated state [27]. Growth factors and cytokines derived from their 

environment are known to polarize microglial phenotypes and thereby influence 

their ensuing responses. Similar to macrophages, microglia can differentiate into 

(pro-inflammatory) M1- and (anti-inflammatory) M2-like cells upon exposure to 

specific differentiation factors [28-30]. Several studies have shown that 

microglia can also obtain “dendritic cell (DC)-like” phenotypes and functions 

[31], and microglia are considered to be the most efficient antigen presenting 

cells (APC) within the brain [32].  
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Under healthy conditions, microglia are characterized by a ramified morphology 

and they continually protrude and retract their fine processes to sample the 

surface of surrounding cells and interstitual fluid [5]. They fulfill scavenger 

functions for their immediate area and survey their own domain in a non-

overlapping territorial manner, which, taken together, covers the total CNS 

parenchyma [33]. During homeostatic conditions microglia play an active role at 

mature synapses by interaction with and/or engulfing synaptic elements in a 

neural activity dependent way, and by modulating plasticity and basal 

transmission [34, 35]. Furthermore, microglia help to maintain homeostatic 

conditions in the brain via phagocytosis of apoptotic neurons, as the clearance of 

cell debris is vital for the reminiscent neurons to avoid collateral inflammation-

induced damage [36-38].  

Upon infection or insults within the adult CNS parenchyma, microglia rapidly 

become activated and become major players in ensuing responses. Activated 

microglia retract their processes and become mobile cells, and efficiently 

phagocytose dying cells as well as pathogens [8]. Furthermore, microglia release 

many effector molecules for the recruitment of other immune cells from the 

blood to either propagate or limit infections in the CNS, and serve as antigen 

presenting cells of phagocytosed material [9, 32, 39-42]. In addition, microglia 

help in the regeneration of damaged tissue by secretion of growth factors and 

anti-inflammatory molecules. Therefore, microglia are indispensable in the adult 

CNS where they reinforce and modulate tissue homeostasis under physiological 

and pathological conditions.  

 

Microglia activation: a double-edged sword 

Microglia activation has been associated with viral and bacterial infection, 

autoimmune disease such as multiple sclerosis, head trauma, vascular system 

damage, neuropsychiatric disorders, and neurodegenerative diseases. The 

progression and resolution of many of these diseases are influenced by 

microglial immune responses that can pertain both beneficial and detrimental 

effects to the neuropathological process. On one hand, microglia are a major 

source of neurotrophic and growth factors such as insulin-like growth factor 1 

(IGF1), brain derived neurotrophic factor (BDNF), transforming growth factor β 

(TGFβ) and nerve growth factor (NGF) that can be beneficial for neuronal 

function and survival and can assist regeneration and remyelination [38, 43-47]. 

On the other hand, microglia are able to produce a wide range of cytotoxic 

factors, such as reactive oxygen species (ROS), nitric oxide (NO) or tumor 

necrosis factor (TNF)α. 

In addition, microglia are the main source of inflammatory mediators such as 

cytokines and chemokines in the brain. Microglia can produce anti-

inflammatory cytokines such as IL-10, and IL-1-receptor antagonist (IL-1-RA), 

that can dampen immune responses and might play a role in the resolution phase 

of inflammation [9, 32]. However, they can also produce cytokines such as IL-

1β, interferon (IFN)γ, TNFα, IL-6 and IL-12, that can lead to the amplification 

and/or skewing of pro-inflammatory responses [32, 48, 49]. Chemokines 

produced by microglia include CCL2, -3, -4, -5, CXCL8 and -10. These can 

play a role in the recruitment of cells of the adaptive immune system to the site 

of inflammation [9, 50, 51]. 

Many CNS pathologies are associated with damage to the blood brain barrier 

(BBB). This damage leads to infiltration of cells of the adaptive immune system, 

T and B cells, into the CNS. Next to their innate immune functions, activated 

microglia can play a role in antigen presentation in the brain. Upon activation, 

they up-regulate the expression of major histocompatibility complex (MHC) 

molecules along with other surface molecules that are involved in antigen 

presentation [52]. Antigen presentation by microglia has again been reported to 

both tolerize as well as stimulate adaptive immune responses, depending on the 

circumstances [29, 41, 42]. 
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In vitro models 

Given the increasingly recognized role of microglia in physiological as well as 

in pathological processes in the CNS, there is much interest in studying 

microglial functions. At present, different experimental in vitro models are used 

to study microglia (Table 1). The ultimate goal of these models is to mimic 

constitutive normal features and responses of healthy human microglia, or of 

microglia during or following human disease. To do so, microglial cell lines, 

stem- or progenitor cell-derived cultures or short-lived primary cultures have 

been described. 

Although microglial cell lines have the obvious advantage of being abundantly 

available and easy to culture, they come with important disadvantages. Cell lines 

in general are highly susceptible to dedifferentiation and genetic drift and are 

prone to the selection of specific phenotypes over time. In addition, cell lines are 

often derived of primary tumors or of virally transformed or immortalized 

primary cells. Such factors should be taken into consideration when attempting 

to extrapolate data. 

Alternatively, microglia can be obtained by differentiation of microglial 

progenitor cells or embryonic stem cells. Until recently microglia were believed 

to originate from hematopoietic cells and accordingly methods have been 

developed to generate microglia-like cells from monocytes. Strategies to do so 

include addition of specific growth factors and/or co-culture with astrocytes 

[53]. However, recent studies have uncovered that microglia are not derived 

from hematopoietic stem cells, but from immature myeloid progenitor cells. 

Promising new methods are now in development to generate microglia from 

different stem cell sources [54]. An important consideration is that, in contrast to 

adult microglia, these cells have never been in contact with other cells of the 

brain. How this lack of CNS-specific environmental cues affects microglial 

differentiation and function remains to be established. 
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Finally, primary microglia are in use as in vitro model to study microglia 

functioning. They are most frequently isolated from rodent or human donors. 

Brain material derived from rodents is easily available and can be obtained from 

healthy or genetically manipulated animals, or from animals with specific 

diseases. Microglia from rodent origin are frequently obtained from embryonic 

[55] or neo-natal animals [56, 57], and are thus not completely mature [58] and 

behave differently compared to adult microglia [59]. Additionally, important 

differences in constitutive features of rodent and human microglia such as 

differences in innate immune responses have been described [60].  

By default, primary microglia derived from human origin represents the seminal 

model to study human microglial function. However, the availability of human 

brain material from healthy subjects is limited. Most donors suffered from CNS 

disease themselves, a factor that complicates data analysis on normal microglial 

functions and responses. In addition, both pre as well as post mortem conditions 

of human donors are not controlled for, and such conditions negatively 

contribute to the collection of reproducible results. 

Alternatively, microglia can be isolated from non-humane primates like rhesus 

monkeys (Macaca mulatta). Rhesus monkeys share a close homology to humans 

and are of out bred background. In addition, microglia cultures are initiated from 

material derived from adult, healthy donors where both pre as well as post 

mortem conditions are well controlled for. Brain tissue from rhesus monkeys 

becomes available at regular intervals at the Biomedical Primate Research 

Centre (BPRC) from animals that are sacrificed because of biomedical 

experiments, educational purposes or colony management. As part of the 

research program to develop alternatives to in vivo animal experiments (see Box 

1), primary microglial cultures have been set up and characterized. 
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[2, 61]. Both the appearance of new activating “on” stimuli in their environment 

as well as the loss of constitutive inhibitory “off” signals can result in the 
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factors as well as via receptor-receptor interactions between microglia and other 

cells such as neurons.  

Secreted factors that influence microglial activation can either be constitutively 

expressed in the brain or can be induced during specific conditions. 

Transforming growth factor-β (TGFβ) is an anti-inflammatory cytokine that is 

constitutively expressed in the CNS. Microglia in the CNS of TGFβ-deficient 

mice are characterized by significantly increased activity and TGFβ is 

considered one of the “off” signals of microglia in the non-inflamed brain [62]. 

Anti-inflammatory cytokine production by resident or infiltrating cells such as 

IL-10 and IL-4 are also known to inhibit microglial responses [63-65]. IFN-γ is 

produced by a number of cell types that include T cells (both the Th1 CD4 

subset and CD8), NK cells, astrocytes or microglia themselves, and is an inducer 

and amplifier of various microglial responses [66]. Similarly, the pro-

inflammatory cytokine TNFα, which is produced by Th1 cells, macrophages 

and microglia during CNS inflammation activates microglia [9]. Other potent 

activators of microglia are specific factors that are released from stressed or 

damaged neurons such as metalloproteinase (MMP)-3 [67], α-synuclein [68], 

neuromelanin [69] as well as danger signals secreted from necrotic neurons such 

as heat shock proteins (HSP), DNA, proteases, uric acid and high-mobility 

group B1 (HMGB1) [70, 71]. Recently, purinergic signaling in microglia has 

also been demonstrated to modulate microglial activation. Elevated levels of 

(adenosine triphosphate) ATP generated during cell death, traumatic injury, or 
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Box 1: 

The Alternatives Unit 

 

The Biomedical Primate Research Centre (BPRC) is a scientific institute where 

fundamental and applied biomedical research is performed with the aim of generating 

knowledge to alleviate human suffering from diseases and ageing. In addition to research 

that will benefit human health, an important research mission is the development of 

alternatives for animal experiments. Amongst other programs to fulfil such aims*, a 

separate Alternatives Unit within the BPRC is dedicated to this purpose. 

 

The main focus of the Alternatives Unit is to reduce, refine and ultimately replace in vivo 

experiments. These aims are realised by the development of specific in vitro cell culture 

models. The Alternatives Unit has set up specific in vitro cell culture models derived from 

the brain, as well as from the blood or bone marrow of rhesus monkey donors. 

Importantly, no animals are sacrificed exclusively for the purpose of initiation of these cell 

cultures. Tissue from donors becomes available either when animals are euthanized after 

being included in in vivo experiments, or from animals from the colony that die of old age. 

 

These in vitro cultures are used as a pre-in vivo-screening phase, to help refine research 

targets, and to reduce and ultimately to replace in vivo experiments. Refinement and 

reduction of in vivo experiments is achieved by the evaluation of activity and working 

mechanism of new biologicals or synthetic molecules before in vivo experiments are 

performed. Implementation of this pre-in vivo-screening phase has directly led to 

considerable reductions (50-60% in specific studies) of animals used in in vivo 

experiments in the recent past. 

 

 

*For supplementary information on activities regarding alternatives within the BPRC we revere to the 

BPRC website [10]. 

ischemia leads to the activation and initiation of pro-inflammatory cytokine 

release of microglia [38, 72, 73], and ATP also triggers a change in the motility 

of microglia underlying microglial chemotaxis to the site of damage [8, 74]. 

Subsequently, uridine 5′-diphosphate (UDP) recognition induces the initiation of 

microglial phagocytosis via the engagement of P2Y6 receptors on microglia [75, 

76]. From these studies, ATP is proposed to act as a “find me” signal, and UDP 

as an “eat-me” signal, leading first to the initiation of microglial activation and 

migration in response to damaged cells, and later on to the initiation of 

phagocytosis.  

Microglial activation can also be modulated via cell-cell interactions. Under 

homeostatic conditions neurons express several proteins on their cell surface, 

which are detected by microglia via receptor-receptor interaction. Neuronal cell 

surface proteins like CD47, CD200 and CD22 interact with CD172, CD200 

receptor (CD200R) and CD45 on microglia respectively. The loss or disruption 

of these constitutive inhibitory signals can lead to microglial activation [13, 77, 

78]. This is exemplified amongst others by the changes in the morphology of 

microglia that are reminiscent of activated microglia and the accelerated 

response to damage of microglia in CD200 knock out mice compared to control 

animals [77]. Other receptors known to maintain microglia in a steady state are 

triggering receptor expressed on myeloid cells (TREM)2 receptors [79]. TREM2 

deficiency in microglia is associated with the inability of microglia to clear 

tissue debris, which may be underlying early onset dementia seen in Nasu-

Hakola disease [80] and is an example of an alteration in the resting state of 

microglia leading to excessive responses to an otherwise unchanged stimulus 

[81]. 
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Innate immune receptor expression 

Microglia express various innate immune receptors. These include Fcγ receptors 

I, II and III that can bind the constant region of immunoglobulins, as well as the 

complement receptors CR-1, -3 and -4 and C1qRp that are expressed at low 

levels on resting microglia and at increased levels during inflammation [82, 83]. 

These opsonic receptors mediate and enhance microglial phagocytosis through 

recognition of serum components deposited on invading microorganisms. 

Furthermore, microglia express several pattern recognition receptors (PRRs). 

These receptors recognize danger-associated molecular patterns (DAMPs). 

PRRs expressed by microglia include the integrin CD11b, the mannose receptor 

and the lipopolysaccharide (LPS)-binding receptor CD14, which are important 

for the recognition of foreign entities, leading to phagocytosis and elimination of 

pathogens [9, 84]. Recently, nucleotide binding oligomerization domain (NOD)-

like receptors (NLRs) and retinoic acid-inducible protein 1 (RIG1)-like 

receptors were also described to be expressed by microglia [33, 85]. NLRs are 

intracellular proteins that scan the intracellular compartment for the presence of 

intracellular invaders, and signal via integration in elaborate cytoplasmic 

complexes known as inflammasomes [86, 87]. Microglia constitutively express 

the NLR protein family member NOD2, which recognizes a minimal motif 

present in all bacterial peptidoglycans [88, 89].  

The best-characterized family of PRRs to date are the Toll-like receptors (TLR). 

TLR-mediated signaling in microglia initiates the production of various pro-

inflammatory mediators, and leads to the up regulation of adhesion molecules 

and molecules involved in antigen presentation. In this thesis, TLR-mediated 

activation of microglia was used to model microglial activation during neuro-

inflammatory conditions. 

  

 

 

2. TOLL-LIKE RECEPTORS 

 

Toll-like receptors (TLR) are key components of the innate immune system. 

Toll proteins were discovered in 1985 in the fruit fly (Drosophila 

melanogaster), where the Toll receptor plays a role in regulating dorsoventral 

patterning during development [90]. In 1996, these proteins were found to be 

important in immune responses against fungal and gram-positive bacteria, 

implicating Toll proteins in host defense for the first time [91]. Mammalian Toll 

protein orthologs were soon identified and their role in immunology has been 

intensively studied over the years. To date, thirteen TLR have been described in 

mice, of which ten are shared with primates and non-human primates. Each TLR 

is involved in the recognition of specific DAMPs (Table 2) [92-94]. TLR1, 2, 4, 

5 and 6 are expressed on the cell surface and mainly recognize bacterial 

products. TLR3, 7, 8 and 9 are located in intracellular compartments, and are 

involved in the recognition of viral and bacterial nucleic acids. Dimerization of 

TLRs is important for ligand recognition, and heterodimerization with co-

receptors such as CD14, MD2 and dectin 1 contributes to the number of ligands 

that can be recognized [95, 96].  

 

TLR signaling  

TLRs are type I integral membrane glycoproteins consisting of a ligand-binding 

ectodomain (500-800 amino acids) and a cytoplasmic signaling domain (TIR 

domain, ca. 150 amino acids) [97]. The ectodomain contains 17-26 tandem 

leucin-rich repeat (LRR) motifs and resembles a spiral or solenoid bent into a 

horseshoe shape. The TLR ectodomains are highly variable across different TLR  
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Table 2. Overview of TLR1-10 ligands, co-receptors and adaptor molecules

TLR Cellular 

localization 

Adaptor 

molecules 

 

Co-

receptors 

Exogenous 

ligands 

Endogenous 

ligands 

 

TLR1 Cell surface MyD88 TLR2 Bacterial 
lipoproteins, tri-
acyl lipopeptides 

Not known 

TLR2 Cell surface MyD88, 
TIRAP/MAL 

Dectin-1, 
CD36, 
CD14, 
TLR1, 
TLR6 

Bacterial 
lipoproteins, 
Petidoglycans, 
 lipoteichoic acid, 
glycoinositol-
phospholipids, 
glycolypids, 
porins, zymosan  

Biglycan, 
endoplasmin, 
HSP60, HSP70, 
human cardiac 
myosin, 
hyaluronan, 
necrotic cells, 
HMGB1, 
monosodium urate 
crystals 

TLR3 Intracellular 
compartments 

TRIF Not 
known 

Double-stranded 
viral RNA 

mRNA, stathmin 

TLR4 Cell surface 
and 
Intracellular 
compartments 

MyD88, 
TIRAP/MAL, 
TRAM, TRIF 

CD14, 
MD2, 
MSR-A 

Lipoproteins, 
LPS 

Biglycan, CD138, 
α- crystalline A 
chain, 
endoplasmin, 
HSP22, HSP60, 
HSP70, HSP72, 
heparin sulphate, 
hyaluronan, 
fibrinogen, 
fibronectin, 
heparin, HMGB1, 

β-defensin-2, lung 
surfactant protein 
A, monosodium 
urate crystals, 
OxPAPC, resistin, 
S100 proteins, 
tenascin-C 

TLR5 Cell surface MyD88 CD14  Flagellin Not known 

TLR6 Cell surface MyD88 TLR2 Bacterial 
lipoproteins, 
zymosan when 
dimerized with 
TLR2 

Not known 

TLR7 Intracellular 
compartments 

MyD88 Not 
known 

Single-stranded 
viral RNA 

RNA, small 
interfering RNA 

TLR8 Intracellular 
compartments 

MyD88 Not 
known 

Single-stranded 
viral RNA 

Human cardiac 
myosin, small 
interfering RNA 

TLR9 Intracellular 
compartments 

MyD88 Not 
known 

Bacterial and 
viral CpG rich 
DNA  

DNA, HMGB1 

TLR10 Cell surface Not known Not 
known 

Not known Not known 

and are involved in ligand recognition. The intracellular TIR domain is 

conserved across all TLRs and links to downstream signaling adaptor molecules. 

The ectodomain and the TIR domain are joined by a single transmembrane helix 

stretch (ca. 20 amino acids) which determines the subcellular localization of 

TLRs. TLRs are localized on the cell surface or in the lumen of intracellular 

vesicles such as endosomes and lysosomes [98]. Upon ligand engagement, 

different adaptor molecules can be recruited to the TIR domain. These adaptor 

molecules in turn further initiate intracellular signaling cascades, ultimately 

leading to the activation of various transcription factors and the transcription of 

related genes. Five adaptor molecules can be recruited by different TLRs: 

myeloid differentiation primary-response gene 88 (MyD88), TIR domain-

containing adaptor protein/MyD88 adaptor-like protein (TIRAP/MAL), TIR-

domain-containing adaptor protein inducing IFNβ (TRIF), TRIF-related adaptor 

molecule (TRAM), and sterile α motif and HEAT-Armadillo motifs (SARM).  

MyD88 transmits signals of all TLRs except TLR3 [99]. It contains a C-terminal 

TIR domain and an N-terminal death domain [100, 101]. The C-terminal TIR 

domain interacts with the TIR domain of the TLR in a homotypic manner. Via 

the N-terminal death domain, MyD88 interacts with the serine/threonine IL-1 

receptor-associated kinase-4 (IRAK-4), IRAK-4 subsequently phosphorylates 

IRAK-1, which in turn autophosphorylates itself and recruits tumor necrosis 

factor receptor associated factor (TRAF)-6. The IRAK/TRAF6 complex then 

binds to the regulatory components of the kinase transforming growth factor β 

activated kinase 1 (TAK1) complex; TAB2 and TAB3, enabling its activation. 

The activated TAK1 complex simultaneously activates two distinct pathways, 

leading to the initiation of mitogen-activated protein kinase (MAPK) cascades 

and the transcription factor nuclear factor (NF)-κB to control the expression of 

cytokine genes including TNFα, IL-6, IL-1β and IL-12, chemokines and co-

stimulatory molecules [98].  
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factor receptor associated factor (TRAF)-6. The IRAK/TRAF6 complex then 

binds to the regulatory components of the kinase transforming growth factor β 

activated kinase 1 (TAK1) complex; TAB2 and TAB3, enabling its activation. 

The activated TAK1 complex simultaneously activates two distinct pathways, 
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TRIF transmits signals of TLR3 and TLR4. Similar to the MyD88-dependent 

pathway, TLR-mediated signaling via TRIF recruits TRAF6 and activates 

TAK1, leading to the activation of MAPK and NF-κB cascades. Additionally, 

TRIF recruits TRAF3 [102] leading to the subsequent phosphorylation of IRF3 

through TBK1/IKKicomplex [101].  

TIRAP/MAL and TRAM function as sorting adaptors that recruit MyD88 to 

TLR2 and TLR4, and TRIF to TLR4 respectively [103, 104]. In general, TLR 

signaling pathways are classified as either MyD88-dependent pathways or 

MyD88-independent (TRIF) pathways. TLR4 is the only TLR that signals via 

four adaptors (FIG.1A). TLR4 initially recruits TIRAP/MAL to the plasma 

membrane, which facilitates the recruitment of MyD88 to trigger “early-phase” 

NF-κB and MAPK activation [103]. Subsequently, TLR4 undergoes endocytosis 

and is relocated to the endosome, where it forms a signaling complex with 

TRAM and TRIF, leading to TRIF-dependent activation of IRF3 activation and 

“late-phase” activation of NF-κB and MAPK [104-106]. 

All TIR adaptors have important positive roles in mediating intracellular 

signaling following TLR stimulation. By contrast, the fifth adaptor molecule 

SARM is described to down regulate TLR3 and 4-mediated signaling via 

interaction with TRIF [54, 107, 108]. Since SARM-encoding mRNA levels and 

protein expression are induced upon TLR4 stimulation, a role in autoregulation 

of TLR responses was proposed for this adaptor molecule. 

 

 

 

 

 

 

 

 

 
 

Figure 1. Schematic representation of TLR4-mediated signaling and NF-κB activation 

(A) TLR4 is the only TLR that signals via four adaptors as detailed in text (B) The 

transcriptional activity of NF-κB is subject to regulation via a variety of post-translational 

modifications, including phosphorylation and acetylation. Removal of IκB releases NF-κB in 

the cytosol where subsequent phosphorylation events activate NF-κB, which then rapidly 

translocalizes to the cell nucleus. In the nucleus, NF-κB binds to its consensus DNA. 

Acetylation of RelA by co-factors such as CBP/p300 leads to both the promotion and 

dampening of transcriptional activity. De-acetylation of RelA affects the binding of NF-κB 

and regulates its association with nuclear IκB proteins, nuclear NF-κB:IκB complexes then 

shuttle back to the cytosol thereby terminating the NF-κB response (not shown). 
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TRIF transmits signals of TLR3 and TLR4. Similar to the MyD88-dependent 

pathway, TLR-mediated signaling via TRIF recruits TRAF6 and activates 

TAK1, leading to the activation of MAPK and NF-κB cascades. Additionally, 

TRIF recruits TRAF3 [102] leading to the subsequent phosphorylation of IRF3 

through TBK1/IKKicomplex [101].  

TIRAP/MAL and TRAM function as sorting adaptors that recruit MyD88 to 

TLR2 and TLR4, and TRIF to TLR4 respectively [103, 104]. In general, TLR 

signaling pathways are classified as either MyD88-dependent pathways or 

MyD88-independent (TRIF) pathways. TLR4 is the only TLR that signals via 

four adaptors (FIG.1A). TLR4 initially recruits TIRAP/MAL to the plasma 

membrane, which facilitates the recruitment of MyD88 to trigger “early-phase” 

NF-κB and MAPK activation [103]. Subsequently, TLR4 undergoes endocytosis 

and is relocated to the endosome, where it forms a signaling complex with 

TRAM and TRIF, leading to TRIF-dependent activation of IRF3 activation and 

“late-phase” activation of NF-κB and MAPK [104-106]. 

All TIR adaptors have important positive roles in mediating intracellular 

signaling following TLR stimulation. By contrast, the fifth adaptor molecule 

SARM is described to down regulate TLR3 and 4-mediated signaling via 

interaction with TRIF [54, 107, 108]. Since SARM-encoding mRNA levels and 

protein expression are induced upon TLR4 stimulation, a role in autoregulation 

of TLR responses was proposed for this adaptor molecule. 
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Activation of NF-κB 

NF-κB is a central transcription factor that regulates the mRNA transcription of 

important inflammatory molecules. The mammalian NF-κB family consists of 

five proteins: RelA (p65), RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p52). All 

NF-κB proteins can form heterodimers and homodimers, except for RelB which 

can only form homodimers [109]. Each of these subunits contains a typical 

amino-terminal sequence of approximately 300 amino acids, known as the Rel 

homology domain (RHD), that mediates dimerization, DNA-binding, nuclear 

translocalization, and cytoplasmic retention [110, 111]. The transcription 

activation domain (TAD), necessary for target gene expression, is only present 

in the C-terminus of RelA, RelB and c-Rel subunits. The different NF-κB 

dimers are thought to contribute to the regulation of specific but overlapping set 

of genes.  

The term NF-κB in most literature refers to p50-RelA heterodimers, which is the 

major dimer found in a variety of cells. NF-κB p50-RelA is normally confined 

to the cytosol of unstimulated (resting) cells in association with IκB protein, 

which keeps NF-κB in an inhibited state. In response to activation stimuli, IκB is 

phosphorylated, ubiquitinated, and degraded resulting in the release of NF-κB 

that will translocalize to the nucleus (FIG.1B). Here it is able to bind to 

variations of the consensus DNA sequence of 5’-GGGRNYYYCC-3’ (in which 

R is a purine, Y a pyrimidine, and N is any nucleotide) [112], known as κB sites, 

resulting in the induction of transcription of κB-domain containing genes.  

In the nucleus, p50-RelA heterodimers can associate with the protein CBP/p300, 

which acts as a coactivator amongst others by relaxing the chromatin structure 

and recruitment of the basal transcriptional machinery including RNA 

polymerase II at the gene promotor. However this association requires p50-RelA 

to be in its activated form. NF-κB translocalization and binding activity is 

regulated by the post-translational modifications known as phosphorylation and 

acetylation. Nine phosphorylation sites have been identified in RelA located in 

the RHD and TAD, with several sites critical for DNA binding [113]. 

Acetylation of RelA is another key element in gene transcription regulation 

[111]. Five residues in RelA, Lys-122, Lys-123, Lys-218, Lys-221, and Lys-

310, can be acetylated in response to TNFα stimulation.  

Which genes in particular are transcribed also depends on the accessibility of the 

κB domains of their promotor to NF-κB. Genes such as TNFα have a 

constitutively accessible promotor region and are transcribed immediately when 

active NF-κB enters the nucleus. Therefore, TNFα is considered as a gene 

responding in a “first wave” fashion. “Second wave” genes such as IL-6 

however, require chromatin remodeling for transcription.  

 

TLR expression in the CNS 

Constitutive TLR expression is found in microglia and astrocytes in the 

circumventricular organs and meninges [114]. These areas have direct access to 

the circulation, which allows the recognition of pathogens present in the 

periphery as well as those that invade the CNS. TLR expression levels in the 

CNS are up regulated during viral and bacterial infection, treatment with TLR 

stimuli or during CNS autoimmune responses. This is thought to amplify 

inflammatory responses [39, 40, 52]. 

TLR expression has been documented for all cells of the CNS. Neurons express 

TLR2, 3, 4, 7, 8 and 9 [115-119]. Next to the initiation of inflammatory 

cytokines, chemokines and antiviral molecules by neurons, TLRs play a role in 

the development of the brain and the differentiation of neurons. This is amongst 

others exemplified by TLR3 and 8, which are expressed on murine neurons 

early in development, and are known to inhibit neurite outgrowth [120, 121]. 

TLR2 and 4 are of influence during neuronal development from neural 

progenitor cells (NPC), either stimulating NPC differentiation to neurons, or by 

decreasing neuronal proliferation and differentiation, driving differentiation to 

an astrocytic fate instead [122, 123].  
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can only form homodimers [109]. Each of these subunits contains a typical 
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in the C-terminus of RelA, RelB and c-Rel subunits. The different NF-κB 

dimers are thought to contribute to the regulation of specific but overlapping set 
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which keeps NF-κB in an inhibited state. In response to activation stimuli, IκB is 

phosphorylated, ubiquitinated, and degraded resulting in the release of NF-κB 

that will translocalize to the nucleus (FIG.1B). Here it is able to bind to 

variations of the consensus DNA sequence of 5’-GGGRNYYYCC-3’ (in which 

R is a purine, Y a pyrimidine, and N is any nucleotide) [112], known as κB sites, 

resulting in the induction of transcription of κB-domain containing genes.  

In the nucleus, p50-RelA heterodimers can associate with the protein CBP/p300, 

which acts as a coactivator amongst others by relaxing the chromatin structure 

and recruitment of the basal transcriptional machinery including RNA 

polymerase II at the gene promotor. However this association requires p50-RelA 

to be in its activated form. NF-κB translocalization and binding activity is 

regulated by the post-translational modifications known as phosphorylation and 

acetylation. Nine phosphorylation sites have been identified in RelA located in 

the RHD and TAD, with several sites critical for DNA binding [113]. 

Acetylation of RelA is another key element in gene transcription regulation 

[111]. Five residues in RelA, Lys-122, Lys-123, Lys-218, Lys-221, and Lys-

310, can be acetylated in response to TNFα stimulation.  

Which genes in particular are transcribed also depends on the accessibility of the 

κB domains of their promotor to NF-κB. Genes such as TNFα have a 

constitutively accessible promotor region and are transcribed immediately when 

active NF-κB enters the nucleus. Therefore, TNFα is considered as a gene 

responding in a “first wave” fashion. “Second wave” genes such as IL-6 

however, require chromatin remodeling for transcription.  
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circumventricular organs and meninges [114]. These areas have direct access to 

the circulation, which allows the recognition of pathogens present in the 

periphery as well as those that invade the CNS. TLR expression levels in the 

CNS are up regulated during viral and bacterial infection, treatment with TLR 

stimuli or during CNS autoimmune responses. This is thought to amplify 

inflammatory responses [39, 40, 52]. 

TLR expression has been documented for all cells of the CNS. Neurons express 

TLR2, 3, 4, 7, 8 and 9 [115-119]. Next to the initiation of inflammatory 

cytokines, chemokines and antiviral molecules by neurons, TLRs play a role in 

the development of the brain and the differentiation of neurons. This is amongst 

others exemplified by TLR3 and 8, which are expressed on murine neurons 

early in development, and are known to inhibit neurite outgrowth [120, 121]. 

TLR2 and 4 are of influence during neuronal development from neural 

progenitor cells (NPC), either stimulating NPC differentiation to neurons, or by 

decreasing neuronal proliferation and differentiation, driving differentiation to 

an astrocytic fate instead [122, 123].  
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The TLR expression repertoire of oligodendrocytes is limited to TLR2 and 3 

[39, 124-126]. The exact role of TLRs in these cells remains unclear, but a role 

has been proposed in the sparing of myelin after injury, suggesting that both 

TLRs are necessary for proper remyelination [127, 128].  

Astrocytes express low levels of only a few TLRs during homeostatic 

conditions, while the expression level of different TLRs is up regulated in 

activated astrocytes. Murine astrocytes in vitro have been reported to express 

and up regulate TLR1, 2, 3, 4, 7, 8 and 9 [129-131]. Although TLR4-expression 

has been reported in vitro, there has been discrepancy on whether astrocytes 

actually express TLR4 [39, 132] or if TLR4-mediated responses originated from 

contaminating microglia in stead [107]. A recent study, using highly purified 

astrocytes where microglia were completely absent has established that mouse 

astrocytes do not express TLR4, and do not respond to LPS unless in the 

presence of microglia [133]. Both cell-cell contact with microglia as well as 

soluble factors from microglia contribute to the ability of astrocytes to respond 

to LPS. In general, TLR-mediated activation of astrocytes results in the release 

of pro-inflammatory mediators such as cytokines and chemokines. By contrast, 

TLR3-induced signaling in primary human astrocytes evokes a comprehensive 

neuroprotective response typified by the expression of numerous 

neuroprotective mediators and several other molecules that regulate cellular 

growth, differentiation and migration, rather than initiating a pro-inflammatory 

response [134]. 

Microglia express multiple TLRs and TLR-mediated signaling initiates a strong 

(pro-) inflammatory response in microglia [39, 49, 125, 135-138]. TLR-induced 

responses of microglia are important in resisting infection and promoting repair 

via the production of various pro-inflammatory molecules and the induction of 

phagocytosis, which plays a role in the clearance of infectious agents and 

aggregates or abnormal proteins from the CNS such as Amyloid-β [49, 125, 

135, 139, 140]. By contrast, an exaggerated or persistent TLR-induced 

microglial response can result in tissue damage and neurodegeneration. LPS is 

known to lead to a profound activation of microglia via TLR4. This activation is 

associated with oligodendrocyte death, demyelination, and increased 

vulnerability of neurons to injury [124, 141]. Similarly, microglia exposed to 

group B streptococcus or S. pneumoniae serotype 2 also display neurotoxic 

properties, which is dependent on TLR2-mediated activation [142, 143]. 

Injection of the TLR3 ligand poly I:C or the TLR2 ligand Pam3CysSK4 into the 

CNS have also been described to cause neurodegeneration [142, 144]. It thus 

seems that microglial TLR-responses must be carefully coordinated and/or 

controlled to prevent tissue damage and neurodegeneration. 

 

TLRs in CNS pathology 

Classically, TLRs are known for their ability to recognize and respond to 

invading pathogens and there is ample evidence that TLRs also play a crucial 

role in initiating host defense responses during microbial, viral and parasitic 

infections of the CNS (Table 3). Although TLRs are important triggers for 

protective immune responses to pathogens, TLR-induced responses are also 

implicated in the extensive damage that occurs during infection.  

Next to the recognition of pathogens, TLRs can also recognize host-endogenous 

molecules associated with damaged cells and tissue injury [92-94]. Several 

molecules have recently been identified as TLR4 ligands, such as surfactant, 

hyaluronic acid, HSP60 [145], components of the extracellular matrix [146], and 

fibrinogen [147], while HMGB1 and host mRNA and DNA have been identified 

as endogenous ligands for TLR2, 3 and 9 respectively. The release of these 

DAMPs is thought to amplify the inflammatory response and contribute to 

inflammatory diseases of the brain in the absence of infection such as during 

stroke, multiple sclerosis and Alzheimer’s disease. 

During stroke, the loss in blood supply to a specific region of the brain leads to 

ischemic injury [148]. This causes metabolic stress and neuronal death as a 
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CNS have also been described to cause neurodegeneration [142, 144]. It thus 

seems that microglial TLR-responses must be carefully coordinated and/or 

controlled to prevent tissue damage and neurodegeneration. 

 

TLRs in CNS pathology 

Classically, TLRs are known for their ability to recognize and respond to 

invading pathogens and there is ample evidence that TLRs also play a crucial 

role in initiating host defense responses during microbial, viral and parasitic 

infections of the CNS (Table 3). Although TLRs are important triggers for 

protective immune responses to pathogens, TLR-induced responses are also 

implicated in the extensive damage that occurs during infection.  

Next to the recognition of pathogens, TLRs can also recognize host-endogenous 

molecules associated with damaged cells and tissue injury [92-94]. Several 

molecules have recently been identified as TLR4 ligands, such as surfactant, 

hyaluronic acid, HSP60 [145], components of the extracellular matrix [146], and 

fibrinogen [147], while HMGB1 and host mRNA and DNA have been identified 

as endogenous ligands for TLR2, 3 and 9 respectively. The release of these 

DAMPs is thought to amplify the inflammatory response and contribute to 

inflammatory diseases of the brain in the absence of infection such as during 

stroke, multiple sclerosis and Alzheimer’s disease. 

During stroke, the loss in blood supply to a specific region of the brain leads to 

ischemic injury [148]. This causes metabolic stress and neuronal death as a 
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result from lack of ATP [149]. Microglia become activated within minutes of 

the infarct, and coordinate an immediate inflammatory response [150, 151]. 

Microglia activation is thought to occur as a result of TLR ligands that are 

derived from the cellular damage in their vicinity. These include ligands such as 

the intracellular components hyaluronic acid [152], mRNA [153] and various 

heat shock proteins [145]. Interestingly, systemic administration of LPS by 

intraperitoneal injection prior to ischemic challenge induces a neuroprotective 

response showing that TLR activation before ischemia is protective rather than 

detrimental [154].  

During the progressive autoimmune inflammatory and demyelinating disease 

multiple sclerosis (MS), (chronically) activated microglia contribute to the 

pathogenesis of MS. Activated microglia have been associated with active 

demyelinating lesions as well as with inflammatory non-demyelinating areas of 

MS brain, and their activation is persistent during the whole course of the 

disease [155, 156]. Different studies have also shown that microglia can become 

activated in the normal appearing white matter (NAWM) before demyelination, 

BBB disruption and/or leukocyte infiltration [157, 158]. Recent studies indicate 

that TLRs play a role in modulating the disease course of MS, as well as that of 

experimental autoimmune encephalitis (EAE), the animal model of MS. Several 

endogenous TLR ligands have recently been identified in MS lesions. Amongst 

these ligands HMGB1 is evident in active lesions of MS and EAE. 

Alzheimer's disease (AD) is the most common age-related neurodegenerative 

disorder of the CNS, which is characterized by progressive neuronal death and 

memory loss. AD is associated with local accumulations of Amyloid-β (Aβ). Aβ 

is generated as a proteolytic product of the amyloid precursor protein (APP) 

[159, 160]. Aβ self-aggregates and accumulates on the surface of neurons and 

forms large extracellular senile ‘plaques’. The inflammatory response to the Aβ 

depositions is central to the development of the disease [161]. Microglia are 

found in an activated state around senile plaques in the brains of AD patients. 

Activated microglia produce NO, oxygen free radicals, proteases, adhesion 

molecules and proinflammatory cytokines such as TNFα, IL-1β and IL-6 [88, 

89, 162]. The overproduction of these inflammatory mediators is important in 

the degenerative process in patients with AD [163]. Microglia associated with 

senile plaques express increased levels of TLR2, 4, 5, 7 and 9-encoding mRNA, 

and animal models of AD and AD patients display increased expression of 

CD14, TLR2 and TLR4 [164]. Next to this, studies using TLR2, 4 and CD14 

knockout mice showed that these receptors together with α6β1 integrin CD36, 

CD47 and the Class A scavenger receptor are part of a receptor complex that 

responds to fibrilar Aβ (fAβ) [165-167]. The signal transduction cascades 

triggered by fAβ were found to be identical to those induced by TLR agonists, 

together indicating that microglial TLRs are important in sensing and 

responding to the presence of Aβ. Furthermore, stimulation of TLR2 and TLR4 

leads to the up regulation of the mouse homologue of the G-protein-coupled 

receptor formyl peptide receptor-like 1 (FPRL1), mFPR2, which is known to 

mediate the internalization and uptake of Aβ by microglia and to increase the 

chemotatic function of microglia to Aβ-deposits [139, 168]. From these studies 

it was proposed that TLR2- and TLR4-mediated activation of microglia can 

amplify the inflammatory response in AD via the up regulation of mFPR2. The 

TLR agonists preceding this amplification might be derived from host molecules 

such as HSP60, HSP70, GP96 and HMGB1, which are increased in 

inflammatory conditions in general.  

Next to the role of TLRs in CNS diseases via the generation of either a 

protective or detrimental immune response, the suppression of TLR-induced 

responses can also contribute to CNS pathology such as seen in brain tumors. 

Malignant glioma is the most common and aggressive form of primary brain 

tumor in adults [169]. Microglia are the primary tumor-infiltrating cells of a 

glioma, and are thus important deciders of tumor fate. Microglia may contribute 
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result from lack of ATP [149]. Microglia become activated within minutes of 

the infarct, and coordinate an immediate inflammatory response [150, 151]. 

Microglia activation is thought to occur as a result of TLR ligands that are 

derived from the cellular damage in their vicinity. These include ligands such as 

the intracellular components hyaluronic acid [152], mRNA [153] and various 

heat shock proteins [145]. Interestingly, systemic administration of LPS by 

intraperitoneal injection prior to ischemic challenge induces a neuroprotective 

response showing that TLR activation before ischemia is protective rather than 

detrimental [154].  

During the progressive autoimmune inflammatory and demyelinating disease 
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endogenous TLR ligands have recently been identified in MS lesions. Amongst 

these ligands HMGB1 is evident in active lesions of MS and EAE. 
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disorder of the CNS, which is characterized by progressive neuronal death and 

memory loss. AD is associated with local accumulations of Amyloid-β (Aβ). Aβ 

is generated as a proteolytic product of the amyloid precursor protein (APP) 

[159, 160]. Aβ self-aggregates and accumulates on the surface of neurons and 

forms large extracellular senile ‘plaques’. The inflammatory response to the Aβ 

depositions is central to the development of the disease [161]. Microglia are 

found in an activated state around senile plaques in the brains of AD patients. 

Activated microglia produce NO, oxygen free radicals, proteases, adhesion 

molecules and proinflammatory cytokines such as TNFα, IL-1β and IL-6 [88, 

89, 162]. The overproduction of these inflammatory mediators is important in 

the degenerative process in patients with AD [163]. Microglia associated with 

senile plaques express increased levels of TLR2, 4, 5, 7 and 9-encoding mRNA, 

and animal models of AD and AD patients display increased expression of 

CD14, TLR2 and TLR4 [164]. Next to this, studies using TLR2, 4 and CD14 

knockout mice showed that these receptors together with α6β1 integrin CD36, 

CD47 and the Class A scavenger receptor are part of a receptor complex that 

responds to fibrilar Aβ (fAβ) [165-167]. The signal transduction cascades 

triggered by fAβ were found to be identical to those induced by TLR agonists, 

together indicating that microglial TLRs are important in sensing and 

responding to the presence of Aβ. Furthermore, stimulation of TLR2 and TLR4 

leads to the up regulation of the mouse homologue of the G-protein-coupled 

receptor formyl peptide receptor-like 1 (FPRL1), mFPR2, which is known to 

mediate the internalization and uptake of Aβ by microglia and to increase the 

chemotatic function of microglia to Aβ-deposits [139, 168]. From these studies 

it was proposed that TLR2- and TLR4-mediated activation of microglia can 

amplify the inflammatory response in AD via the up regulation of mFPR2. The 

TLR agonists preceding this amplification might be derived from host molecules 

such as HSP60, HSP70, GP96 and HMGB1, which are increased in 

inflammatory conditions in general.  

Next to the role of TLRs in CNS diseases via the generation of either a 

protective or detrimental immune response, the suppression of TLR-induced 

responses can also contribute to CNS pathology such as seen in brain tumors. 

Malignant glioma is the most common and aggressive form of primary brain 

tumor in adults [169]. Microglia are the primary tumor-infiltrating cells of a 

glioma, and are thus important deciders of tumor fate. Microglia may contribute 
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to tumor migration, angiogenesis and proliferation through the production of 

MMPs, VEGF and EGF respectively [36]. Tumor cells can also generate an 

immunosuppressive microenvironment in which microglia are unable to induce 

an effective anti-tumor response [36]. Microglial functions that are inhibited by 

glioma include phagocytosis, antigen presentation and secretion of 

proinflammatory cytokines [36]. Additionally, it has been shown that microglia 

taken from tumor patients are unable to secrete pro-inflammatory mediators 

such as IL-1β, IL-6 and TNFα in response to LPS, despite normal TLR 

expression [170]. The alleviation of this immunosuppressive microenvironment 

has recently been proposed as a therapeutic strategy [82].  

 

 

Infectious CNS disease 

 

 

Implicated TLR 

 

TLR-related elements 

Bacterial meningitis TLR2 
TLR4 
TLR9 

MAL 
MyD88 

Bacterial abscesses TLR2 
TLR4 

MyD88 

Herpes simplex virus TLR2 
TLR3 
TLR4 

TLR2&9 together 
TLR9 

TRAF3 
UNC-93B (TLR7, 8 and 9) 

West nile virus TLR3 MyD88 
SARM 

Cerebral malaria TLR1 
TLR2 
TLR9 

MyD88 
TIRAP 
TRIF 

neurocysticercosis TLR1 
TLR2 
TLR9 

MyD88 

 
Table 3. Implicated TLRs in infectious CNS disease 

 
 
 
 
 

 

3. MODULATION OF TLR-INDUCED RESPONSES OF MICROGLIA  
 

Although the modulation of TLR-responses has been studied intensively in 

different monocytoid cells, much less is known about microglia. 

Several molecular mechanisms have been described in microglia that can either 

amplify or inhibit TLR-mediated responses (FIG.2). Recently, E3 ubiquitin 

ligase Pellino-1 (Peli1) was shown to be crucial factor in the pathogenesis of 

EAE and activation of microglia [171]. Peli1 is abundantly expressed in 

microglia and promotes TLR-induced microglial activation through the 

modulation of MAPK activation via the degradation of the potent inhibitor of 

MAPK activation, TNF receptor associated factor 3 (Traf3). Similarly, miR-155 

was shown to promote TLR-induced responses in microglia [172] as miR-155 

knockdown by anti-miRNA oligonucleotides significantly decreased the 

production of nitric oxide and the expression of inflammatory cytokines and 

inducible nitric oxide synthase. Upon exposure of microglia to LPS, miR-155 is 

strongly up regulated. 

Cell surface and nuclear receptors are also involved in modulation of microglial 

TLR responses (FIG.2). As mentioned before, the CD200R is an example of a 

constitutively expressed cell surface receptor on microglia that inhibits TLR-

induced responses. Microglia derived from CD200-deficient mice express 

higher levels of TLR2 and TLR4, and release increased levels of pro-

inflammatory cytokines when stimulated with TLR2 or TLR4 ligands [173]. The 

loss of CD200 thus represents the loss of a constitutive negative regulator of 

TLR-mediated responses in microglia. Similar to CD200R, TREM-2 plays an 

important role as inhibitory receptor for TLR-mediated signaling resulting in the 

inhibition of cytokine production in response to various TLR ligands [174-176]. 

Myeloid cells transduced with TREM-2 were able to suppress the development 

of EAE [177], and the inhibition of TREM2-mediated interactions worsened the 

development of EAE in mice [178]. The single Ig/IL-1 receptor-related 
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to tumor migration, angiogenesis and proliferation through the production of 

MMPs, VEGF and EGF respectively [36]. Tumor cells can also generate an 

immunosuppressive microenvironment in which microglia are unable to induce 

an effective anti-tumor response [36]. Microglial functions that are inhibited by 

glioma include phagocytosis, antigen presentation and secretion of 

proinflammatory cytokines [36]. Additionally, it has been shown that microglia 

taken from tumor patients are unable to secrete pro-inflammatory mediators 

such as IL-1β, IL-6 and TNFα in response to LPS, despite normal TLR 

expression [170]. The alleviation of this immunosuppressive microenvironment 

has recently been proposed as a therapeutic strategy [82].  
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molecule (SIGIRR) is an inhibitory member of the TIR superfamily of receptors 

[179]. SIGIRR mRNA transcripts have been detected in murine astrocytes, 

neurons and microglia. SIGIRR inhibits TLR-mediated signaling via the 

sequestration of MyD88 and by blocking signaling events downstream of 

MyD88. Microglia from SIGIRR deficient mice show an exaggerated LPS 

response, suggesting a role for this receptor in inhibiting TLR-mediated 

responses of microglia in the CNS [180].  

The nuclear receptors glucocorticoid receptors (GR), nuclear receptor related 1 

(Nurr1) and peroxisome proliferator-activated receptor-γ (PPARγ) also have 

been shown to inhibit microglial TLR-induced responses [181]. Glucocorticoids 

are well known for their broad anti-inflammatory effects and are potent 

regulators of TLR-mediated signaling. The adrenal production and release of 

glucocorticoids is triggered by the pituitary corticotroph cells in response to 

inflammatory stimuli. Glucocorticoids exert their action, both in the periphery as 

well as in the brain, by diffusing through cell membranes after which they bind 

to their cytosolic cognate receptors. GR-mediated inhibitory mechanisms are 

crucial to control inflammatory responses in the CNS. In animals that are treated 

with a GR antagonist, LPS is severely neurotoxic upon intracerebral injection 

whereas such a challenge is relatively harmless in untreated animals [182, 183]. 

This protective effect is, at least for the most important part, attributable to GR-

mediated negative regulation of NF-κB dependent signaling in microglia [182]. 

The inhibitory effect of Nurr1 involves the restoration of the transcription of 

NF-κB target genes to a basal state. Nurr1-knockdown in microglia results in a 

marked increase of cytokine production, indicating that Nurr1 can prevent 

exaggerated inflammatory responses in microglia.  

PPARγ is a member of the nuclear hormone receptor superfamily of ligand-

activated transcription factors that regulate the expression of genes involved in 

reproduction, metabolism, development and immune responses. Within the 

CNS, several PPARγ agonists have been documented for their ability to 

attenuate both microglial and astrocyte activation in response to a diverse array 

of stimuli as well as impact the course of several neurodegenerative diseases 

[173, 184-188]. Different studies have demonstrated that select PPARγ agonists 

are potent inhibitors of microglial activation induced by multiple TLR [174]. 

PPARγ agonists can either directly inhibit TLR-induced pro-inflammatory 

cytokine signaling pathways, or increase the production of anti-inflammatory 

proteins [175, 176]. Treatment with exogenous PPARγ agonists, or the up 

regulation of endogenous PPARγ agonists, can be considered as a strategy to 

attenuate microglia activation in the CNS. 

TLR-mediated activation of microglia induces the expression of anti-

inflammatory cytokines, including IL-10 and TGF-β [137, 189], which in turn 

can modulate TLR-mediated responses. IL-10 executes its immunosuppressive 

effect in multiple ways including suppression of protein translation, 

destabilization of mRNA and inhibition of gene transcription [190-192]. IL-10 is 

known to inhibit activation of NF-κB and the MAPK p38 thereby inhibiting 

TLR induced signal transduction. TGF-β inhibits different signal cascades 

including MAPK pathways. TGF-β can also inhibit TLR2 and 4 expression 

levels directly and can induce the degradation of MyD88 by the proteasome 

[193, 194].  

Finally, extracellular signaling molecules generated in the extracellular 

environment of microglia during inflammatory conditions such as adenosine are 

known to modulate TLR-mediated activation. Adenosine is an endogenous 

purine nucleoside that modulates a wide range of physiological features [195]. 

Most notable amongst its many roles is its importance in controlling 

inflammation. Extracellular levels of adenosine rise as a consequence of the 

catabolism of ATP that is released from stressed or damaged cells [160, 195]. 

This extracellular ATP is converted to ADP and AMP by CD39 and then to 

adenosine by CD73 that present on the cell surface of cells. The cellular 

response to extracellular adenosine is orchestrated by four different adenosine 
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receptor (ADORA) subtypes: A1, A2A, A2B and A3 receptors. During 

inflammation, increased levels of extracellular adenosine effectively turn off 

local inflammatory responses. This inhibitory effect is mainly attributed to the 

A2A receptor subtype in various cell types [150, 152, 196-200]. 

 

Figure 2. Schematic summary of mechanisms described in text that modulate TLR-

induced responses in microglia 
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4. AIMS AND OUTLINE OF THIS THESIS 

 

Since activated microglia are associated with many different CNS diseases and 

contribute to the initiation and progression of disease, modulation of microglial 

activation is an interesting therapeutic strategy. Despite intensive studies on the 

modulation of TLR-induced responses in other myeloid immune cells, much less 

is known about the modulation of TLR-mediated responses in microglia. 

Additionally, relatively few studies have been performed in human models or 

models with close homology to humans. In this thesis, we used in vitro cultures 

of microglia obtained from adult rhesus monkeys, and we studied the 

modulation of TLR-mediated activation of microglia via different mechanisms 

and agents. In chapter 2, we determined the effects of different differentiation 

regimes on microglia function. We established to which TLR ligands microglia 

were responsive, and if changes in TLR-mediated responses could be detected 

following exposure to different differentiation regimes. In chapter 3, we 

investigated the role of the anti-inflammatory cytokine IL-4 on microglial 

functions and TLR-mediated responses in detail. In chapter 4, we investigated 

the modulation of TLR-mediated responses by adenosine and ADORA-

mediated signaling during acute or chronic microglial activation. Chapter 5 

describes the further determination of the role of ADORA-mediated signaling in 

different human-derived APC of myeloid origin, as well as in rhesus monkey 

microglia, in the initiation of TLR-mediated responses. Chapter 6 describes 

how the anti-inflammatory drugs statins can modulate TLR-induced responses 

in microglia, as well as the underlying molecular mechanisms. Finally, chapter 

7 presents the general discussion of this thesis 
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ABSTRACT 

 

Activated microglia are found in a variety of neuroinflammatory disorders 

where they are attributed roles as effector as well as antigen-presenting cells 

(APC). The multi-faceted roles that microglia can play are determined by their 

inherent capacities as well as by environmental cues. In this study we have 

investigated the effects of M-CSF and GM-CSF-mediated differentiation of 

adult primate microglia on their cellular phenotype, antigen presentation and 

phagocytic function as well as on Toll-like receptor (TLR)-mediated responses. 

We show that although cell morphology and expression levels of activation 

markers were markedly different, differentiation with either factor yielded 

microglia that phenotypically and functionally resemble macrophages. Both M-

CSF and GM-CSF-differentiated microglia were responsive to TLR1/2, 2, 3, 4, 

5, 6/2, and 8-mediated activation, but not to TLR7 or 9-mediated activation. 

Intriguingly, M-CSF-differentiated microglia expressed higher levels of TLR8-

encoding mRNA and protein and produced larger amounts of pro-inflammatory 

cytokines in response to TLR8-mediated activation as compared to GM-CSF-

differentiated microglia. While differentiation of adult microglia by growth 

factors that can be produced endogenously in the central nervous system is thus 

unlikely to change their APC function, it can alter their innate responses to 

infectious stimuli such as ssRNA viruses. Resident primate microglia may 

thereby help shape rather than initiate adaptive immune responses. 

 

INTRODUCTION 

 

Microglia are resident cells of the central nervous system (CNS), which can be 

characterized as resting macrophage-like cells under homeostatic conditions. 

Under inflammatory conditions microglia become activated as demonstrated by 

their altered morphology and by the increased expression of pro-inflammatory 

cytokines and molecules that are involved in antigen presentation [1-4]. 

Activated microglia are found in a wide variety of neuroinflammatory disorders 

such as multiple sclerosis (MS), neuropathic pain and neurodegenerative 

disorders where they are attributed roles as effector as well as antigen-presenting 

cells (APC) [5-7]. 

Critical determinants for the multi-faceted role of microglia in inflammatory 

disorders of the CNS are the differentiation potential of microglia and the mode 

of activation. Microglia originate from CD45+ bone marrow (BM) precursor 

cells of the myeloid lineage, which can also give rise to macrophages and 

dendritic cells (DC) [8-11]. Microglia have repeatedly been shown responsive to 

differentiation with M-CSF or GM-CSF [12-16]. Moreover, both factors can be 

produced endogenously in the CNS thereby directly modulating resident 

microglia function. Murine and human astrocytes express M-CSF constitutively 

and M-CSF-encoding mRNA is expressed during all developmental stages in 

normal mouse CNS [17-20]. In addition, mice deficient in M-CSF production 

have lower numbers of microglia in the CNS, which fail to proliferate following 

trauma [21, 22]. In vitro, GM-CSF production is inducible in astrocytes by pro-

inflammatory cytokines [18], and in situ analysis has revealed that GM-CSF is 

produced by reactive astrocytes in Alzheimer’s disease and in active lesions in 

MS [23]. In addition, GM-CSF has previously been shown to be a sufficient 

differentiation signal for the generation of DC from mouse microglia [24, 25]. 

Signaling via the evolutionary conserved family of Toll-like receptors (TLR) is 

a potent activating signal for different types of APC [26]. TLR are 

transmembrane proteins with extracellular leucine-rich repeats that belong to the 

innate immune system. They recognize characteristic molecular patterns in 

microbial and self-antigens. Upon recognition of their ligand, TLR trigger 

intracellular signaling cascades resulting in up regulation of molecules involved 

in antigen presentation and the production of pro-inflammatory cytokines. 

Currently, ten different TLR have been reported in human and non-human 
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primates [27]. TLR1, 2, 4, 5 and 6 are expressed on the cellular surface and are 

mainly involved in the recognition of bacterial products, whereas TLR3, 7, 8 

and 9 are generally localized to intracellular compartments and are implicated in 

the recognition of viral and bacterial nucleic acids [28]. For TLR10 no ligand 

has been identified yet. 

TLR expression has been demonstrated on microglia in various neurological 

diseases including MS [29] and cultured human microglia express mRNA for a 

broad variety of different TLR [29, 30]. Studies on the functional implications 

of TLR engagement on human microglia have thus far focused on TLR2, 3 and 

4-mediated responses, demonstrating that ligand binding triggers the production 

of pro-inflammatory cytokines [30]. Data on responses mediated by other TLR 

are currently lacking for human microglia. 

Differentiation of human blood-derived monocytes into macrophages or DC is 

accompanied by distinct changes in TLR mRNA and protein expression profiles, 

changing their responses to potential pathogens [27]. We hypothesized that 

differentiation of resident microglia might alter TLR-mediated responses 

accordingly. 

In this study, we use in vitro cultures of microglia obtained from adult rhesus 

monkeys. Rhesus monkeys are genetically closely related to humans and are 

frequently used for modeling of CNS disorders. In contrast to humans, post 

mortem delay times and cause of death of tissue donors are controllable, thus 

enhancing experimental reproducibility while working with an out bred species. 

After differentiation with M-CSF or GM-CSF, primary adult microglia were 

characterized for different cell lineage and activation markers using flow 

cytometry. In addition, we compared the phagocytic capacity and the potential 

to stimulate T cell proliferation of M-CSF and GM-CSF-differentiated microglia 

to that of BM-derived macrophages and DC of the same donors. Finally, TLR 

mRNA expression levels were measured, functional TLR-mediated responses 

were profiled and differences in TLR-mediated responses between M-CSF and 

GM-CSF-differentiated were studied. 

 

MATERIALS AND METHODS 

 

Animals 

Adult rhesus monkeys (Macaca mulatta) of either sex without neurological 

disease were obtained from the out bred colony maintained at the Biomedical 

Primate Research Centre (BPRC) in Rijswijk, The Netherlands. Donor monkeys 

became available from the breeding colony; no monkeys were sacrificed for the 

exclusive purpose of primary cell culture initiation. Better use of experimental 

animals contributes to the active refinement program within the BPRC. 

Individual details of the selected monkeys are given in Table 1. 

 

Primary cell isolation and culture 

Primary microglia were obtained from adult rhesus monkeys at necropsy as 

described previously for humans [31]. Briefly, tissue samples from prefrontal 

subcortical white matter were collected, divided into cubes of approximately 3 

g, and meninges and visible blood vessels were removed before mincing the 

tissue into cubes of less than 2 mm3. Tissue fragments were incubated at 37°C 

for 20 min in HBSS (± 8 ml/g tissue) containing 0.25% w/v porcine trypsin 

(Sigma, St. Louis, MO), 0.2 mg/ml EDTA, 1 mg/ml glucose and 0.1 mg/ml 

bovine pancreatic DNase I (Sigma). The supernatant (no centrifugation) was 

discarded and the pellet was resuspended in microglia medium, i.e. 1:1 v/v 

DMEM (high glucose; Life Technologies, Breda, The Netherlands)/HAMF10 

(with L-glutamine; Life Technologies) with 5% v/v FCS (Gibco; Life 

Technologies) and antibiotic supplement (penicillin 100 U/ml and 

streptomycin0.1 mg/ml (Gibco), washed once and passed through a 100 µm 

nylon cell strainer (Becton Dickinson Labware Europe, Meylan Cedex, France).  
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Animal 

identification # 

Age  

(yr) 

Gender Weight  

(kg) 

Origin 

1AB 24 M 8.18 India 

1NS 22 F 5.76 India 

1WQ 21 F 7.8 India 

2DF 13 F 6.4 India 

4052 16 M 11.25 Birma 

8612 18 F 8.41 India 

8851 17 F 7.3 India 

8930 16 F 6.98 India 

9052 16 F 5.8 India 

97011 10 M 15.0 Mix 

97019 10 M 7.2 Mix 

98002 7 M 8.9 Mix 

B45 17 F 5.5 India 

C6 22 M 10.4 India 

D39 19 M 10.75 India 

BB118 9 M 14.35 Mix 

BB119 12 M 7.9 Mix 

BB121 12 F 6.05 Unknown 

BB133 7 M 11.05 Mix 

BB139 7 M 9.7 Mix 

BB149 7 F 5.65 Mix 

BB162 6 F 5.1 Mix 

BB2G 20 F 9.05 Mix 

C6 22 M 10.4 India 

D39 19 M 10.75 India 

L167 11 F 5.8 India 

N6 18 F 6.24 China 

N8 17 F 6.76 China 

NB5 11 F 5.66 India 

R00046 6 M 6.9 Mix 

R01063 4 M 4.8 India 

Ri330 8 M 8.08 India 

Ri453 4 M 7.7 India 

Ri466 9 M 6.25 India 

Ri511 8 F 4.34 China 

 

Table 1. Donor specifications 

 

Following centrifugation at 300 x g for 7 min, the pellet was resuspended in 40 

ml Percoll solution (40 ml myelin gradient buffer [see below] with 11.7 ml 

Percoll and 1.3 ml 1.5 M NaCl; density = 1.03 g/ml). On top of this solution 6 

ml of myelin gradient buffer (base: 20 mM Na2HPO4•H2O; acid: 6 mM 

NaH2PO4•H2O; base was freshly mixed with acid (v/v 1:4; pH 7.4), 

subsequently 140 mM NaCl, 5 mM KCl, 2 g glucose/l and 0.2% w/v BSA were 

added) was added and centrifuged without brakes at 900 x g for 30 min. The 

myelin-containing upper band was discarded and the pellet was washed, 

incubated in erythrocyte-shock buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.2% 

BSA (w/v); pH 7.4) for 20 min on ice, washed again and plated at a density of 

2.5x105 cells/ml in tissue-culture treated 6 or 24-well plates (Corning Costar 

Europe, Badhoevedorp, The Netherlands). We obtained between 0.6-1.2 x 106 

microglia/g brain tissue. After 24 h incubation at 37°C in a humidified 

atmosphere containing 5% CO2, unattached cells and myelin debris were 

removed by washing and replaced by microglia medium supplemented with 

either ≥ 4 units recombinant human M-CSF/ml or ≥ 40 units recombinant human 

GM-CSF/ml (Peprotech, London, UK). Half the medium was replaced by fresh 

medium containing new growth factors every 3-4 days. 

Primary BM-derived macrophages and DC were obtained from adult rhesus 

monkeys at necropsy by flushing the femur with PBS. Cells were washed, 

incubated in erythrocyte-shock buffer, washed again and seeded at a density of 

5x105 cells/ml in tissue-culture treated 6 or 24-well plates (Corning Costar 

Europe) and cultured in RPMI (Gibco; Life Technologies) with 10% v/v FCS 

(Gibco) and antibiotic supplement (Gibco), supplemented with ≥ 4 units 

recombinant human M-CSF/ml or ≥ 40 units recombinant human GM-CSF/ml 

(Peprotech) and 200 ng recombinant human IL-4/ml (Peprotech). Half the 

medium was replaced by fresh medium containing fresh growth factors every 3-

4 days. 
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medium containing new growth factors every 3-4 days. 

Primary BM-derived macrophages and DC were obtained from adult rhesus 

monkeys at necropsy by flushing the femur with PBS. Cells were washed, 

incubated in erythrocyte-shock buffer, washed again and seeded at a density of 

5x105 cells/ml in tissue-culture treated 6 or 24-well plates (Corning Costar 

Europe) and cultured in RPMI (Gibco; Life Technologies) with 10% v/v FCS 

(Gibco) and antibiotic supplement (Gibco), supplemented with ≥ 4 units 

recombinant human M-CSF/ml or ≥ 40 units recombinant human GM-CSF/ml 

(Peprotech) and 200 ng recombinant human IL-4/ml (Peprotech). Half the 

medium was replaced by fresh medium containing fresh growth factors every 3-

4 days. 
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Real time quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reverse transcribed into 

cDNA using the Omniscript Reverse Transcription System according to 

manufacturer’s protocol (Qiagen Benelux, Venlo, The Netherlands) with 0.25 

µg oligo(dT)15 primers (Promega Benelux, Leiden, The Netherlands) and 0.5 µg 

of the total RNA as template. 

Levels of TLR1-10 and β-actin mRNA as a reference were determined by real-

time quantitative RT-PCR using standard curves. Fluorogenic molecular 

beacons and primers (Biolegio, Nijmegen, The Netherlands) used are specified 

in Table 2. The β-actin beacon contained 5’ fluorescein VIC, and the 3’quencher 

Dabcyl. The TLR1-10 beacons contained 5’ fluorescein FAM, and the 

3’quencher Dabcyl. PCR was performed using an ABI PRISM® 7700 sequence 

detection system (Applied Biosystems, Foster City, CA). Data were analyzed 

using sequence detector version 1.7 software.  

 

Antibodies and reagents 

CD1c-PE (clone AD5-8E7, mouse IgG2a, Miltenyi Biotec, Bergisch Gladbach, 

Germany), CD11b-APC (clone D12, mouse IgG2a, BD), CD11c-APC (clone S-

HCL-3, mouse IgG2b, BD), CD14-APC (clone M5E2, mouse IgG2a, BD), 

CD45-PerCP (clone Tu116, mouse IgG1, BD, Alphen a/d Rijn, The 

Netherlands), CD49d-PE (clone 9F10, mouse IgG1, BD), CD80-PE (clone 

L307.4, mouse IgG1, BD), CD86-FITC (clone B-T7, mouse IgG1, Diaclone, 

Besançon, France), CD209-FITC (clone DCN46, mouse IgG2b, BD), HLA-DR-

PerCP and HLA-DR-APC (clone L243, mouse IgG2a, BD), TLR1-PE (clone 

GD2.F4, mouse IgG1, eBioscience, San Diego, CA), TLR8-FITC (clone 

44C143, mouse IgG1, Imgenex, San Diego, CA), TREM2 (clone 263602, 

mouse IgG2b, Jackson Lab, Maine, ME) and goat anti mouse-FITC (BD). 

Isotype controls used were all from BD.  

TLR ligands used were E.coli O26:B6 LPS (Sigma), Pam3CSK4, Zymosan, 

poly(I:C), Ultrapure LPS, Flagellin, FSL-1, R837, Loxoribine, R848, 

ssPolyU/LyoVec, ODN2006, ODN2216 and ODNM362 (Invivogen, San Diego, 

CA). 

 

Flow cytometry 

Cells were harvested by incubating the cells with 2 mM EDTA in PBS (without 

bivalent ions) for 20 min at 37°C and fixed for 20 min at 4°C using 2% 

paraformaldehyde, washed and stored in PBS at 4°C. Prior to use, cells were 

washed with FACS buffer (PBS + 2% BSA) and incubated for 10 min with 10% 

normal human serum in FACS buffer to prevent aspecific binding of 

monoclonal antibodies. The cells were incubated with antibodies diluted in 

FACS buffer for 30 min at 4°C. 

For flow cytometrical analysis of TLR8 expression, cells were permeabilized. 

Prior to use, cells were washed twice with FACS-perm buffer (PBS + 2% BSA 

+ 0.5 % saponin) and incubated for 10 min with 10% normal human serum in 

FACS-perm buffer to prevent aspecific binding of monoclonal antibodies. The 

cells were incubated with antibodies diluted in FACS-perm buffer for 30 min at 

4°C. 

Cells were washed and fluorescence was measured within 72 h on the FACS 

Aria (BD) and data were analyzed using FACS Diva (BD) software. 

 

ELISA 

Commercially available rhesus monkey-specific ELISA kits were used to 

determine IL-6, 10, 12, TNF-alpha (U-Cytech BV, Utrecht, The Netherlands). 

Levels of IL-8 were determined using IL-8 Cytoset (Biosource International Inc, 

Camarillo, CA). All ELISAs were carried out according to the manufacturer’s 

instructions. 
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Real time quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 
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manufacturer’s protocol (Qiagen Benelux, Venlo, The Netherlands) with 0.25 

µg oligo(dT)15 primers (Promega Benelux, Leiden, The Netherlands) and 0.5 µg 

of the total RNA as template. 

Levels of TLR1-10 and β-actin mRNA as a reference were determined by real-

time quantitative RT-PCR using standard curves. Fluorogenic molecular 

beacons and primers (Biolegio, Nijmegen, The Netherlands) used are specified 

in Table 2. The β-actin beacon contained 5’ fluorescein VIC, and the 3’quencher 

Dabcyl. The TLR1-10 beacons contained 5’ fluorescein FAM, and the 

3’quencher Dabcyl. PCR was performed using an ABI PRISM® 7700 sequence 

detection system (Applied Biosystems, Foster City, CA). Data were analyzed 

using sequence detector version 1.7 software.  
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GD2.F4, mouse IgG1, eBioscience, San Diego, CA), TLR8-FITC (clone 

44C143, mouse IgG1, Imgenex, San Diego, CA), TREM2 (clone 263602, 

mouse IgG2b, Jackson Lab, Maine, ME) and goat anti mouse-FITC (BD). 

Isotype controls used were all from BD.  

TLR ligands used were E.coli O26:B6 LPS (Sigma), Pam3CSK4, Zymosan, 

poly(I:C), Ultrapure LPS, Flagellin, FSL-1, R837, Loxoribine, R848, 

ssPolyU/LyoVec, ODN2006, ODN2216 and ODNM362 (Invivogen, San Diego, 

CA). 

 

Flow cytometry 

Cells were harvested by incubating the cells with 2 mM EDTA in PBS (without 

bivalent ions) for 20 min at 37°C and fixed for 20 min at 4°C using 2% 

paraformaldehyde, washed and stored in PBS at 4°C. Prior to use, cells were 

washed with FACS buffer (PBS + 2% BSA) and incubated for 10 min with 10% 

normal human serum in FACS buffer to prevent aspecific binding of 

monoclonal antibodies. The cells were incubated with antibodies diluted in 

FACS buffer for 30 min at 4°C. 

For flow cytometrical analysis of TLR8 expression, cells were permeabilized. 

Prior to use, cells were washed twice with FACS-perm buffer (PBS + 2% BSA 

+ 0.5 % saponin) and incubated for 10 min with 10% normal human serum in 

FACS-perm buffer to prevent aspecific binding of monoclonal antibodies. The 

cells were incubated with antibodies diluted in FACS-perm buffer for 30 min at 

4°C. 

Cells were washed and fluorescence was measured within 72 h on the FACS 

Aria (BD) and data were analyzed using FACS Diva (BD) software. 

 

ELISA 

Commercially available rhesus monkey-specific ELISA kits were used to 

determine IL-6, 10, 12, TNF-alpha (U-Cytech BV, Utrecht, The Netherlands). 

Levels of IL-8 were determined using IL-8 Cytoset (Biosource International Inc, 

Camarillo, CA). All ELISAs were carried out according to the manufacturer’s 

instructions. 
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Target Sense primer Antisense primer Beacon/Probe 

β-actin GGTCATCACCATTG

GCAATGA 

ACGTCACACTTCATGA

TGGAGTTG 

cgtgccGCACTCTTCCAGCCTTCC

TTCCTGggcacg 

GAPDH CAATGCCTCCTGCA

CCACCAAC 

AGGGGCCATCCACAG

TCTTCT 

cgctcgCACCCCTGGCCAAGGTCA

TCCAcgagcg 

TLR1 GAAGAAAGTGAATT

TTTAGTTGATAGGTC

A 

ACAGTGATAAGATGT

CAGAAGTCCAAAG 

cgtgccATCCACGTTCCTAAAGAC

CTATCCCAGAggcacg 

TLR2 GAAATGTGAAAATC

ACCGATGAAAG 

TCCACTTTACCTGGAT

CTATAACTCTGTC 

cgtgccTTTGATGACTGTACCCTT

AATGGAGTTggcacg 

TLR3 CAGTACATCGAGTT

CTTGGTTTCAAA 

GAGAAATGTTCCCAG

ACCCAATC 

cgtgccCAGACAGACAGAACAGT

TTGAATATGCAGCggcacg 

TLR4 TAAAGAATTTAGAA

GAAGGGGTGCC 

CAACAATCACCTTTCG

GCTTTTA 

cgtgccGAGACTTTATTCCCGGTG

TGGCCAggcacg 

TLR5 CCAATGTCACTATA

GCTGGGCC 

TCCTCTTCATCACAAC

CTTCCG 

cgtgccATATTGTGTGTACCCTGA

CTCGTTCTCTGGggcacg 

TLR6 AATGAGACAGAAAG

TCT 

CCCTAAAGTATTAACT

G 

cgtgccTTTTCACCCAACTAGTTT

ATTCGCTATCCAggcacg 

TLR7 GTCAGGAAATCTCA

TTAGCCAAACTC 

CTTATATCCAGAACTT

CCAGTTTGTGAA 

cgtgccTGAATTCCAACCTTTAGC

AGAGCTGAGggcacg 

TLR8 GTCTGATAATTTCAT

CACACACATAACG 

CCATTTGATTGTATAC

CGGGATTT 

cgtgccTCACTAAAATAAATCTAA

ACCACAACCCCAggcacg 

TLR9 CTGGGAAACCTCCG

AGTGCT 

AGACAGGTGGGCAAA

GGACAC 

cgtgccTTCCAGGGCCTAACACAG

CTggcacg 

TLR10 GGTTAAAAGACGTT

CATCTCCACG 

CTGAGATACCAGGGC

AGATCAAAG 

cgtgccTGTGGTTATTATGCTAGT

TCTGGGGTTGGggcacg 

GAPDH TCCACTGGCGTCTTC

AC 

GGCAGAGATGATGAC

CCTTTT 

AGCCCCAG 

IL12p35 GCCTGGCCTCCAGA

AAGACC 

ACCTGGTACATCTTCA

AGTCTTCATAAAT 

CTTTTATGATGGCCCTGTGCCT

TAGT 

IL23p19 GTTCCCCATATCCA

GTGTGG 

CCTTTGCAAGCAGAAC

TGA 

TGGCTGTG 

IL12/23p40 GCCATATGGGAACT

GAAGAAA 

GGGGTGTCACAGGTG

AGG 

CCTGGAGA 

 

Table 2. TLR primer and beacon/probe sequences 

 

 

 

 

 

Phagocytosis assay 

Phagocytic function of microglia and BM-derived macrophages and DC was 

quantitated using Vybrant™ Phagocytosis Assay Kit ( Molecular Probes Inc, 

Leiden, The Netherlands) according to manufacturer’s instructions. Briefly, cells 

were seeded at 105 cells/well in 96-well flat-bottom plates (Greiner Bio-One, 

Alphen a/d Rijn, The Netherlands) and incubated for 18 h in humidified air 

containing 5% CO2. 

Fluorescein-labeled Escherichia coli bioparticle suspensions were freshly 

prepared, added to the culture and incubated for 2 h. Cells were washed with 

PBS and fluorescence was measured using a 480 nm excitation filter and 520 

nm emission filter in a Wallac 1420 Victor3 (Perkin Elmer, Wellesley). The 

fluorescence of non-internalized bioparticles was quenched by the addition of 

trypan blue (0.25 mg/ml, pH 4.4) and fluorescence was measured again. 

Phagocytic function was expressed as follows:  

(Signal after quenching - background) / (Signal after first wash - background) x 

100%. Analyses were performed in triplicate. 

 

Mixed Lymphocyte Reaction (MLR) 

Microglia and BM-derived macrophages and DC were used as stimulator cells 

in MLR assays against PBMC of genotypically determined Mamu-DR non-

matching donor monkeys. Stimulator cells were seeded at 10,000 cells/well in 

round-bottom 96-well plates (Greiner). PBMC from rhesus monkeys were 

purified using Lymphocyte Separation Medium (LSM, ICN Biomedicals, 

Aurora). Stimulator cells received 30 Gy radiation, and PBMC were added in a 

stimulator cell:PBMC ratio of 1:10. After 5 days incubation in humidified air 

containing 5% CO2, 
3H-thymidine was added (1 µCi/well), and the 

incorporation of radiolabel was determined after 18-20 h using Topcount 

Microplate Scintillation and Luminescence Counter (Perkin Elmer). Analyses 

were performed in triplicate. 
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AGAGCTGAGggcacg 

TLR8 GTCTGATAATTTCAT
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CCATTTGATTGTATAC

CGGGATTT 

cgtgccTCACTAAAATAAATCTAA

ACCACAACCCCAggcacg 

TLR9 CTGGGAAACCTCCG

AGTGCT 

AGACAGGTGGGCAAA

GGACAC 

cgtgccTTCCAGGGCCTAACACAG

CTggcacg 

TLR10 GGTTAAAAGACGTT

CATCTCCACG 

CTGAGATACCAGGGC

AGATCAAAG 

cgtgccTGTGGTTATTATGCTAGT

TCTGGGGTTGGggcacg 

GAPDH TCCACTGGCGTCTTC

AC 

GGCAGAGATGATGAC

CCTTTT 

AGCCCCAG 

IL12p35 GCCTGGCCTCCAGA

AAGACC 

ACCTGGTACATCTTCA

AGTCTTCATAAAT 

CTTTTATGATGGCCCTGTGCCT

TAGT 

IL23p19 GTTCCCCATATCCA

GTGTGG 

CCTTTGCAAGCAGAAC
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IL12/23p40 GCCATATGGGAACT

GAAGAAA 

GGGGTGTCACAGGTG

AGG 

CCTGGAGA 
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Phagocytosis assay 

Phagocytic function of microglia and BM-derived macrophages and DC was 

quantitated using Vybrant™ Phagocytosis Assay Kit ( Molecular Probes Inc, 

Leiden, The Netherlands) according to manufacturer’s instructions. Briefly, cells 

were seeded at 105 cells/well in 96-well flat-bottom plates (Greiner Bio-One, 

Alphen a/d Rijn, The Netherlands) and incubated for 18 h in humidified air 

containing 5% CO2. 

Fluorescein-labeled Escherichia coli bioparticle suspensions were freshly 

prepared, added to the culture and incubated for 2 h. Cells were washed with 

PBS and fluorescence was measured using a 480 nm excitation filter and 520 

nm emission filter in a Wallac 1420 Victor3 (Perkin Elmer, Wellesley). The 

fluorescence of non-internalized bioparticles was quenched by the addition of 

trypan blue (0.25 mg/ml, pH 4.4) and fluorescence was measured again. 

Phagocytic function was expressed as follows:  

(Signal after quenching - background) / (Signal after first wash - background) x 

100%. Analyses were performed in triplicate. 

 

Mixed Lymphocyte Reaction (MLR) 

Microglia and BM-derived macrophages and DC were used as stimulator cells 

in MLR assays against PBMC of genotypically determined Mamu-DR non-

matching donor monkeys. Stimulator cells were seeded at 10,000 cells/well in 

round-bottom 96-well plates (Greiner). PBMC from rhesus monkeys were 

purified using Lymphocyte Separation Medium (LSM, ICN Biomedicals, 

Aurora). Stimulator cells received 30 Gy radiation, and PBMC were added in a 

stimulator cell:PBMC ratio of 1:10. After 5 days incubation in humidified air 

containing 5% CO2, 
3H-thymidine was added (1 µCi/well), and the 

incorporation of radiolabel was determined after 18-20 h using Topcount 

Microplate Scintillation and Luminescence Counter (Perkin Elmer). Analyses 

were performed in triplicate. 
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Statistics 

GraphPad Prism 4.0b (GraphPad Software Inc, San Diego, CA) as well as the R 

package (URL http://www.R-project.org) for Macintosh were used for statistical 

analysis. Differences in cytokine production levels between M-CSF and GM-

CSF-differentiated microglia were analyzed using paired t-tests on log-

transformed cytokine levels, and p < 0.05 was considered statistically 

significant. Data are expressed as fold-differences with 95% confidence 

intervals (95% CI).  

 

RESULTS 

 

Primary adult rhesus monkey microglia develop differently after M-CSF or 

GM-CSF differentiation but do not differ in expression profile of cell 

lineage markers 

 

The differentiation potential of adult microglia is a matter of ongoing debate. 

We initiated primary microglia cultures from post mortem obtained brain tissue 

of adult rhesus monkeys (Table 1) and cultured them in the presence of M-CSF 

or GM-CSF. When primary adult microglia were cultured without the 

exogenous addition of either growth factor, cell survival was greatly diminished. 

Ex vivo microglia were characterized by flow cytometry as CD11b+, CD45low 

and TREM-2+ (Fig. 1) in accordance with previous reports [32, 33]. After 

differentiation for 7 days with M-CSF or GM-CSF both cultures contained 

>98% microglia as identified by the expression profile of CD11b and CD45. 

Although microglia remained TREM-2+ after culture, there was a broader 

variability in expression levels than on ex vivo microglia. In addition, expression 

levels of Mamu-DR -the rhesus monkey equivalent of HLA-DR- were enhanced 

after 7 days of culture, most notably on GM-CSF-differentiated microglia. 

Microscopical analysis of microglia cultures showed that the cellular 

morphology of M-CSF-differentiated microglia was different from that of GM-

CSF-differentiated microglia. When compared to M-CSF-differentiated 

microglia, GM-CSF-differentiated microglia were characterized by a more 

irregular and multipolar morphology (Fig. 2A). To investigate whether 

differentiation of adult rhesus microglia on M-CSF or GM-CSF would lead to 

the development of macrophage- or DC-like cells respectively as reported earlier 

for neonatal mouse microglia [25], we compared the expression levels of cell 

surface markers that are associated with macrophage or DC phenotypes. Both 

M-CSF and GM-CSF-differentiated microglia expressed comparable high  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flow cytometrical analysis of freshly isolated adult rhesus microglia and of 

microglia after seven days of in vitro culture exposed to either M-CSF or GM-CSF.  

Freshly isolated microglia were CD45low, CD11b+, TREM-2+, and Mamu-DR-/low. Purities of 

microglia differentiated for seven days on either M-CSF or GM-CSF were 98.4% and 98.7% 

respectively as assessed by their CD11b and CD45 expression profile. The data are 

representative for three independent experiments using different donors. 
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Statistics 

GraphPad Prism 4.0b (GraphPad Software Inc, San Diego, CA) as well as the R 
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Although microglia remained TREM-2+ after culture, there was a broader 

variability in expression levels than on ex vivo microglia. In addition, expression 

levels of Mamu-DR -the rhesus monkey equivalent of HLA-DR- were enhanced 

after 7 days of culture, most notably on GM-CSF-differentiated microglia. 

Microscopical analysis of microglia cultures showed that the cellular 

morphology of M-CSF-differentiated microglia was different from that of GM-

CSF-differentiated microglia. When compared to M-CSF-differentiated 

microglia, GM-CSF-differentiated microglia were characterized by a more 

irregular and multipolar morphology (Fig. 2A). To investigate whether 

differentiation of adult rhesus microglia on M-CSF or GM-CSF would lead to 

the development of macrophage- or DC-like cells respectively as reported earlier 

for neonatal mouse microglia [25], we compared the expression levels of cell 

surface markers that are associated with macrophage or DC phenotypes. Both 

M-CSF and GM-CSF-differentiated microglia expressed comparable high  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flow cytometrical analysis of freshly isolated adult rhesus microglia and of 

microglia after seven days of in vitro culture exposed to either M-CSF or GM-CSF.  

Freshly isolated microglia were CD45low, CD11b+, TREM-2+, and Mamu-DR-/low. Purities of 

microglia differentiated for seven days on either M-CSF or GM-CSF were 98.4% and 98.7% 

respectively as assessed by their CD11b and CD45 expression profile. The data are 

representative for three independent experiments using different donors. 
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levels of CD11b and CD14 and similar low levels of CD11c (Fig. 2B). 

Combined with the absence of detectable DC-specific markers as CD209 (DC-

SIGN) and CD1c (data not shown) on both cell populations, this expression 

pattern was most consistent with that of macrophage-like cells. Whereas the 

expression pattern of cell lineage markers was thus comparable, flow 

cytometrical analysis revealed that GM-CSF-differentiated microglia expressed 

higher levels of CD45, CD80, CD86 and Mamu-DR and lower levels of CD49d 

than M-CSF-differentiated microglia (Fig. 2B), an expression pattern that is 

consistent with an activated phenotype. 

 

Functionally, both M-CSF and GM-CSF-differentiated microglia resemble 

macrophages rather than dendritic cells 

 

In order to functionally characterize both types of microglia we compared their 

phagocytic capacity and their antigen presentation capacity to that of bone 

marrow (BM)-derived macrophages and DC of the same donor. 

Phagocytic capacity was assessed by measuring the uptake of fluorescein-

labeled E.coli. M-CSF-differentiated microglia phagocytosed 11.7% and GM-

CSF-differentiated microglia phagocytosed 16.6% respectively of bound E.coli. 

The phagocytic capacity of microglia thereby resembled that of BM-derived 

macrophages (10.4%) rather than of BM-derived DC (4.5%; Fig. 3A). 

The capacity to present antigen was assessed by analyzing the potential to 

induce T cell proliferation in mixed lymphocyte reactions (MLR). M-CSF and 

GM-CSF-differentiated microglia and BM-derived macrophages and DC of the 

same donor were used as stimulator cells against PBMC of genotypically 

determined Mamu-DR non-matching donor monkeys. Our data reveal that M-

CSF and GM-CSF-differentiated microglia did not differ in their potential to 

support T cell proliferation (Fig. 3B). The potential of either type of microglia 

was again best comparable to that of BM-derived macrophages. When compared 

 

 

 

 

 

 

 

Figure 2. Phenotypical analysis of 

primary adult rhesus microglia after 

7 days of M-CSF or GM-CSF 

differentiation.  
(A) Cell morphology of M-CSF-

differentiated microglia (left pictures) 

was different from that of GM-CSF 

differentiated microglia (right pictures; 

original magnifications of upper panels 

were 40x, of lower panels 100x). (B) 

Flow cytometrical analysis of M-CSF-

differentiated microglia (solid 

histograms) and GM-CSF-

differentiated microglia (dashed 

histograms) for CD45, CD11b, CD11c, 

CD14, CD49d, CD80, CD86 and 

Mamu-DR (filled histograms represent 

isotype controls) of the same donor 

(L167). The data are representative for 

three independent experiments using 

different donors.  
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levels of CD11b and CD14 and similar low levels of CD11c (Fig. 2B). 

Combined with the absence of detectable DC-specific markers as CD209 (DC-

SIGN) and CD1c (data not shown) on both cell populations, this expression 

pattern was most consistent with that of macrophage-like cells. Whereas the 

expression pattern of cell lineage markers was thus comparable, flow 

cytometrical analysis revealed that GM-CSF-differentiated microglia expressed 

higher levels of CD45, CD80, CD86 and Mamu-DR and lower levels of CD49d 

than M-CSF-differentiated microglia (Fig. 2B), an expression pattern that is 

consistent with an activated phenotype. 

 

Functionally, both M-CSF and GM-CSF-differentiated microglia resemble 

macrophages rather than dendritic cells 

 

In order to functionally characterize both types of microglia we compared their 

phagocytic capacity and their antigen presentation capacity to that of bone 

marrow (BM)-derived macrophages and DC of the same donor. 

Phagocytic capacity was assessed by measuring the uptake of fluorescein-

labeled E.coli. M-CSF-differentiated microglia phagocytosed 11.7% and GM-

CSF-differentiated microglia phagocytosed 16.6% respectively of bound E.coli. 

The phagocytic capacity of microglia thereby resembled that of BM-derived 

macrophages (10.4%) rather than of BM-derived DC (4.5%; Fig. 3A). 

The capacity to present antigen was assessed by analyzing the potential to 

induce T cell proliferation in mixed lymphocyte reactions (MLR). M-CSF and 

GM-CSF-differentiated microglia and BM-derived macrophages and DC of the 

same donor were used as stimulator cells against PBMC of genotypically 

determined Mamu-DR non-matching donor monkeys. Our data reveal that M-

CSF and GM-CSF-differentiated microglia did not differ in their potential to 

support T cell proliferation (Fig. 3B). The potential of either type of microglia 

was again best comparable to that of BM-derived macrophages. When compared 

 

 

 

 

 

 

 

Figure 2. Phenotypical analysis of 

primary adult rhesus microglia after 

7 days of M-CSF or GM-CSF 

differentiation.  
(A) Cell morphology of M-CSF-

differentiated microglia (left pictures) 

was different from that of GM-CSF 

differentiated microglia (right pictures; 

original magnifications of upper panels 

were 40x, of lower panels 100x). (B) 

Flow cytometrical analysis of M-CSF-

differentiated microglia (solid 

histograms) and GM-CSF-

differentiated microglia (dashed 

histograms) for CD45, CD11b, CD11c, 

CD14, CD49d, CD80, CD86 and 

Mamu-DR (filled histograms represent 

isotype controls) of the same donor 

(L167). The data are representative for 

three independent experiments using 

different donors.  
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to BM-derived DC, microglia were relatively poor stimulators. Stimulation with 

LPS increased the potential of all types of APC used here to support T cell 

proliferation, but again revealed no differences between M-CSF and GM-CSF-

differentiated microglia (Fig. 3B).MLR data correlated well with mean 

fluorescent intensity values for Mamu-DR expression on the different APC as 

determined by flow cytometry (Fig. 3C). Although GM-CSF-differentiated 

microglia were found to express higher levels of Mamu-DR than M-CSF-

differentiated microglia for all donors, expression levels were considerably 

lower than those of BM-derived DC and better comparable with expression 

levels of BM-derived macrophages of the same donors. Taken together, our 

results are most consistent with the idea that primary adult rhesus microglia do 

not differentiate into cells that functionally resemble DC upon in vitro culture in 

the presence of GM-CSF alone 

 

M-CSF and GM-CSF-differentiated microglia express different levels of 

TLR1 and TLR8 

 

Differentiation of adult microglia had marked effects on cell morphology and 

activation state while the expression pattern of cell lineage markers was 

comparable. To investigate the effects of microglia differentiation on responses 

mediated by receptors from the innate immune system, we first compared TLR 

mRNA expression levels. Before quantifying differences in TLR mRNA levels 

between M-CSF and GM-CSF-differentiated microglia we determined which 

TLR were expressed at measurable levels. To do so, microglia were 

differentiated with M-CSF or GM-CSF and TLR mRNA expression levels were 

normalized against endogenous reference genes. Expression data from three 

different donors were pooled and expressed as mean relative values for each 

TLR (Fig. 4A). Microglia expressed high levels of mRNA coding for TLR2, 4 

and 5 and intermediate levels for TLR1 and 8. mRNAs encoding for TLR3, 6, 7,  

 

 

 

 

Figure 3. Functional analysis of M-CSF 

and GM-CSF-differentiated primary adult 

rhesus microglia.  
(A) A comparative analysis of phagocytic 

capacities of M-CSF and GM-CSF-

differentiated microglia and rhesus BM-

derived APC of the same donor (BB162). 

The data are representative for three 

independent experiments using different 

donors. (B) Mixed lymphocyte reactions of a 

genotypically determined, Mamu-DR non-

matching donor monkey in response to 

different types of primary APC from monkey 

Ri466. Counts per minute are given for 

responses to unstimulated APC and for APC 

that were stimulated for 18 h with 100 ng 

LPS/ml. The data are representative of three 

independent experiments using three 

different APC donors. (C) Relative Mamu-

DR expression levels of different types of 

primary APC from the same donors using 

flow cytometrical analysis. Mean fluorescent 

intensity (MFI) values were corrected for 

isotype controls values and standardized to 

those of M-CSF-differentiated microglia per 

donor. The open symbols represent non-

activated APC, the filled symbols LPS-

activated APC. 
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to BM-derived DC, microglia were relatively poor stimulators. Stimulation with 

LPS increased the potential of all types of APC used here to support T cell 

proliferation, but again revealed no differences between M-CSF and GM-CSF-

differentiated microglia (Fig. 3B).MLR data correlated well with mean 

fluorescent intensity values for Mamu-DR expression on the different APC as 

determined by flow cytometry (Fig. 3C). Although GM-CSF-differentiated 

microglia were found to express higher levels of Mamu-DR than M-CSF-

differentiated microglia for all donors, expression levels were considerably 

lower than those of BM-derived DC and better comparable with expression 

levels of BM-derived macrophages of the same donors. Taken together, our 

results are most consistent with the idea that primary adult rhesus microglia do 

not differentiate into cells that functionally resemble DC upon in vitro culture in 

the presence of GM-CSF alone 
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mRNA expression levels. Before quantifying differences in TLR mRNA levels 

between M-CSF and GM-CSF-differentiated microglia we determined which 

TLR were expressed at measurable levels. To do so, microglia were 

differentiated with M-CSF or GM-CSF and TLR mRNA expression levels were 

normalized against endogenous reference genes. Expression data from three 

different donors were pooled and expressed as mean relative values for each 

TLR (Fig. 4A). Microglia expressed high levels of mRNA coding for TLR2, 4 

and 5 and intermediate levels for TLR1 and 8. mRNAs encoding for TLR3, 6, 7,  
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9, 10 were below or hardly above detection levels suggesting that these 

receptors were either present at very low levels or absent on M-CSF and GM-

CSF-differentiated microglia. Transcripts for these TLR were readily detectable 

in rhesus monkey spleen tissue confirming the validity of the method (data not 

shown).We next compared the mRNA expression levels of TLR1, 2, 4, 5 and 8 

in M-CSF and GM-CSF-differentiated microglia (Fig. 4B). M-CSF-

differentiated microglia of all three donors expressed higher levels of TLR1 and 

8-encoding mRNA as compared to GM-CSF-differentiated microglia, whereas 

differences in mRNA levels were marginal for TLR4 and variable for TLR2 and 

5. 

To determine whether the differences found in TLR1 and 8 mRNA expression 

levels were reflected by differences in protein expression levels, we used flow 

cytometry to analyze M-CSF and GM-CSF-differentiated microglia from four 

different donors. For M-CSF-differentiated microglia, MFI values for TLR1 

were on average 1.5 fold higher than for GM-CSF-differentiated microglia from 

the same donor. However, results were not consistent for all donors. GM-CSF-

differentiated microglia of donor 97011 displayed higher MFI values than M-

CSF-differentiated microglia (Fig. 4C). For TLR8, MFI values for M-CSF-

differentiated microglia were on average 1.3 fold higher than for GM-CSF-

differentiated microglia from the same donor (Fig. 4C). It is noteworthy that 

absolute MFI values for TLR8 were considerably higher than those of TLR1. 

This was reflected by the mean absolute MFI value differences between M-CSF 

and GM-CSF-differentiated microglia that were 950 for TLR1 and 5431 for 

TLR8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. M-CSF-differentiated microglia express higher levels of TLR1 and 8 mRNA 

and protein when compared to GM-CSF-differentiated microglia.  

(A) Relative mRNA expression levels for all 10 known TLR in primary rhesus microglia. 

Microglia were differentiated with M-CSF (donors N8 and BB118) or GM-CSF (donors 

BB118 and 1NS) and TLR mRNA expression levels were normalized against endogenous 

reference genes. Expression data were pooled and expressed as mean relative values for each 

TLR. (B) Ratio of mRNA levels for TLR1, 2, 4, 5 and 8 between M-CSF-differentiated 

microglia and GM-CSF-differentiated microglia. TLR mRNA levels were normalized against 

endogenous reference genes and plotted on a logarithmic scale as relative expression levels of 

M-CSF-differentiated microglia divided by the relative expression levels of GM-CSF-

differentiated microglia of the same donor. Data are plotted for three different donors 

(BB118, L167 and B45). Low expression levels of TLR3, 6, 7, 9 and 10 prohibited reliable 

quantification. (C) TLR1 and TLR8 protein expression levels in M-CSF and GM-CSF-

differentiated microglia from four donors. MFI values were corrected for isotype control 

values. 
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9, 10 were below or hardly above detection levels suggesting that these 

receptors were either present at very low levels or absent on M-CSF and GM-

CSF-differentiated microglia. Transcripts for these TLR were readily detectable 

in rhesus monkey spleen tissue confirming the validity of the method (data not 

shown).We next compared the mRNA expression levels of TLR1, 2, 4, 5 and 8 

in M-CSF and GM-CSF-differentiated microglia (Fig. 4B). M-CSF-

differentiated microglia of all three donors expressed higher levels of TLR1 and 

8-encoding mRNA as compared to GM-CSF-differentiated microglia, whereas 

differences in mRNA levels were marginal for TLR4 and variable for TLR2 and 
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To determine whether the differences found in TLR1 and 8 mRNA expression 

levels were reflected by differences in protein expression levels, we used flow 

cytometry to analyze M-CSF and GM-CSF-differentiated microglia from four 

different donors. For M-CSF-differentiated microglia, MFI values for TLR1 

were on average 1.5 fold higher than for GM-CSF-differentiated microglia from 

the same donor. However, results were not consistent for all donors. GM-CSF-

differentiated microglia of donor 97011 displayed higher MFI values than M-

CSF-differentiated microglia (Fig. 4C). For TLR8, MFI values for M-CSF-

differentiated microglia were on average 1.3 fold higher than for GM-CSF-

differentiated microglia from the same donor (Fig. 4C). It is noteworthy that 

absolute MFI values for TLR8 were considerably higher than those of TLR1. 

This was reflected by the mean absolute MFI value differences between M-CSF 

and GM-CSF-differentiated microglia that were 950 for TLR1 and 5431 for 

TLR8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. M-CSF-differentiated microglia express higher levels of TLR1 and 8 mRNA 

and protein when compared to GM-CSF-differentiated microglia.  

(A) Relative mRNA expression levels for all 10 known TLR in primary rhesus microglia. 

Microglia were differentiated with M-CSF (donors N8 and BB118) or GM-CSF (donors 

BB118 and 1NS) and TLR mRNA expression levels were normalized against endogenous 

reference genes. Expression data were pooled and expressed as mean relative values for each 

TLR. (B) Ratio of mRNA levels for TLR1, 2, 4, 5 and 8 between M-CSF-differentiated 

microglia and GM-CSF-differentiated microglia. TLR mRNA levels were normalized against 

endogenous reference genes and plotted on a logarithmic scale as relative expression levels of 

M-CSF-differentiated microglia divided by the relative expression levels of GM-CSF-

differentiated microglia of the same donor. Data are plotted for three different donors 

(BB118, L167 and B45). Low expression levels of TLR3, 6, 7, 9 and 10 prohibited reliable 

quantification. (C) TLR1 and TLR8 protein expression levels in M-CSF and GM-CSF-

differentiated microglia from four donors. MFI values were corrected for isotype control 

values. 
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Adult rhesus monkey microglia respond to TLR1/2, 2, 3, 4, 5, 6/2 and 8-

mediated stimulation by the production of pro-inflammatory cytokines 

 

To determine if the expressed TLR were indeed functional and to characterize 

the induced responses, we stimulated primary adult rhesus microglia with 

known TLR ligands and measured the production of TNF-alpha, IL-12p40/p70, 

IL-6, IL-8 and IL-10 by ELISA. As yet, there are no ligands known that 

exclusively act through TLR1 or TLR6-mediated signaling. Cellular activation 

is thought to be mediated by a receptor complex that consists of TLR1 and 

TLR2 or of TLR2 and TLR6 respectively [26]. Therefore TLR1 and TLR6-

induced responses were measured by using ligands that target TLR1/2 and 

TLR6/2 complexes. 

Microglia produced TNF-alpha, IL-12p40/p70 (Fig. 5), IL-6 and IL-8 (data not 

shown) in response to TLR1/2, 2, 3, 4, 5 and 6/2 ligands as well as to R848, a 

ligand that induces activation via TLR7 and TLR8. Since stimulation with the 

TLR7-specific ligands loxoribine and R837 did not induce any measurable 

cytokine production by microglia, we conclude that the responses to R848 were 

attributable to TLR8-mediated activation. These results were in line with the 

observed TLR mRNA expression profiles of microglia (Fig. 4A), with the 

exception of TLR3 and TLR6. Although mRNA levels were low for TLR3 and 

TLR6, receptor targeting did induce cytokine production suggesting that low 

levels of these receptors might be sufficient to endow cells with ligand 

sensitivity. Microglia did not produce detectable amounts of IL-10 in response 

to any of the TLR ligands, whereas BM-derived DC of the same donors 

produced readily detectable amounts of IL-10 in response to LPS (data not 

shown). 

Comparison of the responses induced in M-CSF and GM-CSF-differentiated 

microglia demonstrates that the activation profiles were comparable (Fig. 5) 

except for TLR1 and TLR8-mediated responses. For TLR8, this observation was 

consistent with the higher relative mRNA and protein expression levels for 

TLR8 in M-CSF-differentiated microglia as measured before (Fig. 4B and D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Primary adult rhesus microglia respond to TLR1/2, 3, 4, 5, 6/2 and 8-mediated 

activation by the secretion of pro-inflammatory cytokines.  

(A) TNF-alpha secretion, and (B) IL-12p40/p70 secretion in response to different TLR 

ligands. TLR1/2 and TLR6/2-mediated responses are plotted for donor BB149. TLR2, 3, 4, 5, 

7, 8 and 9-mediated responses are plotted for donor BB2G. Pam3CSK4 was used as TLR1/2 

ligand, zymosan as TLR2 ligand, poly(I:C) as TLR3 ligand, LPS induces activation via TLR2 

and 4, ultra pure LPS (ULPS) is a TLR4 ligand, flagellin a TLR5 ligand, FSL-1 a TLR6/2 

ligand, R837 and loxoribine are TLR7 ligands, R848 induces TLR7 and TLR8-mediated 

activation and ODN2006, ODN2216 and ODNM362 induce TLR9-mediated activation. The 

data are representative for five independent experiments using different donors. 
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mediated stimulation by the production of pro-inflammatory cytokines 
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levels of these receptors might be sufficient to endow cells with ligand 

sensitivity. Microglia did not produce detectable amounts of IL-10 in response 

to any of the TLR ligands, whereas BM-derived DC of the same donors 

produced readily detectable amounts of IL-10 in response to LPS (data not 

shown). 

Comparison of the responses induced in M-CSF and GM-CSF-differentiated 
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consistent with the higher relative mRNA and protein expression levels for 
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Figure 5. Primary adult rhesus microglia respond to TLR1/2, 3, 4, 5, 6/2 and 8-mediated 

activation by the secretion of pro-inflammatory cytokines.  

(A) TNF-alpha secretion, and (B) IL-12p40/p70 secretion in response to different TLR 

ligands. TLR1/2 and TLR6/2-mediated responses are plotted for donor BB149. TLR2, 3, 4, 5, 

7, 8 and 9-mediated responses are plotted for donor BB2G. Pam3CSK4 was used as TLR1/2 

ligand, zymosan as TLR2 ligand, poly(I:C) as TLR3 ligand, LPS induces activation via TLR2 

and 4, ultra pure LPS (ULPS) is a TLR4 ligand, flagellin a TLR5 ligand, FSL-1 a TLR6/2 

ligand, R837 and loxoribine are TLR7 ligands, R848 induces TLR7 and TLR8-mediated 

activation and ODN2006, ODN2216 and ODNM362 induce TLR9-mediated activation. The 

data are representative for five independent experiments using different donors. 
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M-CSF-differentiated microglia produce higher levels of pro-inflammatory 

cytokines in response to TLR8-mediated activation than GM-CSF-

differentiated microglia 

 

To expand our studies on possible differences of TLR-mediated cytokine 

responses between M-CSF and GM-CSF-differentiated microglia we measured 

TLR1/2 and TLR8-mediated TNF-alpha and IL-12p40/p70 responses of 

different donors. 

M-CSF-differentiated and GM-CSF-differentiated microglia of five different 

donors produced comparable amounts of TNF-alpha in response to the TLR1/2 

ligand Pam3CSK4 (Fig. 6A). Surprisingly, but consistent with earlier results 

(Fig. 5B), there was a trend towards higher levels of IL-12 in response to 

Pam3CSK4 by GM-CSF-differentiated microglia with the exception of donor 

D39 (Fig. 6B).  

To further investigate TLR8-mediated cytokine responses we also measured 

cytokine responses to ssRNALyoVec, another TLR8 ligand. Results 

demonstrate that M-CSF-differentiated microglia produced more TNF-alpha and 

IL-12p40/p70 than GM-CSF-differentiated microglia in response to both R848 

and ssRNALyoVec, while LPS-induced cytokine production was comparable 

(Fig. 6C and D). This demonstrates that the enhanced cytokine response of M-

CSF-differentiated microglia is not R848-specific but applies to other TLR8 

ligands as well. Comparison of cytokine responses of microglia from four 

different donors shows that M-CSF-differentiated microglia of all donors 

produced more TNF-alpha (Fig. 6E) and IL-12 (Fig. 6F) than GM-CSF-

differentiated microglia from the same donor in response to TLR8-mediated 

stimulation, while baseline cytokine levels were comparable. On average, M-

CSF-differentiated microglia produced 3.7-fold more (95% CI 0.9 to 14.5; p = 

0.061) TNF-alpha and 4.5-fold more (95% CI 1.4 to 14.4; p = 0.019) IL-12 than 

GM-CSF-differentiated microglia.  

To distinguish between IL-12 heterodimer complexes consisting of p40 and p35, 

and IL-23 heterodimer complexes consisting of p40 and p19, we performed 

quantitative real time PCR to analyze mRNA expression levels of the individual 

polypeptide chains. Preliminary results obtained from microglia of a single 

donor revealed that upon TLR8-mediated activation the shared p40 chain was up 

regulated most markedly. While the IL-23p19 chain was also strongly up 

regulated, the IL-12p35 chain was up regulated to a much lesser extent (data not 

shown). This indicates that a considerable part of the IL-12p40/p70 signal as 

measured by ELISA is probably attributable to IL-23, a crucial mediator in CNS 

inflammation [34]. 

 

DISCUSSION 

 

In this study we have determined the effects of M-CSF and GM-CSF-mediated 

differentiation of adult primate microglia on their cellular phenotype, antigen 

presentation and phagocytic function, as well as on TLR-mediated responses. 

We show that both differentiation regimes yield microglia that phenotypically 

and functionally most closely resemble macrophages. However, despite yielding 

similar macrophage-like phenotypes, differentiation with the different growth 

factors resulted in differences in cell morphology and expression levels of 

activation markers. In addition, TLR1 and 8 mRNA and protein expression 

levels were different as well as cytokine responses to TLR8-mediated activation. 

This implicates that differentiation of adult primate microglia in the CNS is 

unlikely to change their APC function, but rather alters their innate responses to 

infectious stimuli such as ssRNA viruses (see Fig. 7).  

Although GM-CSF has previously been shown sufficient to generate DC from 

mouse microglia [24, 25], we show here that GM-CSF is not sufficient to 

differentiate primary adult rhesus microglia into DC. This inconsistency might 

be attributable to the age of the animals used or might reflect species  
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cytokines in response to TLR8-mediated activation than GM-CSF-

differentiated microglia 

 

To expand our studies on possible differences of TLR-mediated cytokine 

responses between M-CSF and GM-CSF-differentiated microglia we measured 

TLR1/2 and TLR8-mediated TNF-alpha and IL-12p40/p70 responses of 

different donors. 

M-CSF-differentiated and GM-CSF-differentiated microglia of five different 

donors produced comparable amounts of TNF-alpha in response to the TLR1/2 

ligand Pam3CSK4 (Fig. 6A). Surprisingly, but consistent with earlier results 

(Fig. 5B), there was a trend towards higher levels of IL-12 in response to 

Pam3CSK4 by GM-CSF-differentiated microglia with the exception of donor 

D39 (Fig. 6B).  

To further investigate TLR8-mediated cytokine responses we also measured 

cytokine responses to ssRNALyoVec, another TLR8 ligand. Results 

demonstrate that M-CSF-differentiated microglia produced more TNF-alpha and 

IL-12p40/p70 than GM-CSF-differentiated microglia in response to both R848 

and ssRNALyoVec, while LPS-induced cytokine production was comparable 

(Fig. 6C and D). This demonstrates that the enhanced cytokine response of M-

CSF-differentiated microglia is not R848-specific but applies to other TLR8 

ligands as well. Comparison of cytokine responses of microglia from four 

different donors shows that M-CSF-differentiated microglia of all donors 

produced more TNF-alpha (Fig. 6E) and IL-12 (Fig. 6F) than GM-CSF-

differentiated microglia from the same donor in response to TLR8-mediated 

stimulation, while baseline cytokine levels were comparable. On average, M-

CSF-differentiated microglia produced 3.7-fold more (95% CI 0.9 to 14.5; p = 

0.061) TNF-alpha and 4.5-fold more (95% CI 1.4 to 14.4; p = 0.019) IL-12 than 

GM-CSF-differentiated microglia.  

To distinguish between IL-12 heterodimer complexes consisting of p40 and p35, 

and IL-23 heterodimer complexes consisting of p40 and p19, we performed 

quantitative real time PCR to analyze mRNA expression levels of the individual 

polypeptide chains. Preliminary results obtained from microglia of a single 

donor revealed that upon TLR8-mediated activation the shared p40 chain was up 

regulated most markedly. While the IL-23p19 chain was also strongly up 

regulated, the IL-12p35 chain was up regulated to a much lesser extent (data not 
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measured by ELISA is probably attributable to IL-23, a crucial mediator in CNS 

inflammation [34]. 
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Figure 6. M-CSF-differentiated microglia produce more TNF-alpha and IL-12 in 

response to TLR8-mediated activation than GM-CSF-differentiated microglia.  

(A) TLR1/2-mediated TNF-alpha and (B) IL-12p40/p70 production by M-CSF and GM-CSF-

differentiated microglia. The lines connect responses of the same donors to the same stimulus, 

the dashed lines connect cytokine productions of unstimulated cells of the same donors. Data 

are plotted for five donors and represent stimulation with 100 ng Pam3CSK4/ml for donor 

BB121, 97011, and D39, and stimulation with 100 ng Pam3CSK4/ml and 20 ng 

Pam3CSK4/ml for donors R00046 and 97019. On average, GM-CSF-differentiated microglia 

produced 1.3-fold more (95% CI 0.7-1.3; p = 0.3233) TNF-alpha and 2.2-fold more (95% CI 

0.8-6.2; p = 0.13) IL-12 in response to stimulation with TLR-1/2 ligand than M-CSF-

differentiated microglia. (C) TNF-alpha and (D) IL-12p40/p70 production by M-CSF and 

GM-CSF-differentiated microglia in response to LPS, ssRNA/LyoVec and R848 of donor 

8930. (E) TLR8-mediated TNF-alpha and (F) IL-12p40/p70 production by M-CSF and GM-

CSF-differentiated microglia. The lines connect responses of the same donors to the same 

stimulus, the dashed lines connect cytokine productions of unstimulated cells of the same 

donors. Data are plotted for four donors and represent stimulation with 1 and 0.5 µg R848/ml 

for donor BB2G, stimulation with 0.5 and 0.25 µg R848/ml for donor 4052, stimulation with 

0.5 and 0.25 µg R848/ml for donor 8612 and stimulation with 5 µg ssRNA/ml for donor 

8851. On average, M-CSF-differentiated microglia produced 3.7-fold more (95% CI 0.9 to 

14.5; p = 0.061) TNF-alpha and 4.5-fold more (95% CI 1.4 to 14.4; p = 0.019) IL-12 in 

response to stimulation with similar concentrations of the same TLR8 ligand than GM-CSF-

differentiated microglia. 

 

differences. Most in vitro studies on microglia use neonatal or newborn mice 

brain as a source for primary cell culture [25] and such cells have been reported 

to be functionally different from adult microglia as exemplified by their partially 

activated phenotype [24, 35, 36]. Studies using microglia obtained from adult 

rats or mice generally support the idea that microglia are relatively poor APC 

[32, 37]. However, recently it was demonstrated that GM-CSF-mediated 

differentiation of adult mouse microglia yielded cells with a DC-like 

morphology although functional data on APC function were lacking [24]. In 

addition, culture conditions were markedly different from ours, leaving 

conclusions about possible species differences speculative. 

In vivo it might well be possible that resident microglia differentiate into cells 

that functionally resemble DC as suggested by in situ and ex vivo studies on 

macrophage and DC subpopulations in mice with neuroinflammatory disorders 

[16, 38]. Based on our data, we suggest that in primates such differentiation 

would have to involve other or additional factors than M-CSF or GM-CSF. 

Infiltrating activated T cells or APC can possibly be the source of such factors 

including IL-4 or CD40-CD40L interaction [39], and future studies in our lab 

will focus the role of such factors in microglia differentiation. 

TLR-mediated signaling can induce maturation of immature APC thereby 

linking the innate and the adaptive immune system [27]. In addition, TLR 

engagement triggers an immediate response by the induced production of  
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are plotted for five donors and represent stimulation with 100 ng Pam3CSK4/ml for donor 

BB121, 97011, and D39, and stimulation with 100 ng Pam3CSK4/ml and 20 ng 

Pam3CSK4/ml for donors R00046 and 97019. On average, GM-CSF-differentiated microglia 

produced 1.3-fold more (95% CI 0.7-1.3; p = 0.3233) TNF-alpha and 2.2-fold more (95% CI 

0.8-6.2; p = 0.13) IL-12 in response to stimulation with TLR-1/2 ligand than M-CSF-

differentiated microglia. (C) TNF-alpha and (D) IL-12p40/p70 production by M-CSF and 

GM-CSF-differentiated microglia in response to LPS, ssRNA/LyoVec and R848 of donor 

8930. (E) TLR8-mediated TNF-alpha and (F) IL-12p40/p70 production by M-CSF and GM-

CSF-differentiated microglia. The lines connect responses of the same donors to the same 

stimulus, the dashed lines connect cytokine productions of unstimulated cells of the same 

donors. Data are plotted for four donors and represent stimulation with 1 and 0.5 µg R848/ml 

for donor BB2G, stimulation with 0.5 and 0.25 µg R848/ml for donor 4052, stimulation with 

0.5 and 0.25 µg R848/ml for donor 8612 and stimulation with 5 µg ssRNA/ml for donor 

8851. On average, M-CSF-differentiated microglia produced 3.7-fold more (95% CI 0.9 to 

14.5; p = 0.061) TNF-alpha and 4.5-fold more (95% CI 1.4 to 14.4; p = 0.019) IL-12 in 

response to stimulation with similar concentrations of the same TLR8 ligand than GM-CSF-

differentiated microglia. 

 

differences. Most in vitro studies on microglia use neonatal or newborn mice 

brain as a source for primary cell culture [25] and such cells have been reported 

to be functionally different from adult microglia as exemplified by their partially 

activated phenotype [24, 35, 36]. Studies using microglia obtained from adult 

rats or mice generally support the idea that microglia are relatively poor APC 

[32, 37]. However, recently it was demonstrated that GM-CSF-mediated 

differentiation of adult mouse microglia yielded cells with a DC-like 

morphology although functional data on APC function were lacking [24]. In 

addition, culture conditions were markedly different from ours, leaving 

conclusions about possible species differences speculative. 

In vivo it might well be possible that resident microglia differentiate into cells 

that functionally resemble DC as suggested by in situ and ex vivo studies on 

macrophage and DC subpopulations in mice with neuroinflammatory disorders 

[16, 38]. Based on our data, we suggest that in primates such differentiation 

would have to involve other or additional factors than M-CSF or GM-CSF. 

Infiltrating activated T cells or APC can possibly be the source of such factors 

including IL-4 or CD40-CD40L interaction [39], and future studies in our lab 

will focus the role of such factors in microglia differentiation. 

TLR-mediated signaling can induce maturation of immature APC thereby 

linking the innate and the adaptive immune system [27]. In addition, TLR 

engagement triggers an immediate response by the induced production of  

Microglia differentiation alters TLR8 responses

83

2



 

 

 

Figure 7. Schematic representation of the effect of differentiation on TLR-mediated 

responses by primary adult rhesus microglia.  

(A) depicts that both M-CSF and GM-CSF-differentiated microglia are responsive to TLR1/2, 

2, 3, 4, 5, 6/2 and 8-mediated activation. (B) depicts that differentiation on M-CSF or GM-

CSF changes how adult microglia will respond to TLR8-mediated activation. 

 

soluble inflammatory mediators by different types of APC. Thus far, TLR-

mediated responses of human or non-human primate microglia have been 

determined for TLR2, 3 and 4 only [29, 30]. We confirm this responsiveness 

and show that microglia respond to TLR1/2, TLR5, TLR6/2 and TLR8-

mediated activation as well. Importantly, rhesus microglia did not respond to 

TLR7 and TLR9-mediated signaling whereas mouse microglia do respond to 

TLR9-mediated stimulation [40, 41]. This could not be attributed to species 

specificity of the used ligands, since administration of TLR9 ligands to rhesus 

monkey PBMC potently induced the production of pro-inflammatory cytokines 

(data not shown). Our results are in line with published differences in TLR 

mRNA expression profiles for human and mouse macrophages and DC 

demonstrating that in humans TLR9 expression is confined to B cells and pDC, 

whereas TLR9 expression is much more promiscuous in mice [27, 42]. This 

issue is especially relevant when interpreting data from EAE studies using 

TLR9-mediated activation of microglia in the context of human diseases like 

MS [43]. 

The remarkable sensitivity of microglia to TLR8-mediated signaling indicates 

that the CNS is well equipped to detect ssRNA viruses, the only known natural 

ligands for TLR8 yet [44]. Intriguing in this respect is the recent finding that 

TLR8-mediated signaling in neurons negatively regulates neurite outgrowth, 

suggesting the existence of endogenous TLR8 ligands in the CNS [45]. The 

recent observation that TLR7/8-mediated signaling can directly induce the 

differentiation of bone-marrow progenitor cells into macrophages or dendritic 

cells [46] might inspire further research into the role of TLR8-mediated 

signaling in microglia during homeostasis and CNS inflammation. 

The differences in TLR8-mediated cytokine responses that we observed between 

M-CSF and GM-CSF-differentiated microglia are in line with the differences 

found in mRNA and protein expression levels. We therefore believe that these 

enhanced expression levels are at least partially responsible for the observed 

differences in cytokine responses. Although we can not formally rule out the 

possibility that intracellular signaling routes might have been affected by 

differentiation, this is unlikely to explain the found differences especially since 

other TLR-mediated responses were comparable. Although the differences in 

TLR8 expression levels do not appear dramatic, they might well have 

physiological relevance. Recently it was described that in the Y chromosome 

autoimmune accelerator (Yaa) mouse [47] the single extra copy of TLR7 

accelerates the development of autoimmunity by rendering B cells 

hyperresponsive to TLR7 ligands [48]. 

The broad responsiveness of microglia to TLR-mediated activation 

demonstrates that microglia are well equipped to sense and respond to danger. 

Since even TLR4 or TLR8-mediated maturation (data not shown) of GM-CSF-

differentiated microglia did not change their relatively poor potential to act as 

APC, the role of adult primate resident microglia in response to danger is most 
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likely that of an effector cell. If microglia-derived DC-like cells were to play a 

role in CNS inflammation, we believe it unlikely that they would be generated 

preceding BBB damage. By contrast, differentiation of adult microglia did alter 

their effector cell responses. Most importantly, M-CSF-differentiated microglia 

produced enhanced levels of pro-inflammatory cytokines in response to TLR8-

mediated activation as compared to GM-CSF-differentiated microglia. So, M-

CSF and GM-CSF-mediated differentiation of adult primate resident microglia 

can change their innate response to infectious stimuli thereby shaping rather 

than initiating responses of the adaptive immune system. 
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ABSTRACT 

 

Interleukin (IL) 4 is a cytokine that affects both adaptive and innate immune 

responses. In the central nervous system, microglia express IL4 receptors and it 

has been described that IL4-exposed microglia acquire anti-inflammatory 

properties. However, the effects on innate immune responses are less well 

characterized. We here demonstrate that IL4 exposure induces changes in the 

microglial surface protein expression profile and enhances their potential to 

induce proliferation of T cells with a regulatory signature. More importantly, we 

show that TLR-induced cytokine production is broadly impaired in IL4-exposed 

microglia at the transcriptional level. We demonstrate that IL4 type 2 receptor-

mediated signaling is crucial for the inhibition of microglial innate immune 

responses. While TLR-induced nuclear translocalization of NF-κB appeared 

intact, nuclear extracts from IL4-exposed microglia contained significantly less 

NF-κB capable of binding to its DNA consensus site. Further identification of 

the molecular mechanisms that underlie the inhibition of TLR-induced 

responses in IL4-exposed microglia may aid the design of strategies that aim to 

modulate innate immune responses in the brain. 

 

INTRODUCTION 

 

Interleukin (IL) 4 is well known for its biological functions during humoral and 

cell-mediated adaptive immune responses. It stimulates the proliferation of 

activated B and T cells, it is pivotal for the differentiation of B cells into plasma 

cells and it skews T cell-mediated cytokine production [1]. In addition, IL4 

exerts effects on cells of the innate immune system. It is important for the 

differentiation of monocyte-derived dendritic cells (DC), it enhances MHC class 

II expression levels and it promotes the alternative activation of tissue 

macrophages, while inhibiting classical activation [2, 3].  

In the central nervous system (CNS), IL4 is present during homeostatic and 

pathological conditions [4-6]. Its production can be induced in astrocytes and 

microglia [7, 8], that also express IL4 receptors (IL4R) [5, 6, 9, 10]. IL4 plays a 

role in neuroinflammatory diseases like viral encephalitis and multiple sclerosis, 

but has also been implicated in the development and progression of gliomas. 

Different gliomas secrete IL4 and gliomablastoma multiforme (GBM) risk and 

outcome are correlated to polymorphisms in IL4R gene loci [11-14]. In addition, 

it has been described for many tumor types that IL4 can induce macrophages to 

support tumor survival by creating an immunosuppressive environment [15, 16]. 

Microglia are the resident macrophages of the brain and are major players in 

innate and adaptive immune responses during CNS injury or disease [17-19]. 

Although microglia share ontological precursors with myeloid cells such as 

monocytes, macrophages and DC, they originate from a distinct progenitor [20]. 

Different studies have addressed the plasticity of microglia after exposure to 

IL4. Whereas neonatal rodent microglia have the capacity to differentiate into 

DC [21], more recent studies using fetal and adult human microglia demonstrate 

that these cells are less plastic and more closely resemble macrophages [22]. In 

line with this, exposure of adult human microglia to IL4 induces the expression 

of cellular markers that are associated with alternative activation of 

macrophages and endows them with anti-inflammatory properties [22]. 

However, when compared to blood-derived macrophages, microglia acquire 

distinctively different properties [23]. These include differences in the 

expression levels of cell surface molecules, in the capacity to phagocytose 

myelin as well as in the profile of TLR4-induced cytokine responses. 

Earlier work from our lab demonstrated that exposure of adult rhesus microglia 

to other differentiation-inducing stimuli affects innate immune responses [24]. 

Here, we studied the effects of IL4 on microglial innate immune responses in 

detail, profiled microglial cell surface protein expression levels and assessed 

their potential to present antigen. We demonstrate that TLR-induced responses 
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were broadly impaired at the transcriptional level in IL4-exposed microglia, and 

that IL4 type 2 receptor-mediated signaling was involved. In addition, we show 

data on nuclear translocalization and DNA binding of nuclear factor (NF)-κB in 

IL4-exposed microglia that may help understanding how innate immune 

responses are inhibited mechanistically. 

 

MATERIAL AND METHODS 

 

Animals 

Adult brain donor rhesus monkeys (Macaca mulatta) without neurological 

disease became available from the out bred breeding colony at the Biomedical 

Primate Research Centre (BPRC); no monkeys were sacrificed for the exclusive 

purpose of primary cell culture initiation. Individual details are listed in 

Supplementary Table 1. Better use of experimental animals contributes to the 

active 3Rs program within the BPRC. 

 

Primary cell isolation and culture 

Primary microglia were obtained from adult rhesus monkeys at necropsy as 

described previously [24]. Cells were plated at a density of 2.2-2.5x105/ml in 

tissue culture-treated 6 or 24-well plates (Corning Costar Europe, 

Badhoevedorp, The Netherlands) in microglia medium (1:1 v/v DMEM (high 

glucose;Life Technologies, Breda The Netherlands)/HAMF10 (with L-

glutamine; Life Technologies) with 10% v/v/FCS (Gibco; Life Tecnologies) and 

antibiotic supplement (pencilline 100 U/ml and streptomycin 0.1 mg/ml 

(Gibco)) supplemented with ≥ 4 units recombinant human MCSF/ml, ≥ 40 units 

recombinant human GMCSF/ml or ≥ 40 units recombinant human GMCSF/ml + 

200 ng recombinant human IL4/mL or IL13/mL (all Peprotech, London, UK). 

Half of the medium was replaced by fresh medium containing new growth 

factors every 3-4 days.  

Peripheral blood mononuclear cells (PBMCs) were isolated from rhesus monkey 

donors at necropsy using lymphocyte separation medium (LSM, MP 

biomedicals, Santa Ana, CA) gradient centrifugation. Mononuclear cells were 

isolated with anti-CD14 monoclonal antibody-coated Microbeads using MACS 

single-use separation columns from Miltenyi Biotec (Bergisch Gladbach, 

Germany) as described by the manufacturer. Purified CD14+ cells were 

resuspended in RPMI (Gibco; Life Technologies) containing 10% (v/v) FCS 

(Gibco) and penicillin 100 U/ml and streptomycin 0.1 mg/mL (Gibco), 

supplemented with ≥ 4 units recombinant human MCSF/ml or ≥ 40 units 

recombinant human GMCSF/ml + 200 ng recombinant human IL4/mL (all 

Peprotech) to yield macrophages or DCs respectively. Half of the medium was 

replaced by fresh medium containing new growth factors every 3-4 days.  

 

Antibodies and Reagents 

CD11b-APC (clone D12, mouse IgG2a, BD, Alphen a/d Rijn, the Netherlands), 

CD11c-APC (clone S-HCL-3, mouse IgG2b, BD), CD14-APC (clone M5E2, 

mouse IgG2a, BD), CD45-PerCP (clone Tu116, mouse IgG1, BD), CD83 (clone 

HB15a, mouse IgG2b, Beckman Coulter, Woerden, the Netherlands), CD86-

FITC (clone BT-7 mouse IgG, Diaclone, Besancon, France), HLAdr–PerCP and 

APC (clone L243, mouse IgG2a, BD), HLA-ABC (clone G46-2.6, mouse IgG1, 

BD), TLR2 (TL2.1, mouse IgG2a, Biolegend, San Diego, CA), TLR4 (HTA125, 

mouse IgG2a, Biolegend), TREM2 (clone 263602, mouse IgG2b, Jackson lab, 

Suffolk, UK), Foxp3-APC (PCH101, Rat IgG2a, eBioscience, San Diego, CA), 

goat anti mouse-FITC (BD). Isotypes controls were all from BD, except the rat 

IgG2a-APC isotype control (eBioscience). 

Antibodies used for coverslip staining were anti-NF-κB (rabbit IgG, Santa Cruz, 

CA) and donkey anti rabbit-FITC (Jackson lab). 
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TLR agonists used were Pam3CSK4 (TLR1/2), poly(I:C) (TLR3), LPS (TLR2 

and 4), ultrapure LPS (TLR4), flagellin (TLR5) and CL075 (TLR8; all 

Invivogen, San Diego, CA). 

 

Flow cytometry  

Microglia were harvested by incubation with 4 mg lidocaine/ml (Sigma) at 

37°C, washed with PBS and kept on ice for all further incubations. Cells were 

washed in FACS buffer (PBS + 2% BSA), incubated for 10 minutes in FACS 

buffer containing 10% normal human serum (Sanquin, Leiden, the Netherlands) 

to prevent a-specific binding of the antibodies, washed with FACS buffer and 

incubated for 30 minutes with either directly labeled antibodies or unlabeled 

primary antibodies. If necessary, cells were washed again with FACS buffer and 

incubated for 30 minutes with secondary antibodies. For intracellular stainings, 

cells were washed with FACS buffer, permeabilized using the Fix-Perm kit 

(BD) according to manufacturer’s protocol, and stained as above. Cells were 

washed with FACS buffer before fixation with 2% paraformaldehyde 

(USB/Affymetrix, Ohio) in ice-cold PBS for 30 minutes and analyzed on the 

LSRII (BD) using FACS Diva software (BD). 

 

Mixed Lymphocyte Reactions 

MCSF, GMCSF and GMCSF+IL4-exposed microglia, and monocyte-derived 

macrophages and DCs from the same donors were used as stimulator cells in 

mixed lymphocyte reaction assays against PBMC of genotypically determined 

Mamu-DR non-matching donor monkeys. Stimulator cells were seeded in 24-

well plates for 7 days as described above. On day 7, PBMC from non-matching 

rhesus monkeys were isolated using LSM (MP Biomedicals) and T cells were 

further purified using anti-CD3 monoclonal antibody-coated Microbeads on 

MACS single-use separation columns (Miltenyi Biotech) as described by the 

manufacturer. Purified CD3+ cells were CFSE labeled (BD) according to 

manufacturer’s protocol. After CFSE labeling, CD3+ cells were re-suspended in 

microglia medium and added to stimulator cells in a stimulator cell:CD3+ ratio 

of 1:10. As positive controls CD3+ cells were resuspended in microglia medium 

supplemented with 40 units recombinant human IL-2/mL (Peprotech) or 5 µg 

ConA/ml. After 3 days, cells were harvested and analyzed by FACS. 

 

Cytokine analysis 

IL12p40 and TNFα levels were measured using commercially available 

enzyme-linked immunosorbent assay (ELISA) kits according to manufacturer’s 

protocol (U-Cytech, Utrecht, The Netherlands). Multiplex assays were 

performed using a customized non-human primate Milliplex Kit (Millipore, 

Billerica, MA). All cytokines, chemokines and growth factors were analyzed 

according to manufacturer’s protocol on a Luminex 200 system (Biorad). 

 

Immunofluorescence 

Cells grown on glass coverslips were fixed for 20 min at 4°C with 2% 

paraformaldehyde, washed with PBS and permeabilized for 15 min in PBS 

containing 0.1% Triton X-100. After two washes with PBS, slips were incubated 

for 1h at room temperature with the antibody of interest diluted in PBS, washed 

twice with PBS, followed by 1h incubation at room temperature with FITC or 

TRITC-labeled secondary antibodies diluted in PBS (Jackson lab). After 

extensive washes with PBS, coverslips were mounted using Vectashield/DAPI 

to visualize the cell nucleus (Vector Laboratories, Burlingame, CA). Images 

were captured using a Leica fluorescence microscope. 

 

Real-time quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reversely transcribed into 

cDNA using the Omniscript Reverse Transcription System according to 
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manufacturer’s protocol (Qiagen Benelux, Venlo, The Netherlands) using 0.5 µg 

RNA as template and 0.25 µg oligo(dT)15 primers (Promega Benelux, Leiden, 

The Netherlands). mRNA levels of target genes were determined by real-time 

quantitative rt-PCR. Reactions were performed using the CFX96-PCR system 

(Biorad). Sequences of primer and probe (Probelibrary, Roche, Woerden, the 

Netherlands) combinations are listed in Supplementary Table 2. mRNA 

expression levels were standardized to GAPDH or β-actin mRNA expression 

levels using the Pfaffl method [25]. 

 

TransAM ELISA 

DNA binding activity of NF-κB was evaluated using the nuclear extract kit and 

TransAM ELISA kit (both Active Motif, Carlsbad, CA) according to the 

manufacturer’s instructions. To prepare nuclear extracts, cells were washed with 

ice-cold PBS. Cells were lysed in cytosolic lysis buffer provided with the kit. 

After centrifugation at 14,000 g for 30s at 4°C, pellets were resuspended in 

complete lysis buffer as provided with the kit. After 30 min incubation on ice, 

nuclei were clarified by centrifugation at 14,000 g for 10 min at 4°C. 

Supernatants containing nuclear proteins were stored at -80°C and used for 

further analysis. The NF-κB DNA binding activity was analyzed by TransAM 

ELISA according to the manufacturer’s protocol. NF-κBp65 protein levels were 

quantitated using a standard curve of recombinant NF-κBp65 protein (Active 

Motif). 

 

Statistics 

GraphPad Prism 4.0b (GraphPad software, San Diego, CA) was used for 

statistical analyses. P < 0.05 was considered statistically significant and 

confidence intervals (95% CI) are given in the text.  

 

RESULTS 

 

Exposure of primary microglia to IL4 alters their expression profile of cell 

surface molecules as well as their potential to induce T cell proliferation 

 

To assess the effects of IL4 exposure on microglia, primary microglia from adult 

rhesus monkeys were exposed to GMCSF and IL4 and compared to microglia 

that were exposed to GMCSF only for seven days. Exposure to IL4 alone did 

not result in viable cell cultures (data not shown). IL4-exposed microglia were 

characterized by a bipolar morphology (Fig. 1A) and the cultures contained 

multinucleated giant cells that were absent in non-exposed microglia (not 

shown). 

FACS analysis revealed that exposure to IL4 did not affect cell surface 

expression levels of the lineage markers CD11b, CD45 and TREM2, but did 

significantly reduce the expression levels of CD14 (Fig. 1A and B). By contrast, 

IL4-exposed microglia expressed higher levels of Mamu-A,B,C and Mamu-DR 

(the rhesus macaque equivalents of MHC class I and II respectively), and higher 

levels of the activation markers CD11c, CD86 and CD83 (Fig. 1B). 

As the cell surface expression profile of IL4-exposed microglia differed most 

notably for molecules implicated in the process of antigen presentation, we 

assessed the functional consequences of this altered expression profile by 

measuring the potential of IL4-exposed microglia to stimulate T cell 

proliferation of Mamu-DR non-matching donor monkeys in mixed lymphocyte 

reactions (MLR). We compared this ability to non-exposed microglia and 

classical CD14+-derived populations of macrophages and immature dendritic 

cells (iDC), generated by exposure to MCSF and GMCSF/IL4 respectively, of 

the same donors. We also included a population of MCSF-exposed microglia for 

consistency. CD14+-derived macrophages and iDC induced comparable levels 

of T cell proliferation as assessed by CFSE dilution (Fig. 1C). To our surprise, 
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IL4-exposed microglia of the same donors were potent inducers of T cell 

proliferation both in comparison to MCSF and GMCSF-exposed microglia as 

well as to CD14+-derived macrophages and iDC (Fig. 1D). FACS analysis 

further revealed that IL4-exposed microglia induced the expression of the 

regulatory marker Foxp3 in T cells (Fig. 1D), and did so even more potently 

than iDC (Fig. 1C). These Foxp3+ T cells also expressed high levels of CD25 

(data not shown) consistent with the notion that they might have regulatory 

potential. 

  

Toll-like receptor-induced responses are broadly impaired in IL4-exposed 

microglia 

 

To assess the effects of IL4 exposure on microglial innate immune responses, 

we compared TLR2, 4, 5 and 8-induced cytokine, chemokine and growth factor 

responses. In comparison to non-exposed microglia, TLR-induced levels of 

IL1β, IL1-receptor antagonist, TNFα, IL12p40, GCSF and MIP1β were strongly 

impaired in IL4-exposed microglia (Fig. 2). This was irrespective of the TLR 

ligand used. Constitutive VEGF expression was comparable for both IL4- 

exposed and non-exposed microglia and was not further induced by any of the 

TLR ligands tested (data not shown), and none of the microglia cultures 

produced detectable amounts of IL10 (data not shown). 

We further characterized the effects of IL4 exposure by focusing on TLR2/4-

induced TNFα and IL12p40 responses. We confirmed that LPS-induced TNFα 

and IL12p40 levels were indeed significantly lower in microglia exposed to IL4 

(Fig. 3A). These differences could not be attributed to lower cell surface 

expression levels of TLR on IL4-exposed microglia, as TLR2 and 4 expression 

levels were comparable to non-exposed microglia (Fig. 3B).  

 

 

Figure 1 . Morphological, 

phenotypical and functional 

characterization of primary 

microglia exposed to IL4 

(A) Morphology of primary 

microglia exposed to GMCSF or 

GMCSF/IL4 for 7 days (left 

panels), as visualized by TREM2 

expression (green). Cell nuclei 

(blue) were visualized using 4’, 6-

diamidino-2-phenylindole (DAPI). 

Original magnifications x20. Flow 

cytometric analysis of cell surface 

expression levels of CD11b, CD45 

and Mamu-DR (right panels). A 

representative example of at least 

three different donors is shown. 

(B) Analysis of expression levels 

of cell surface markers on 

microglia exposed to GMCSF or 

GMCSF/IL4. Levels are expressed 

as MFI index ((MFIprotein of interest – 

MFIisotype control)/MFIisotype control). 

*p<0.05 **p<0.01 paired t-test. 

MFI, Mean fluorescent intensity. 

Capacity of different antigen 

presenting cell populations (APC) 

to induce Tcell proliferation in 

mixed lymphocyte reaction assays. 

Blood-derived CD14+ cells (C) or 

primary microglia (D) of the same 

donors were used as APC. CFSE 

dilution was measured in CD4+ 

Tcells (left panels, red lines 

represent CFSE stainings in CD4+ 

Tcells without APC) and Foxp3 

expression levels were analyzed  

 (right panels, numbers are % 

Foxp3+ CD4+ Tcells). A 

representative example of three 

different donors is shown. 
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Figure 2. TLR-induced cytokine production is impaired in microglia exposed to IL4 

GMCSF or GMCSF/IL4-exposed microglia were stimulated with different TLR ligands for 

16h. Cytokine, chemokine and growth factor production in pg/ml. TLR ligands used were 100 

ng PAM3CSK4 (TLR1/2), 200 µg Poly(I:C)/ml (TLR3), 100 ng ULPS/ml (TLR4), 100 ng 

LPS/ml (TLR2/4), 20 µg Flagellin/ml (TLR5) or 1 µg CL075/ml (TLR8). 

 

 

 

 

 

 

 

Alternatively, the decreased expression levels of CD14 on IL4-exposed 

microglia (Fig 1B) might have negatively affected TLR-induced responses as 

CD14 is a shared co-receptor of TLR2, 4, and 5 [26]. However, the addition of 

recombinant soluble CD14 did not restore LPS-induced TNFα and IL12p40 

production (Fig. 3C). Together these data suggest that the impaired TLR 

responses are not caused by differences in receptor densities, but may rather be 

caused by IL4-induced inhibitory effects on TLR-triggered intracellular 

signaling cascades. 

There are two receptor complexes involved in IL4-induced signaling. Type 1 

receptors consist of an IL4Rα chain and the common γ chain, and type 2 

receptors consist of an IL4Rα chain and an IL-13Rα1 chain [27]. IL4 signals via 

both type 1 and type 2 receptors, whereas IL13 signals only via type 2 receptors. 

To investigate the relative contribution of the receptor subtypes to the IL4-

mediated effects on the impaired TLR-induced responses, we exposed microglia 

to IL13. LPS-induced TNFα and IL-12p40 levels were as strongly impaired in 

microglia exposed to IL13 as to IL4 (Fig. 3D), demonstrating that signaling 

mediated by IL4 type 2 receptors is crucial. 
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Figure 3. TLR2/4-induced cytokine production is impaired in microglia exposed to IL4 

and IL13 

(A) GMCSF or GMCSF/IL4-exposed microglia were stimulated with 100 ng LPS/ml for 16h. 

TNFα and IL-12p40 levels are expressed in pg/ml, *p<0.05 **p<0.01 paired t-test. (B) Cell 

surface expression of TLR2 and TLR4 on GMCSF and GMCSF/IL4-exposed microglia were 

assessed by flow cytometry and expressed as MFI index ((MFIprotein of interest – MFIisotype 

control)/MFIisotype control), *p<0.05 **p<0.01 paired t-test. (C) GMCSF/IL4-exposed microglia 

were stimulated with 100 ng LPS/ml for 16h in the presence of increasing concentrations of 

soluble CD14. A representative example of three different donors is shown. (D) TNFα and 

IL-12p40 production levels (in pg/ml) of microglia exposed to GMCSF, GMCSF/IL4 or 

GMCSF/IL13 that were stimulated with 100 ng LPS/ml for 16h. 

 

Nuclear extracts from IL4-exposed microglia contain significantly less 

activated NF-κB 

 

To investigate if IL4 exposure affected TLR-induced cytokine production at the 

transcriptional level, we measured LPS-induced TNFα and IL12p40-encoding 

mRNA levels by real time PCR. Basal TNFα and IL12p40-encoding mRNA 

levels were already reduced in IL4-exposed microglia compared to non-exposed 

microglia, and although exposure to LPS induced TNFα and IL12p40 

production in both microglial populations, cytokine-encoding mRNA levels 

were impaired in IL4-exposed microglia (Fig. 4A). 

As nuclear activation and translocalization of the transcription factor NF-κB are 

shared features of all TLR-induced responses, we first analyzed LPS-induced 

nuclear translocalization of NF-κB by immunofluorescence. LPS-induced 

translocalization of NF-κB was intact and comparable both in intensity as well 

as in kinetics in IL4-exposed and non-exposed microglia (Fig. 4B). Next, we 

assessed the levels of NF-κB p50/65 heterodimers capable of binding to its 

DNA consensus site before and after LPS stimulation in nuclear extracts that 

were standardized for total protein content. Although LPS-induced signaling led 

to a marked increase of levels of activated NF-κB in the nuclei of either cell 

populations, nuclei from IL4-exposed microglia contained significantly lower 

levels by about a 30-fold of NF-κB capable of DNA binding than non-exposed 

microglia (Fig. 4C). 
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GMCSF/IL13 that were stimulated with 100 ng LPS/ml for 16h. 
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As nuclear activation and translocalization of the transcription factor NF-κB are 

shared features of all TLR-induced responses, we first analyzed LPS-induced 

nuclear translocalization of NF-κB by immunofluorescence. LPS-induced 

translocalization of NF-κB was intact and comparable both in intensity as well 

as in kinetics in IL4-exposed and non-exposed microglia (Fig. 4B). Next, we 

assessed the levels of NF-κB p50/65 heterodimers capable of binding to its 

DNA consensus site before and after LPS stimulation in nuclear extracts that 

were standardized for total protein content. Although LPS-induced signaling led 

to a marked increase of levels of activated NF-κB in the nuclei of either cell 
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IL4 broadly impairs TLR-responses of microglia

107

3



 

 

Figure 4. LPS-induced binding of NF-κB to target DNA is decreased in GMCSF/IL4-

exposed microglia 

(A) TNFα and IL-12p40-encoding mRNA expression levels in GMCSF and GMCSF/IL4-

exposed microglia stimulated with 500 ng LPS/ml for 16h were quantified by real time RT-

PCR. mRNA levels are expressed relative to GAPDH mRNA expression levels, *p<0.05 

**p<0.01 paired t-test. (B) NF-κB p65 (green) localization in microglia exposed to GMCSF 

or GMCSF/IL4 stimulated with 500 ng LPS/ml for 30 min, 1h and 2h (B, upper panels). NRS 

= normal rabbit serum. Cell nuclei (blue) were visualized using 4’, 6-diamidino-2-

phenylindole (DAPI, lower panels). Original magnifications x20. (C) The capacity of nuclear 

NF-κB to bind to its DNA consensus sequence was measured in nuclear lysates of microglia 

exposed to GMCSF or GMCSF/IL4 stimulated with 500 ng LPS/ml for 1h. *p<0.05 paired t-

test.  

 

 

 

DISCUSSION 

 

In this study, we demonstrate that exposure of primary adult rhesus monkey 

microglia to IL4 affects their cell surface protein expression profile as well as 

their potential to induce the proliferation of T cells with a regulatory signature, 

which is largely in line with earlier studies [8, 22, 28-30]. In particular, we here 

delineate the effects of IL4 exposure on TLR-induced responses. Whereas it has 

been reported that IL4 exposure of primary human microglia skews TLR4-

induced cytokine production from a predominantly pro-inflammatory towards 

an anti-inflammatory profile, we demonstrate that TLR-mediated responses are 

broadly and also quantitatively affected.  

Mechanistically, we show that IL4 type 2 receptor-mediated signaling is 

involved in the inhibition of TLR-mediated responses. IL4 type 2 receptor-

mediated signaling induces the activation of different signal transduction 

pathways, such as phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) as 

well as the activation of the transcription factors signal transducer and activator 

of transcription (STAT) 3 and STAT6, that can all modulate NF-κB activation. 

IL4-induced phosphorylation of STAT3 and STAT6 has been described to 

repress transcription of NF-κB-activated genes mainly via inhibition of NF-κB 

nuclear translocalization [31-33]. Although NF-κB translocalization was not 

quantitatively assessed in this study, our results strongly suggest that NF-κB 

translocalization was intact in IL4-exposed microglia. 

Our results show that nuclear extracts from IL4-exposed microglia contained 

significantly lower levels of NF-κB p50/p65 heterodimers capable of binding to 

its DNA consensus site than non-exposed microglia. This could be due to 

overall lower expression levels of NF-κB p50 or p65 in IL4-exposed microglia 

for which we did not find any evidence. Alternatively, STAT6 has been 

described to heterodimerize with NF-κB p50 subunits [40]. Such heterodimers 
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do not trigger transcription of NF-κB-responsive genes, while they do compete 

with NF-κB p50/p65 heterodimers for available NF-κB DNA binding sites 

which would be consistent with our results. In addition, DNA binding of NF-κB 

p50/p65 is also regulated by phosphorylation and acetylation of the p65 subunit 

[34]. The balance between acetylation and de-acetylation regulates the overall 

duration of DNA binding, where de-acetylation of NF-κB p65 leads to 

reassembly of NF-κB with IκB, followed by nuclear export [35-37]. 

Interestingly, PI3K-signaling has recently been shown to affect NF-κB 

acetylation via GSK3β inactivation in microglia [38], and STAT6 may limit the 

acetylation of NF-κB via the induction of Kruppel-like factor 4 (KLF4) [39]. 

Future studies in our lab are aimed at further elucidation of the pathways 

involved. 

Our results may be of particular interest for gliomas, where the use of TLR 

ligands to trigger glioma-infiltrating microglia (GIM) to provoke anti-tumor 

responses is currently under evaluation in clinical trials [41-43]. GIM are 

characterized by impaired TLR-induced cytokine responses despite normal TLR 

expression levels [44-46]. Different studies have reported on the importance of 

IL4 in glioma development and/or progression, showing an enhanced risk and 

worse outcome of GBM for people that carry certain polymorphisms in IL4R 

and STAT6 gene loci [11-14]. However, the underlying mechanisms still remain 

unknown. Our results would suggest that for certain forms of GBM, therapeutic 

triggering of innate immune responses by GIM might benefit from simultaneous 

inhibition of IL4 type 2 receptor-mediated signaling. 
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triggering of innate immune responses by GIM might benefit from simultaneous 

inhibition of IL4 type 2 receptor-mediated signaling. 
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Supplementary table 1. Animal specifications 

 

Animal identification no. Age (yr) Sex Weight (kg) Origin 

1XL 25 F 9.6 India 

8765 22 F 9.5 Mix 

9245 18 F 5.6 Mix 

94025 15 F 7.9 India 

95041 14 F 8.9 India 

96082 13 F 7.2 India 

97056 6 M 5.4 India 

98060 9 M 11.9 Mix 

BB159 9 F 6.3 Unknown 

C028 25 F 9.0 China 

C033 22 M 9.3 China 

C058 15 F 7.1 China 

C096 15 F 7.5 China 

C126 15 F 6.5 China 

C156 15 F 7.7 China 

N90 15 F 8.2 China 

R0037 9 M 11.6 India 

R01029 7 F 6.0 India 

R0138 5 M 8.8 India 

R02062 5 M 8.8 India 

R03004 7 M 7.2 India 

R03023 7 M 10.4 India 

R05019 7 M 9.4 Mix 

R08065 3 M 3.3 India 

Ri120 14 M 9.2 India 

Ri201004 9 F 6.5 China 

Ri2110 9 F 5.8 Unknown 

Ri432 12 F 6.7 India 

Ri953423 15 M 13.7 China 

Ri960607 14 M 12 China 

Ri960905 11 M 14.9 China 

Ri9807341 12 M 13.1 China 

Ri202062 9 F 5.8 China 

Ro3016 7 F 5.2 India 

Ro5098 7 M 13.3 Mix 

Ro8065 3 M 3.3 India 

 

 
 
 
 
 
 
 
 
 
 

 

Supplementary Table 2. Primer and Probe sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Probe 

 

TNFα 

 
aagcctgtagcccatgttgt 

 
gctggttatctgtcagctcca 

 
ccaggagg 

 

IL-12p40 ccacattcctacttctccctga 
 

accgtggctgaggtcttgt 
 

tccaggtc 
 

GAPDH caacgaccactttgtcaagc 
 

gtggtcccgggggtcttac 
 

ccaccacc 
 

β-actin gcccagcacgatgaagat 
 

cgccgatccacacagagta aggaggag 
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ABSTRACT 

 

Microglia activation is a prominent feature in many neuroinflammatory 

disorders. Unrestrained activation can generate a chronic inflammatory 

environment that might lead to neurodegeneration and autoimmunity. 

Extracellular adenosine modulates cellular activation through adenosine receptor 

(ADORA)-mediated signaling. There are four ADORA subtypes that can either 

increase (A2A and A2B receptors) or decrease (A1 and A3 receptors) intracellular 

cyclic AMP levels. The expression pattern of the subtypes thus orchestrates the 

cellular response to extracellular adenosine. 

We have investigated the expression of ADORA subtypes in unstimulated and 

Toll-like receptor (TLR)-activated primary rhesus monkey microglia. Activation 

induced an up-regulation of A2A and A2B and a down-regulation of A3 receptor 

(A3R) levels. The altered ADORA expression pattern sensitized microglia to 

A2A receptor (A2AR)-mediated inhibition of subsequent TLR-induced cytokine 

responses. By using combinations of subtype-specific agonists and antagonists 

we revealed that in unstimulated microglia, A2AR-mediated inhibitory signaling 

was effectively counteracted by A3R-mediated signaling. In activated microglia, 

the decrease in A3R-mediated signaling sensitized them to A2AR-mediated 

inhibitory signaling.  

We report a differential, activation state-specific expression of ADORA in 

microglia and uncover a role for A3R as dynamically regulated suppressors of 

A2AR-mediated inhibition of TLR-induced responses. This would suggest 

exploration of combinations of A2AR agonists and A3R agonists as therapeutics 

to dampen microglial activation during chronic neuroinflammatory conditions. 

INTRODUCTION 

 

Microglia are macrophage-like resident cells of the brain. Under inflammatory 

conditions microglia become activated as indicated by an altered morphology, 

the production of inflammatory mediators and by the increased expression of 

molecules that are involved in antigen presentation (1, 2). Activated microglia 

are a prominent feature in a wide variety of neuroinflammatory disorders where 

they are attributed roles as antigen-presenting cells as well as effector cells. 

Toll-like receptors (TLR) are part of the innate immune system and recognize 

pathogen-associated molecular patterns (3, 4). To date ten members of the TLR 

family have been described for human and non-human primates (5). Ligand 

binding to TLR leads to cellular activation by the activation of transcription 

factor nuclear factor (NF)-κB, which in turn induces the production of cytokines 

such as tumor necrosis factor alpha (TNFα) and interleukin (IL)-12 (4, 6-8). 

Human microglia express mRNA for a broad variety of TLR, and activation of 

rhesus monkey microglia via TLR1/2, 2/6, 3, 4, 5 and 8 was recently described 

to trigger a rapid inflammatory response (9-12). Such a response must be tightly 

regulated since unrestrained TLR signaling can generate a chronic inflammatory 

environment that might lead to neurodegeneration. 

Several studies have shown that extracellular adenosine modulates TLR-

mediated activation through G-protein coupled, adenosine receptor (ADORA)-

mediated signaling. Documented effects of adenosine include the inhibition of 

LPS-induced production of pro-inflammatory cytokines such as TNFα and IL-

12 by macrophages and monocytes and the facilitated production of the anti-

inflammatory cytokine IL-10 by LPS-treated macrophages (13-15). During 

periods of high metabolic activity such as ischemia and inflammation, 

extracellular levels of adenosine are strongly increased, possibly forming an 

endogenous brake on inflammation (16, 17).  
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ABSTRACT 

 

Microglia activation is a prominent feature in many neuroinflammatory 

disorders. Unrestrained activation can generate a chronic inflammatory 

environment that might lead to neurodegeneration and autoimmunity. 

Extracellular adenosine modulates cellular activation through adenosine receptor 

(ADORA)-mediated signaling. There are four ADORA subtypes that can either 

increase (A2A and A2B receptors) or decrease (A1 and A3 receptors) intracellular 

cyclic AMP levels. The expression pattern of the subtypes thus orchestrates the 

cellular response to extracellular adenosine. 

We have investigated the expression of ADORA subtypes in unstimulated and 

Toll-like receptor (TLR)-activated primary rhesus monkey microglia. Activation 

induced an up-regulation of A2A and A2B and a down-regulation of A3 receptor 

(A3R) levels. The altered ADORA expression pattern sensitized microglia to 

A2A receptor (A2AR)-mediated inhibition of subsequent TLR-induced cytokine 

responses. By using combinations of subtype-specific agonists and antagonists 

we revealed that in unstimulated microglia, A2AR-mediated inhibitory signaling 

was effectively counteracted by A3R-mediated signaling. In activated microglia, 

the decrease in A3R-mediated signaling sensitized them to A2AR-mediated 

inhibitory signaling.  

We report a differential, activation state-specific expression of ADORA in 

microglia and uncover a role for A3R as dynamically regulated suppressors of 

A2AR-mediated inhibition of TLR-induced responses. This would suggest 

exploration of combinations of A2AR agonists and A3R agonists as therapeutics 

to dampen microglial activation during chronic neuroinflammatory conditions. 

INTRODUCTION 

 

Microglia are macrophage-like resident cells of the brain. Under inflammatory 

conditions microglia become activated as indicated by an altered morphology, 

the production of inflammatory mediators and by the increased expression of 

molecules that are involved in antigen presentation (1, 2). Activated microglia 

are a prominent feature in a wide variety of neuroinflammatory disorders where 

they are attributed roles as antigen-presenting cells as well as effector cells. 

Toll-like receptors (TLR) are part of the innate immune system and recognize 

pathogen-associated molecular patterns (3, 4). To date ten members of the TLR 

family have been described for human and non-human primates (5). Ligand 

binding to TLR leads to cellular activation by the activation of transcription 

factor nuclear factor (NF)-κB, which in turn induces the production of cytokines 

such as tumor necrosis factor alpha (TNFα) and interleukin (IL)-12 (4, 6-8). 

Human microglia express mRNA for a broad variety of TLR, and activation of 

rhesus monkey microglia via TLR1/2, 2/6, 3, 4, 5 and 8 was recently described 

to trigger a rapid inflammatory response (9-12). Such a response must be tightly 

regulated since unrestrained TLR signaling can generate a chronic inflammatory 

environment that might lead to neurodegeneration. 

Several studies have shown that extracellular adenosine modulates TLR-

mediated activation through G-protein coupled, adenosine receptor (ADORA)-

mediated signaling. Documented effects of adenosine include the inhibition of 

LPS-induced production of pro-inflammatory cytokines such as TNFα and IL-

12 by macrophages and monocytes and the facilitated production of the anti-

inflammatory cytokine IL-10 by LPS-treated macrophages (13-15). During 

periods of high metabolic activity such as ischemia and inflammation, 

extracellular levels of adenosine are strongly increased, possibly forming an 

endogenous brake on inflammation (16, 17).  
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The cellular response to extracellular adenosine is orchestrated by the 

expression pattern of four different ADORA subtypes: A1, A2A, A2B and A3, 

which are characterized by their capacity to either increase or decrease 

intracellular cAMP levels (16). A1 and A3 receptors (A1R and A3R) are coupled 

to inhibitory G protein signaling (Gi) and mediate biological effects opposite to 

A2A and A2B receptors (A2AR and A2BR), that are coupled to stimulatory G 

protein signaling (Gs). Rodent microglia have been reported to express 

functional A1, A2A and A3 but not A2B receptors (18), whereas studies detailing 

ADORA expression profiles on human or non-human primate microglia are 

currently lacking. In addition, little is known about the dynamics of ADORA 

expression after TLR-mediated activation and the consequences thereof during 

chronic inflammatory conditions. 

Using primary rhesus monkey microglia, we characterized the expression of 

ADORA subtypes in unstimulated and TLR-activated microglia. Microglia 

simultaneously upregulated A2AR and A2BR and downregulated A3R expression 

levels upon TLR-mediated activation. As a consequence, ADORA-mediated 

inhibition of subsequent TLR-induced TNFα and IL-12p40/p70 production was 

much more potent in activated than in unstimulated microglia. This could be 

attributed to an increase in A2AR-mediated signaling and involved suppression 

of NF-κB activation. By using combinations of subtype-specific agonists and 

antagonists we revealed that in unstimulated microglia, A2AR-mediated 

inhibitory signaling was effectively counteracted by A3R-mediated signaling. In 

activated microglia, the decrease in A3R-mediated signaling shifted the balance 

towards A2AR-mediated signaling, sensitizing the cells to inhibitory signaling. 

We report a differential, activation state-specific expression of ADORA in 

microglia and uncover a role for A3R as dynamically regulated suppressors of 

A2AR-mediated inhibition of TLR-induced responses. These findings contribute 

significantly to our understanding of how inhibitors of cellular activation are 

regulated themselves, and might have relevance for therapeutic intervention in 

neuroinflammatory disorders where –chronic- microglia activation often is an 

unwanted feature. 

 

MATERIALS AND METHODS 

 

Animals 

Adult brain donor rhesus monkeys (Macaca mulatta) without neurological 

disease became available from the out bred breeding colony; no monkeys were 

sacrificed for the exclusive purpose of primary cell culture initiation. Individual 

details are listed in Supplementary Table 1 1. Better use of experimental animals 

contributes to the active refinement program within the Biomedical Primate 

Research Centre (Rijswijk, The Netherlands). 

 

Reagents 

The non-specific adenosine receptor agonist 5’-(N-ethylcarboxamido)adenosine 

(NECA), adenosine A2AR agonist 2-p-(2-carboxyethyl)phenethylamino-5′-N-

ethylcarboxamidoadenosine hydrochloride (CGS21680), adenosine A1R 

antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), adenosine A2AR 

antagonist 7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-

triazolo[1,5-c]pyrimidine (SCH58261), adenosine A2BR antagonist 

benzo[g]pteridine-2,4(1H,3H)-dione (Alloxazine) and the adenosine A3R 

antagonist N-(2-methoxyphenyl)-N′-[2-(3-pyridinyl)-4-quinazolinyl]-urea 

(VUF5574; Sigma, St.Louis, MO), were diluted in DMSO, aliquotted and stored 

at -20°C. DMSO controls were included in the functional assays.  

TLR-ligands used were E. coli O26:B6 LPS (Sigma), Pam3CSK4, poly(I:C), 

Ultrapure LPS, Flagellin, FSL-1, R848 and CL075 (Invivogen, San Diego, CA). 

During the course of this study, the distribution of R848 was discontinued and 

replaced by CL075, a TLR8 agonist with similar properties.  

                                                 
1 The online version of this article contains supplementary material 
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Primary cell isolation and culture 

Primary microglia were obtained from adult rhesus monkeys at necropsy as 

described previously (12). Briefly, tissue samples from prefrontal subcortical 

white matter were collected, divided into cubes of approximately 3 g, and 

meninges and visible blood vessels were removed before mincing the tissue into 

cubes of less than 2 mm3. Tissue fragments were incubated at 37°C for 20 min 

in HBSS (± 8 ml/g tissue) containing 0.25% w/v porcine trypsin (Sigma), 0.2 

mg/ml EDTA, 1 mg/ml glucose and 0.1 mg/ml bovine pancreatic DNase I 

(Sigma). The supernatant (no centrifugation) was discarded and the pellet was 

resuspended in microglia medium, i.e. 1:1 v/v DMEM (high glucose; Life 

Technologies, Breda, The Netherlands)/HAMF10 (with L-glutamine; Life 

Technologies) with 10% v/v FCS (Gibco; Life Technologies) and antibiotic 

supplement (penicillin 100 U/ml and streptomycin 0.1 mg/ml (Gibco), washed 

once and passed through a 100 µm nylon cell strainer (Becton Dickinson 

Labware Europe, Meylan Cedex, France). Following centrifugation at 300 x g 

for 7 min, the resuspended pellet was subjected to Percoll gradient 

centrifugation and hypotonic shock to remove erythrocytes. Cells were plated at 

a density of 2.2-2.5x105/ml in tissue-culture treated 6 or 24-well plates (Corning 

Costar Europe, Badhoevedorp, The Netherlands). After 24 h incubation at 37°C 

in a humidified atmosphere containing 5% CO2, unattached cells and myelin 

debris were removed by washing and replaced by microglia medium 

supplemented with ≥ 4 units recombinant human M-CSF/ml (Peprotech, 

London, UK). Half of the medium was replaced by fresh medium containing 

new growth factors every 3-4 days. 

 

rt-Polymerase Chain Reaction (PCR) and quantitative rt-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reversely transcribed into 

cDNA using the Omniscript Reverse Transcription System according to 

manufacturer’s protocol (Qiagen Benelux, Venlo, The Netherlands) using 0.5 µg 

RNA as template and 0.25 µg oligo(dT)15 primers (Promega Benelux, Leiden, 

The Netherlands). rt-PCR reactions were performed on the iCycler Thermal 

cycler (Biorad Laboratories, Hercules, CA). mRNA levels of ADORA subtypes 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as reference genes 

were determined by real-time quantitative rt-PCR. Reactions were performed 

using the ABI PRISM® 7700 sequence detection system (Applied Biosystems, 

Foster City, CA) and the iQ5 multicolor PCR detection system (Biorad 

Laboratories). Sequences of primer and probe (Probelibrary, Roche, Woerden, 

the Netherlands) combinations are listed in Table 1. ADORA mRNA expression 

levels were standardized to GAPDH or β-actin mRNA expression levels using 

the Pfaffl method (19).  

 

 

 

Table 1. Primer and probe sequences.  

RT rt-PCR, real-time rt-PCR. 

 

 

 

 

Target Forward primer 

(5’ -3’) 

Reverse primer 

(5’ – 3’) 

Probe Amplicon 

size (bp) 

Used in 

A1 receptor CTATGTTTGGCTGGAACAAT GCTGCTTGCGGATTAGGTAG  207 rt-PCR 

A2A receptor CTCATGCTGGGTGTCTATTT TGAAGCAGTTGATGATGTGT  193 rt-PCR 

A2B receptor ATTTCTTTGGGTGTGTTCTG ACTTGGGCTTATTTTTACCC  252 rt-PCR 

A3 receptor CTGGAACATGAAACTGACCT GAGTTTGTTCCGAATGATGT  181 rt-PCR 

Beta-actin GGTCATCACCATTGGCAATGA ACGTCACACTTCATGATGGAGTTG  122 rt-PCR 

A1 receptor GTCAAGATCCCTCTCCGGTA CCACCACGAAGGAGAGGA GGCTGCTG 91 RT rt-PCR 

A2A receptor CCAACTACTTCGTGGTGTCG GTAATGGCAAAGGGGATGG GGCGGCGG 73 RT rt-PCR 

A2B receptor TCTGTGTCCCGCTCAGGT GATGCCAAAGGCAAGGAC TGCTGTCC 89 RT rt-PCR 

A3 receptor GGGTCAAGCTTACCGTCAGA ATGACACCAGCCAGCAAAG GGCCCTGG 84 RT rt-PCR 

GAPDH TCCACTGGCGTCTTCAC GGCAGATGATGACCCTTTT AGCCCCAG 78 RT rt-PCR 
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Cytokine analysis 

TNFα and IL-12p40/p70 levels were determined by enzyme-linked 

immunosorbent assay (ELISA) according to manufacturer’s protocol (U-Cytech, 

Utrecht, The Netherlands). 

 

Western Blot analysis 

Protein extracts were prepared from untreated and R848-activated microglia as 

well as from A2A receptor-transfected human embryonic kidney (HEK) 293 

cells. The cells were lysed in lysis buffer (1% Triton X-100, 10 mM Tris-HCl, 

50 mM NaCl, 30 mM Na4P2O7, 50 mM NaF, 5 µM ZnCl2, 1 nM DTT, 100 µM 

Na3VO4 and protease inhibitors (Roche)). Lysates were heated at 85°C for 10 

minutes before centrifugation at 14000 rpm for 10 minutes. Supernatants were 

separated on 12% Bis-Tris gels in combination with MOPS buffer (Invitrogen, 

Breda, The Netherlands) using the Novex Xcell Surelock mini-Cell system 

(Invitrogen) and subsequently transferred onto Hybond-ECL nitrocellulose 

membranes (Amersham, Arlington Heights, IL). The membranes were blocked 

for 30 minutes at room temperature in Tris-buffered saline/0,1% Tween-20 

(TBS-T) containing 5% non-fat dry milk, and probed using goat anti-GAPDH 

(Imgenex, San Diego, CA) and goat anti-A2AR (Everest Bioscience, 

Oxfordshire, UK) antibodies followed by anti goat IgG-HRP conjugated 

secondary antibodies (Jackson ImmunoResearch Laboratories, Suffolk, UK) for 

1 h at room temperature. Blots were developed using Femto ECL substrate 

(Pierce, Rockford, IL) and quantitated with the ChemiDoc XRS system (Biorad 

Laboratories). 

 

Immunofluorescence 

Cells grown on glass coverslips were fixed for 20 min at 4°C with 2% 

paraformaldehyde, washed with PBS and permeabilized for 15 min in PBS + 

0.1% Triton X-100. After two washes with PBS, cells were incubated for 1 h at 

room temperature with normal rabbit serum (1 µg IgG/ml) and with rabbit 

polyclonal anti NF-κB p65 antibodies (0.4 µg IgG/ml; Santa Cruz) in PBS, 

washed with PBS + 0.01% Tween20, and followed by a 1 h incubation at room 

temperature with FITC-labeled goat anti-rabbit secondary antibodies (Jackson 

ImmunoResearch Laboratories). After extensive washes, coverslips were 

mounted using Vectashield + DAPI (Vector Laboratories, Burlingame, CA) and 

images were captured on a fluorescence microscope. 

 

Flow cytometry 

Microglia were harvested by incubation with 4 mg lidocaine/ml (Sigma) for 

maximal 20 minutes at 37°C. All following incubations were performed on ice. 

Microglia were washed in FACS buffer (PBS + 2% BSA) and incubated for 10 

minutes with 1:10 diluted Fc receptor-block (Miltenyi Biotech, Bergisch 

Gladbach, Germany) in FACS buffer, to prevent aspecific binding of the 

antibodies. Cells were washed and incubated for 30 minutes with anti-adenosine 

A3 receptor antibodies (SP055P, Acris Antibodies, Herford, Germany) or total 

rabbit IgG (AbD Serotec, Dusseldorf, Germany) as an isotype control. Cells 

were washed, and incubated for 30 minutes with PE-labeled CD11b antibodies 

(clone D12; BD Biosciences) and APC-labeled secondary anti-rabbit antibodies 

(Jackson ImmunoResearch Laboratories). Cells were analyzed on the LSRII 

(BD) and data were analyzed using FACS Diva software (both purchased from 

BD Bioscience). 

 

Statistics 

GraphPad Prism 5 (GraphPad Software) for Macintosh was used for statistical 

analysis. Statistical analysis of the differential effect of activation on NECA-

induced suppression was analyzed using linear mixed effects models (LME) 

(20) in the R environment (21). The following model was used: 
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Log cytokine level = b0 + b1 . stimulus + b2 . activation + b3 . stimulus . 

activation 

Stimulus was coded 0 for LPS only and 1 for LPS + NECA and activation was 

coded 0 for unstimulated and 1 for activated microglia. b0 represents the log 

value of the intercept, which is the mean of the log cytokine production levels 

when stimulated with LPS only (the antilog is the geometric mean);b1 

represents the difference in log cytokine levels when NECA is added. Thus, the 

antilog of b1 represents the ratio of cytokine levels induced by LPS + NECA / 

LPS; b2 represents the difference in intercept for unstimulated  and activated 

microglia, again the antilog represents a ratio; b3 represents the interaction term 

for activation on NECA. The antilog of b3 is the ratio of NECA+LPS induced 

cytokine production in unstimulated and activated microglia. 

 

RESULTS 

 

TLR-mediated activation alters the ADORA expression profile in rhesus 

monkey microglia 

 

The expression profile of ADORA subtypes in human and non-human primate 

microglia had not been characterized before and it was unknown whether TLR-

mediated activation would affect their expression levels. As published recently, 

signaling via TLR1/2, 2/4, 3, 5 or 8 potently activates rhesus monkey microglia 

(12). We therefore exposed adult primary rhesus monkey microglia from two 

different donors to TLR8 ligands and analyzed the expression of all ADORA 

subtypes. mRNA transcripts encoding A2AR, A2BR and A3R were readily 

detected by rt-PCR, whereas transcripts for A1R were low or below detection 

levels (Figure 1A). After TLR8-mediated activation A2AR-encoding mRNA 

levels appeared up regulated, whereas A3R-encoding mRNA levels appeared 

down regulated. To quantitate ADORA subtype mRNA expression levels, we 

exposed microglia from different donors to TLR2/4 and TLR8 ligands and 

determined mRNA levels by quantitative rt-PCR. Consistent with 

abovementioned results, A1R mRNA levels were below detection limits in both 

unstimulated and TLR-activated microglia from all donors, prohibiting 

quantitation. Furthermore, comparison of Ct values suggests that A2AR and A3R-

encoding mRNA levels were generally higher than those that encode for A2BR. 

TLR-mediated activation of microglia resulted in an 11-fold (95% CI 7.34 to 

15.28, p < 0.05) increase in A2AR-encoding mRNA expression levels. By 

contrast, A3R-encoding mRNA expression levels were 3-fold decreased (95% CI 

0.14 to 0.48, p < 0.05; Figure 1B). A2BR-encoding mRNA levels were not 

significantly altered after TLR-mediated activation. The predicted relative 

contribution of Gs-coupled A2AR over Gi-coupled A3R to ADORA-mediated 

signaling would thereby be enhanced >30 fold in TLR-activated microglia. The 

presented effects of TLR-mediated activation on A2A and A3 receptor mRNA 

levels are in line with earlier observations in LPS-activated human and mouse 

macrophages (22), and preliminary results indicate that they hold true for 

primary rhesus bone marrow-derived macrophages as well (data not shown).  

To examine whether the changes in mRNA expression levels were reflected by 

changes in protein levels, A2A receptor protein expression levels were quantified 

by Western blotting. Results demonstrate that A2AR protein levels in TLR8-

activated microglia were increased 2-4 fold (Figure 1C), consistent with our data 

on mRNA expression levels. A3 receptor protein levels expression were 

quantified by flow cytometrical analysis. These data reveal that TLR8-mediated 

activation indeed resulted in decreased A3R protein expression levels on primary 

microglia of the three donors tested (Figure 1D). 
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activated microglia were increased 2-4 fold (Figure 1C), consistent with our data 

on mRNA expression levels. A3 receptor protein levels expression were 

quantified by flow cytometrical analysis. These data reveal that TLR8-mediated 

activation indeed resulted in decreased A3R protein expression levels on primary 

microglia of the three donors tested (Figure 1D). 
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ADORA-mediated inhibition of LPS-induced TNFα and IL-12p40/p70 

production is enhanced in activated microglia 

 

Adenosine-induced signaling through ADORA can modulate LPS-induced 

production of TNFα and IL-12 (13, 23, 24). To assess the functional relevance 

of the altered ADORA expression profile on TLR-activated microglia we used 

the following experimental set-up. Microglia were either unstimulated or 

exposed for 16 h to TLR8-mediated activation, yielding activated microglia. 

Both populations were washed, rested for 4 h, washed again and subsequently 

stimulated with LPS in the presence or absence of NECA, a potent non-selective 

ADORA agonist that is more stable than adenosine. After 16 h, TNFα and IL-

12p40/p70 levels in the culture supernatants were measured by ELISA. 

Both unstimulated and activated microglia produced comparable amounts of 

TNFα and IL-12p40/p70 upon stimulation with LPS (Figure 2A, B). The 

addition of NECA alone did not induce TNFα or IL-12p40/p70 production in 

either unstimulated or activated microglia (data not shown). In unstimulated 

microglia, NECA inhibited the LPS-induced production of TNFα and IL-

12p40/p70 to 86% and 78%, respectively of control levels. Remarkably, in 

activated microglia, NECA inhibited the LPS-induced production of TNFα and 

IL-12p40/p70 to 9% and 39%, respectively of control levels (Figure 2A, B). 

Analysis of six additional donors confirmed that there were no significant 

differences in LPS-induced production of TNFα or IL-12p40/p70 between 

unstimulated or activated microglia (p=0.39 and p=0.47, respectively). As 

expected, the effects of NECA on LPS-induced TNFα production differed 

significantly between unstimulated and activated microglia (0.125 fold of  

 

 

 

 

 
 

Figure 1. TLR-mediated activation alters the ADORA expression profile in primary 

rhesus microglia. 

A, Analysis of ADORA subtype mRNA expression by rt-PCR in unstimulated and TLR-

activated microglia. B, ADORA mRNA expression levels were quantitated by real time rt-

PCR in unstimulated microglia and in TLR-activated microglia. Cells were stimulated for 16 

hours with 1 µg R848/ml (open symbols) or with 100 ng LPS/ml (filled symbols). Different 

symbols represent different donors. *, p<0.05; Wilcoxon signed-rank test. ADORA mRNA 

expression levels are expressed relative to reference gene (GAPDH) mRNA expression levels. 

A1R mRNA expression levels were below detection limits and low levels of A2BR prohibited 

reliable quantification of all samples. C, Western blot analysis of cell lysates of unstimulated 

microglia and of microglia stimulated for 16 hours with 1 µg R848/ml. A2AR expression 

levels were quantitated and normalized to GAPDH protein expression levels. Data are shown 

for three donors. D, FACS analysis of A3R expression levels on unstimulated microglia and 

microglia stimulated for 16 hours with 1 µg R848/ml. The filled curves in the histogram (left) 

represent isotype controls, the open curves A3R-staining. The solid lines represent 

unstimulated microglia and the dashed lines microglia that were stimulated for 16 hours with 

1 µg R848/ml. The MFI (mean fluorescent intensity) indices given in the right panel were 

calculated as follows: (MFI A3R-staining – MFI isotype control)/MFI isotype control. 
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Figure 2. ADORA-mediated inhibition of LPS-induced TNFα and IL-12p40/p70 is 

enhanced in activated microglia. 

Unstimulated and activated microglia were exposed to 100 ng LPS/ml in the presence or 

absence of 10 µM NECA. After 16 hours, TNFα (A) and IL-12p40/p70 (B) levels were 

measured in the culture supernatants using ELISA. * , p<0.05; student’s t-test. TNFα (C) and 

IL-12p40/p70 (D) production after exposure to 100 ng LPS/ml + 10 µM NECA is expressed 

relative to production after exposure to 100 ng LPS/ml alone for unstimulated and activated 

microglia of six different donors. TNFα (E) and IL-12p40/p70 (F) production after exposure 

to 100 ng LPS/ml + different concentrations of NECA is expressed relative to production 

after exposure to 100 ng LPS/ml alone for unstimulated and activated microglia. *, p<0.05; 2-

way ANOVA. The data are representative for three independent experiments using different 

donors. 

unstimulated, 95% CI 0.061 to 0.255, p < 0.001; Figure 2C). In addition, 

inhibition of LPS-induced IL-12p40/p70 production by NECA was stronger in 

activated than in unstimulated microglia in all donors tested (0.448 fold of 

unstimulated, 95% CI 0.157 to 1.279, p = 0.123; Figure 2D), but due to a 

smaller effect of activation and higher within-donor variability in IL-12p40/p70 

production levels this difference was not statistically significant. 

To better characterize the ADORA-mediated inhibitory effects, we measured 

LPS-induced cytokine production in the presence of different concentrations of 

NECA. Under non-saturating conditions (NECA ≤1µM), inhibition of LPS-

induced TNFα and IL-12p40/p70 was stronger in activated microglia than in 

unstimulated microglia at all concentrations used (Figure 2E, F). LPS-induced 

cytokine production in activated microglia was already inhibited by 0.02 µM 

NECA whereas this concentration increased LPS-induced cytokine production 

in unstimulated microglia. Under saturating conditions (NECA ≥5µM), 

inhibition of LPS-induced TNFα and IL-12p40/p70 in unstimulated microglia 

did not attain the same level as in activated microglia (Figure 2E, F). Activated 

microglia were thus not only sensitized to ADORA-mediated inhibition of LPS-

induced cytokine production, the potency of ADORA-mediated inhibition was 

enhanced as well. 

 

Enhanced inhibition of LPS-induced TNFα production is rapidly gained 

and lost in activated microglia, while inhibition of IL-12p40/p70 production 

remains enhanced for up to 72 h 

 

Whereas it is conceivable that microglia receive multiple TLR stimuli during 

inflammatory conditions in vivo, the timing of such stimuli will be variable. To 

investigate how fast after activation microglia became sensitized to ADORA-

mediated inhibition, we varied the duration of the activation period. 

Interestingly, there was a discordance between inhibition of LPS-induced TNFα 

Chapter 4

132



 

 

Figure 2. ADORA-mediated inhibition of LPS-induced TNFα and IL-12p40/p70 is 

enhanced in activated microglia. 

Unstimulated and activated microglia were exposed to 100 ng LPS/ml in the presence or 

absence of 10 µM NECA. After 16 hours, TNFα (A) and IL-12p40/p70 (B) levels were 

measured in the culture supernatants using ELISA. * , p<0.05; student’s t-test. TNFα (C) and 

IL-12p40/p70 (D) production after exposure to 100 ng LPS/ml + 10 µM NECA is expressed 

relative to production after exposure to 100 ng LPS/ml alone for unstimulated and activated 

microglia of six different donors. TNFα (E) and IL-12p40/p70 (F) production after exposure 

to 100 ng LPS/ml + different concentrations of NECA is expressed relative to production 

after exposure to 100 ng LPS/ml alone for unstimulated and activated microglia. *, p<0.05; 2-

way ANOVA. The data are representative for three independent experiments using different 

donors. 

unstimulated, 95% CI 0.061 to 0.255, p < 0.001; Figure 2C). In addition, 

inhibition of LPS-induced IL-12p40/p70 production by NECA was stronger in 
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smaller effect of activation and higher within-donor variability in IL-12p40/p70 
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LPS-induced cytokine production in the presence of different concentrations of 

NECA. Under non-saturating conditions (NECA ≤1µM), inhibition of LPS-

induced TNFα and IL-12p40/p70 was stronger in activated microglia than in 

unstimulated microglia at all concentrations used (Figure 2E, F). LPS-induced 

cytokine production in activated microglia was already inhibited by 0.02 µM 

NECA whereas this concentration increased LPS-induced cytokine production 

in unstimulated microglia. Under saturating conditions (NECA ≥5µM), 

inhibition of LPS-induced TNFα and IL-12p40/p70 in unstimulated microglia 

did not attain the same level as in activated microglia (Figure 2E, F). Activated 

microglia were thus not only sensitized to ADORA-mediated inhibition of LPS-

induced cytokine production, the potency of ADORA-mediated inhibition was 

enhanced as well. 

 

Enhanced inhibition of LPS-induced TNFα production is rapidly gained 

and lost in activated microglia, while inhibition of IL-12p40/p70 production 

remains enhanced for up to 72 h 

 

Whereas it is conceivable that microglia receive multiple TLR stimuli during 

inflammatory conditions in vivo, the timing of such stimuli will be variable. To 

investigate how fast after activation microglia became sensitized to ADORA-

mediated inhibition, we varied the duration of the activation period. 

Interestingly, there was a discordance between inhibition of LPS-induced TNFα 
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and IL-12p40/p70 production. Where LPS-induced TNFα production was 

already stronger inhibited by NECA in microglia that were activated for 2 h, 

enhanced inhibition of IL-12p40/p70 production was observed only after 

activation for >8 h (Figure 3A, B). 

Next we investigated for how long activated microglia remained sensitized by 

varying the duration between activation and LPS exposure. Again there was a 

discordance between the inhibition of LPS-induced TNFα and IL-12p40/p70 

production. NECA-mediated inhibition of TNFα production was comparable in 

unstimulated and activated microglia already within 8 h after activation, whereas 

NECA-mediated inhibition of IL-12p40/p70 production remained enhanced for 

up to 72 h after activation (Figure 3C, D). 

 

Important roles for A2AR as well as for A3R 

 

Although the altered ADORA expression pattern on activated microglia was 

likely correlated to the enhanced inhibitory phenotype, the contribution of 

individual ADORA subtypes remained unclear. Since selective agonists for all 

four ADORA subtypes are not available, we used the non-selective agonist 

NECA in combination with subtype-selective antagonists to address this issue. 

Addition of an A1R antagonist slightly enhanced the inhibitory potential of 

NECA in unstimulated microglia as measured by the effect on LPS-induced 

TNFα and IL-12p40/p70 production (Figure 4A, B). Although analysis of A1R 

mRNA expression levels indicate that they were low at best (Figure 1A), A1R 

expression levels appear sufficient to affect LPS-induced cytokine production in 

unstimulated microglia. In activated microglia however, NECA-mediated 

inhibition of LPS-induced cytokine production was similar in the presence and 

absence of the antagonist, indicating that A1R are not responsible for the 

enhanced inhibition. Addition of an A2AR antagonist did not affect the inhibitory 

effect of NECA on LPS-induced TNFα production in unstimulated microglia, 

but did annul NECA-mediated inhibition of IL-12p40/p70. In activated 

microglia, NECA-mediated inhibition of both TNFα and IL-12p40/p70 

production was completely abrogated, revealing an important role for A2AR. 

Addition of an A2BR antagonist did not affect the inhibitory effect of NECA on  

 

 

Figure 3. Kinetics of the enhanced inhibitory phenotype of activated microglia.  

Microglia were either unstimulated or activated by exposure to 1 11g R848/ml for 2, 4, 8, or 

16 h. After extensive washing and a 4h recovery period, microglia were exposed to 100 ng 

LPS/ml in the presence or absence of 10 µM NECA. After 16 h, TNFα (A) and IL-

12p40/p70 (B) levels were measured and expressed as relative values of exposure to 100 ng 

LPS/ml alone. Microglia were either unstimulated or activated by exposure to 1 µg R848/ml 

for 16 h. After extensive washing, microglia were allowed to recover for 4, 8, 24, 48, or 72 h 

before exposure to 100 ng LPS/ml in the presence or absence of 10 µM NECA. After 16 h, 

TNFα (C) and IL-12p40/p70 (D) levels were measured and expressed as relative values of 

exposure to 100 ng LPS/ml alone. *, p < 0.05; Student’s t test. The data are representative 

for three independent experiments using different donors. 

 

 

LPS-induced cytokine production in either unstimulated or activated microglia, 

indicating that the role of A2BR in the inhibition of LPS-induced cytokine 

production is probably limited. Most interestingly, addition of an A3R antagonist 

enhanced the inhibitory effect of NECA in both unstimulated and activated 
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enhanced the inhibitory effect of NECA in both unstimulated and activated 

Dynamic A3R expression controls A2AR-mediated TLR inhibition

135

4



microglia, in line with the idea that A2AR-mediated signaling generates opposite 

effects from A3R-mediated signaling. 

To further investigate the contribution of A2AR and A3R, we performed 

experiments using A2AR-specific agonists (CGS21680), A3R antagonists 

(VUF5574), and a combination of both. Addition of CGS21680 alone mimicked 

our earlier observations using NECA, confirming an important role for A2AR-

mediated signaling in activated microglia (Figure 4C-D). Addition of A3R 

antagonist alone inhibited LPS-induced cytokine responses in both non-

activated and activated microglia. Since no exogenous adenosine was added, the 

inhibitory effects are most likely attributable to endogenously produced 

extracellular adenosine in response to LPS (25-27) and demonstrate that A3R-

mediated signaling indeed counteracts adenosine-mediated inhibitory signaling. 

When A2AR agonists were added in combination with A3R antagonists, 

inhibition was maximal in both non-activated and activated microglia, 

confirming this idea. 

Further experiments using different concentrations of CGS21680 either alone or 

in combination with A3R antagonists demonstrate that the contribution of A3R-

mediated signaling is more important in unstimulated microglia than in activated 

microglia (Figure 4E, F). In addition they demonstrate that, even in the absence 

of A3R-mediated signaling, activated microglia appear more sensitive to A2AR-

mediated inhibition and are more potently inhibited at saturating concentrations 

than unstimulated microglia. 

Together, these results indicate that the potential to inhibit LPS-induced 

cytokine production via A2AR is already present in unstimulated microglia to a 

considerable extent, but counteracted by A3R-mediated signaling. Combined 

with our data on ADORA expression levels, these data are most consistent with 

the idea that the simultaneous upregulation of A2AR and downregulation of A3R 

sensitize activated microglia to ADORA-mediated inhibitory signaling. 

 

 

 

 

Figure 4. The enhanced inhibitory effect of NECA is mediated by the enhanced 

contribution of A2AR-mediated signaling and the decreased contribution of A3R-

mediated signaling.  

Unstimulated and activated microglia were exposed to 100 ng LPS/ml in the presence or 

absence of 10 µM NECA in combination with A1, A2A, A2B, and A3 receptor 

antagonists. After 16 h, TNFα (A) and IL-12p40/p70 (B) levels were measured and 

expressed as relative values of exposure to 100 ng LPS/ml alone. DPCPX was used as an 

A1R, SCH58261 as an A2AR, alloxazine as an A2BR and VUF5574 as an A3R antagonist. 

All antagonists were used at 10 µM concentrations. Solid lines in the graph indicate relative 

cytokine production levels of exposure to 100 ng LPS/ml + 10 µM NECA without 

antagonists of unstimulated microglia, the dashed lines indicate activated microglia. 

*, p < 0.05; Student’s t test. TNFα (C) and IL-12p40/p70 (D) production after exposure to 

100 ng LPS/ml in the presence or absence of 10 µM CGS21680, an A2AR-selective 

agonist, and/or of 10 µM VUF5574, an A3R antagonist. Cytokine production is expressed 
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relative to production after exposure to 100 ng LPS/ml alone for unstimulated and activated 

microglia. *, p < 0.05; Student’s t test. TNFα (E) and IL-12p40/p70 (F) production after 

exposure to 100 ng LPS/ml + different concentrations of CGS21680, in the presence or 

absence of A3R antagonist, is expressed relative to production after exposure to 100 ng 

LPS/ml alone for unstimulated and activated microglia. All data are representative for 

three independent experiments using different donors. 

 

Cross-inhibition of pro-inflammatory cytokine production induced by 

different TLR involves suppression of NF-κB activation  

 

Next we investigated whether the altered ADORA profile on activated microglia 

also resulted in a stronger inhibition of cytokine production induced by other 

TLR ligands. We measured cytokine production induced by TLR1/2, 2/6, 2/4, 3 

and 4-mediated activation and all these responses were stronger inhibited by 

NECA in activated microglia than in unstimulated microglia (Supplementary 

Figure 1). Since activation of microglia enhanced ADORA-mediated inhibition 

of cytokine production as induced by a variety of TLR ligands, the mechanism 

is likely to involve a shared element of TLR-mediated signaling. All TLR-

induced intracellular signaling cascades finally lead to the activation of NF-κB, 

a transcription factor that controls a.o. the mRNA transcription levels of TNFα 

and IL-12p40/p70, followed by its translocation from the cytosol to the nucleus. 

We therefore evaluated the effect of ADORA-mediated signaling on TLR-

induced NF-κB translocation in rhesus microglia by using immunofluorescence 

(Figure 5A). Our results demonstrate that exposure of microglia to LPS is 

followed by a rapid translocation of NF-κB from the cytosol to the nucleus. 

Simultaneous triggering of ADORA-mediated signaling by the addition of 

NECA partially blocked translocation of NF-κB, as exemplified by the 

enhanced proportion of cells where NF-κB was localized in the cytosol as well 

as in the nucleus. Quantitative analysis of the images (Figure 5B) demonstrates 

that NECA inhibited the LPS-induced nuclear translocation of NF-κB in both 

unstimulated as well as in activated microglia. Exposure of unstimulated and 

activated microglia to LPS resulted in 81% and 80%, respectively of total cell 

numbers with an exclusive nuclear localization of NF-κB. Addition of NECA 

decreased these percentages to 54% in unstimulated microglia and to 23% in 

activated microglia, in line with the enhanced inhibition in activated microglia. 

 

 

 

Figure 5. The enhanced inhibitory phenotype of activated microglia inhibits 

proinflammatory cytokine production induced via suppression of NF-κB activation.  

(A) Unstimulated and activated microglia were exposed to 100 ng LPS/ml in the presence or 

absence of 10 µM NECA for 1 h. Binding of normal rabbit serum and of Abs recognizing 

NF-κB p65 was visualized by FITC-conjugated anti-rabbit Ab (left panels). Cell nuclei 

were visualized using 4',6-diamidino-2-phenylindole (DAPI; right panels). Original 

magnifications, X800 (upper panels) and X400 (lower panels). (B) Quantification of the 

intracellular localization of NF-κB. Intracellular localization was scored as exclusively 

cytosolic, cytosolic and nuclear or exclusively nuclear. Total cell numbers were determined 

by counting DAPI-stained nuclei and data are represented as a percentage of total cell 

numbers. A minimum of 500 cells per variable were counted. 
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Figure 5. The enhanced inhibitory phenotype of activated microglia inhibits 

proinflammatory cytokine production induced via suppression of NF-κB activation.  

(A) Unstimulated and activated microglia were exposed to 100 ng LPS/ml in the presence or 

absence of 10 µM NECA for 1 h. Binding of normal rabbit serum and of Abs recognizing 

NF-κB p65 was visualized by FITC-conjugated anti-rabbit Ab (left panels). Cell nuclei 

were visualized using 4',6-diamidino-2-phenylindole (DAPI; right panels). Original 

magnifications, X800 (upper panels) and X400 (lower panels). (B) Quantification of the 

intracellular localization of NF-κB. Intracellular localization was scored as exclusively 

cytosolic, cytosolic and nuclear or exclusively nuclear. Total cell numbers were determined 

by counting DAPI-stained nuclei and data are represented as a percentage of total cell 

numbers. A minimum of 500 cells per variable were counted. 
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DISCUSSION  

 

In this study we explored how ADORA-mediated signaling modulates 

microglial innate immune responses during -chronic- inflammatory conditions. 

To do so, we characterized the ADORA expression profile of primary adult 

rhesus monkey microglia before and after TLR-mediated activation. We show 

that activation alters the ADORA expression pattern and that ADORA-mediated 

inhibition of LPS-induced TNFα and IL-12p40/p70 is much stronger in 

activated than in unstimulated microglia. We demonstrate that both enhanced 

A2AR-mediated signaling as well as decreased A3R-mediated signaling are 

responsible for this effect. Whereas the inhibitory potential of A2AR-mediated 

signaling on LPS-induced cytokine production is widely acknowledged (13, 14, 

16, 18, 23, 28-32), the dynamically regulated counteracting role of A3R is new. 

Our data were obtained by using combinations of agonists and antagonists and 

show that even on unstimulated microglia the expression levels of A2AR are 

sufficient to inhibit LPS-induced cytokine levels to a considerable extent. 

However, it is only upon TLR-mediated activation that the full inhibitory 

capacity of A2AR is unleashed and this is primarily due to the decreased 

contribution of A3R-mediated signaling in the response to adenosine. Since 

these effects were also found when saturating amounts of NECA were used they 

can not be explained by mere competition of ADORAs for available NECA. 

Based on our data we propose a model in which under homeostatic conditions, 

A2AR-mediated inhibitory responses are kept under tight control by A3R-

mediated counter regulatory mechanisms. When microglia have become 

activated and inhibition has become necessary, A2AR-mediated inhibitory 

responses are rapidly unleashed by removal of A3R. It is unclear yet whether 

A3R-mediated signaling suppresses A2AR-mediated inhibition of TLR-induced 

cytokine responses by directly inhibiting A2AR-mediated signaling or rather by 

stimulating TLR-induced signaling (Figure 6). A3R-mediated signaling has been  

 

 

 
 

 Figure 6. Schematic representation of our working hypothesis. 

(A) in resting microglia A3R-mediated signaling counteracts A2aR-mediated signaling either 

by stimulating TLR-mediated signaling or directly by inhibiting A2aR-mediated inhibition of 

TLR-mediated signaling. (B) in activated microglia the contribution of A3R-mediated 

signaling is decreased and the contribution of A2aR-mediated signaling is increased, 

unleashing the inhibitory potential of extracellular adenosine on TLR-induced pro-

inflammatory cytokine production. IKK, inhibitor of NF-κB kinase; IRAK, IL1-receptor 

associated kinase; MyD88, myeloid differentiation primary response gene 88; RIP, receptor-

interacting protein; TRAF, TNF-receptor associated factor; TRAM, TRIF-related adaptor 

molecule; TRIF, TIR-domain containing adaptor protein inducing IFN-β. 

 

reported to induce p38 MAPK and ERK1/2 phosphorylation in primary murine 

microglia and in the N13 microglial cell line (33, 34), while other studies have 

reported on A3R-mediated suppression of LPS-induced TNFα in murine BV2 

microglial cells (24) and LPS-induced IL-12 in human monocytes (35). 

Biochemical studies using reporter cell lines transfected with different ADORAs 

might reveal possible interactions between A2AR- and A3R-mediated signaling 

but are currently lacking. Although our data strongly suggest that the changes in 
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ADORA expression patterns are responsible for the enhanced inhibition of 

TLR-induced cytokine production in activated microglia, we can not exclude the 

possibility that other effects such as altered coupling of ADORAs to 

intracellular signaling cascades (36, 37), TNF-α-induced prevention of A2AR 

desensitization (38), or the altered expression of downstream signaling elements 

(39) play a role as well. 

Different groups have reported that A2AR-mediated signaling can suppress TLR-

mediated activation of the NF-κB pathway and we demonstrate that the A2AR-

mediated inhibitory effects on LPS-induced cytokine production in primate 

microglia involves suppression of NF-κB activation as well. The molecular 

basis for the suppression of NF-κB activation appears to be cell type-specific. In 

rat glioma cells, A2AR-mediated signaling blocked the phosphorylation and 

subsequent degradation of inhibitor of NF-κB proteins (IκB) in contrast to the 

IκB-independent suppression of the NF-κB pathway in vascular endothelial 

cells (40). In addition, recent reports have shown that ADORA-mediated 

signaling can inactivate the ubiquitination of IκB by promoting the 

deneddylation of cullin-1 in lung tissue from mice that were exposed to hypoxia 

(41). Preliminary experiments using p38 MAPK-, MAPK/ERK kinase- and 

PKA-inhibitors to assess the relative importance of these pathways for A2AR-

mediated suppression of NF-κB activation in rhesus microglia have thus far 

yielded inconclusive results (unpublished observations), suggesting the 

involvement of redundant, multiple or other signaling cascades in microglia. 

Whereas both A2A and A3 receptor-mediated signaling contribute to the effects 

of adenosine on LPS-induced cytokine responses, we found little evidence for 

contributions of A1 or A2B receptor-mediated signaling. Our results on A1 

receptor expression levels are most consistent with the idea that the limited 

contribution of A1 receptor-mediated effects is due to absence of expression or 

low expression levels on rhesus microglia, contrasting reports on A1 receptor 

expression levels on rodent microglia (42-45). In addition to sequence 

differences (see Table 2 and supplementary Figure 2A-D), such species-specific 

expression patterns should be considered when rodents are used to model human 

ADORA-mediated signaling. Although A2B receptor mRNA was expressed by 

rhesus microglia, we did not measure A2B receptor-mediated effects on the 

production of LPS-induced TNFα and IL-12p40/p70. It is however well 

conceivable that A2B receptor-mediated signaling may lead to other (anti)-

inflammatory effects in microglia. A2B receptor-mediated signaling has been 

described to inhibit IFNγ-induced cytokine production and MHC class II 

expression in bone marrow-derived murine macrophages (46). 

In vivo, it is likely that microglia receive multiple TLR stimuli during 

inflammatory conditions, of which the timing will be variable. Our data on the 

kinetics of ADORA-mediated inhibition of LPS-induced cytokine production 

revealed that there is a discordance in the sustained enhanced inhibition of LPS-

induced IL-12p40/p70 responses versus the rapid loss of the inhibition of TNFα 

responses, suggesting different regulatory mechanisms. Interestingly, recent 

reports have demonstrated that synergistic signaling of TLR4 and A2AR drives 

macrophages to switch from the production of pro-inflammatory cytokines to 

the production of cytokines that are associated with repair and angiogenesis, 

such as vascular endothelial growth factor (47, 48). This, in combination with 

the sustained inhibition of the typical Th1- associated cytokine IL-12, might 

further contribute to the prevention of associated cytokine IL-12, might further 

contribute to the prevention of neurodegeneration and autoimmunity during 

chronic inflammatory conditions. 

In conclusion, our data define a novel role for A3R as dynamically regulated 

suppressors of A2AR-mediated inhibition of TLR-induced pro-inflammatory 

cytokine responses. It is only during chronic neuroinflammatory conditions, 

such as encountered in e.g. multiple sclerosis, that the reciprocal regulation of 

A2AR and A3R unleashes the full inhibitory potential of adenosine. In situ 
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studies on ADORA subtype expression in humans and rhesus macaques 

suffering from acute and chronic CNS inflammatory disorders should reveal 

whether such a mechanism is likely to play a role in vivo as well. One could 

speculate that the use of A2AR agonists during chronic inflammatory conditions 

might selectively inhibit pro-inflammatory cytokine production of activated 

microglia, whereas the addition of A3R antagonists might potentiate inhibitory 

effects of adenosine on unstimulated microglia as well. The recent description of 

a synthetic compound that demonstrates both adenosine A2AR agonist as well as 

A3R antagonist activity therefore holds pharmacological promise (49). However, 

the widespread expression of adenosine receptors on different cells and tissues 

and the described neuroprotective effects of A2AR antagonists in animal models 

for stroke and Parkinson’s disease (50, 51) warrant caution when extrapolating 

these results to therapeutic applications. 

 

 

        A1R (%) A2AR (%) A2BR (%) A3R (%) 

Macaca mulatta    99.4 98.3 98.5 97.5 

Mus musculus  96.9 86.5 92.8 84.7 

Rattus norvegicus  96.6 86.0 92.2 86.9 

 

Table 2. Rhesus monkey, mouse and rat adenosine receptor protein homology with 

human adenosine receptors 
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ABSTRACT 

 

Toll-like receptor (TLR)-mediated signaling activates cells of the innate immune 

system and is regulated at different levels. Inflammatory conditions are 

associated with the extracellular release of adenosine, which can modulate TLR-

induced production of cytokines through adenosine receptor-mediated signaling. 

There are four adenosine receptor subtypes that can each induce different 

signaling cascades. In this study, we demonstrate a pivotal contribution of 

adenosine receptor 3 (A3R)-mediated signaling to the TLR-induced expression 

of IL-12 in different types of myeloid antigen presenting cells. This applies to 

both MyD88-dependent and independent responses induced by TLR ligands, as 

well as to responses evoked by whole pathogens. TLR-induced production of 

IL-12 was dependent on paracrine or autocrine A3R-induced phosphorylation of 

STAT1 at tyrosine Y701, which was dispensable for the initiation of other 

cytokine responses. This selective necessity may be exploitable for therapeutic 

modulation of innate immune responses. 

 

INTRODUCTION 

 

Toll-like receptors (TLR) are evolutionary conserved receptors expressed by 

cells of the innate immune system [1]. Agonist recognition by TLR initiates a 

cascade of signaling events that ultimately culminates in the activation of 

transcription factors such as nuclear factor (NF)-κB and activating protein (AP)-

1 [2-4]. These transcription factors induce a gene expression profile including 

pro-inflammatory cytokines like TNFα, IL-12 and MCP-1, as well as molecules 

involved in antigen presentation [1, 5]. 

The purine nucleoside adenosine is a known regulator of inflammatory 

responses [6, 7]. During inflammatory conditions intracellular and extracellular 

adenosine levels rapidly rise. Extracellular adenosine interacts with four G-

protein coupled adenosine receptor (ADORA) subtypes. A1 and A3 receptors 

(A1R and A3R) are coupled to Gi proteins and mediate opposite effects to A2AR 

and A2BR that are coupled to Gs proteins. The ADORA expression pattern, 

which is highly dynamic, therefore orchestrates the cellular response to 

adenosine [8, 9]. 

ADORA-mediated signaling can modulate TLR-induced responses. A2AR-

mediated signaling inhibits TLR-induced NF-κB activation and concordant 

production of cytokines [10-13]. Recently, our group revealed that A3R-

mediated signaling counteracts A2AR-mediated inhibitory signaling [14]. 

In this study, we studied the role of A3R-mediated signaling in the initiation of 

TLR-mediated responses in detail. We reveal that A3R-mediated signaling 

importantly contributes to LPS-induced IL-12 production in DCs, macrophages 

and microglia. We demonstrate that A3R-mediated signaling leads to 

phosphorylation of STAT1 at tyrosine Y701, which is necessary to trigger TLR-

induced mRNA production of IL-12p40. Just like responses of the adaptive 

immune system, the type of response that is evoked by receptors of the innate 

immune system is thereby at least in part determined by co-stimulatory 

signaling. 

 

MATERIALS AND METHODS 

 

Reagents 

Adenosine A1R antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), 

adenosine A2AR antagonist 7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-

[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine (SCH58261), adenosine A2BR antagonist 

8-[4-[((4-Cyanophenyl)carbamoylmethyl)oxy]phenyl]-1,3-di(n-propyl)xanthine 

hydrate (MRS1754), adenosine A3R antagonists 9-Chloro-2-(2-furanyl)-5-

((phenylacetyl)amino)-[1,2,4]triazolo[1,5-c]quinazoline (MRS1220) and 3-

Ethyl-5-benzyl-2-methyl-4-phenylethynyl-6-phenyl-1,4-(±)-dihydropyridine-
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3,5-dicarboxylate (MRS1191, all purchased from Sigma-Aldrich), were diluted 

in DMSO, aliquotted and stored at -20°C. 4-methoxy-N-(3-(2-pyridinyl)-1-

isoquinolinyl)benzamide (VUF8504) was a kind gift of the division of medicinal 

chemistry of the Leiden/Amsterdam center for drug research (Leiden, The 

Netherlands). DMSO controls were included in all functional assays.  

TLR agonists used were Pam3CSK4 (TLR2/1), poly(I:C) (TLR3), LPS 

(TLR2/4), flagellin (TLR5) and CL075 (TLR7/8; all Invivogen, San Diego, 

CA). Whole pathogens were provided and quantitated by D. Diavatopoulos and 

used at a multiplicity of infection of 10 in functional assays. Recombinant 

human IFNγ was from Peprotech (London, UK).   

 

Cell culture 

Peripheral blood mononuclear cells (PBMCs) were isolated from human buffy 

coats using lymphocyte separation medium gradient centrifugation. 

Mononuclear cells were isolated with anti-CD14 monoclonal antibody-coated 

Microbeads using MACS single-use separation colomns from Miltenyi Biotec 

(Bergisch Gladbach, Germany) as described by the manufacturer. Purified 

CD14+ cells were resuspended in RPMI (Gibco; Life Technologies) containing 

10% (v/v) FCS (Gibco) and penicillin 100 U/ml and streptomycin 0.1 mg/mL 

(Gibco), supplemented with ≥ 4 units recombinant human M-CSF/mL or  ≥ 40 

units recombinant human GM-CSF and 200 ng recombinant human IL-4/mL (all 

Peprotech) to yield macrophages or DCs respectively. Half of the medium was 

replaced by fresh medium containing new growth factors every 3-4 days. After 

6-7 days in culture cells were used for functional assays. For primary microglia 

culture, brain material was obtained from adult rhesus monkeys (Macaca 

mulatta) without neurological disease as described previously [15]. No monkeys 

were sacrificed for the exclusive purpose of primary cell culture initiation, and 

better use of experimental animals contributes to the active refinement program 

within the Biomedical Primate Research Centre. 

 

Quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reversely transcribed into 

cDNA 

using the Fermentas kit according to manufacturer’s protocol (Qiagen Benelux, 

Venlo, The Netherlands) using 1 µg mRNA as template and 0.25 µg oligo(dT)15 

primers supplied with the kit. RT-PCRs were performed on the CFX96 Thermal 

cycler (Bio-Rad, Hercules, CA), using primer (Invitrogen; Life Technologies) 

and probe (human Exiqon probe library, Roche, Woerden, the Netherlands) 

combinations listed in Table 1. Gene of interest mRNA expression levels were 

standardized to GAPDH, β-actin and RPLPO expression levels using the Pfaffl 

method [16]. 

 

Target Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Probe 

TNFα cagcctcttctccttcctgat gccagagggctgattagaga ggcagaag 

IL-12p40 ccctgacattctgcgttca aggtcttgtccgtgaagactcta ccagggca 

IL-12p35 cactcccaaaacctgctgag tctcttcagaagtgcaagggta tctggagc 

IL-12p19 tgttccccatatccagtgtg tcctttgcaagcagaactga cacagcca 

GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc cttcccca 

 

Table 1. Primer and Probe sequences 

 

Cytokine analysis and Luminex 

IL-12p40 and TNFα levels were determined by enzyme-linked immunosorbent 

assay (ELISA) according to manufacturer’s protocol (U-Cytech, Utrecht, The 

Netherlands). Multiplex assays were performed using a customized non-human 

primate Milliplex-maptm kit (Millipore, Billerica, MA). TNFα, IL-12, IL-6, IL-
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TLR agonists used were Pam3CSK4 (TLR2/1), poly(I:C) (TLR3), LPS 

(TLR2/4), flagellin (TLR5) and CL075 (TLR7/8; all Invivogen, San Diego, 

CA). Whole pathogens were provided and quantitated by D. Diavatopoulos and 

used at a multiplicity of infection of 10 in functional assays. Recombinant 

human IFNγ was from Peprotech (London, UK).   

 

Cell culture 

Peripheral blood mononuclear cells (PBMCs) were isolated from human buffy 

coats using lymphocyte separation medium gradient centrifugation. 

Mononuclear cells were isolated with anti-CD14 monoclonal antibody-coated 

Microbeads using MACS single-use separation colomns from Miltenyi Biotec 

(Bergisch Gladbach, Germany) as described by the manufacturer. Purified 

CD14+ cells were resuspended in RPMI (Gibco; Life Technologies) containing 

10% (v/v) FCS (Gibco) and penicillin 100 U/ml and streptomycin 0.1 mg/mL 

(Gibco), supplemented with ≥ 4 units recombinant human M-CSF/mL or  ≥ 40 

units recombinant human GM-CSF and 200 ng recombinant human IL-4/mL (all 

Peprotech) to yield macrophages or DCs respectively. Half of the medium was 

replaced by fresh medium containing new growth factors every 3-4 days. After 

6-7 days in culture cells were used for functional assays. For primary microglia 

culture, brain material was obtained from adult rhesus monkeys (Macaca 

mulatta) without neurological disease as described previously [15]. No monkeys 

were sacrificed for the exclusive purpose of primary cell culture initiation, and 

better use of experimental animals contributes to the active refinement program 

within the Biomedical Primate Research Centre. 

 

Quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reversely transcribed into 

cDNA 

using the Fermentas kit according to manufacturer’s protocol (Qiagen Benelux, 

Venlo, The Netherlands) using 1 µg mRNA as template and 0.25 µg oligo(dT)15 

primers supplied with the kit. RT-PCRs were performed on the CFX96 Thermal 

cycler (Bio-Rad, Hercules, CA), using primer (Invitrogen; Life Technologies) 

and probe (human Exiqon probe library, Roche, Woerden, the Netherlands) 

combinations listed in Table 1. Gene of interest mRNA expression levels were 

standardized to GAPDH, β-actin and RPLPO expression levels using the Pfaffl 

method [16]. 

 

Target Forward primer 

(5’-3’) 

Reverse primer 

(5’-3’) 

Probe 

TNFα cagcctcttctccttcctgat gccagagggctgattagaga ggcagaag 

IL-12p40 ccctgacattctgcgttca aggtcttgtccgtgaagactcta ccagggca 

IL-12p35 cactcccaaaacctgctgag tctcttcagaagtgcaagggta tctggagc 

IL-12p19 tgttccccatatccagtgtg tcctttgcaagcagaactga cacagcca 

GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc cttcccca 

 

Table 1. Primer and Probe sequences 

 

Cytokine analysis and Luminex 

IL-12p40 and TNFα levels were determined by enzyme-linked immunosorbent 

assay (ELISA) according to manufacturer’s protocol (U-Cytech, Utrecht, The 

Netherlands). Multiplex assays were performed using a customized non-human 

primate Milliplex-maptm kit (Millipore, Billerica, MA). TNFα, IL-12, IL-6, IL-
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8, MIP1α, MIP1β and MCP-1 levels were determined according to 

manufacturer’s protocol, and analysed on the Luminex 200 system (Bio-Rad). 

 

Pathscan ELISA 

NF-κBp65, phospho(p)-NF-κBp65 (Ser536), p-SAPK/JNK (Thr183/Tyr185), p-

p38 (Thr180/Tyr182) and p-ERK1/2 (Thr202/Tyr204) levels were measured in 

cell lysates using Pathscan ELISA kit (Cell Signaling Technology, Beverly, 

MA). Cell lysates were generated according to protocol in lysis buffer provided 

with the kit, supplemented with protease inhibitors (Roche). Samples were 

stored at -80 °C before use and diluted 1:1 in dilution buffer provided with the 

kit, before incubation for 16h at 4°C. All following steps were performed 

according to manufacturer’s protocol. Non-phosphorylated NF-κBp65 levels 

were used as reference values for each sample. 

 

TransAM ELISA 

NF-κBp65, AP-1 and ATF2 DNA binding activity was analysed by TransAM 

ELISA according to the manufacturer’s protocol (Active Motif). Bound 

transcription factors were visualised by addition of a primary Ab directed 

against NF-κBp65, AP-1 or ATF2 elements, followed by detection with a HRP-

conjugated secondary Ab. Absorbances were read at 450 nm with a reference 

wavelength of 655 nm. For the NF-κB and AP-1 assays a protein standard curve 

was performed using recombinant NF-κBp65 or c-Jun recombinant protein to 

quantitate transcription factor levels in the protein samples. 

 

Western Blot 

Cells were lysed in lysis buffer (Cell Signaling) supplemented with protease 

inhibitors (Roche) and protein concentrations were determined using the 

Bradford Protein Assay (Pierce, Rockford, IL) according to manufacturer’s 

protocol. Samples were stored at -20°C before use. Proteins (2.5 mg/ml per lane) 

were separated on 4-12% Bis-Tris gels (Invitrogen) and transferred onto 

Hybond-ECL nitrocellulose membranes (Amersham, Arlington Heights, IL) via 

a semi-dry blotting system (Fisher Scientific). The membranes were blocked and 

probed with primary antibodies directed against STAT1 phosphorylated at 

tyrosine Y701 (clone: D4A7), STAT1 phosphorylated at serine S727 

(polyclonal) or total STAT1 (clone: 42H3, all Cell Signaling), followed by anti-

Rabbit-IgG-HRP AffiniPure antibody (Jackson ImmunoResearch Laboratories, 

Suffolk, UK), developed using Femto ECL substrate (Pierce, Rockford, IL) and 

quantitated with the ChemiDoc MP system (Bio-Rad). 

 

Statistics 

GraphPad Prism 4.0b (GraphPad Software, San Diego, CA) was used for 

statistical analysis. Differences in cytokine production levels were analyzed 

using paired t-tests, and p<0.05 was considered statistically significant. 95% 

confidence intervals (95% CI) are given in the text. 

 

 

RESULTS 

 

A3R-mediated signaling is required for LPS-induced IL-12 production 

 

To investigate the contribution of endogenously produced extracellular 

adenosine to TLR responses, monocyte-derived DCs and macrophages were 

exposed to the TLR2/4 agonist LPS in the presence of specific ADORA 

antagonists. As a readout, IL-12p40 and TNFα protein levels were measured. 

Exposure to A3R antagonist significantly inhibited LPS-induced IL-12p40 

production in both cell types (Fig. 1A, B), whereas exposure to A1R, A2AR or 

A2BR antagonists did not affect the production of IL-12p40 in either cell type. 

The LPS-induced production of TNFα was not affected in cells exposed to any 
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of the ADORA antagonists. In addition, we found that A3R antagonist inhibited 

LPS-induced IL-12p40 production in primary microglia (Suppl. Fig. 1). Other 

than monocyte-derived DC and macrophages, microglia are derived from a 

different pool of myeloid progenitor cells. 

Similar results were obtained when using combinations of different antagonists. 

DCs and macrophages exposed to a combination of A1R, A2AR and A2BR 

antagonists produced comparable amounts of LPS-induced IL-12p40 compared 

to unexposed cells, whereas DCs and macrophages exposed to these antagonists 

plus an A3R antagonist produced significantly lower IL-12p40 levels (Fig. 1A, 

B). Again, none of the antagonist combinations significantly affected LPS-

induced TNFα production. 

To further confirm that the observed effects were attributable to A3R-mediated 

signaling, DCs were stimulated with LPS in the presence of different 

concentrations of three structurally unrelated A3R-antagonists. All three A3R-

antagonists significantly inhibited LPS-induced IL-12p40 production (Fig. 1C). 

A3R-mediated signaling affected IL-12 production at the transcription level, as 

LPS-induced IL-12p40-encoding mRNA levels in DCs were 4-fold lower in 

presence of A3R antagonist (Fig. 1D). In addition, LPS-induced mRNA levels of 

the IL-12/IL-23 family members IL-12p35- and IL-23p19 were about 2-fold 

lower when A3R-mediated signaling was antagonized. Noteworthy, LPS-

induced TNFα-encoding mRNA levels were 7-fold higher. Exposure of cells to 

A3R antagonist alone decreased basal mRNA expression levels, suggesting a 

role for tonic A3R-mediated signaling in DCs.  

 

 

 

 

 

 

 

 

 
 

Figure 1. LPS-induced IL-12p40 is dependent on A3R-mediated signaling 

Monocyte-derived DCs (A) and macrophages (B) were exposed for 16h to 100 ng LPS/ml in 

the presence or absence of 1 µM specific A1R-, A2AR-, A2BR- or A3R-antagonist alone, or in 

combination. IL-12p40 and TNFα levels are expressed relative to production after exposure 

to LPS alone (dotted line = 100%, *p<0.05; paired t-test). DCs (C) were exposed for 16h to 

100 ng LPS/ml in the presence or absence of VUF8504, MRS1220 or MRS1911. IL-12p40 

levels are expressed relative to production after exposure to LPS alone (dotted line = 100%, 

*p<0.05 paired t-test). DCs (D) were exposed for 6h to 500 ng LPS/ml in the presence or 

absence of 5 µM VUF8504 and IL-12p40, IL-12p35, IL-23p19 and TNFα-encoding mRNA 

expression levels were quantified by real time RT-PCR. mRNA levels were standardized to 

GAPDH mRNA expression levels and expressed relative to levels in non-exposed cells. 

Different symbols represent different donors. 
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A3R-mediated signaling is broadly involved in the induction of IL-12 

responses 

 

We next investigated whether the involvement of A3R-mediated signaling 

extended beyond LPS-induced IL-12 responses. Characterization of TLR1/2, 3, 

2/4, 5 and 7/8-induced responses in DCs demonstrate that IL-12 and MCP-1 

expression levels were significantly inhibited when A3R-mediated signaling was 

antagonized (Fig. 2A), whereas TLR-induced TNFα, IL-6, IL-8, MIP1α and 

MIP1β levels were not inhibited. 

To investigate the contribution of A3R-mediated signaling to responses induced 

by whole pathogens that contain multiple ligands for innate immune receptors, 

we exposed DCs to the fungus Candida albicans (C. albicans), the gram-

negative Haemophilus influenza (H. influenza) and the gram-positive 

Staphylococcus aureus (S. aureus) in the presence of A3R-antagonist. C. 

albicans and H. influenza potently induced IL-12p40 production by DCs, 

whereas IL-12p40 levels remained below detection levels when DCs were 

exposed to S. aureus. In line with results using single TLR-ligands, C. albicans- 

and H. influenza-induced IL-12p40 responses were significantly inhibited when 

A3R-signaling was antagonized (Fig. 2B). 

 

A3R-mediated signaling enhances TLR-induced phosphorylation of STAT1 

tyrosine Y701 

 

To delineate how A3R-mediated signaling affects TLR-induced intracellular 

signaling cascades, we first assessed LPS-induced phosphorylation levels of the 

nuclear factor (NF)-κB at serine S536, an important TLR-induced modulator of 

transcriptional activity [17]. These were not affected by A3R-mediated signaling 

and in accordance, NF-κB binding to its consensus site was similar in nuclear  

 

 

Figure 2. A3R-mediated signaling is broadly involved in the induction of IL-12p40 

DCs (A) were exposed for 16h to different TLR ligands in the presence or absence of 5 µM 

VUF8504. Cytokine and chemokine production is expressed relative to production after 

exposure to corresponding TLR ligand alone (dotted line = 100%, ***p<0.001 paired t-test). 

TLR ligands used were 100 ng PAM3CSK4/ml (TLR2/1), 20 ng Poly(I:C)/ml (TLR3), 100 ng 

LPS/ml (TLR2/4), 100 ng flagellin/ml (TLR5) or 1 µg CL075/ml (TLR7/8). Different 

symbols represent different donors. DCs (B) were exposed for 16h to 500 ng LPS/ml or 

whole pathogens (MOI of 10) in the presence or absence of 5 µM VUF8504. IL-12p40 and 

TNFα levels are expressed relative to production after exposure to corresponding TLR ligand 

or pathogens alone (dotted line = 100%, *p<0.05 **p<0.01 paired t-test). Different symbols 

represent different donors. b.d. = below detection. 
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extracts of DCs exposed to LPS in the absence or presence of A3R-antagonist 

(Fig. 3A,B). 

In addition to activation of NF-κB, TLR-induced signaling activates several 

mitogen-activated protein kinases (MAPKs). We evaluated phosphorylation 

levels of stress-activated protein kinase/Jun-amino-terminal kinase 

(SAPK/JNK), extracellular signal-regulated kinase (ERK)1/2 and p38 in cellular 

lysates of DCs exposed to LPS in the absence or presence of A3R-antagonist. 

Whereas LPS-induced levels of p-ERK1/2 and p-p38 were unaffected, LPS-

induced p-SAPK/JNK levels were significantly decreased at early time points in 

the presence of A3R-antagonist (Fig. 3C). SAPK/JNK induces activation of the 

transcription factor activating protein (AP)-1, but LPS-induced c-Jun, c-Fos and 

ATF2 binding levels were not significantly different in nuclear extracts of DCs 

exposed to LPS in the presence of A3R antagonist (Fig. 3D) rendering it unlikely 

that differences in SAPK/JNK phosphorylation underlie the observed effects on 

IL-12 and MCP-1 production. 

Next to binding sites for NF-κB and AP-1 elements, the promotor regions of IL-

12 and MCP-1 also share binding sites for signaling transducer and activator of 

transcription 1 (STAT1). Full activation of STAT1 requires phosphorylation at 

serine S727 and tyrosine Y701. Figure 3E shows that LPS-induced 

phosphorylation of STAT1 at S727 was unaffected in the presence of A3R 

antagonist. Importantly, in the presence of A3R antagonist, LPS-induced 

phosphorylation of STAT1 at Y701 was strongly decreased at 60 minutes. 

To confirm the involvement of STAT1 Y701 phosphorylation, we tried to 

rescue the LPS-induced production of IL-12p40 in the presence of A3R 

antagonist by the addition of IFNγ a well-known inducer of STAT Y701 

phosphorylation [18]. Confirming our earlier results, IFNγ partially restored 

LPS-induced IL-12p40 levels in the presence of A3R antagonist (Fig. 3F). 

 

 

 

Figure 3. A3R-mediated signaling 

induces phosphorylation of STAT1 

tyrosine Y701 

Phosphorylated NF-κB protein levels in 

cellular lysates of DCs (A) exposed to 500 

ng LPS/ml for 0, 5, 15, 30 or 60 minutes 

in the presence or absence of 5 µM 

VUF8504. Samples were standardized to 

un-phosphorylated NF-κB levels. A 

representative example of three different 

donors is shown. Bound NF-κB levels in 

nuclear lysates of DCs (B) exposed to 500 

ng LPS/ml for 1h in the presence or 

absence of 5 µM VUF8504 (*p<0.05 

student-t test). Different symbols represent 

different donors. Phosphorylated ERK1/2, 

p38, SAPK/JNK protein levels in cellular 

lysates of DCs (C) exposed to 500 ng 

LPS/ml for 0, 5, 15, 30 or 60 minutes in 

the presence or absence of 5 µM 

VUF8504. Samples were standardized to 

un-phosphorylated NF-κB levels. A 

representative example of three different donors is shown. Bound c-Jun, c-Fos and ATF2 

levels in nuclear lysates of DCs (D) exposed to 500 ng LPS/ml for 1h in the presence or 

absence of 5 µM VUF8504 (*p<0.05 student’s t-test). Different symbols represent different 

donors. Western blot analysis of 

phosphorylated STAT1 serine 

S727 and tyrosine Y701 in DCs 

(E) exposed to 500 ng LPS/ml for 

0, 5, 15, 30 or 60 minutes in the 

presence or absence of 5 µM 

VUF8504. Samples were 

standardized to total STAT1 

levels and quantitated. A 

representative example of three 

different donors is shown. DCs 

(F) were exposed to 500 ng 

LPS/ml for 16h in the presence or 

absence of 5 µM VUF8504 and of 

increasing concentrations of 

IFNγ. (*p<0.05 **p<0.01 paired 

t-test) 
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(Fig. 3A,B). 
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the presence of A3R-antagonist (Fig. 3C). SAPK/JNK induces activation of the 
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exposed to LPS in the presence of A3R antagonist (Fig. 3D) rendering it unlikely 
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antagonist. Importantly, in the presence of A3R antagonist, LPS-induced 

phosphorylation of STAT1 at Y701 was strongly decreased at 60 minutes. 

To confirm the involvement of STAT1 Y701 phosphorylation, we tried to 

rescue the LPS-induced production of IL-12p40 in the presence of A3R 

antagonist by the addition of IFNγ a well-known inducer of STAT Y701 

phosphorylation [18]. Confirming our earlier results, IFNγ partially restored 

LPS-induced IL-12p40 levels in the presence of A3R antagonist (Fig. 3F). 
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DISCUSSION  

 

In this study we demonstrate that A3R-mediated signaling is involved in IL-12 

production by myeloid cells as triggered by innate immune stimuli. To our 

knowledge we are the first to describe a role for endogenously produced 

extracellular adenosine and A3R-mediated signaling in the initiation of TLR-

induced cytokine responses. Extracellular adenosine is best known as an anti-

inflammatory modulator and A3R-mediated signaling has previously been 

associated with the inhibition of LPS-induced IL-12 and/or TNFα in different 

murine models and cell-lines, as well as in human U937 cells and in human 

monocytes [19-24]. Several factors can underlie the discrepancies with our 

findings. First, the described inhibitory effects of A3R-mediated signaling have 

primarily been observed in murine models and/or cells. Whereas the sequences 

of A1R, A2AR and A2BR are well conserved across species, A3R sequences vary 

significantly. Sequence comparison between rodent and human shows 70-75% 

gene sequence homology and 85-87% protein sequence homology [6, 14]. 

Second, there is evidence that G-protein coupling of A3R is different between 

rodents and humans. In A3R-humanized mice, bone marrow-derived mast cells 

were unable to initiate particular conventional murine A3R-mediated signaling 

pathways. This was attributed to sequence differences in the intracellular region 

of human A3R, resulting in the uncoupling of murine G-proteins [25]. Third 

discrepancies with observations in human U937 cell lines or monocytes might 

be attributable to the differentiation status of these cells. In line with this are our 

observations that A3R-signaling differentially affected whole pathogen-induced 

IL-12p40 protein levels produced by human monocytes as compared to 

macrophages and DCs (Fig. 2B & Suppl. Fig. 2A and B). 

We have identified that A3R-mediated phosphorylation of STAT1 at tyrosine 

Y701 strongly enhances TLR-induced IL-12p40 production. It is unlikely that 

this is the only pathway involved, as IFNγ-induced phosphorylation of STAT1 

Y701 only partially restored TLR-induced IL-12p40 levels in the presence of 

A3R antagonist. STAT1 Y701 phosphorylation is mediated via activation of 

Janus kinases (JAKs) and different GPCRs have been reported to either signal 

directly to JAKs and STATs, or to initiate activation of different MAPK leading 

to JAK activation [26-31]. Alternatively, phosphorylation of STAT1 Y701 could 

be induced by endogenously produced IFNβ. Whilst this would have been 

consistent with the relatively late kinetics of STAT1 Y701 phosphorylation, the 

inhibition of IFN signaling during TLR-induced responses had no effects on IL-

12 production levels (data not shown). Although the complete elucidation of 

intracellular signaling cascades thus remains to be established, the involvement 

of the STAT1 pathway is evident. 

The ADORA expression profile is dynamic, and the ADORA-code orchestrates 

the cellular response to extracellular adenosine. Interestingly, A3R expression 

levels are rapidly down regulated after TLR-mediated activation, whereas 

expression levels of A2AR are strongly enhanced [14]. Previously, we have 

postulated that this shift in ADORA-code underlies the inhibitory effects of 

extracellular adenosine on TLR-mediated cytokine production by unleashing the 

full capacity of A2AR-mediated anti-inflammatory signaling. This study suggests 

that down regulation of A3R also has direct anti-inflammatory effects by 

depriving TLR-activated cells of their capacity to produce IL-12 and MCP-1. 

Results from our study demonstrate that A3R-mediated effects extend beyond 

responses induced by single TLR ligands and also apply to IL-12 responses 

induced by whole pathogens. We cannot rule out that other TLR-induced 

responses are also affected by A3R-mediated signaling. However, LPS-induced 

up regulation of cell surface expression levels of receptors involved in antigen 

presentation by DCs was unaffected by exposure to A3R antagonist (Suppl. Fig. 

3). 

In conclusion, we describe a new mechanism that is important for TLR-induced 

IL-12 responses. Since experiments were all performed in the absence of 
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exogenous adenosine or other ADORA agonists, the observed effects were 

attributable to endogenously produced extracellular adenosine contributing to 

TLR-induced responses in an autocrine or paracrine manner. Interestingly, this 

mechanism resembles the mechanism regulating the production of 

inflammasome-induced IL-1β in which endogenously produced ATP acts as a 

similar signal through P2X7 receptors [32]. Our data suggest that antagonizing 

A3R-signaling could selectively affect TLR-induced production of IL-12, 

thereby representing a novel immunomodulatory strategy. However, given the 

widespread distribution of A3R throughout the body [33], specific delivery to the 

site of inflammation represents an important challenge when considering such 

an approach. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SUPPLEMENTARY FIGURES 

 

 

Supplementary Figure 1.  

Microglia were exposed for 16h to 100 ng LPS/ml in the presence or absence of indicated 

concentrations of VUF8504. IL-12p40 and TNFα levels are expressed relative to production 

after exposure to LPS alone (dotted line = 100%, *p<0.05 paired t-test). Different symbols 

represent different donors. 
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Supplementary Figure 2 

(A) Macrophages and (B) monocytes were exposed for 16h to 500 ng LPS/ml or whole 

pathogens at MOI of 10, in the presence or absence of 5 µM VUF8504. IL-12p40 and TNFα 

production are expressed relative to production after exposure to corresponding TLR ligand or 

pathogen alone (dotted line = 100%, *p<0.05, **p<0.01 paired t-test). Different symbols 

represent different donors. b.d.= below detection.  

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3.  

DCs were exposed for 16h to 500 ng LPS/ml in the presence or absence of 5 µM VUF8504. 

Cell surface expression of HLA-dr, CD209, CD80, CD40, CD83 and CD86 was measured by 

FACS and expressed as MFI index (protein of interest_MFI - isotype control_MFI / isotype 

control_MFI). MFI, Mean fluorescent intensity.  
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ABSTRACT 

 

Statins inhibit the endogenous intracellular mevalonate pathway and exposure to 

statins affects innate and adaptive immune responses. Different statins are 

currently under evaluation as (co)therapy in neuro-inflammatory diseases like 

multiple sclerosis. However, there are important discrepancies in the reported 

effects of statins on innate immune responses in different cell types. Studies to 

characterize such responses in clinically relevant primary cells are currently 

lacking. 

In this study we investigated the effect of statins on Toll-like receptor (TLR)-

induced responses of microglia, the resident macrophages of the central nervous 

system (CNS). Exposure of primary microglia from adult rhesus monkeys to 

different statins strongly amplified pro-inflammatory cytokine protein and 

mRNA levels in response to myeloid differentiation primary response gene 88-

dependent TLR activation in particular. Rather than affecting nuclear facor-κB 

activation levels, statin exposure affected stress-activated protein/ Jun-amino-

terminal and p38 kinase signaling pathways. Mechanistic studies using specific 

pathway inhibitors and rescue experiments show that statin-induced inhibition of 

cholesterol biosynthesis, rather than inhibition of isoprenylation, was mainly 

responsible for the amplified TLR responses. Additionally, microglia were more 

sensitive to statin-mediated effects than bone marrow-derived macrophages of 

the same donor. This correlated to lower intrinsic microglial expression levels of 

HMG-CoA reductase, the enzyme targeted by statins. Amplification of TLR-

induced responses in microglia by statin exposure might contribute to the 

generation of a more pro-inflammatory CNS microenvironment which can be of 

relevance for the pathogenesis of neuroinflammatory disorders. 

 

 

 

INTRODUCTION 

 

3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, 

better known as statins, inhibit the endogenous mevalonate pathway which 

directs the biosynthesis of cholesterol and isoprenoids (supplementary Fig. 1) 

[1]. Statin exposure has been reported to affect the expression levels and 

secretion of a variety of immune mediators thereby modulating both adaptive 

and innate immune responses amongst which Toll-like receptor (TLR)-induced 

responses [2-7]. 

In primates ten TLRs have been described that recognize pathogen-associated 

molecular patterns [8, 9]. Ligand-mediated activation of TLRs leads to 

activation of the transcription factor nuclear factor (NF)-κB, which in turn 

induces the production of pro-inflammatory cytokines such as TNFα and IL-12 

[9-12]. Several studies have shown that statins inhibit TLR4-induced production 

of TNFα, IL-12 and IL-6 in different cell types [13-16]. By marked contrast, 

more recent studies have described that statins enhance rather than inhibit TLR-

induced pro-inflammatory cytokine production [17-19]. 

Microglia are known as the macrophages of the brain and of all cells in the CNS 

they are most responsive to TLR-mediated signaling. Human microglia express 

mRNA for a broad variety of TLR, and our group and others have reported that 

activation of microglia via TLR1/2, 2/6, 3, 4, 5 and 8 triggers a rapid 

inflammatory response [20-23]. With regard to microglia, statins have been 

reported to reduce the cell surface expression of immunoregulatory molecules 

and to inhibit microglia motility and chemotactic behavior by altering actin 

distribution and reducing chemokine receptor expression at the cell surface [6, 

24, 25]. Data on the effects of statins on TLR-mediated microglial activation are 

limited to two studies describing inhibitory effects of lovastatin and/or 

simvastatin on LPS-induced cytokine responses in rat neonatal microglia and in 

the human microglial cell line CHME-3 [16, 25]. 
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ABSTRACT 

 

Statins inhibit the endogenous intracellular mevalonate pathway and exposure to 

statins affects innate and adaptive immune responses. Different statins are 

currently under evaluation as (co)therapy in neuro-inflammatory diseases like 

multiple sclerosis. However, there are important discrepancies in the reported 

effects of statins on innate immune responses in different cell types. Studies to 

characterize such responses in clinically relevant primary cells are currently 

lacking. 

In this study we investigated the effect of statins on Toll-like receptor (TLR)-

induced responses of microglia, the resident macrophages of the central nervous 

system (CNS). Exposure of primary microglia from adult rhesus monkeys to 

different statins strongly amplified pro-inflammatory cytokine protein and 

mRNA levels in response to myeloid differentiation primary response gene 88-

dependent TLR activation in particular. Rather than affecting nuclear facor-κB 

activation levels, statin exposure affected stress-activated protein/ Jun-amino-

terminal and p38 kinase signaling pathways. Mechanistic studies using specific 

pathway inhibitors and rescue experiments show that statin-induced inhibition of 

cholesterol biosynthesis, rather than inhibition of isoprenylation, was mainly 

responsible for the amplified TLR responses. Additionally, microglia were more 

sensitive to statin-mediated effects than bone marrow-derived macrophages of 

the same donor. This correlated to lower intrinsic microglial expression levels of 

HMG-CoA reductase, the enzyme targeted by statins. Amplification of TLR-

induced responses in microglia by statin exposure might contribute to the 

generation of a more pro-inflammatory CNS microenvironment which can be of 

relevance for the pathogenesis of neuroinflammatory disorders. 

 

 

 

INTRODUCTION 
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they are most responsive to TLR-mediated signaling. Human microglia express 

mRNA for a broad variety of TLR, and our group and others have reported that 

activation of microglia via TLR1/2, 2/6, 3, 4, 5 and 8 triggers a rapid 

inflammatory response [20-23]. With regard to microglia, statins have been 

reported to reduce the cell surface expression of immunoregulatory molecules 

and to inhibit microglia motility and chemotactic behavior by altering actin 

distribution and reducing chemokine receptor expression at the cell surface [6, 

24, 25]. Data on the effects of statins on TLR-mediated microglial activation are 

limited to two studies describing inhibitory effects of lovastatin and/or 

simvastatin on LPS-induced cytokine responses in rat neonatal microglia and in 

the human microglial cell line CHME-3 [16, 25]. 
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In this study we investigated the effects of statins on cytokine and chemokine 

responses induced via multiple TLRs in primary microglia derived from adult 

rhesus monkeys. Simvastatin (SIM) exposure strongly amplified pro-

inflammatory cytokine production in response to MyD88-dependent TLR 

activation in particular. SIM-induced inhibition of cholesterol biosynthesis, 

rather than inhibition of isoprenylation, was mainly responsible for the amplified 

TLR responses. Our results might have particular relevance for 

neuroinflammatory diseases such as multiple sclerosis (MS) where statins are 

currently being evaluated as supplementary therapy. 

 

MATERIALS AND METHODS 

 

Animals 

Brain and bone marrow were obtained from adult rhesus monkeys (Macaca 

mulatta) without neurological disease that became available from the out bred 

breeding colony or from other experiments. No monkeys were sacrificed for the 

exclusive purpose of primary cell culture initiation. Better use of experimental 

animals contributes to the active refinement program within the Biomedical 

Primate Research Centre. Individual animal details are listed in supplementary 

Table 1. 

 

Reagents 

Atorvastatin was a kind gift from Pfizer (Ann Arbor, Mich). Simvastatin, 

lovastatin, mevalonate, farnesyltransferase inhibitor FTI-277, squalene synthase 

inhibitor zaragozic acid A, geranylgeranyltransferase I inhibitor GGTI-2133, 

squalene, farnesyl pyrophosphate and geranylgeranyl pyrophosphate were all 

purchased from Sigma Aldrich (Munich, Germany). Compounds were diluted in 

DMSO, aliquotted and stored at -20˚C or 4˚C according to manufacturer’s 

specifications. TLR ligands used were TLR2 agonist Pam3CSK4, TLR3 agonist 

poly(I:C), TLR4 agonist Ultrapure LPS and TLR8 agonist CL075 (Invivogen, 

San Diego, CA). 

 

Primary cell isolation and culture 

Primary microglia were obtained from adult rhesus monkeys at necropsy as 

described previously [20, 26]. Tissue samples from prefrontal subcortical white 

matter were collected, divided into cubes of approximately 3 g, and meninges 

and visible blood vessels were removed before mincing the tissue into cubes of 

less than 2 mm3. Tissue fragments were incubated at 37°C for 20 min in HBSS 

(± 8 ml/g tissue) containing 0.25% w/v porcine trypsin (Sigma), 0.2 mg/ml 

EDTA, 1 mg/ml glucose and 0.1 mg/ml bovine pancreatic DNase I (Sigma). The 

supernatant (no centrifugation) was discarded and the pellet was resuspended in 

microglia medium, i.e. 1:1 v/v DMEM (high glucose; Life Technologies, Breda, 

the Netherlands)/HAMF10 (with glutamax-I; Life Technologies) with 10% v/v 

FCS (Gibco; Life Technologies) and antibiotic supplement (penicillin 100 U/ml 

and streptomycin 0.1 mg/ml (Gibco), washed once and passed through a 100 µm 

nylon cell strainer (Becton Dickinson Labware Europe, Meylan Cedex, France). 

Following centrifugation at 300 x g for 7 min, the resuspended pellet was 

subjected to Percoll gradient centrifugation and hypotonic shock to remove 

erythrocytes. Cells were plated at a density of 2.2-2.5x105 cells/ml in tissue-

culture treated 6 or 24-well plates (Corning Costar Europe, Badhoevedorp, the 

Netherlands). After 24 h incubation at 37°C in a humidified atmosphere 

containing 5% CO2, unattached cells and myelin debris were removed by 

washing and replaced by microglia medium supplemented with 20 ng (≥ 4) units 

recombinant human MCSF/ml (Peprotech, London, UK). Half of the medium 

was replaced by fresh medium containing new growth factors every 3-4 days. 

After 7 days, cultures contained >99% microglia, as identified by FACS analysis 

of the expression profiles of CD11b and CD45 [20].  
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culture treated 6 or 24-well plates (Corning Costar Europe, Badhoevedorp, the 

Netherlands). After 24 h incubation at 37°C in a humidified atmosphere 
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Primary bone marrow-derived macrophages were obtained from adult rhesus 

monkeys at necropsy by flushing the femur with PBS. This suspension was 

passed over a 100 mm nylon filter, followed by centrifugation on lymphocyte 

separation medium (LSM, 400 x g for 20 min), without brakes. Cells at the 

interphase were collected and washed 3 times by centrifugation (300 x g for 7 

min), and seeded at a density of 5x105 cells/ml in tissue-culture treated 6 or 24-

well plates (Corning Costar Europe) and cultured in RPMI (Gibco; Life 

Technologies) with 10% (v/v) FCS (Gibco) and antibiotic supplement (Gibco), 

supplemented with 20 ng (≥ 4 units) recombinant human MCSF/ml. Half of the 

medium was replaced by fresh medium containing fresh growth factors every 3–

4 days.  

 

Quantitative RT-PCR 

Total cellular RNA was isolated using TriReagent (Sigma) according to 

manufacturer’s protocol. Subsequently, mRNA was reversely transcribed into 

cDNA using the Omniscript Reverse Transcription System according to 

manufacturer’s protocol (Qiagen Benelux, Venlo, The Netherlands) using 0.5 µg 

RNA as template and 0.25 µg oligo(dT)15 primers (Promega Benelux, Leiden, 

The Netherlands). RT-PCRs were performed on the CFX96 Thermal cycler 

(Bio-rad, Hercules, CA), using primer (Invitrogen; Life Technologies) and 

probe (human Exiqon probe library, Roche, Woerden, the Netherlands) 

combinations listed in Table 1. Gene of interest mRNA expression levels were 

standardized to GAPDH, β-actin and RPLPO expression levels using the Pfaffl 

method [27]. 

 

 

 

 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) Probe Amplicon 

size (bp) 

GAPDH TCCACTGGCGTCTTCAC GGCAGATGATGACCCTTTT AGCCCCAG 78 

β-actin GCCCAGCACGATGAAGAT CGCCGATCCACACAGAGTA CTCCTCCT 65 

RPLPO GATGCCCAGGGAAGACAG TTGGAGCCCACATTGTCC TCCAGGTC 114 

TNFα AAGCCTGTAGCCCATGTTGT GCTGGTTATCTGTCAGCTCCA CCAGGAGG 112 

IL-12p40 TCCCTGACATTCTGCATCC TGAGGTCTTGTCTGTGAAGATTCTA CCAGGGCA 78 

(FDFT1) SQS AGTTTCGCAGCTGTTATCCAG GATAAAATATGCACACTGCGTTG GCTGGATG 64 

FTase- 

b subunit 

CGACAACTCACAGACGCCTA GCAGGATCCAATAGCAGAGC GCGGCTGG 67 

GGTase  

type 1 

CTTGCTTAGCAGGCTTGAGAG ACAAATCGCATGTCATTTTCA AGCTGGAG 88 

HMG-CoA 
reductase 

TGATTGAGGTCAACATTAACAAGAA GCGTTGTAGCCTCCTATGCT CTCTGCCA 70 

 

Table 1. Primer and probe combination used in real time PCR 

 

Cytokine analysis 

IL-12p40 and TNFα levels were determined by enzyme-linked immunosorbent 

assay (ELISA) according to manufacturer’s protocol (U-Cytech, Utrecht, The 

Netherlands). 

 

Luminex 

Multiplex assays were performed using a customized non-human primate 

Milliplex-maptm kit (Millipore, Billerica, MA). Granulocyte macrophage 

colony-stimulating factor (GMCSF), granulocyte colony-stimulating factor 

(GCSF), TNFα, IL-12, IL-6, IL-8, vascular endothelial growth factor (VEGF), 

macrophage inflammatory protein (MIP)1α, MIP1β, IL-1β and IL-1 receptor 

antagonist (RA) were analyzed according to manufacturer’s protocol. All steps 

were performed at room temperature on a plate shaker at 500rpm. In brief, 25 ml 

of cell supernatant was incubated with antibody-coated bead mix for 2 h. The 

beads were washed twice and incubated with a biotinylated secondary antibody 

mix for 1 h, followed by incubation with streptavidin-phycoerythrin for an 
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IL-12p40 and TNFα levels were determined by enzyme-linked immunosorbent 
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Luminex 

Multiplex assays were performed using a customized non-human primate 

Milliplex-maptm kit (Millipore, Billerica, MA). Granulocyte macrophage 

colony-stimulating factor (GMCSF), granulocyte colony-stimulating factor 

(GCSF), TNFα, IL-12, IL-6, IL-8, vascular endothelial growth factor (VEGF), 

macrophage inflammatory protein (MIP)1α, MIP1β, IL-1β and IL-1 receptor 

antagonist (RA) were analyzed according to manufacturer’s protocol. All steps 

were performed at room temperature on a plate shaker at 500rpm. In brief, 25 ml 

of cell supernatant was incubated with antibody-coated bead mix for 2 h. The 

beads were washed twice and incubated with a biotinylated secondary antibody 

mix for 1 h, followed by incubation with streptavidin-phycoerythrin for an 
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additional 30 minutes. The beads were washed twice, and analyzed on the 

Luminex 200 system (Bio-rad).  

 

Hematoxylin staining 

Cells grown on glass coverslips were fixed for 10 min at 4°C with 2% 

paraformaldehyde, washed with PBS and stained in Mayer’s hematoxylin 

solution (Sigma) for 1 min, followed by immersion in water for 30 seconds. 

Finally, coverslips were mounted using Glycergel mounting medium (DAKO, 

Glostrup, Denmark) and images were captured with a microscope at 20x 

magnification.  

 

Pathscan ELISA 

NF-κBp65, phospho(p)-NF-κBp65 (Ser536), p-SAPK/JNK (Thr183/Tyr185), p-

p38 (Thr180/Tyr182) and p-IκBα (Ser32) levels were measured in cell lysates 

using the Pathscan Inflammation Multi-Target ELISA kit (Cell Signaling 

Technology, Beverly, MA). Cell lysates were generated according to protocol in 

lysis buffer provided with the kit, supplemented with a protease inhibitor tablet 

(Roche). Samples were stored at -80 °C before use. Samples were diluted 1:1 in 

dilution buffer provided with the kit, before incubation for 2h at 37°C. All 

following steps were performed according to manufacturer’s protocol. Non-

phosphorylated NF-κBp65 levels were used as reference values for each sample. 

 

Statistics 

GraphPad Prism 4.0b (GraphPad Software, San Diego, CA) was used for 

statistical analysis. Differences in cytokine production levels were analyzed 

using paired t-tests, and p<0.05 was considered statistically significant. 95% 

confidence intervals (95% CI) are given in the text. 

 

 

RESULTS 

 

Different statins enhance TLR2-induced cytokine production in primary 

microglia 

 

The aim of this study was to investigate the effects of statins on TLR-induced 

responses in primary microglia from adult rhesus monkeys. Since different 

studies have reported contradicting effects that might have been attributable to 

the use of different types of statins, we initially compared the effects of three 

different statins i.e. SIM, lovastatin (LOVA) and atorvastatin (ATOR). 

Previously we have reported that, in comparison to other TLRs, TLR2-mediated 

activation induced intermediate levels of IL-12p40 and TNFα [20]. To be able to 

monitor inhibitory as well as enhancing effects of statins, we therefore initially 

measured TLR2-induced responses. 

In all three donors analysed, TLR2-induced IL-12p40 and TNFα levels were 

strongly increased in SIM-, LOVA- and ATOR-exposed microglia when 

compared to TLR2 stimulation alone (Fig. 1A, B). As commonly observed in 

out bred populations, IL-12p40 and TNFα responses displayed considerable 

donor-donor variability. However, within individual donors the effects of SIM, 

LOVA and ATOR were highly comparable and SIM was selected for further 

studies. 

To determine whether the observed effect was specifically attributable to the 

inhibition of the mevalonate pathway, SIM-exposed microglia were co-

incubated with 100 µM mevalonate. This completely reversed the effect of SIM 

(Fig. 1C, D), demonstrating that inhibition of the mevalonate pathway was 

indeed responsible for the observed effect. 

To further characterize the effects of SIM on TLR2-induced responses, we 

analyzed a variety of pro- and anti-inflammatory cytokines, chemokines and 

growth factors in four donors (supplementary Table 2A). While TLR2-induced 
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IL-1RA levels were not affected, TLR2-induced IL-8, MIP1α, MIP1β, VEGF 

and GCSF levels were modestly enhanced to a maximum of 2-fold, and TNFα 

and IL-1β were enhanced by 3- and 4-fold respectively (Fig. 1E). The strongest 

effects were found for TLR2-induced IL-6, IL-12p40 and GMCSF levels; these 

responses were enhanced >5-fold in SIM-exposed microglia compared to non-

exposed microglia. 

 

SIM differentially affects MyD88-dependent and -independent TLR-

responses 

 

To investigate whether SIM also affected responses induced by other TLR, we 

compared TLR2, 3, 4 and 8-mediated responses in eight donors. TLR2, 4 and 8-

induced IL-12p40 responses were all significantly enhanced in SIM-exposed 

microglia (p= 0.004 95%CI: 182 to 663, p=0.005 95%CI: 83 to 310, p= 0.03 

95%CI: 24 to 329 respectively) (Fig. 2A), and although TLR3-induced IL-

12p40 responses were also enhanced by SIM-exposure, this was not significant 

(p= 0.23 95%CI: -201 to 708). TLR2, 3, 4 and 8-induced TNFα responses were 

also strongly enhanced in SIM-treated microglia, but due to higher donor-donor 

variability in TNFα responses, these effects were not significant (Fig. 2B). 

We characterized the effect of SIM on MyD88-dependent and -independent 

TLR responses in more detail by Luminex analysis. Results demonstrate that 

MyD88-dependent TLR2, 4, and 8-mediated IL-12p40 and TNFα responses 

were all amplified by SIM (Fig. 2C). In addition, SIM potently enhanced TLR2-

induced IL-6 and GMCSF levels, TLR4-induced IL-1β and IL-1RA levels and 

TLR8-induced IL-1β, IL-1RA, IL-6 and MIP1β levels. Although SIM exposure 

also enhanced TLR8-induced IL-1RA levels, the absolute amounts of TLR8-

induced IL-1RA remained low as compared to e.g. TLR3-induced IL-1RA 

(supplementary Table 2B). Confirming earlier observations, MyD88-

independent TLR3-mediated activation induced a different cytokine profile as 

 

 
 

Figure 1. Statin exposure amplifies TLR2-induced IL-12p40 and TNFα production in 

rhesus monkey microglia  

Microglia exposed for 24h to 1 µM simvastatin (SIM), lovastatin (LOVA) or atorvastatin 

(ATOR) were stimulated with 100 ng of the TLR2 agonist Pam3CSK4/ml (Pam). After 16h, 

(A) IL-12p40 and (B) TNFα levels were measured in the culture supernatants using ELISA. 

IL-12p40 and TNFα production after stimulation with 100 ng Pam/ml in the presence of 1 µM 

SIM is expressed relative to production after stimulation with 100 ng Pam/ml alone (dotted 

line = 100%). (C) IL-12p40 and (D) TNFα production in microglia exposed to 1 µM SIM in 

the presence or absence of mevalonate (MEV, 100 µM) for 24h, before stimulation with 100 

ng Pam/ml (MEV, *p<0.05; student’s t-test). Data is representative of three donors. (E) 

Microglia exposed for 24h to 1 µM SIM were stimulated with 100 ng Pam/ml. After 16h, 

cytokine, chemokine and growth factor levels were measured and expressed relative to 

production after stimulation with 100 ng Pam/ml in non-exposed microglia (dotted line = 

100%). Different symbols represent different donors. 
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12p40 responses were also enhanced by SIM-exposure, this was not significant 

(p= 0.23 95%CI: -201 to 708). TLR2, 3, 4 and 8-induced TNFα responses were 

also strongly enhanced in SIM-treated microglia, but due to higher donor-donor 

variability in TNFα responses, these effects were not significant (Fig. 2B). 

We characterized the effect of SIM on MyD88-dependent and -independent 

TLR responses in more detail by Luminex analysis. Results demonstrate that 
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also enhanced TLR8-induced IL-1RA levels, the absolute amounts of TLR8-

induced IL-1RA remained low as compared to e.g. TLR3-induced IL-1RA 

(supplementary Table 2B). Confirming earlier observations, MyD88-
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Figure 1. Statin exposure amplifies TLR2-induced IL-12p40 and TNFα production in 

rhesus monkey microglia  

Microglia exposed for 24h to 1 µM simvastatin (SIM), lovastatin (LOVA) or atorvastatin 

(ATOR) were stimulated with 100 ng of the TLR2 agonist Pam3CSK4/ml (Pam). After 16h, 

(A) IL-12p40 and (B) TNFα levels were measured in the culture supernatants using ELISA. 

IL-12p40 and TNFα production after stimulation with 100 ng Pam/ml in the presence of 1 µM 

SIM is expressed relative to production after stimulation with 100 ng Pam/ml alone (dotted 

line = 100%). (C) IL-12p40 and (D) TNFα production in microglia exposed to 1 µM SIM in 

the presence or absence of mevalonate (MEV, 100 µM) for 24h, before stimulation with 100 

ng Pam/ml (MEV, *p<0.05; student’s t-test). Data is representative of three donors. (E) 

Microglia exposed for 24h to 1 µM SIM were stimulated with 100 ng Pam/ml. After 16h, 

cytokine, chemokine and growth factor levels were measured and expressed relative to 
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100%). Different symbols represent different donors. 

 

Statins amplify microglial responses

187

6



compared to MyD88-dependent TLR2, 4 and 8 (supplementary Table 2B) [20, 

21]. In general, TLR3-mediated activation induced lower levels of cytokines, 

chemokines and growth factors, with the exception of the anti-inflammatory 

cytokine IL-1RA which was potently induced. Interestingly, TLR3-induced 

levels of IL-1RA were 3.5-fold decreased in SIM-exposed microglia as 

compared to non-exposed microglia. Taken together, exposure of microglia to 

SIM appears to skew both MyD88-dependent as well as MyD88-independent 

TLR-induced cytokine responses towards a more pro-inflammatory profile. 

 

SIM enhances the transcription levels of IL-12p40 and TNFα mRNA and 

affects TLR2-induced phosphorylation of SAPK/JNK and p38 rather than 

that of NF-κB 

 

To examine how and at what level statins modulate TLR-induced cytokine 

production, we first measured whether IL-12p40 and TNFα-encoding mRNA 

expression levels were enhanced as well by quantitative RT-PCR. Consistent 

with the protein data, TLR2-induced activation of SIM-exposed microglia 

resulted in 57-fold and 73-fold increased IL-12p40- and TNFα-encoding mRNA 

levels respectively when compared to microglia that received a TLR2 stimulus 

alone (Fig. 3A, B). Notably, SIM exposure alone already increased IL-12p40- 

and TNFα-encoding mRNA levels by 4-fold and 25-fold respectively compared 

to unstimulated microglia. This increase was not reflected by an increase in IL-

12p40 or TNFα secretion, since SIM alone did not induce measurable increases 

in IL-12p40 and TNFα protein levels (Fig. 1B, C). 

Ligand binding to TLRs activates common intracellular signaling pathways that 

amongst others culminate in the activation of the transcription factors NF-κB 

and AP-1 which can initiate the transcription of cytokine-encoding mRNA. To 

investigate whether SIM exposure affected the strength or the kinetics of TLR- 

 

 

 

 

Figure 2. SIM affects MyD88-dependent as well as MyD88-independent TLR-responses 

(A) IL-12p40p70 and (B) TNFα production after stimulation with 100 ng Pam/ml (TLR2), 20 

µg Poly(I:C)/ml (TLR3), 500 ng ULPS/ml (TLR4) and 1 µg CL075/ml (TLR8) in SIM-
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(TLR2), 20 µg Poly(I:C)/ml (TLR3), 500 ng ULPS/ml (TLR4) or 1 µg CL075/ml (TLR8) is 

expressed relative to production after stimulation with the same TLR-stimuli in non-exposed 

microglia (dotted line = 100%). TLR3-mediated activation did not induce the production of 

GMCSF, GCSF or VEGF. 
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induced activation of NF-κB, stress-activated protein kinase/Jun-amino-terminal 

kinase (SAPK/JNK) and p38, phosphorylation levels were measured in SIM-

exposed and non-exposed microglia after several time intervals upon stimulation 

with a TLR2 ligand of three donors. In the absence of TLR2-mediated 

activation, NF-κB phosphorylation levels in SIM-exposed microglia were not 

significantly enhanced compared to non-exposed microglia. In one donor, even 

a slight but significant decrease in basal NF-κB phosphorylation levels was 

observed. By contrast, basal phosphorylation levels of SAPK/JNK and p38 were 

significantly enhanced in two out of three donors (by 20%; +/-9) and in three out 

of three donors (by 17%; +/-7) respectively in SIM-exposed microglia compared 

to non-exposed microglia (Fig. 3C). Upon TLR2-mediated activation NF-κB 

phosphorylation was modestly but significantly enhanced in one out of three 

donors, whereas TLR2-induced phosphorylation levels of SAPK/JNK and p38 

in SIM-exposed microglia were significantly higher compared to non-exposed 

microglia for at least one time point in all three donors. These data show that 

exposure of microglia to SIM primarily affects SAPK/JNK and p38 pathways, 

rather than that of NF-κB. In line with this, TLR2-induced translocalization of 

NF-κB assessed by immunofluorescence was similar in SIM-exposed microglia 

compared to non-exposed microglia (not shown). 

 

SIM-induced inhibition of cholesterol biosynthesis is mainly responsible for 

enhanced TLR2-induced cytokine responses  

 

Statins affect two important intracellular biosynthesis routes downstream of the 

mevalonate pathway; they inhibit the biosynthesis of cholesterol as well as that 

of isoprenoids (supplementary Fig. 1). To investigate the contribution of these 

pathways on SIM-induced amplification of TLR-induced cytokine responses, we 

used different combinations of common inhibitors of cholesterol and 

isoprenylation biosynthesis.  

 

 

 

 

Figure 3. SIM enhances IL-12p40 and TNFα-encoding mRNA levels and affects 

SAPK/JNK and p38 signaling pathways 

(A) IL-12p40 and (B) TNFα mRNA expression levels induced by 100 ng Pam/ml were 

quantitated by real time RT-PCR in untreated (dotted line) and SIM-exposed (1 µM) 

microglia. mRNA levels are expressed relative to GAPDH mRNA expression levels. 

Different symbols represent different donors. (C) Protein levels of phosphorylated NF-κB, 

SAPK/JNK and p38 were measured in non-exposed and SIM-exposed (1 µM) microglia, 

before stimulation with 100 ng Pam/ml for 0, 5, 15 or 30 minutes. Each sample was 

standardized to un-phosphorylated NF-κB levels and dotted lines represent levels in non-

exposed microglia (*p<0.05 student’s t-test). 
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In three donors, inhibition of the cholesterol pathway with Zaragozic acid A 

(Zara) mimicked the effect of SIM, and resulted in an even stronger increase of 

TLR2-induced IL-12p40 production when compared to SIM (Fig 4A). By 

contrast, neither blocking farnesylpyrophosphate (FPP) nor blocking 

geranylgeranylpyrophosphate (GGPP) synthesis mimicked the effect of SIM, 

suggesting that the effect of SIM on TLR2-induced IL-12p40 production is 

mediated by the inhibition of cholesterol biosynthesis rather than by inhibition 

of isoprenylation. In line with these results, incubation of SIM in the presence of 

the cholesterol precursor squalene completely reversed the effect of SIM on IL-

12p40 in three donors (Fig. 4B). Surprisingly however, the effect of SIM on IL-

12p40 could also be reversed by the addition of FPP or GGPP, suggesting that 

the effect of SIM on IL-12p40 expression levels can not be fully explained by 

the inhibition of cholesterol alone.  

Inhibition of the cholesterol pathway by Zara also mimicked the effect of SIM 

on TLR2-induced TNFα levels (Fig. 4A). In line with results for IL-12p40, 

neither blocking FPP nor blocking GGPP mimicked the effect of SIM on TNFα, 

confirming an important role for the inhibition of the cholesterol pathway by 

SIM on TLR2-induced TNFα production as well. Consistently, co-incubation of 

SIM with the cholesterol precursor squalene partially reversed the effect on 

TNFα, whereas addition of FPP or GGPP had no effect or resulted in even 

further increased TNFα levels when compared to SIM alone (Fig. 4B). 

 

Microglia are more sensitive to statin-mediated effects than bone marrow-

derived macrophages 

 

To investigate whether our results were microglia-specific or applied to other 

cell types as well, we compared the effects of SIM on TLR2-induced responses  

in microglia and BM-derived macrophages of the same donors. Since SIM-

induced morphological changes had been described before we monitored such  

 

 

 

 

Figure  4. Inhibition of the cholesterol pathway mimics the effect of SIM 

Cells were exposed to 1 µM SIM, 100 nM FTI, 40 nM GGTI, 30 µM Zara alone or in 

combination for 24h, before stimulation with 100 ng Pam/ml. After 16h, (A) IL-12p40 and 

(B) TNFα levels were measured and are expressed in relative to the response in non-exposed 

microglia. Addition of the inhibitors alone did not induce IL-12p40 or TNFα production (not 

shown). Different symbols represent different donors. Microglia were exposed to 1 µM SIM, 

in the presence and absense of 0.9 mM squalene, 1 µM FPP or 1 µM GGPP for 24h, before 

stimulation with 100 ng Pam/ml. After 16h, (C) IL-12p40 and (D) TNFα levels were 

measured. Addition of squalene, FPP and GGPP without SIM, did not affect Pam-induced IL-

12p40 and TNFα-levels (not shown). Data is representative of three donors. 
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changes as well [6]. Both primary cell populations were analyzed after 8 days of 

in vitro culture under similar conditions, including the bi-weekly addition of 20 

ng MCSF/ml. In four donors, TLR2-induced IL-12p40 production was 

significantly enhanced in microglia exposed to concentrations of SIM of 1 µM 

and higher when compared to control levels (p<0.05, Fig 5A, circles). In BM-

derived macrophages of the same donors, TLR2-induced IL-12p40 production 

was significantly enhanced only when SIM was used at a concentration of 10 

µM (p<0.05, Fig 5A, squares). Loss of viability prohibited the use of 

concentrations higher than 10 µM (data not shown). Microglia were thus more 

responsive to lower concentrations of SIM than BM-derived macrophages. SIM-

induced changes in morphology were in line with these results: microglia 

exposed to concentrations of SIM of 1 µM and higher adopted an altered 

elongated phenotype, whereas BM-derived macrophages adopted a similar 

phenotype only when exposed to 10 µM SIM (Fig 5B). 

To explain the enhanced sensitivity of microglia, we hypothesized that the 

intrinsic levels of HMG-CoA reductase, the enzyme that is inhibited by statins, 

are higher in BM-derived macrophages as compared to microglia. Therefore, we 

measured the levels of HMG-CoA reductase-encoding mRNA levels in 

microglia and BM-derived macrophages of the same donor by quantitative RT-

PCR. In addition, we compared the mRNA levels of the enzymes involved in 

cholesterol formation (squalene synthase (SQS)) and isoprenylation (Farnesyl-

transferase (FTase), and Geranylgeranyltransferase (GGTase)) and compared 

their intrinsic expression levels in microglia and BM-derived macrophages. In 

three donors, HMG-CoA reductase-encoding mRNA levels were on average 19-

fold lower (p<0.01 95% CI= 16 to 20, Fig. 5C) in microglia as compared to BM-

derived macrophages. Although SQS, FTase and GGTase levels were also lower 

in microglia, these differences were less pronounced (Fig. 5 C). 

 

 

 

 

Figure 5. Microglia are more sensitive to statin-mediated effects than BM-derived 

macrophages 

(A) TLR2-induced IL-12p40 production of microglia and BM-derived macrophages exposed 

to indicated concentrations of SIM of four donors. The data is expressed relative to IL-12p40 

production in non-exposed cells stimulated with 100 ng Pam/ml (dotted line = 100%). 

(*p<0.05; student’s t-test). (B) Microglia and BM-derived macrophages of the same donors 

were exposed for 24h to different SIM concentrations ranging from 0.1-10 µM. Cells were 

fixed and stained with hematoxylin as described in material and methods section. Original 

magnifications 20x. (C) Relative HMG-CoA reductase, SQS, FTase and GGTase mRNA 

levels in BM-derived macrophages expressed relative to the expression levels in microglia. 

mRNA levels were standardized to GAPDH mRNA expression levels (*p<0.01; student’s t-

test). 
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DISCUSSION 

 

In this study, we demonstrate that exposure of primary adult rhesus monkey 

microglia to statins amplifies their cytokine responses to TLR2, 3, 4, and 8-

mediated activation. The strongest and most consistent effects were found for 

MyD88-dependent TLR-induced IL-1β, IL-12 and TNFα. Our results are in line 

with recent studies describing that statins enhance TLR-induced IL-6, IL-12 and 

TNFα production in macrophages, dendritic cells and astrocytes [17-19]. By 

contrast, earlier studies primarily of human monocytes have described that 

statins inhibit TLR-induced cytokine responses [2, 13-15, 25]. More 

specifically, in neonatal rat microglia and the human CHME-3 microglial cell 

line exposure to ATOR, but not to SIM, inhibited LPS-induced IL-6 production 

[25]. These discrepancies might be attributable to the use of different types of 

statins, different species and/or cell types used in various studies. The highly 

comparable effects of three different types of statins (SIM, LOVA and ATOR; 

Fig 1A) in our study do not support the idea that the use of different types of 

statins would underlie discrepant findings. The differences between microglia 

and BM-derived macrophages of the same donors (Fig. 5) are more in line with 

the notion that responses to statins are cell type-specific. It is noteworthy that 

studies that describe inhibitory effects of statins on TLR-induced cytokine 

responses were performed in relatively undifferentiated cells as monocytes or 

neonatal cells, whereas studies using more differentiated cells or glia cells 

derived from adult donors report that statins enhance TLR-induced cytokine 

responses. 

Exposure to SIM amplified TLR-induced cytokine protein as well as mRNA 

levels and primarily affected SAPK/JNK and p38 pathways. Although we can 

not rule out statin-mediated effects on other intracellular signaling cascades or 

transcription factors that were not measured in this study, our data suggests that 

SIM affects AP-1 rather than NF-κB. Whether the increased phosphorylation 

levels of SAPK/JNK and p38 are sufficient to account for the total extent of the 

increases measured remains to be established. Notably, even in the absence of 

TLR-mediated signaling SIM exposure increased IL-12p40- and TNFα-

encoding mRNA transcription levels as well as basal phosphorylation levels of 

SAPK/JNK and p38 (Fig. 3A-C). Therefore, exposure to statins might affect 

inhibitory or negative feedback mechanisms rather than alter the strength or 

kinetics of TLR-induced responses directly. This idea is also supported by 

reports that statins inhibit LPS-induced c-Fos expression, thereby relieving the 

inhibitory effect of c-Fos on the IL-12 promoter, and by reports that statins 

inhibit the negative feedback of TLR4 signaling by interference with the 

geranylation of Rho proteins [17, 18, 28, 29]. 

The effect of SIM in microglia as well as in BM-derived macrophages (data not 

shown) appears to be mediated primarily by the inhibition of cholesterol 

biosynthesis. This is different from what has recently been reported for 

astrocytes where inhibition of isoprenylation was mainly responsible for the 

effects of statin on TLR4-induced IL-1β, IL-6 and TNFα responses [18]. 

However, a possible role for the cholesterol pathway was not addressed in that 

study. Apart from the possibility that statin-mediated effects on TLR signaling 

might indeed be mechanistically different between astrocytes and microglia, 

effects found by using specific inhibitors for FFP and GGPP do not necessarily 

rule out a role for cholesterol. Taken together, the results from the specific 

inhibitor and rescue experiments demonstrate a central role for statin-induced 

cholesterol deprivation in the increase of IL-12p40 and TNFα protein levels and 

suggest that statin-induced isoprenylation plays a more modest role in the 

modulation of these cytokines in microglia. 

Our results support the hypothesis that the increased sensitivity of microglia to 

the effects of statins as compared to BM-derived macrophages was due to lower 

intrinsic expression levels of HMG-CoA reductase. It is important to note that 

both in BM-derived macrophages as well as in microglia, statin-induced effects 
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increases measured remains to be established. Notably, even in the absence of 

TLR-mediated signaling SIM exposure increased IL-12p40- and TNFα-

encoding mRNA transcription levels as well as basal phosphorylation levels of 

SAPK/JNK and p38 (Fig. 3A-C). Therefore, exposure to statins might affect 

inhibitory or negative feedback mechanisms rather than alter the strength or 

kinetics of TLR-induced responses directly. This idea is also supported by 

reports that statins inhibit LPS-induced c-Fos expression, thereby relieving the 

inhibitory effect of c-Fos on the IL-12 promoter, and by reports that statins 

inhibit the negative feedback of TLR4 signaling by interference with the 

geranylation of Rho proteins [17, 18, 28, 29]. 

The effect of SIM in microglia as well as in BM-derived macrophages (data not 

shown) appears to be mediated primarily by the inhibition of cholesterol 

biosynthesis. This is different from what has recently been reported for 

astrocytes where inhibition of isoprenylation was mainly responsible for the 

effects of statin on TLR4-induced IL-1β, IL-6 and TNFα responses [18]. 

However, a possible role for the cholesterol pathway was not addressed in that 

study. Apart from the possibility that statin-mediated effects on TLR signaling 

might indeed be mechanistically different between astrocytes and microglia, 

effects found by using specific inhibitors for FFP and GGPP do not necessarily 

rule out a role for cholesterol. Taken together, the results from the specific 

inhibitor and rescue experiments demonstrate a central role for statin-induced 

cholesterol deprivation in the increase of IL-12p40 and TNFα protein levels and 

suggest that statin-induced isoprenylation plays a more modest role in the 

modulation of these cytokines in microglia. 

Our results support the hypothesis that the increased sensitivity of microglia to 

the effects of statins as compared to BM-derived macrophages was due to lower 

intrinsic expression levels of HMG-CoA reductase. It is important to note that 

both in BM-derived macrophages as well as in microglia, statin-induced effects 
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were mainly attributable to the inhibition of intracellular cholesterol levels and 

thereby mechanistically comparable. Whether measuring intrinsic HMG-CoA 

reductase expression levels could predict cellular sensitivity to statin-mediated 

effects in cells where statin-induced effects are mediated by inhibition of 

intracellular isoprenylation needs further analysis. 

Statins have been proposed as supplementary therapy in different inflammatory 

disorders, including diseases of the CNS like Alzheimer’s disease and MS [3, 

28, 30-32]. Encouraging results from studies on the effect of statins in the 

experimental animal models for MS have instigated the evaluation of statins as 

(co)therapy in MS [3, 30, 31, 33]. Although initial studies have indicated that 

statins are safe for use in MS [34-37], the effects on the disease course are still 

unclear. Preliminary studies have reported positive effects of statins in relapsing 

remitting (RR)MS when administered as monotherapy, as well as cotherapy in 

combination with IFN-β [34, 35, 37]. By contrast, the use of high doses of 

ATOR in combination with IFN-β has been shown to negatively influence 

disease course in RRMS patients, resulting in new and enhanced lesions [38]. In 

addition, statins have been described to negatively affect target cells of the CNS 

such as oligodendrocytes resulting in impaired remyelination [39, 40]. Whereas 

our study predicts that statins might exacerbate acute inflammatory reactions in 

microglia triggered by TLR signaling, it is difficult to speculate on the effects of 

statins during chronic inflammatory conditions. Chronic inflammatory 

conditions in the CNS trigger a variety of inhibitory mechanisms (amongst 

which the downregulation of signaling or activating receptors and the 

upregulation of inhibitory receptors) [26, 41], and exposure to statins has also 

been reported to affect some of these inhibitory pathways [13, 18]. Studies in 

animal models might therefore prove more useful to analyze the netto effects 

during chronic inflammatory conditions. Regarding MS and other 

neuroinflammatory diseases, well-controlled studies will delineate if and which 

patients benefit from statin treatment, and if statins can safely be prescribed for 

prolonged periods of time to MS patients. 

In conclusion, this study reports that TLR-induced pro-inflammatory cytokine 

responses of primary adult rhesus monkey microglia are amplified by statins. 

Our results warrant caution when considering the use of statins in CNS disorders 

with an inflammatory component. In particular in diseases such as MS, where 

the association between relapse rate and episodes of respiratory infection 

suggests that amplification of innate immune responses can negatively influence 

the disease course.  
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SUPPLEMENTARY FIGURES AND TABLES 

 

Supplementary figure 1. Scheme of the mevalonate pathway 

Zaragozic Acid A (Zara) ia a potent inhibitor of squalene synthase which results in inhibiting 

cholesterol biosynthesis but not isoprenylation. Specific inhibitors of the isoprenylation 

pathway included GGTI-2133: inhibitor of geranylgeranyltransferase, and FTI-277: inhibitor 

of farnesyltransferase.   

 

 

 

 

 

 

 

 

 

 

Donor 

number 

Gender 

(male/ 

female) 

Age 

(years) 

Weight 

(kg) 

Origin 

8765 F 22 9,5 Mix 

9222 F 17 9,3 India 

9245 F 17 5,6 Mix 

95024 F 14 7,2 India 

95067 F 14 8,1 India 

96082 F 13 7,2 India 

97025 F 12 7,5 India 

BB119 M 12 7,9 Mix 

BB132 M 12 17,2 Mix 

BB159 F 9 6,3 Unknown 

C028 F 15 9 China 

C058 M 15 7,1 China 

C096 F 15 7,5 China 

C126 F 10 6,5 China 

C145 M 13 7,9 China 

C156 F 15 7,7 China 

N90 F 15 8,2 China 

R00037 M 9 11,6 India 

Ri0303179 M 13 11,2 China 

Ri039 M 13 9,3 India 

Ri120 M 14 9,2 India 

Ri12004 F 9 5,3 India 

Ri317 M 11 18,4 India 

Ri402 F 11 5,8 India 

Ri432 F 12 6,7 India 

Ri5043 M 11 11,3 Mix 

Ri6012 F 10 5,1 Unknown 

Ri8030 F 11 7,6 Mix 

Ri9270 F 8 4,8 Unknown 

Ri9300 F 9 5,6 Unknown 

Ri951101 M 15 10,1 China 

Ri9807341 M 12 12,0 China 

 

Supplementary Table 1. Donor specification

Chapter 6

200



SUPPLEMENTARY FIGURES AND TABLES 

 

Supplementary figure 1. Scheme of the mevalonate pathway 

Zaragozic Acid A (Zara) ia a potent inhibitor of squalene synthase which results in inhibiting 

cholesterol biosynthesis but not isoprenylation. Specific inhibitors of the isoprenylation 

pathway included GGTI-2133: inhibitor of geranylgeranyltransferase, and FTI-277: inhibitor 

of farnesyltransferase.   

 

 

 

 

 

 

 

 

 

 

Donor 

number 

Gender 

(male/ 

female) 

Age 

(years) 

Weight 

(kg) 

Origin 

8765 F 22 9,5 Mix 

9222 F 17 9,3 India 

9245 F 17 5,6 Mix 

95024 F 14 7,2 India 

95067 F 14 8,1 India 

96082 F 13 7,2 India 

97025 F 12 7,5 India 

BB119 M 12 7,9 Mix 

BB132 M 12 17,2 Mix 

BB159 F 9 6,3 Unknown 

C028 F 15 9 China 

C058 M 15 7,1 China 

C096 F 15 7,5 China 

C126 F 10 6,5 China 

C145 M 13 7,9 China 

C156 F 15 7,7 China 

N90 F 15 8,2 China 

R00037 M 9 11,6 India 

Ri0303179 M 13 11,2 China 

Ri039 M 13 9,3 India 

Ri120 M 14 9,2 India 

Ri12004 F 9 5,3 India 

Ri317 M 11 18,4 India 

Ri402 F 11 5,8 India 

Ri432 F 12 6,7 India 

Ri5043 M 11 11,3 Mix 

Ri6012 F 10 5,1 Unknown 

Ri8030 F 11 7,6 Mix 

Ri9270 F 8 4,8 Unknown 

Ri9300 F 9 5,6 Unknown 

Ri951101 M 15 10,1 China 

Ri9807341 M 12 12,0 China 

 

Supplementary Table 1. Donor specification

Statins amplify microglial responses

201

6



 

Supplementary Table 2A. TLR2-induced cytokine/chemokine and growth factor levels 

in microglia from different donors. 

Data are presented in pg/ml in microglia exposed for 24h to 1 µM simvastatin, and stimulated 

with 100 ng Pam/ml (TLR2) for 16h, as measured by Luminex. b.d: below detection limits. 

 

 

 

 

 

 

Donor: 96057 94025 

 (-) SIM Pam SIM+Pam (-) SIM Pam SIM+Pam 

IL-12p40 180 110 761 1871 55 82 806 4079 

TNFα b.d. b.d. 172 302 b.d. b.d. 383 687 

IL-1β b.d. b.d. 50 175 b.d. b.d. 7 45 

IL-1-RA 12 6 37 53 100 110 136 130 

IL-6 521 291 961 1898 66 108 2407 25721 

IL-8 662 775 6771 13938 11749 15556 17415 17855 

MIP1α 478 786 2688 4536 b.d. 41 2716 6814 

MIP1β 82 37 434 1426 41 292 3847 9700 

GMCSF b.d. b.d. 7 56 b.d. 1 6 61 

GCSF b.d. b.d. 12 37 b.d. b.d. b.d. b.d. 

VEGF 100 163 164 175 b.d. b.d. 95 211 

Donor: N90    C156    

 (-) SIM Pam SIM+Pam (-) SIM Pam SIM+Pam 

IL-12p40 b.d. b.d. 195 778 b.d. b.d. 86 413 

TNFα b.d. b.d. 4026 11259 b.d. b.d. b.d. b.d. 

IL-1β b.d. b.d. 242 201 b.d. b.d. 159 183 

IL-1-RA 160 65 122 93 61 53 170 108 

IL-6 753 254 6385 34244 371 341 4899 23105 

IL-8 1993 2377 17457 17415 7066 8765 17569 17446 

MIP1α 441 2318 7283 13401 302 2738 7652 14519 

MIP1β 101 455 9976 12670 494 2021 14730 14251 

GMCSF b.d. b.d. 650 1843 b.d. b.d. 991 1858 

GCSF b.d. b.d. 823 879 1 b.d. 1216 968 

VEGF b.d. b.d. 274 376 100 b.d. 313 375 

 

Supplementary Table 2B. TLR2, 3, 4 and 8-induced cytokine/chemokine and growth 

factor levels in microglia from donor N90. 

Data are presented in pg/ml in microglia exposed for 24h to 1 µM simvastatin, and stimulated 

with 100 ng Pam/ml (TLR2), 20 µg Poly(I:C)/ml (TLR3), 500 ng ULPS/ml (TLR4) or 1 µg 

CL075/ml (TLR8) for 16h, as measured by Luminex. b.d: below detection limits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (-) TLR2 TLR3 TLR4 TLR8 

 (-) +SIM (-) +SIM (-) +SIM (-) +SIM (-) +SIM 

IL-12p40  b.d. b.d. 195 778 233 195 1816  2778  1022 6779  

TNFα b.d. b.d. 4026 11259 911 1044 16421  82105 24132  138772  

IL-1β  b.d. b.d. 242  201 38 151 251  1439  392  2391 

IL-1-RA  160 65 122 93 1330 378 925  1327 152  499  

IL-6  753 254 6385 34244 1498 2364  35232  29755  20209  45433 

IL-8  1993 2377 17457 17415 11655 10051 45990  40249  17509 17613 

MIP1α  441 2318 7283 13401 5442 5251 10816 11550  12512  14444  

MIP1β  101 455 9976 12670 5520 4722  9028 9960 8739  18958  

GMCSF  b.d. b.d. 650 1843 b.d. b.d. 657 409 3687  3999  

GCSF  b.d. b.d. 823 879 b.d. b.d. 1683 841 4896  4799  

VEGF  b.d. b.d. 274 376 b.d. b.d. 275 376  553  620  
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Microglia are the resident macrophages of the central nervous system (CNS). 

Like other tissue macrophages, they have many different functions under 

physiological as well as pathological conditions [1-5]. Microglia can contribute 

to the initiation, progression and resolution of disease processes and microglia 

activation is a common hallmark of CNS diseases. Therefore, modulation of 

microglial activation has potential as a therapeutic strategy. The research 

presented in this thesis focuses on microglia activation by receptors of the innate 

immune system known as Toll-like receptors (TLR). TLR-mediated activation 

can be caused by cellular encounters with microbial ligands (pathogen-

associated molecular patterns) as well as by encounters with damaged cell-

derived ligands (danger-associated molecular patterns). This broad array of 

ligands renders it likely that TLR-mediated microglial activation has relevance 

to various situations where CNS homeostasis is disturbed. 

Over the last years, new experimental data has radically changed our view on 

microglia. It has only recently been discovered that microglia develop early 

during embryogenesis from immature yolk sac progenitors and represent an 

ontogenically distinct cell population [6-8]. In contrast to most other tissue 

macrophages, microglia remain isolated for the entire life span of the organism 

without any significant input from circulating blood cells due to their capacity of 

self-renewal and their longevity. This has re-emphasized the necessity to study 

the fundamental properties of adult microglia and their differences to other 

myeloid cells and macrophages [9-12]. Interestingly, such differences are 

becoming increasingly apparent in different studies and models of disease [13-

15], and also in our studies (chapters 2, 3 and 6). 

For the research presented in this thesis, we used primary microglia cultures 

derived from healthy adult rhesus monkeys as a model for adult human 

microglia. As described in more detail in the introduction of this thesis, this has 

obvious advantages in terms of genetic and donor age similarities over the use of 

microglia derived from embryonic, neonatal or adult in bred rodents. An 

advantage over the use of adult human microglia is the total control over ante 

mortem (disease history, process of dying) and post mortem (post mortem time) 

conditions. In addition, the simultaneous availability of other tissue material 

than CNS renders it possible to compare different types of primary macrophages 

with each other while still working on an out bred background.  

However, our 2D mono cell culture model also has important limitations 

relating to the absence of other cell types in culture, the loss of 3D tissue 

architecture and the loss of CNS environmental cues such as myelin. 

Interpretation and extrapolation of results obtained in our system should 

therefore be done with caution. In addition, due to the short life span of our 

primary in vitro cultures, we are continuously dependent on the availability of 

new brain tissue from which we isolate microglia. As part of the active 

alternatives program within the Biomedical Primate Research Centre (BPRC) 

aimed at replacement, reduction and refinement of animal experiments, we use 

brain tissue that comes available when rhesus monkeys are euthanized e.g. at the 

end of other experiments. As no monkeys are sacrificed for the exclusive 

purpose of initiating primary cell cultures, this can result in irregular 

availabilities of donor material. 

 

The research presented in this thesis contributes to our fundamental knowledge 

of microglia activation. We gained insight into the modulation of TLR-mediated 

responses by adenosine receptors (chapter 4 and chapter 5), as well as by anti-

inflammatory drugs such as statins (chapter 6). Noteworthy, most of the findings 

in this thesis could not have been uncovered using rodent model systems. Much 

in line with a recent review by Smith et al. [11] on the differences in basic 

properties of rodent and human microglia, are the differences in TLR expression 

and functionality of rodent and rhesus microglia (Table 1), the differences in the 

functional effects of adenosine receptor 3-mediated signaling in rodents 

compared to rhesus monkey and humans (chapter 5, [16-18]), as well as the 
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failure, in contrast to rodent microglia, of adult rhesus monkey and human 

microglia to differentiate into dendritic cells (chapter 3, [19]). Also noteworthy, 

several of our observations expose differences between microglia and bone 

marrow-derived or blood-derived macrophages (chapter 2, 3 and 6), 

demonstrating that the ability to isolate different cell types from the same donor 

is indeed an asset. 

 

In conclusion, results from our research may hopefully aid the development of 

new therapeutic strategies. As stated above, it should be kept in mind that all our 

results were generated in in vitro systems, and it remains to be demonstrated 

how well this can be translated or extrapolated to the in vivo situation. However, 

one of the missions of the BPRC as a knowledge institute is to perform 

translational research. In this final chapter, I will therefore discuss some of our 

findings in the context of human CNS diseases for which they might have 

relevance as well as suggest experimental approaches to questions that are still 

open. 

 

 

 

 

 

 

 

 

 

 

 

 

1. EVOKING TLR-MEDIATED ACTIVATION OF GLIOMA 

INFILTRATING MICROGLIA 

 

A therapeutic strategy currently under evaluation in clinical trials is the use of 

TLR ligands to activate glioma-infiltrating microglia (GIM) to trigger adaptive 

immune responses directed against the tumor [20-26]. This strategy was 

developed after studies in different mouse glioma models demonstrated that the 

intracranial injection of the TLR9 agonist CpG elicited potent anti-tumor effects 

in a microglia dependent way [22, 24-27]. Two clinical trials evaluating the 

safety profile of CpG oligodeoxynucleotides in humans were performed, which 

showed some response in the absence of severe adverse effects [20, 21]. With 

regard to this therapeutic approach, several findings in this thesis may be 

relevant pertaining to the choice of TLR ligand and to the possible use of co-

therapy to alleviate glioma-induced suppressive mechanisms on infiltrating 

microglia. 

In chapter 2, we characterized the TLR expression profile and the TLR-induced 

responses of rhesus monkey microglia. Whereas our results were in line with 

what has been described for human microglia, there are several important 

differences to rodent microglia (Table 1) [28-31]. Importantly, TLR9 expression 

could not be detected in microglia derived from either adult rhesus monkeys or 

adult human donors [30]. Although the induced expression of TLR9 has been 

reported on human microglia during inflammatory conditions [30, 32, 33], it is 

as yet unclear whether TLR9 expression is also induced on glioma-infiltrating 

microglia (GIM). One study has recently measured TLR9 mRNA expression 

levels in human glioblastoma samples by qPCR [25]. This study reported 

variable TLR9 mRNA expression levels in glioblastoma samples, and although 

TLR9 staining co-localized with CD68+ glioma-infiltrating cells, and not with 

CD20+ cells or glioma cells themselves, TLR9 was not homogenously expressed 

within the CD68+ population. As CD68 expression is not specific for microglia 
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and is also found on macrophages, this staining pattern suggests that either 

microglia or macrophages express TLR9, or that expression is induced only in a 

subset of either population. In addition, it remains to be confirmed whether these 

cells are functionally responsive to TLR9 ligands. Studies in mice have also 

shown survival benefit of intratumoral injection of TLR2, TLR7/8 ligands, but 

not of TLR3 or TLR4 ligands [22]. Taking into account that rhesus monkey 

microglia were particularly responsive to TLR8 ligands (chapter 2), compounds 

that target TLR8 might be more interesting candidates for clinical evaluation in 

humans than TLR9 ligands. 

 

In chapter 3, we describe that IL4-exposed microglia are broadly impaired in 

their capacity to respond to TLR-induced signaling. At the same time they are 

characterized by an enhanced capacity to induce the proliferation of T cells with 

a regulatory signature (CD4+Foxp3+CD25+). This phenotype is reminiscent of 

what has been described for human GIM and is in line with the current idea that 

the glioma microenvironment has general immunosuppressive effects on 

microglia. It has been described that CD4+Foxp3+CD25+ T cells gradually 

accumulate in the glioma tumor mass during growth [23, 34, 35], although it is 

currently unknown which antigen-presenting cells are involved [34, 35]. In 

addition, despite normal expression levels of TLR2-4 on human GIM, there is 

no evidence yet of in situ TLR-mediated activation of GIM [34, 36, 37]. IL4 is 

one of the possible soluble mediators to play a role in this process as underlined 

by studies showing that gliomablastoma multiforme (GBM) risk and outcome 

are altered by polymorphisms in IL4 receptor α (IL4Rα) and IL4Rα 

downstream transcription factor (signal transducer and activator of transcription-

6 (STAT6)) gene loci [38-41]. However, it should be kept in mind that STAT6 

activation can also be induced by other soluble mediators [37, 42, 43]. 

Our findings on the broad suppressive effects of IL4 on TLR-induced responses 

in microglia imply that the therapeutic strategy to trigger microglial TLR 

responses in gliomas might benefit from inhibition of IL4R-mediated signaling 

prior to TLR ligand exposure. In chapter 3 we show that signaling via IL4 type 2 

receptors was important to render microglia non-responsive to TLR-induced 

cytokine production. Common signaling pathways induced by IL4 and IL13 via 

IL4 type 2 receptors involve the activation of STAT3, STAT6 and 

phosphatidylinositol 3-kinase (PI3K) [44, 45]. Compounds that antagonize the 

activation of these pathways may have potential to rescue the ability of GIM to 

respond to TLR-mediated stimuli. 

 

 

 

 

Human Rhesus 

monkey 

Mice 

TLR1 + + + 

TLR2 + + + 

TLR3 + + + 

TLR4 + + + 

TLR5 + + + 

TLR6 + + + 
TLR7 - - + 

TLR8* + + - 

TLR9** - - + 

TLR10*** + - - 

 

Table 1. Expression of functional TLR in microglia from different species  

(adapted from [31]) 

 

* Whereas TLR8 is functional in human and rhesus monkeys, TLR8 is not functional in mice 

[46-48]. Murine TLR8 contains a five amino acid deletion in the ectodomain required for 

detection of certain ligands [49]. It has been suggested that murine TLR8 is functional in 

response to some ligands, including vaccinia virus DNA and phosphothiorate oligonucleotides 

[50]. ** TLR9 expression and functionality can be induced in human microglia during 

inflammatory conditions [30, 32, 33]. *** TLR10 expression in general has been described 

for humans but not for mice. However, no ligand has been identified for TLR10 yet, and its 

functionality in microglia can not be verified [51]. 
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Future research 

To optimize the strategy where TLR ligands are used to trigger anti-tumor 

responses via GIM in humans, it would be relevant to establish TLR8 expression 

levels and functionality in human GIM directly. In addition, it would be 

interesting to study the dynamics of IL4 and IL13 expression in different types 

and/or stages of glioma. For some cytokines this has already been done with  

interesting results. GMCSF levels are reportedly elevated in higher-grade 

tumors [52, 53]. Interestingly, GMCSF induces the expression of IL4Rα in 

glioma-infiltrating myeloid cells including microglia [52]. Further investigations 

into the intracellular pathways that are crucial for the IL4-induced impairment of 

TLR-induced responses in microglia could lead to potential targets for co-

therapy. In chapter 3, we propose that IL4Rα-induced signaling via amongst 

others the PI3K pathway may underlie the observed inhibition of NF-κB DNA 

binding. Interestingly, in approximately 15% of GBM patients PI3K plays a 

central role in cancer growth and progression [54]. Another 40% of GBM 

patients lack the negative regulator of the PI3K pathway known as phosphatase 

and tensin homolog (PTEN), and PI3K pathway activation as well as PTEN 

inactivation indicate poor prognostic outcome in many cancers. There has been 

a tremendous effort to develop PI3K pathway inhibitors for the treatment of 

various cancers, which showed some activity in various tumor types when used 

as monotherapy [54]. If IL4-induced signaling via PI3K also plays a role in the 

immunosuppressed phenotype of GIM, PI3K inhibitors might have both direct 

as well as indirect effects in limiting tumor growth and survival. 

Finally, it is likely that different gliomas secrete different factors that influence 

their microenvironment and GIM. With the rise of personalized medicine, it may 

one day be possible to type different gliomas for the expression of such factors. 

This may aid and refine attempts to restore normal innate immune responses in 

GIM as co-therapy.  

 

2. TARGETING ADENOSINE RECEPTORS IN CNS DISEASE  

 

Two chapters of this thesis are devoted to the modulation of TLR-induced 

responses by adenosine receptor (ADORA)-mediated signaling. The cellular 

response to extracellular adenosine is orchestrated by the expression pattern of 

four different ADORA subtypes: A1, A2a, A2b and A3, which are characterized 

by their capacity to either increase or decrease intracellular cAMP levels [55]. 

A1 and A3 receptors (A1R and A3R) are coupled to inhibitory G protein signaling 

(Gi) and mediate biological effects opposite to A2a and A2b receptors (A2AR and 

A2BR), which are coupled to stimulatory G protein signaling (Gs). We have 

demonstrated that A2AR-mediated signaling inhibits TLR-induced responses of 

microglia, and do this most potently in the absence of A3R-expression (chapter 

4). In addition, we show that A3R-mediated signaling plays a central role in the 

initiation of TLR-induced IL12 production by different APCs of myeloid origin 

including microglia (chapter 5). Whether these findings can be exploited 

therapeutically in CNS diseases depends on numerous factors including the 

etiology and progression phase of the disease and the role of microglia in these, 

which in most cases is still not well established. 

As I will discuss below there is a wealth of evidence demonstrating biological 

effects of ADORA-targeting strategies in CNS diseases. However, there are also 

a number of challenges when developing these strategies. Intracellular and 

extracellular adenosine is constitutively present in any given tissue and 

ADORAs are widely distributed throughout the body where they are implicated 

in a broad spectrum of physiological and pathophysiological functions, giving 

rise to concerns over adverse effects.  

 

Therapeutic potential 

There is ample evidence supporting the potential of A2AR-targeting strategies in 
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Future research 
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effects in CNS diseases associated with inflammation and/or hypoxia, whereas 

A2AR-mediated signaling reportedly has harmful effects in diseases that are 

associated with post-ischemic conditions. However, there are many discrepant 

findings between different studies, suggesting that the therapeutic outcome of 

treatment with A2AR-targeting compounds is strongly dependent on the timing 

of agonist/antagonist administration. These discrepancies are most probably a 

reflection of the multitude of cellular functions that are modulated by A2AR-

mediated signaling in a given cell, the sensitivity of A2AR-mediated signaling to 

other extracellular factors, and by the various cell types that are sensitive to 

A2AR-mediated signaling participating at different stages of disease. In 

microglia, A2AR-mediated signaling can amongst others affect migration, 

phagocytosis as well as TLR-induced cytokine responses [56, 57] (chapter 4). In 

addition, the effect of A2AR-mediated signaling is sensitive to local glutamate 

levels [58]. On top of this, A2AR are expressed in the CNS by various immune 

and non-immune cells. The complexity resulting from this widespread 

expression is well documented in experimental autoimmune encephalomyelitis 

(EAE), where A2AR-mediated signaling in non-immune cells of the CNS plays a 

role in lymphocyte recruitment to the CNS and is associated with efficient EAE 

development, while A2AR-mediated signaling in immune cells is essential for 

limiting the severity of the inflammatory response [59-61]. 

 

In contrast to the ample evidence demonstrating the potential of A2AR-targeting 

strategies, evidence supporting the potential of A3R-targeting strategies in 

diseases of the CNS is scarce (Table 2) and there is no reported evidence on the 

effects of A3R-targeting strategies in immune-mediated CNS diseases. Our data 

show that A3R-mediated signaling contributes to the initiation phase of TLR-

mediated activation and that A3R expression is rapidly down regulated following 

cellular activation (chapter 4 and 5), implying that A3R-mediated signaling 

needs to be targeted prior to or at the same time of the activating stimulus. This 

limits the therapeutic window of A3R-agonist/antagonists. In addition, 

inconsistent and even opposing functional effects have been reported of A3R-

mediated signaling depending on the species used (chapter 5, [16]). Sequence 

comparison between rodent and human A3R has revealed significant differences 

with 70-75% gene sequence homology and 85-87% protein sequence homology 

[17, 101], and there is evidence that G-protein coupling of A3R is also different 

between rodents and humans [18]. These differences impact on the validity of  

rodent models, including genetically manipulated mice models, in the 

assessment of A3R functions and possible adverse effects. NHP or humanized 

mice might alternatively be considered as models with better translational value. 

 

CNS delivery 

If we aim to target ADORA-mediated signaling in microglia, such compounds 

should have the ability to cross the blood-brain barrier (BBB). Interestingly, 

ADORA-signaling itself is known to modulate BBB permeability in vitro and in 

vivo. Activating A2AR in brain endothelial cells can temporarily increase the 

intercellular spaces between the brain capillary endothelial cells [102], and this 

method is currently being developed to facilitate the entry of other drugs into the 

CNS. Next to this, several other techniques are being tested to safely enhance 

delivery of drugs into the CNS. Such strategies include the use of catheters that 

carry a drug directly into the brain, ultrasound pulses that push microbubbles 

through the BBB, compound-carrying nanoparticles that are small enough to 

pass through the BBB cellular membranes, and liposomes to which molecules 

are attached to improve passage of compounds across the BBB [103-105]. Most 

recently, the cell surface-associated protein transferrin that normally carries iron 

into the brain has been successfully exploited in mice and long tailed macaques 

(Macaca fascicularis) to carry an engineered antibody into the brain [106]. This 

method is currently being modified to transfer any number of antibodies or 

drugs across the BBB. Although several ADORA-targeting compounds are 
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A2AR 

agonist 
Effect Ref. 

SCI 

- Neuroprotective effect in early stages of SCI [62] 
- Reduced paralysis and apoptosis [63] 

- Improved motor function and neuronal viability [63, 64] 
- Reduced tissue damage, locomotor dysfunction and 

inflammation 
[65, 66] 

- Reduced neuronal apoptosis [67] 
- Reduced demyelination [68] 

 
- Reduced JNK and MAPK activation in oligodendrocytes in 

injured spinal cord 
[69] 

Stroke 

- Reduced morphologic, behavioral, cellular and cytokine 
changes induced by brain injury 

[58] 

- Neuroprotective role in acute experiments [70] 
- Neuro-detrimental role in chronic experiments [70] 

- Reduced kainate-induced excitotoxicity in the hippocampus [71, 72] 

PD - Reduced toxic effects in 6-OHDA lesioned rats [73] 

AD 
- Down-regulation of inflammatory responses [74-77] 

- Prevention of beta-amyloid-induced synaptotoxicity [78, 79] 

EAE 

- Early (preventive) treatment led to suppression of disease (p.c. [80]) 
- Late (therapeutic) treatment led to exacerbated EAE 

progression and more severe tissue destruction 
(p.c. [80]) 

- Improvement of motor function following single intrathecal 
A2AR agonist administration 

[81] 

Neuropathic 
pain 

- Reversed neuropathic pain for 4+ weeks (mechanical 
allodynia and thermal hyperalgesia) 

[81, 82] 

A2AR 

antagonist 
Effect Ref. 

SCI - Reduction of excessive release of neurotransmitters [83] 

Stroke 

- Aggravation of hypoxic/ischemic brain injury in neonatal 
mice 

[84] 

- Reduction in injury progression in mature mice [84] 
- Suppression of excessive glutamate and inflammatory 

cytokine levels 
[85] 

- Protection against both brain damage and neurological deficits [86, 87] 
- Reduction of cerebral ischemia/hypoxia [88-91] 

- Reduction in hippocampal injury and improves performance 
in Morris water maze 

[92] 

PD 

- Inhibition of levodopa-induced motor fluctuations [93] 
- Slows the onset of motor deficits and induces 
neurodegeneration and reduces neuroplasticity 

[94] 

- Reduction of the onset of akinesia [95, 96] 

AD 
- Prevention of amyloid-beta-peptide in and around cerebral 

blood vessels 
[58, 67] 

- Prevention of age-related pathologies such as AD [97] 

EAE 
- Protection from EAE and diminished lymphocyte infiltration 

into the CNS 
[59, 60] 

 

Table 2 Effect of A2AR and A3R-targeting compounds in CNS disease 

A3R 

agonist 
Effect Ref. 

Stroke 
-Potentiates the degree of CNS damage following cerebral 

ischemia (acute administration) 
[98] 

-Reduction of ischemic damage (chronic administration) [98-100] 

 

Table 2 (continued). Effect of A2AR and A3R-targeting compounds in CNS disease 

SCI: spinal cord injury, AD: alzheimer’s disease, PD: Parkinson’s disease, EAE: experimental 

autoimmune encephalitis, p.c.: personal communication 

 

 

small enough to cross the BBB directly, the described techniques broaden our 

choice of the type of compound that can be delivered into the CNS. 

 

Minimizing adverse effects 

There are a number of ways to target ADORA-mediated signaling during 

inflammatory conditions and even to microglia in particular. A very 

sophisticated way of targeting ADORA-mediated signaling during inflammatory 

conditions is via so called pro-drugs. These compounds are agonists of which 

the functionality depends on the specific cleavage by CD73, which is present on 

the cell surface of different immune cells including microglia. Such an agonist 

would thus be preferentially cleaved at sites of inflammation, where CD73 

expression levels are high, in order to provoke its functionality. In addition, 

there are several types of compounds that can specifically amplify or modulate 

existing ADORA-mediated responses. For example, allosteric enhancers for 

A2AR increase the responsiveness of A2AR to endogenous extracellular 

adenosine. Theoretically, such compounds would act where levels of 

extracellular adenosine are high, and should have little effect where levels are 

low. 

In chapter 4 we show that the inhibitory effect of A2AR-mediated signaling 

could be maximized by the simultaneous attenuation of A3R-mediated signaling, 

suggesting that a partial agonist that activates A2AR-mediated signaling and 
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simultaneously antagonizes A3R-mediated signaling would potentiate A2AR-

mediated anti-inflammatory effects. Interestingly, (2R,3R,4S,5R)-2-(6-amino-2-

[107]-9H-purin-9-yl)-5-(2-ethyl-2H-tetrazol-5-yl)tetrahydro-3,4-furandiol or 

“compound 30” was shown to be a potent A2AR-agonist whilst acting as an 

antagonist for the A3R [107, 108].  This compound has not been tested yet in 

CNS diseases. Finally, A2AR-mediated signaling activates different intracellular 

pathways via coupling to a broad variety of other GPRCs and signaling 

molecules. The ability of different A2AR agonists to activate multiple signaling 

pathways in unique combinations suggests that certain agonists may be used as 

“signaling pathway-biased agonists” [109, 110]. 

 

Future research 

As discussed, the therapeutic targeting of ADORAs appears to be a risky 

strategy beforehand. The widespread distribution of ADORA expression as well 

as the multitude of functions assigned to ADORA-mediated signaling renders it 

likely that unexpected or adverse effects will play a role and also makes it 

difficult to predict adverse effects from in vitro assays. However, many in vivo 

studies using ADORA agonists as well as antagonists have demonstrated that, in 

contrast to what would be expected, therapeutic targeting of ADORAs is 

possible with surprisingly little adverse effects.  

Our studies encourage the further evaluation of the use of A3R-antagonists to 

modulate innate immune responses. In vitro methodology can be used to assess 

BBB permeability, to design new classes of synthetic partial agonists and 

antagonists, to down select compounds with specific properties, and integrated 

test systems, like organs-on-a-chip, might in the near future be tested for their 

potential to predict in vivo adverse effects. However, future research into 

potential therapeutic applicability of A3R-targeting strategies would most 

probably necessitate in vivo experiments. Given the differences in sequence and 

GPCR-coupling, these should than be performed in relevant species for humans, 

i.e. rhesus macaques. Such tests should first be aimed at establishing biological 

relevance of targeting A3R in an innate immune response, e.g. in an adjuvant, by 

characterization of the evoked –adaptive- immune response. To avoid possible 

systemic adverse effects, topical, intradermal or subdermal application can be 

considered as a first strategy. 
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3. THE EFFECT OF STATINS ON INNATE IMMUNE RESPONSES OF 

MICROGLIA 

 

In the penultimate chapter of this thesis, we evaluated the effect of 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, more commonly 

known as statins, on the innate immune responses of microglia. In the section 

below, I will briefly describe the rationale behind the use of statins in MS and 

how our results may relate to potential adverse effects of statins. 

 

The use of statins in MS 

Statins are amongst the most frequently prescribed drugs worldwide for the 

treatment of dyslipidemia and as prevention against cardiovascular disease and 

stroke. Statins are inhibitors of the mevalonate pathway, which is responsible for 

the biosynthesis of cholesterol, as well as for the synthesis of isoprenoid 

intermediates that are involved in farnesylation and geranylation. By 

consequence, statins have pleiotropic effects next to their cholesterol-lowering 

abilities. Nevertheless, statins have a well-established safety profile, and are 

well-tolerated drugs with minimal adverse effects. 

Nearly 2 decades ago, it was proposed that statins had immunomodulatory 

effects by the authors of a study demonstrating that cardiac transplant patients 

treated with pravastatin had a decreased incidence of rejection episodes and 

decreased mortality, which did not correlate to cholesterol reduction [111]. 

Subsequently, other studies also reported on the immunoregulatory and anti-

inflammatory properties of statins, fueling the consideration of statins as 

(supplementary) treatment in MS and other neuroinflammatory CNS disorders 

[112-116]. In addition, the use of statins in murine EAE was associated with 

clinical improvement and reduced pathologic changes [113, 117, 118], and 

(open-label) studies initially showed beneficial effects of using statins in MS 

[119-121]. However, more recent clinical trials failed to show beneficial effects 

or reported about moderate effects only (table 3) [122-126]. A blinded study on 

atorvastatin (40 or 80 mg) as add-on therapy to interferon (IFN)β even found 

evidence for increased clinical activity and higher numbers of new lesions [127]. 

The reasons for these discrepancies are unclear yet but may be related to 

differences in types and doses of statins that were used and to variations in 

primary IFNβ treatment regimens. 

On a cellular level, the anti-inflammatory properties of statins that initially 

generated interest for their use in MS, include the modulation of expression 

levels of major histocompatibility complex class II and T cell adhesion 

molecules, the reduction of B cell and T cell chemokine receptor levels, and a 

reduction of natural killer cell activity [115, 128]. In addition, statins reportedly 

inhibit TLR-induced cytokine responses [129-133], primarily in monocytes. In 

microglia, statins reduced cell surface expression levels of MHC class II 

molecules and of other molecules involved in antigen presentation [134, 135]. 

Together, this suggests that statin exposure can modulate both adaptive and 

innate immune responses in different cell types with relevance for MS [113, 

129, 134-138].  

In chapter 6 of this thesis we demonstrate unanticipated effects of statins on 

innate immune responses of microglia. We found that exposure of microglia, but 

also of other macrophages, to different types of statins strongly amplified pro-

inflammatory cytokine responses induced by various TLR ligands. We also 

report that microglia were more sensitive than bone marrow-derived 

macrophages to the amplifying effects of statins, a result that was correlated 

with low intrinsic expression levels of HMG-CoA reductase, the enzyme that is 

inhibited by statins, in microglia. It might be interesting to expand this analysis 

to other cell types and to test the hypothesis if HMG-CoA reductase expression 

levels can predict the sensitivity to statin-mediated adverse effects. 

Although the physiological relevance of these findings needs to be further 

evaluated, these results may have identified potential adverse effects of statins. 
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generated interest for their use in MS, include the modulation of expression 

levels of major histocompatibility complex class II and T cell adhesion 

molecules, the reduction of B cell and T cell chemokine receptor levels, and a 

reduction of natural killer cell activity [115, 128]. In addition, statins reportedly 

inhibit TLR-induced cytokine responses [129-133], primarily in monocytes. In 

microglia, statins reduced cell surface expression levels of MHC class II 

molecules and of other molecules involved in antigen presentation [134, 135]. 

Together, this suggests that statin exposure can modulate both adaptive and 

innate immune responses in different cell types with relevance for MS [113, 

129, 134-138].  

In chapter 6 of this thesis we demonstrate unanticipated effects of statins on 

innate immune responses of microglia. We found that exposure of microglia, but 

also of other macrophages, to different types of statins strongly amplified pro-

inflammatory cytokine responses induced by various TLR ligands. We also 

report that microglia were more sensitive than bone marrow-derived 

macrophages to the amplifying effects of statins, a result that was correlated 

with low intrinsic expression levels of HMG-CoA reductase, the enzyme that is 

inhibited by statins, in microglia. It might be interesting to expand this analysis 

to other cell types and to test the hypothesis if HMG-CoA reductase expression 

levels can predict the sensitivity to statin-mediated adverse effects. 

Although the physiological relevance of these findings needs to be further 

evaluated, these results may have identified potential adverse effects of statins. 
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In addition, our results demonstrate cell type specific differences in sensitivity to 

such adverse effects. Our results warrant caution when considering the use of 

statins in CNS disorders with an inflammatory component. Also in diseases such 

as MS, where there is an association between relapse rate and episodes of 

infection of the upper respiratory tract [139-141], amplification of innate 

immune responses might negatively influence the disease course and might 

counterbalance or obscure potential beneficial effects. 

 

4. CONCLUDING REMARKS 

 

The research presented in this study has been performed at the Alternatives Unit 

of the BPRC. Research of our group focuses on the development of in vitro 

methodology that can be used to reduce, refine or replace in vivo animal 

experiments. In these final concluding remarks, I will briefly comment on the 

methodology used in this thesis. 

The results presented in this thesis emphasize the usefulness of primary cell 

cultures in identifying new targets to feed the pre-clinical research pipeline, in 

particular relating to the modulation of microglial function. In an effort to more 

closely mimic in vivo conditions, our group is currently developing new, more 

complex in vitro models, such as organotypic brain slice cultures. These models 

are expected to enhance the translational value of in vitro research further. 

Evidently, from an alternatives point of view, the development of such 

techniques that aim to bridge the gap between in vitro and in vivo is an 

important step. These methods can be used in pre-in vivo screening studies, 

where existing drugs and new compounds can be evaluated for their activity and 

working mechanism before in vivo experiments are performed. The 

implementation of such a pre-in vivo screening phase in our current model has 

already led to considerable reductions in specific studies of animal use in in vivo 

experiments in the recent past. 

Noteworthy, no animals are sacrificed solely for the initiation of primary cell 

cultures. The tissue used to initiate such cultures is often derived from animals 

at the end of their enrolment in other studies. The end of an in vivo experiment 

prompts the start of another in vitro experiment. Such a circular process not only 

contributes to reduction but also maximizes the amount of information that can 

be generated per animal, which is in concert with respectful and responsible use 

of animals in biomedical research. 

In conclusion, the studies in this thesis have resulted in several interesting leads 

for future development of human therapeutic strategies. It is my hope and 

expectation that the use of animal-derived materials will maximally aid such 

efforts. 
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Year Type of 

statin 

Daily 

dose 

Type of study Type 

of 

MS* 

Main conclusion Ref. 

2008 Atorvastatin 

alone or in 

combination 

with IFNβ 

80 mg Phase II open label 

baseline-to-

treatment trial 

RRMS MRI analysis 

indicate a possible 

beneficial effect of 

atorvastatin alone or 

in combination with 

IFNβ 

[125] 

2008 Atorvastatin 

in 

combination 

with IFNβ-

1a 

40 or 

80 mg 

Randomized 

double-blind 

controlled trial 

RRMS Both concentrations 

of atorvastatin 

resulted in increased 

MRI and clinical 

disease activity 

[127] 

2010 Atorvastatin 

in 

combination 

with IFNβ-

1a 

20 mg Longitudinal 

randomized 

controlled trial 

(ACTIVE trial) 

RRMS Atorvastatin may be 

beneficial as add-on 

therapy in poor 

responders to high-

dose IFNβ-1a alone 

[124] 

2010 Simvastatin 

in 

combination 

with IFNβ-

1a 

40 mg Double-blind 

randomized 

controlled trial 

RRMS Simvastatin addition 

may reduce the 

relapse rate 

compared to IFNβ-1a 

treatment alone 

[120] 

2011 Simvastatin 

in 

combination 

with IFNβ-

1a 

80 mg Placebo-controlled 

randomized phase 

4 trial 

(SIMCOMBIN 

trial) 

RRMS No beneficial effect 

of simvastatin as 

add-on therapy to 

IFNβ-1a 

[126] 

2012 Atorvastatin 

in 

combination 

with IFNβ-

1b 

40 mg Randomized 

controlled trial 

RRMS No beneficial effect 

of atorvastatin 

compared to IFNβ-

1b over a period of 

12 months 

[123] 

2014 Simvastatin 80 mg Randomized 

placebo-controlled 

phase 2 trial (MS-

STAT trial) 

SPMS Reduced progression 

of annualized brain 

atrophy over 2 years 

[122] 

 

Table 3. Effect of statin in MS trials. 

RRMS: relapsing-remitting MS, SPMS: secondary progressive MS 
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Microglia are known as the resident tissue macrophage of the central nervous 

system (CNS). They have important roles in the healthy CNS, as well as during 

pathogenic conditions. Microglia activation is a common hallmark in CNS 

disease and injury. During such conditions microglia are major players in 

ensuing innate and adaptive immune responses, and thereby contribute to the 

initiation, progression and resolution of disease processes. Therefore, the 

modulation of microglial activation has interesting potential as a therapeutic 

strategy. In this thesis we specifically studied the activation of microglia 

induced by innate immune receptors known as Toll-like receptors (TLR). The 

array of ligands that can be detected by TLR include microbial ligands 

(pathogen-associated molecular patterns) as well as ligands derived from tissue 

and cell-damage (danger-associated molecular patterns). It is therefore likely 

that TLR-mediated microglial activation has relevance to various situations 

where CNS homeostasis is disturbed.  
 

To study microglia activation via TLR, we used primary microglia cultures 

derived from rhesus monkeys (Macaca mulatta). At present, different 

experimental in vitro models are used to study the properties of microglia. The 

ultimate goal of these models is to mimic constitutive normal features and 

responses of healthy human microglia, or of microglia during or following 

human disease. However these in vitro models all have important limitations in 

modeling for such conditions, which amongst others relates to the species used 

(e.g. differences in innate immune responses, maturity of animals), or the 

condition of the tissue from which microglia are isolated such as ante mortem 

(disease history, process of dying) and post mortem (post mortem time) 

conditions. Advantages of our model include the close similarity of rhesus 

monkeys to humans and their out bred background. In addition, microglia 

cultures are initiated from material derived from adult, healthy donors where 

both pre as well as post mortem conditions are well controlled for. Importantly, 

no monkeys are sacrificed for the exclusive purpose of initiating primary cell 

cultures. We use brain tissue that comes available when rhesus monkeys are 

euthanized e.g. at the end of other experiments to isolate microglia. This 

procedure is part of the active alternatives program within the Biomedical 

Primate Research Centre (BPRC) aimed at replacement, reduction and 

refinement of animal experiments 

 

In chapter 2, we first established which TLR are expressed in the microglia in 

our model, and to which TLR-stimuli they are responsive. Additionally, we 

show that differentiation of microglia with brain endogenous growth factors 

already alters their responses to certain TLR, including TLR8-mediated 

activation, which suggest that such differentiation alters their innate responses to 

infectious stimuli such as ssRNA viruses. In chapter 3, we describe the effect of 

the anti-inflammatory cytokine interleukin (IL)4 in microglia. We show that 

TLR-induced cytokine production is broadly impaired in IL4-exposed microglia 

at the transcriptional level. Mechanistically, we show that this involves the 

repression of NF-κB-dependent transcription, and IL4 type 2-receptor signaling. 

Although, IL4 is well known for its anti-inflammatory effect in microglia, the 

association with such broad impaired TLR-responses is new and highly 

resembles responses observed in glioma-infiltrating microglia.  

 

The following two chapters are devoted to research into of the role of adenosine 

and adenosine receptors (ADORA) on TLR-mediated responses. Four ADORA-

subtypes exist that can either enhance (A2A and A2B receptors) or decrease (A1 or 

A3 receptors) intracellular cyclic AMP levels. In chapter 4, we demonstrate that 

the dynamic up regulation of the A2A-receptor (A2AR) subtype and down 

regulation of A3R expression sensitizes activated microglia to A2AR-mediated 

inhibition of TLR-responses. Mechanistically we show that this is mediated via 

the inhibition of TLR-induced NF-κB translocalization into the cell nucleus via 
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enhanced A2AR-mediated signaling. In chapter 5 we show that the production 

of IL12 in macrophages, DCs and microglia is dependent on A3R-mediated 

signaling. Mechanistically we show that A3R-mediated signaling induces 

STAT1 activation via phosphorylation at Tyr701. In this study we show for the 

first time that A3R-mediated signaling is required for the initiation of TLR-

induced IL12 production. Taken together, in these two studies we describe new 

mechanisms that play a role in the initiation and termination of microglia 

activation via ADORA, which may represent interesting targets in the 

modulation of microglia activation in CNS disease.  

 

Finally, in chapter 6, we evaluated the effect of statins on TLR-responses in 

microglia. Although these drugs are commonly used as cholesterol-lowering 

drugs, statins have also been described to have potent immunoregulatory and 

anti-inflammatory effects. Surprisingly, we show that the exposure of microglia 

to different statins amplifies their pro-inflammatory cytokine production 

induced by TLR. These results may have particular relevance for 

neuroinflammatory diseases such as multiple sclerosis (MS) where statins are 

currently being evaluated as supplementary therapy. 

 

In conclusion, the research presented in this thesis focuses on different subject 

relating to microglia activation via TLR. Our results contribute to the 

fundamental knowledge of microglia activation and TLR-responses in general. 

In the final chapter (chapter 7) I discuss how our results may translate to (new) 

therapeutic opportunities, and I suggest new experiments to aid this process.  
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In dit proefschrift staan de microglia centraal. Microglia zijn de macrofagen van 

het centrale zenuwstelsel (CZ) en zijn een belangrijk onderdeel van het 

afweersysteem van de hersenen. Microglia bevinden zich in het gehele CZ waar 

ze continu hun directe omgeving controleren op de aanwezigheid van 

lichaamsvreemde stoffen of weefsel schade. Microglia voeren een 

verscheidenheid aan functies uit die enerzijds homeostatische condities 

waarborgen en anderzijds een belangrijke rol vervullen gedurende pathologische 

en/of degeneratieve condities. Geactiveerde microglia zijn betrokken bij vrijwel 

alle aandoeningen en ziektes van de hersenen, waarbij nog niet altijd duidelijk is 

of ze nu goed of kwaad doen. 
 

Wereldwijd wordt veel onderzoek gedaan naar de rol van microglia in 

fysiologische en pathologische processen in het CZ. Er bestaan hiervoor 

verschillende in vitro modellen, meestal opgezet vanuit muizen of ratten, die 

trachten zo goed mogelijk de condities van humane volwassen hersenen na te 

bootsen. Al deze model systemen hebben hun eigen voordelen en beperkingen. 

In dit proefschrift hebben wij gebruik gemaakt van primaire microglia 

celkweken die geïsoleerd werden uit het hersen materiaal van de resus makaak 

(Macaca mulatta). Het gebruik van dit model heeft belangrijke voordelen, 

bijvoorbeeld ten opzichte van het gebruik van andere diersoorten zoals ratten en 

muizen om microglia kweken op te zetten. Zo bestaan er belangrijke 

fundamentele verschillen in het immuunsysteem van knaagdieren en de mens, 

met name in het aangeboren immuunsysteem. Maar ook de genetische 

achtergrond en volwassenheid van de dieren die in experimenten worden 

gebruikt zijn niet vergelijkbaar met de menselijke situatie, evenals het feit dat 

deze dieren onder pathogeenvrije condities worden gehuisvest. Microglia 

kunnen ook geïsoleerd worden uit hersen weefsel van mensen. Helaas is ook dit 

materiaal niet optimaal geschikt om onderzoek naar activatie van microglia te 

doen. Hersen materiaal van humane afkomst alleen tot beschikking voor 

wetenschappelijk onderzoek wanneer een persoon hiervoor toestemming geeft, 

bijvoorbeeld nadat een weefsel-biopt is genomen tijdens een operatie of na 

overlijden. Dit materiaal komt dus niet op reguliere basis beschikbaar, zeker dat 

van gezonde volwassenen niet. Ook komt dit materiaal meestal pas beschikbaar 

na een relatief lange periode na overlijden van een donor, een periode waarin 

allerlei degeneratie processen al aan het werk zijn op het weefsel. Met name 

vanwege de gevoeligheid van microglia voor schade en degeneratieve 

processen, en de rol die microglia eventueel zelf in deze processen spelen, zal 

deze periode van invloed zijn op de algemene conditie van de microglia die van 

dit materiaal afkomstig zijn.  

In ons model zijn er veel overeenkomsten met de menselijke situatie, zoals 

onder andere in genetische achtergrond en leeftijd van de dieren. Daarnaast 

hebben we controle over de condities waarin de dieren leven en verkrijgen wij 

hersen weefsel direct na overlijden van het dier. Benadrukkingswaardig is dat er 

in dit onderzoek geen dieren specifiek zijn ge-euthanaseerd voor het verkrijgen 

van hersen (en/of andere) weefsels. Dit materiaal komt op regelmatige basis 

beschikbaar onder andere van “restmateriaal” van dieren die worden geofferd in 

ander wetenschappelijk onderzoek en anders niet zou worden gebruikt. Deze 

methodiek is een voorbeeld van implementatie van de procedure tot 

vermindering, verfijning en vervanging van dierproeven binnen het BPRC.  

 

Microglia kunnen geactiveerd raken door de detectie van pathogenen (bacterien 

en virussen) en ook door bepaalde lichaamseigen stoffen die vrijkomen tijdens 

schade of ontsteking. Deze moleculen kunnen gedetecteerd worden door middel 

van verschillende eiwitten die zich op het oppervlak van de cel bevinden welke 

receptoren worden genoemd. Microglia brengen veel verschillende soorten 

receptoren tot expressie op hun oppervlak, waaronder ook Toll-like receptoren 

(TLR). Bij het herkennen van een pathogeen of schadecomponent initiëren TLR 

de activatie van het aangeboren immuunsysteem en vormen zij een cruciale 
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receptoren worden genoemd. Microglia brengen veel verschillende soorten 

receptoren tot expressie op hun oppervlak, waaronder ook Toll-like receptoren 

(TLR). Bij het herkennen van een pathogeen of schadecomponent initiëren TLR 

de activatie van het aangeboren immuunsysteem en vormen zij een cruciale 
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schakel naar het adaptieve immuunsysteem. In de mens zijn er 10 verschillende 

TLR geïdentificeerd, die elk op verschillende organismen en/of lichaamseigen 

stoffen kunnen reageren. In dit proefschrift heb ik TLR-gemedieerde activatie 

van microglia bestudeerd en onderzocht hoe deze activatie kan worden 

gemoduleerd. Samen met onze onderzoeksgroep heb ik aan 4 verschillende 

onderwerpen gewerkt, welke in 5 publicaties zijn verwerkt.  

 

In hoofdstuk 2, karakteriseren we in detail welke TLR tot expressie komen in 

de microglia in ons model, en of de expressie en functie van deze receptoren 

verandert onder invloed van verschillende hersen-eigen (endogene) 

groeifactoren. In dit hoofdstuk laten we zien dat microglia met name heel sterk 

op bepaalde typen virussen reageren, en dat het micromilieu waar microglia zich 

in bevinden tijdens homeostatische condities hun reacties al kan beïnvloeden. 

 

Hoofdstuk 3 beschrijft de functionele effecten van microglia die blootgesteld 

zijn aan interleukine (IL)4. IL4 is een cytokine dat onder bijzondere 

omstandigheden tot expressie komt in de hersenen, onder andere in hersen 

tumoren. We bevestigen in dit hoofdstuk dat microglia die zijn blootgesteld aan 

IL4 anti-inflammatoire eigenschappen verwerven. Hiernaast laten we voor het 

eerst zien dat deze cellen significant minder op TLR-gemedieerde activatie 

reageren vergeleken met andere microglia fenotypes van dezelfde donor, en we 

beschrijven in detail welk moleculair mechanisme hieraan onderliggend is. Onze 

studie heeft mogelijk relevantie voor de behandeling van hersen tumoren. Voor 

deze ziekte wordt namelijk een nieuwe behandelmethode onderzocht waarbij 

anti-tumor responsen van microglia worden hersteld via de toediening van TLR-

liganden.  

 

In hoofdstuk 4 en 5, beschrijven we in detail hoe adenosine via adenosine 

receptoren (ADORA) TLR-gemedieerde activatie van microglia beïnvloedt. Er 

zijn vier ADORA receptor subtypes: adenosine receptor 1 (A1R), 2A (A2AR), 2B 

(A2BR) en 3 (A3R). In hoofdstuk 4, beschrijven we hoe de dynamische regulatie 

van deze receptoren bepalend is voor TLR-gemedieerde activatie van microglia. 

Waar rustende cellen A3R en A2AR tot expressie brengen, wordt de expressie 

van de A3R sterk gereduceerd in geactiveerde microglia, en de expressie van 

A2AR tegelijk verhoogd. Deze verandering in expressie patroon leidt tot een 

significante verhoogde inhibitie van TLR-gemedieerde responsen in 

geactiveerde microglia via A2AR-gemedieerde signalering. Wij laten tevens zien 

dat A2AR-gemedieerde signalering leidt tot de inhibitie van de verplaatsing van 

de transcriptie factor NF-κB naar de celkern en daardoor leidt tot de inhibitie 

van transcriptie van NF-κB afhankelijke genen. Dit mechanisme zou benut 

kunnen worden om microglia activatie therapeutisch te dempen. 

In hoofdstuk 5, laten wij zien dat TLR-geïnduceerde productie van IL12 in 

macrofagen, DCs en microglia afhankelijk is van A3R-signalering. Wij laten 

zien dat A3R-signalering leidt tot de activatie van de transcriptie factor STAT1 

via de fosforylering van dit eiwit op Tyr701. In dit onderzoek laten wij voor het 

eerst zien dat de activatie van A3R een noodzakelijke schakel is in de initiatie 

van TLR-geïnduceerde IL12 productie.  

 

In hoofdstuk 6 hebben we bestudeerd hoe cholesterol-verlagende statines TLR 

gemedieerde-activatie in microglia beïnvloeden. In deze studie stelden wij 

microglia bloot aan verschillende statines voorafgaand aan stimulatie met 

verschillende TLR liganden. Wij laten zien dat deze blootstelling de responsen 

op deze liganden significant versterken in plaats van inhiberen, en we 

beschrijven dat dit komt door de reductie van cholesterol productie in microglia 

en niet door de inhibitie van isoprenylatie van eiwitten door statines. In 

macrofagen verkregen uit het bloed van dezelfde donoren had statine hetzelfde 

pro-inflammatoire effect. Microglia waren echter veel gevoeliger voor de 

effecten van statines dan deze macrofagen. Deze data tonen aan dat ondanks 
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deze verschillende celtypen veel op elkaar lijken, deze cellen heel anders om 

kunnen gaan met dezelfde stimuli. Tevens benadrukken deze data dat bij nieuwe 

toepassingen van bestaande medicijnen het belangrijk is om te testen waar men 

met eventuele bijwerkingen rekening mee zou kunnen houden. Bij zulke testen 

is het dan belangrijk om ze uit te voeren op de cellen waarvan men verwacht dat 

ze betrokken zijn, en niet op cellijnen of gelijkende celtypes. 

 

Samenvattend, bevat dit proefschrift resultaten over verschillende onderwerpen 

met TLR-gemedieerde activatie van microglia als middelpunt. Wij hebben 

bevindingen gedaan die onze fundamentele kennis van microglia activatie en 

TLR reacties in het algemeen vergroten. In hoofdstuk 7 bediscussieer ik hoe 

deze nieuwe kennis mogelijk op lange termijn kan worden vertaald naar 

therapeutische doeleinden en stel ik mogelijk vervolg onderzoek voor in de 

bespoediging hiervan.  
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Eindelijk, EIN-DE-LIJK, mag ik mijn dankwoord aan jullie verwoorden. Wat is 

er veel gebeurd de afgelopen jaren, zowel op het werk als op privégebied. 

Hoewel ik altijd enorm veel steun gehad heb om deze promotie af te ronden, heb 

ik zelf meer dan eens getwijfeld of het ervan ging komen. De lijst van mensen 

wiens aanwezigheid van onschatbare waarde is geweest in dit proces en die ik 

uit het diepste van mijn hart wil bedanken is dan ook lang! 

 

Jeffrey Bajramovic, uiteraard ben jij een van de belangrijkste personen in dit 

dankwoord. Jou begeleiding heeft mij gevormd  als wetenschapper én als 

individu. In het bijzonder wil ik je bedanken voor het vertrouwen in mijn 

capaciteiten. In situaties waar ik mijzelf soms goed in de weg zat heb jij mij 

altijd weten te motiveren, daar ben ik enorm dankbaar voor. Bedankt voor je 

positiviteit, je geduld en ook voor de gezelligheid. 

 

Ronald Bontrop, bedankt voor het kritisch doorkijken van mijn manuscript en de 

snelle afhandeling van alles rondom mijn promotie.  

 

Aan de leden van de beoordelingscommissie, Prof. dr. R.J. de Boer, Prof. dr. 

C.F.M. Hendriksen en Prof. dr. A.P. IJzerman. Bedankt dat u bereid was mijn 

proefschrift te beoordelen. Prof. dr. M.A. Lynch and Prof. dr. T. Owens, thank 

you for accepting to be one of the members of the reading-committee and for 

your presence on the day of the defence.  

 

Ella Zuiderwijk-Sick, allereerst: bedankt dat jij mijn paranimf wilde zijn op deze 

bijzondere dag! Bedankt dat je me in de begin jaren de kneepjes van het vak 

hebt bijgebracht. Ik herinner me niet alleen alle mega microglia isolaties en 

ELISA’s goed die we samen hebben gedaan in het oude en nieuwe BPRC 

gebouw, maar vooral ook de gezelligheid en de gesprekken die we samen 

hadden. Bedankt ook voor alle data die jij voor onze publicaties hebt 

gegenereerd, het zijn prachtige papers geworden.  

 

Mijn collega’s van de Unit Alternatieven (vroeger en nu) Saskia Burm, Jennifer 

Veth en Linda van Straalen, bedankt voor de uitwisseling van gedachtes over 

ons onderzoek, voor jullie bijdragen aan de vele microglia-isolaties, en uiteraard 

voor het delen van vreugde en leed met een kop koffie/thee/choco in de hand. 

 

Mijn stagiaires: Lejla en Jennifer, bedankt voor de experimentele bijdrages aan 

dit proefschrift.  

 

Alle (BPRC) AIO’s en inmiddels post-docs met wie ik deze ervaring kon delen, 

dank hiervoor, in het bijzonder Yolanda en Anwar. Ook jullie aanwezigheid op 

congres was altijd gegarandeerd feest!  

 

Jeroen Blokhuis, bedankt voor je vriendschap in de voorlaatste jaren van dit 

proefschrift. Je schreef het al in jou eigen proefschrift, niemand anders kent de 

ups-and-downs van promoveren zo goed als jij en ik. Niets gaf zoveel rust als 

het kunnen klagen discussiëren over promoveren met een “echte soortgenoot”.  

 

Henk van Westbroek, bedank ik voor het maken van de illustraties in dit 

proefschrift. 

 

Alle overige collega’s van het BPRC (die ik niet bij naam noem uit angst 

iemand te vergeten), bij deze hartelijk bedankt voor jullie bijdrage aan dit 

proefschrift en de betrokkenheid. De gezelligheid die jullie meebrengen naar het 

werk maakt het BPRC nog altijd een fijne plek om naartoe te gaan.  

 

 

Dankwoord 

258



Eindelijk, EIN-DE-LIJK, mag ik mijn dankwoord aan jullie verwoorden. Wat is 

er veel gebeurd de afgelopen jaren, zowel op het werk als op privégebied. 

Hoewel ik altijd enorm veel steun gehad heb om deze promotie af te ronden, heb 

ik zelf meer dan eens getwijfeld of het ervan ging komen. De lijst van mensen 

wiens aanwezigheid van onschatbare waarde is geweest in dit proces en die ik 

uit het diepste van mijn hart wil bedanken is dan ook lang! 

 

Jeffrey Bajramovic, uiteraard ben jij een van de belangrijkste personen in dit 

dankwoord. Jou begeleiding heeft mij gevormd  als wetenschapper én als 

individu. In het bijzonder wil ik je bedanken voor het vertrouwen in mijn 

capaciteiten. In situaties waar ik mijzelf soms goed in de weg zat heb jij mij 

altijd weten te motiveren, daar ben ik enorm dankbaar voor. Bedankt voor je 

positiviteit, je geduld en ook voor de gezelligheid. 

 

Ronald Bontrop, bedankt voor het kritisch doorkijken van mijn manuscript en de 

snelle afhandeling van alles rondom mijn promotie.  

 

Aan de leden van de beoordelingscommissie, Prof. dr. R.J. de Boer, Prof. dr. 

C.F.M. Hendriksen en Prof. dr. A.P. IJzerman. Bedankt dat u bereid was mijn 

proefschrift te beoordelen. Prof. dr. M.A. Lynch and Prof. dr. T. Owens, thank 

you for accepting to be one of the members of the reading-committee and for 

your presence on the day of the defence.  

 

Ella Zuiderwijk-Sick, allereerst: bedankt dat jij mijn paranimf wilde zijn op deze 

bijzondere dag! Bedankt dat je me in de begin jaren de kneepjes van het vak 

hebt bijgebracht. Ik herinner me niet alleen alle mega microglia isolaties en 

ELISA’s goed die we samen hebben gedaan in het oude en nieuwe BPRC 

gebouw, maar vooral ook de gezelligheid en de gesprekken die we samen 

hadden. Bedankt ook voor alle data die jij voor onze publicaties hebt 

gegenereerd, het zijn prachtige papers geworden.  

 

Mijn collega’s van de Unit Alternatieven (vroeger en nu) Saskia Burm, Jennifer 

Veth en Linda van Straalen, bedankt voor de uitwisseling van gedachtes over 

ons onderzoek, voor jullie bijdragen aan de vele microglia-isolaties, en uiteraard 

voor het delen van vreugde en leed met een kop koffie/thee/choco in de hand. 

 

Mijn stagiaires: Lejla en Jennifer, bedankt voor de experimentele bijdrages aan 

dit proefschrift.  

 

Alle (BPRC) AIO’s en inmiddels post-docs met wie ik deze ervaring kon delen, 

dank hiervoor, in het bijzonder Yolanda en Anwar. Ook jullie aanwezigheid op 

congres was altijd gegarandeerd feest!  

 

Jeroen Blokhuis, bedankt voor je vriendschap in de voorlaatste jaren van dit 

proefschrift. Je schreef het al in jou eigen proefschrift, niemand anders kent de 

ups-and-downs van promoveren zo goed als jij en ik. Niets gaf zoveel rust als 

het kunnen klagen discussiëren over promoveren met een “echte soortgenoot”.  

 

Henk van Westbroek, bedank ik voor het maken van de illustraties in dit 

proefschrift. 

 

Alle overige collega’s van het BPRC (die ik niet bij naam noem uit angst 

iemand te vergeten), bij deze hartelijk bedankt voor jullie bijdrage aan dit 

proefschrift en de betrokkenheid. De gezelligheid die jullie meebrengen naar het 

werk maakt het BPRC nog altijd een fijne plek om naartoe te gaan.  

 

 

Dankwoord 

259



Mijn ouders en schoonouders, bedankt voor jullie vertrouwen. 

 

Mijn geweldige “dans-vriendinnen” en inmiddels vriendinnen voor het leven:  

 

Elke Puts, Jackelien van Meurs en Marlous Keizer, bedankt voor jullie 

betrokkenheid tijdens deze periode, het idee dat jullie voor 100% achter mij 

stonden gaf mij dat extra stukje zelfvertrouwen om alles zo af te maken zoals 

het er nu ligt.  

 

Diana de Kroo, zelfs op afstand weet je mij een hart onder de riem toe te steken. 

Bedankt voor alle gesprekken, kaartjes, bloemen en aandacht. Daar groei ik van! 

 

Anne Nederveen Pieterse, bedankt voor je onvoorwaardelijke vriendschap en je 

niet aflatende interesse in mijn “promotie-progressie” meestal onder het genot 

van een wijntje. Jij bent de enige die me nog heeft proberen te waarschuwen in 

de kleedkamer van de VAK! Bedankt dat jij mijn paranimf bent, ik had niemand 

anders aan mijn zijde willen hebben op deze dag! 

 

Ranieri en Esther Argentini, ik heb geen broers of zussen, maar wat mij betreft 

zijn jullie dat voor mij. Bedankt voor de nodige afleiding op momenten dat dat 

hoog nodig was, bedankt voor de steun en vooral de aanmoediging om vol te 

houden.  

 

Vincent, bedankt dat je altijd voor me klaar staat en de ruimte die je mij geeft 

om mijzelf te blijven ontwikkelen, maar het allermeeste wil ik je bedanken voor 

je niet aflatende liefde en het lezen en onthouden van de gebruiksaanwijzing 

toen je mij “aanschafte” en weggooien van het bonnetje (nee, je kan me niet 

meer ruilen). Ik ben bevoorrecht om met jou mijn leven te delen.  

De laatste woorden van dit proefschrift zijn voor mijn zoon, Alexander. Bedankt 

voor je schatterlach, de liedjes die je dag in, dag uit, uit volle borst zingt en de 

duizend knuffels op een dag. Het zijn de kleine dingen in het leven die mij 

gelukkig maken, alhoewel jij toch echt “allesomvattend groots” bent. 
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