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Op het omslag van dit proefschrift is ‘Les Étoiles’ afgebeeld: een lithografie van Wassily Kandinsky (1866-1944). 

Deze lithografie is gedrukt door Mourlot in Parijs, en werd in de lente van 1938 verspreid met het literaire tijdschrift 

‘Verve Revue Artistique et Littéraire’. Het is een van de vier lithografieën bij ‘Corps célestes’, een essay van Georges Bataille;

ze stelt een afbeelding van ons sterrenstelsel voor. Bataille schrijft in zijn essay onder meer dat onze Melkweg op een

waanzinnige manier tolt en dat elke stabiliteit die wij op aarde ervaren in feite een illusie is.

Dat Kandinsky nooit van macrofagen heeft gehoord is aannemelijk; desalniettemin kent deze lithografie (in ieder geval

voor ingewijden) een overeenkomst met deze cel. Qua vorm is er een gelijkenis, maar er valt ook een analogie te maken

als het gaat om de complexe innerlijke werking en de diverse uiterlijke kenmerken. Dat de simpele (stabiele) dichotomie

van twee uiterste fenotypes een illusie is gebleken sluit mooi aan bij de conclusies van dit proefschrift. De werkelijkheid is

altijd complexer en dynamischer dan we, in eerste instantie, denken.
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LIST OF ABBREVIATIONS

7-AAD 7-Aminoactinomycin 

AA Alternatively Activated Macrophage or Microglia (=M2)

AP Alkaline-Phosphatase

APP Amyloid Precursor Protein

ATP Adenosine Triphosphate

AU Arbitrary Units 

BBB Blood-Brain Barrier 

BCECF 2′,7′ bis (2 carboxyethyl) 5 (and 6) carboxyfluorescein

BDNF Brain Derived Neurotrophic Factor

BSA Bovine Serum Albumin 

CA Classically Activated Macrophage or Microglia (=M1)

CNS Central Nervous System 

COM Centre of Mass

CSF Cerebrospinal Fluid

CTCF Corrected Total Cell Fluorescence

DAB 3,3’-DiAminoBenzidine

DMEM Dulbecco’s Modified Eagle’s Medium

EAE Experimental Autoimmune Encephalomyelitis 

ECM Extracellular Matrix 

EDSS Expanded Disability Status Scale

ElISA Enzyme-linked Immunosorbent Assay

FACS Fluorescence Activated Cell Sorting 

FcγR Fc gamma Receptor 

FMI Forward Migration Index

FSC Forward Scatter

GAP-43 Growth Associated Protein

GDNF Glial cell line-Derived Neurotrophic Factor

GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor

HAMF10 Ham’s Nutrient Mixture F10 

hiFBS Heat-Inactivated Fetal Bovine Serum 

HlA Human leucocyte Antigen
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HRP Horseradish Peroxidase 

ICAM-1 Intercellular Adhesion Molecule 1

IFN-ß Interferon-ß

IFN-γ Interferon-gamma 

IGF-1 Insulin-like Growth Factor 1

IgG Immunoglobulin G

IHC Immuno Histochemistry 

Il Interleukin 

iNOS inducible Nitric Oxide Synthase 

lDH lactate Dehydrogenase

lFA-1 lymphocyte Function-Associated Antigen 1

lFB luxol Fast Blue

lPS lipopolysaccharide 

M0 Nonactivated macrophage 

M1 Classical activated macrophage 

M2 Alternatively activated macrophage 

MBP Myelin Basic Protein

M-CSF Macrophage Colony Stimulating Factor 

MFI Mean Fluorescence Intensity 

MHC Major Histocompatibility Complex 

MOG Myelin Oligodendrocyte Glycoprotein

MR Mannose Receptor 

MRI Magnetic Resonance Imaging

MS Multiple Sclerosis

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NAWM Normal Appearing White Matter 

NeuN Neuronal Nuclei 

NF-l Neurofilament light

NGF Nerve Growth Factor 

NGS Normal Goat Serum

NHS Normal Human Serum 

NIRegs Neuronal Immune Regulatory molecules 

NO Nitrogen Oxide

NOS Nitric Oxide Synthases

NT-3 Neurotrophic Factor 3
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NT-4 Neurotrophic Factor 4

OCT Optical Coherence Tomography

PBMC Peripheral Blood Mononuclear Cell

PBS Phosphate Buffered Saline 

PlP Proteolipid Protein

PPAR Peroxisome Proliferator-Activated Receptor

PPMS Primary Progressive Multiple Sclerosis

PSG Penicillin Streptomycin Glutamine 

PVM Perivascular Macrophages 

RA Retinoic Acid

ROS Reactive Oxygen Species 

RRMS Relapsing Remitting Multiple Sclerosis

RT Room Temperature

RT-qPCR Real Time quantitative Polymerase Chain Reaction 

SCI Spinal Cord Injury 

SPMS Secondary Progressive Multiple Sclerosis

SSC Sideward Scatter

Sv2 Synaptic Vesicle Protein

TGF Transforming Growth Factor

TlR Toll-like Receptor

TNF-α Tumour Necrosis Factor alpha 

VCAM-1 Vascular Cell Adhesion Molecule 1

VlA-4 Very late Antigen 4

list of abbreviations  |  Chapter 1

|  9

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:32  Pagina 9



Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:33  Pagina 10



Chapter 1
General introduction

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:33  Pagina 11



1. Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic demyelinating disease of the central nervous system

(CNS)1 and one of the most common causes of neurological impairment among young

and middle-aged individuals 2. The prevalence of MS is 60 per 100,000 worldwide (0.06%)

with women being twice as likely to develop MS compared to men. In the Netherlands 1

in 1000 young adults develop MS (0.1%) 2,3. The neurological impairment that leads to

disability 4,5 is caused by MS lesions that occur at multiple sites in the CNS. The patholo -

gical hallmarks of MS lesions include inflammation, demyelination, axonal damage and

gliosis (scarring) as well as remyelination.

Many factors are thought to play a role in the risk of developing the disease.

Geographical the incidence and prevalence of MS varies. The most affected areas of the

world include Europe, Canada, northern United States, New Zealand and Australia. Part of

the explanation could be due to differences at the population level, with Caucasian

individuals  appearing to be most susceptible 6,7.

One proposed explanation for the association of MS with geographical

differences is exposure to sunlight, which might be protective, either through a direct

effect of ultraviolet radiation or indirectly through vitamin D 8. A number of studies have

found an inverse relationship between sun exposure, ultraviolet radiation exposure, or

serum vitamin D levels and the risk or prevalence of MS 9,10. Others have shown that

serum vitamin D levels are inversely related to MS disease activity 11,12. Another proposed

explanation for the geographic variation in frequency of MS is based on the hygiene

hypothesis which states that, in areas of the world with a relatively clean environment,

people are exposed to fewer parasitic, yeast and other infections and thus have an

immature and uneducated immune system 13. This lack of exposure to infections makes

the immune system prone to develop autoimmunity and might be an explanation why

the incidence of MS is increasing rapidly. 

Apart from environmental factors, genetic factors determine the susceptibility

for MS as well. MS is more common in family members of MS patients. The incidence for

first degree relatives varies between 3-23%, depending on the population studied 14.

Monozygotic twins have a risk of developing MS varying from 20-37%, for dizygotic twins

this risk is the same as for siblings (3-5%) 15. The risk of developing MS is associated with

certain class I and class II alleles of the major histocompatibility complex (MHC),

particularly the Human leukocyte Antigen (HlA)-DRB1 locus 16,17 present on antigen

presenting cells, such as macrophages. 
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1.1 Clinical symptoms and signs 

MS is typically diagnosed in young adults after experiencing two or more clinically

distinct episodes of CNS dysfunction with at least partial resolution. Symptoms that are

observed in MS patients vary and may involve motor, visual, sensory and autonomic

systems 4. Sensory changes in the limbs, fatigue, tremor and diplopia are often observed.

Whilst these symptoms are commonly seen in MS patients, they are not diagnostic for the

disease. There are several pathognomonic symptoms for MS – these are the Uhthoff

phenomenon, which is an increase in symptoms and signs when core body temperature

rises (i.e. after hot bathing or exercise) and lhermitte’s symptom, which is defined as an

electrical sensation running down the spine or limbs upon neck flexion 4. 

As one of the first symptoms MS patients often experience acute or subacute eye

pain that is provoked by ocular movements 18. This may be followed by a visual

impairment. This condition is typical for optic neuritis. After a first episode of idiopathic

demyelinating optic neuritis the five-year incidence of clinically definite MS is 30%. The

cumulative incidence increases to 40% at 12 years and 50% at 15 years 19–22.

Neurological disability in MS strongly correlates with spinal cord pathology 23–25.

Therefore, investigation of spinal cord lesions may yield relevant information of the

pathological mechanisms underlying clinical disability. 

1.2 Diagnosis and disease severity

The clinical diagnosis of MS is made according to the McDonald criteria 26. A diagnosis of

MS based on these criteria require patients to have experienced two or more

exacerbations and to show evidence of two or more lesions in different locations in the

CNS, confirmed by magnetic resonance imaging (MRI). 

Clinical presentation of MS varies in time. Three distinct disease courses can be

distinguished, relapsing remitting MS (RRMS), secondary progressive MS (SPMS) and

primary progressive MS (PPMS) (Figure 1). Approximately 80% of MS patients develop a

RR disease course that typically consists of a decline in a patient’s health (relapse or

exacerbation) related to acute demyelination in the CNS, followed by a remission, a

clinical improvement 4. Patients with RRMS are usually diagnosed early in their thirties 27.

Patients with RRMS can (partially) recover from their neurological deficits in the remission

phase. Approximately 65% of the RRMS patients develop a more progressive form of 

MS (SPMS) 4,28, characterised by an ongoing health deterioration in the absence of
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remissions. In about 15% of MS patients the disease presents with this ongoing

deterioration of health (PPMS), without relapses or remission 29,30.

Figure 1. Disease course of Multiple Sclerosis
Multiple Sclerosis is a heterogeneous disease that can produce a relapsing remitting or progressive
disease course. Patients with a relapsing remitting disease course can (partially) recover from
exacerbations (green bars). Progressive MS is characterized by an ongoing deterioration in a patient’s
health. This decline is related to loss of axons and brain volume. 
Adapted from Compston et al., 2008.

1.3 Pathology

The CNS is composed of the optic nerve, brain and spinal cord. The CNS tissue consists of

grey matter and white matter. The grey matter contains mainly neurons and the white

matter consists of myelinated (white coloured) axons. MS was first described by the

French neurologist Jean-Martin Charcot in 1868 31. MS pathology is characterised by

lesions throughout the CNS. These lesions exhibit different features depending on their

anatomical location. White matter lesions have a high degree of inflammation, while grey

matter lesions are more associated with neurodegeneration.

1.3.1 Optic nerve pathology

The first signs of MS are often visual deficits (diplopia, blurred vision) due to optic 

neuritis 32. The optic nerve is an extension of the optic tract of the CNS and is myelinated 

by oligodendrocytes. The optic nerve is solely comprised of white matter, with

approximately 1.2 to 1.5 million axons, whose cell bodies are the retinal ganglion cells,

located in the ganglion cell layer of the inner retina of the eye. The axons depart from the

eye, terminating either directly at, or sending collateral input to, nuclei located in the
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hypothalamus, thalamus and midbrain 33. The optic nerve is surrounded by meninges.

From the pia, septa are formed, which separate islands of nerve bundles (Figure 2). The

pathology of MS lesions and the relation of inflammation and axonal damage in the optic

nerve of MS patients has not been described in detail thus far. 

Figure 2. Optic nerve 
The optic nerve is surrounded by the dia mater (DM), arachnoid space (Ar) and Pia mater (PM), together
the meninges. The nerve fibres (F) are surrounded with septa (S) originated from the PM. In the middle
of the optic nerve (ON) run the artery (A) and vein (V).  
Adapted from Human Microscopic Anatomy: An Atlas for Students of Medicine and Biology by Radivoj V. Krstic

1.3.2 Brain pathology 

White matter pathology
The neuropathology of MS lesions in the brain is well documented 4,34. In the white matter

of the brain four stages of MS lesions are distinguished. The preactive lesion (first stage) is

characterised by the appearance of clusters of activated (HlA-DR expressing) microglia

(Figure 3), the phagocytes of the CNS, in areas with normal  appearing white matter

(NAWM) (non-lesion containing tissue) 35. The majority of preactive lesions do not evolve

into an active lesion (second stage), which may be due to a change in micro-

environmental factors which could influence the activation of microglia 34,35. In active

lesions, macrophages phagocytose myelin. Macrophages containing large amounts of

myelin are called “foamy macrophages”, due to the foamy appearance of the cytoplasm

filled with myelin lipid components (Figure 3) 34,35. Myelin degradation and demyelination

is more advanced in the third stage of lesion formation, the chronic active lesion. In
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chronic active lesions macrophages are predominantly present in the rim of the lesion

where myelin is still present. The centre of the lesions is demyelinated and contains fewer

inflammatory cells than the rim 34 (Figure 3).  Eventually, the activity of the lesion will die

out and the lesion will reach its final stage: the chronic inactive lesion with no activated

macrophages, a hypocellular centre and scar formation by astrocytes (astrogliosis) 34

(Figure 3).

Figure 3. White matter lesions in MS 
A preactive lesion is a cluster of activated microglia in the normal appearing white matter. In time an
active lesion, containing foamy macrophages in the demyelinated area (as depicted with the dotted
line) may develop. The active lesion develops into a chronic active lesion, which is characterized by a
rim of activated microglia and foamy macrophages and a hypo cellular centre. Finally, a chronic
inactive lesion is formed, with almost no inflammation and astrogliosis. 

Grey matter pathology
MS lesions occur in both white matter and grey matter of the brain. The cortical (grey

matter, outermost layered structure of the brain) lesions can be classified into four

different lesion types. The grey matter lesion types are based on the anatomical location

of the lesions and not on lesion activity as described for white matter lesions 36.

Cortical lesion type 1 is a combined white matter/grey matter lesion, in which

signs of inflammation can be observed mainly in the white matter part. Hardly any

inflammation is present in lesion type 2, 3 and 4, which are only present in the cortex.

lesion type 2 is a small lesion within the grey matter, usually located around a blood

vessel, lesion type 3 is a subpial lesion and cortical lesion type 4 covers the cortex from

the pia to the grey matter/white matter borderline (Figure 4).
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Figure 4. Grey matter lesions in MS
Classification of cortical lesions: dotted line indicates a demyelinated area. Type 1 covers both white
matter (WM) and grey matter (GM), type 2 is a demyelinated area completely in the GM, type 3 is the
subpial lesion and type 4 covers the complete width of the cortex.

1.3.3 Spinal cord pathology

In contrast to the brain, the outer layer of the spinal cord is composed of white matter and

the inner layer of grey matter. In 90% of MS patients the spinal cord is involved. It is estimated

that approximately 35% of patients experience motoric and sensory symptoms involving, for

example, functionality of the legs and bladder due to spinal cord lesions only 37. Spinal cord

lesions may yield relevant information on the pathological mechanisms underlying

clinical disability. Despite this only a few studies describe spinal cord pathology in detail.

These studies reveal an extensive reduction of axons 38, loss of neurons 39 and myelin

damage 40. However, no detailed studies of microglia activation, nor a classification of

lesions in the spinal cord has been reported.

1.3.4 Axonal loss in MS

Although MS is classically regarded as a demyelinating disease, the presence of damaged

axons and axonal loss is also well established 41. In MS axonal loss is correlated with

disability 42–44. This correlation was also observed in chronic experimental autoimmune

encephalomyelitis (EAE), an animal model of MS 45. Especially axonal loss in the spinal

cord is highly correlated with irreversible neurological disability observed in MS 25,26.

Axonal loss is progressive in MS and can result in a reduction of axons in the spinal cord

up to 70% 46.
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Several theories are proposed to explain the loss of axons in MS 47. Oxidative stress as

cause of axonal loss is one of the most prominent ideas.  This theory is based on the

finding that activated macrophages and microglia are associated with ongoing neuro -

degeneration. Activated macrophages and microglia in MS lesions produce reactive

oxygen species (ROS) and reactive nitrogen species (e.g. nitrogen oxide (NO)) which lead

to oxidative stress. In active MS lesions a significant number of neurons show cytoplasmic

accumulation of oxidised phospholipids and DNA strand breaks, which are characteristic

signs of oxidative damage 48,49. 

Mitochondrial dysfunction and energy deficit may be another cause of axonal

damage. Axonal transport demands high amounts of energy. A decrease in mitochondrial

functioning and/or energy availability may lead to an impaired axonal function 30,50,51.

Mitochondrial DNA mutations are observed in MS patients 52, which supports this

hypothesis.

Ion channel dysfunction is also implicated as an inducer of axonal damage.

Increased Na+ concentration has been observed in MS lesions, NAWM and grey matter 53.

The pharmacological blockade of several ion channels (Na+ 54, nonselective cat-ion 55 and

K+ channels 56) leads to an attenuation of EAE and neural damage. 

Axonal loss is a common observation in MS lesions. The observation of increased

apoptosis of neurons in MS lesions  led to the theory that apoptosis of neurons contributes

to axonal loss 48,57. Another explanation for axonal loss is Wallerian degeneration. This

represents the process of antegrade degeneration of the distal part of the axon which is

separated from its cell body 58. One of the first signs of axonal damage is neurofilament

dephosphorylation, followed by axonal transport disruption (axonal bulb), which can lead

to disruption of axons 59. This process causes Wallerian degeneration and subsequently

axonal loss. Wallerian degeneration is observed in NAWM and MS lesions 60,61. Axonal loss

and damage are key features of permanent disability of MS. However, not many pathology

studies describe axonal loss in relation to inflammation.

2 Pathogenesis of Multiple Sclerosis 

Two models of axonal damage and MS pathogenesis have been proposed: the outside-in

and the inside-out theory 62. The inside-out theory of pathogenesis is based on the

primary degeneration of axons, after which myelin sheaths are degraded. This theory is

supported by the observation of empty myelin sheets in MS lesions 63. The outside-in

model assumes a primary insult to the myelin, after which exposed demyelinated – so
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called ‘naked’ axons – degenerate, causing neuronal death 41. This thesis is based on the

second theory, the outside in theory, which involves the immune system. 

2.1 Immune system in Multiple Sclerosis

The immune system protects our body against diseases. To function correctly, the

immune system must detect a wide variety of agents, known as pathogens. The immune

system can be classified into the adaptive immune system and the innate immune

system. The adaptive immune system is composed of lymphocytes, T cells and B cells. The

innate immune system is comprised mostly of macrophages and, in the CNS, of microglia.

The CNS is considered to be an immune-privileged area. However, increasing evidence

shows that the CNS is an active surveillance site. Immune cells migrate into the CNS

microenvironment through the blood-brain barrier or choroid plexus and interact with

the CNS resident cells either through neuromediators or immunomediators 64. 

2.2 Blood-brain barrier 

The blood-brain barrier (BBB) is a highly selective barrier which separates the circulating

blood from the brain. The BBB is formed by pericytes, astrocytes, basement membrane

and endothelial cells, which are connected by tight junctions (Figure 5). Several liquids,

gases and lipid soluble molecules can pass the BBB. In MS the BBB is compromised during

the relapses and this may facilitate migration of lymphocytes and monocytes into the

brain 65. The mechanisms of BBB damage and of migration of immune cells across the

BBB, have been studied using in vitro BBB models, including single cell cultures of primary

brain endothelial cells or immortalized brain endothelial cells 66. In this thesis we focus on

the migration capacities of monocytes across the BBB. The model used in this thesis is

comprised of a monolayer of human endothelial cells supported by a semi permeable

membrane 67. This model is used to study monocyte migration across the BBB and the

effect of activation of monocytes on their migratory capacities.
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Figure 5. Schematic overview of the blood-brain barrier
The BBB is comprised of  a monolayer of endothelial cells, basement membrane (both depicted in
pink), pericytes (yellow) and the end feet of astrocytes (orange). 

2.3 Adaptive immune system in Multiple Sclerosis

For many years, research on the pathogenesis of MS has focused on the role of the

adaptive immune system. It is suggested that myelin specific autoreactive T cells (TH1

and TH17) are primed in the peripheral lymphoid organs and then migrate into the CNS,

where they cause demyelination and axonal loss 68. T cell receptors speciûc for myelin

basic protein (MBP) are found in MS brain tissue 69 and some MS patients show an

immunodominant MBP peptide, complexed with HlA-DR2 on macrophages/microglia, at

sites of demyelination 70. Further evidence for the involvement of autoreactive T cells is

derived from EAE. T cells can transfer EAE from an (MBP or Myelin Oligodendrocyte Glyco -

protein (MOG)) immunized animal to a naive recipient 71. Microglia and macrophages

representing the innate immune system play key roles in the effector processes, leading

to actual tissue damage 72.

A hallmark of MS patients is the presence of cerebrospinal fluid (CSF) specific

oligoclonal Immunoglobulin (Ig) G, appearing as oligoclonal bands in isoelectric

focusing. They are present in around 95% of MS patients and arise from clonally
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expanded Ig-secreting B cells 73. Clonally expanded B cells are found in brain parenchyma,

meninges and CSF of MS patients 74–76. The therapeutic effects of rituximab (anti-CD20)

show that B cell depletion can be beneficial and suggest that the pro-inflammatory

effects of B cells influence MS more than their anti-inflammatory features 77. However,

depleting B cells does not prevent physical impairment of MS patients over time. 

2.4 Innate immune system and Multiple Sclerosis

While the adaptive immune system is thought to be heavily involved in MS, more recently

the role of the innate immune response has been investigated as well. The innate

immune system is the first line of defence to intruders or infection (pathogens) in the

body and activation of the innate responses is essential to develop an effective adaptive

immune response. The cells of the innate immune system are able to respond and

recognize pathogens. In the CNS, the main components of the innate immune system are

macrophages and microglia. 

2.4.1 Macrophages

Macrophages play a key role in the pathogenesis of MS. These cells are highly plastic and

consist of several distinct subtypes (e.g. tissue macrophages, microglia, Kupffer cells,

langerhans cells and osteoclasts). Circulating monocytes are the precursors of tissue

macrophages. When a monocyte migrates from the lumen of a blood vessel into a tissue,

it becomes known as a macrophage. Macrophages have traditionally been seen as

inflammatory cells, with their phagocytic function to clear debris, tumours and microbes

and their ability to produce inflammatory mediators to kill microbes and invade tissues
78,79. However, recent findings are challenging this classic view on macrophages. Stein and

co-workers discovered in 1992 that activation of murine macrophages by interleukin (Il)

4 led to an alternative, anti-inflammatory activation status 80. In the two decades since the

discovery by Stein and colleagues, two functional phenotypes of macrophages have

been proposed. The classical activation status induced by inflammatory factors is called

M1 (or classically activated (CA)) and the alternative activation status by anti-

inflammatory molecules is called M2 (or alternatively activated (AA)). Rather than being

two rigid activation statuses, the M1 and M2 activation statuses represent extremes of a

continuum in a universe of functional states 81 in which the polarization towards the

M1/M2 profile is determined by a range of activating by pro- or anti-inflammatory
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molecules and by a broad spectrum of ligands82. The skewing of macrophages towards a

pro- or anti-inflammatory profile is well established in mice. Recent studies indicate

similar activation statuses in human macrophages, although they slightly differ from

mice. Table 1 is indicative of the discrepancy in characterising molecules of the M1 or the

M2 activation status in mice and men.

Table 1. Polarization and characteristics of murine and human macrophages

A classical M1-profile can be induced in both mice and men by the administration of a

pro-inflammatory cytokine, such as interferon gamma (IFN-γ), combined with a Toll like

receptor (TlR)-ligand (e.g. lipopolysaccharide (lPS)) (Figure 6). However, stimulation with

IFN-γ alone is already sufficient to induce an M1 profile 81. When exposed to IFN-γ, both

murine and human macrophages enter a primed stage in which their responsiveness to

TlR ligands increases. This state can last for several hours. This increased responsiveness

is characterised by an increased expression of cytokines (interleukin (Il)-12 and Il-23 84),

costimulatory molecules (Table 1), some pattern recognition receptors (PRRs; TlR4 and

Activation status Mouse Human References 

M1 NOS-2 CD40 83–85

CD86 CD86 83,86

CCR7 FcγRI (CD64) 84,87,88

Il-6 FcγRII (CD32) 84,87,89

Il-10low 85

Il-12high 85

Il-23high 85

CXCl9 90

CXCl10 90

M2 Arginase 1 Arginase 1 81,83

MR MR (CD206) 80,83,91

CD163 CD163 83,85,86,88,92

Dectin-1 Il-10high 81,85,93

FIZZ1 Il-12low 85,94

YM1/2 Il-23low 85,94

CCl17 81,87

CCl22 81,87

CCl24 87

CD200R 95

TREM2 96
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MD2) and molecules involved in downstream pathways (MyD88) 97. The second stimulus

for M1 activation, lPS, triggers immune responses by interacting with the membrane

receptor TlR4 to induce the generation of cytokines such as tumour necrosis factor

(TNF)-alpha, Il-1 and Il-6 98.

The most commonly used cytokines to induce an M2-profile in human

macrophages are Il-4 and Il-13 99(Figure 6). Another cytokine that is used to induce an

M2 profile is Il-33, which amplifies Il-13-induced M2 polarization 100,101. An M2 profile is

shown by increased expression levels of the mannose receptor (MR) 83,91, arginase 1 81 and

Il-10 81,84 (Table 1). The aim of the thesis is to determine the function of pro-inflammatory

and anti-inflammatory macrophages in MS lesions in more detail. 

Figure 6. Macrophage activation 
Monocytes mature into macrophages in the presence of NHS, MCSF or GMCSF. Three pathways of
macrophage activation are described, M1 activated macrophages are activated by IFNy and lPS. M2
wound healing macrophages are induced by skewing with Il4, finally Il-10 skews the macrophages
into a regulatory macrophage.
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2.4.2 Microglia

Microglia are the resident innate immune cells of the CNS. They derive from the yolk 

sac 102. It is unclear whether the human microglia population in the CNS is replenished or

consists of a fixed pool. In mouse the microglia can proliferate 103. Microglia are capable of

phagocytosis and are similar, but not identical, to peripheral macrophages. In MS lesions

both microglia and peripheral macrophages are observed, but cannot be distinguished. 

like macrophages, activated microglia produce a wide range of mediators and,

like other glial cells, they are involved in the maintenance of brain homeostasis 64. Their

activation is strongly influenced by the environment, resulting in different activation

states characterised by the expression of pro- (M1) or anti-inflammatory (M2) markers104–

106. The M1 phenotype can be induced in vitro by stimulation with IFN-γ and lPS, whereas

a M2 phenotype is induced by exposure to interleukin-4 (Il-4)106. M1 microglia express

CCR7 and CD80 and M2 microglia express CD209. A limited number of papers describe

M1 and M2 phenotypes of human microglia obtained post mortem from white matter

brain tissue 104–106. The markers established in vitro are a tool to determine the activation

status of microglia ex vivo. However, not many studies are available establishing the

activation status of microglia in MS lesions. This thesis will focus on the activation status

of microglia in vitro and in the different stages of white matter lesions in MS. 

3 Macrophages /microglia in neurodegeneration 
and protection

In MS research, there is growing awareness that axonal damage and neurodegeneration

contributes to the progression of disease. Therefore, the focus of this thesis is on the

effects of pro- and anti-inflammatory macrophages on neurons. For this, studies of

potential macrophage-neuron interactions are crucial. Several reports already indicate

that such an interaction may exist 95,96,107,108.

An increased number of M1 macrophages is present in active MS lesions,

suggesting that macrophages switch to M1 phenotype 109. As described earlier,

macrophages can produce cytotoxic factors such as NOS and ROS. M1 polarized

macrophages are also characterised by the expression of high levels of the pro-

inflammatory cytokine TNF-α. Increased levels of this cytokine are linked to

neurodegeneration and neurotoxicity, possibly via glutamate excitotoxicity 110 or

receptor-mediated pro-apoptotic pathways 111. There is also evidence that TNF- α

Chapter 1 |  Introduction

|  24

1

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:33  Pagina 24



mediates neurotoxicity through destruction of oligodendrocytes, leaving the neuron

demyelinated 112. 

Conversely, macrophages can also be neuroprotective. The phagocytosis of debris

and apoptotic cells is essential for a healthy micro-environment. For example, in MS the

phagocytosis of myelin debris is required for effective remyelination 113,114. In a murine

model of spinal cord injury, a particular macrophage population appears to be stimulating

neuroregeneration 115,116. In EAE it is shown that administration of M2 macrophages or

microglia can reduce clinical signs of disease 117,118. This neuroregenerative effect may be

accomplished through the production of growth factors produced by macrophages/

microglia 119. The focus of research thus far has been mainly on how to dampen the pro-

inflammatory macrophage. This thesis focuses on the possibilities to stimulate the M2

macrophages to enhance neuroprotection and neuroregeneration. For this we used an in

vitro model for neuronal growth and differentiation.

In general, primary human neurons are difficult to maintain, probably since most

tissues are obtained post-mortem. Primary neuronal cells can be isolated and cultured

from brain material,  dissected during epilepsy surgery 120,121. Neuronal cell lines are

available and do overcome some of the problems of low cell numbers and difficulties in

culturing primary neurons. Several differentiation strategies have been developed to

overcome the problems associated with these cell lines. The SH-SY5Y human neuro -

blastoma cell line is a common cell model that can be used to produce human neural

cells 122. Undifferentiated, these cells lack several neuronal characteristics, including

neuronal morphology, neuron-specific marker expression and limited proliferation. Nor is

the proteome of SH-SY5Y cells identical to human neurons. Treating these cells with

retinoic acid (RA), BDNF or taxol may lead to differentiated neuronal cells which is

characterised by expression of neuron specific β-III tubulin 123, synaptic vesicle protein

Sv2 124 and the neurospecific nuclear marker; Neuronal nuclei (NeuN) 125,126. Since axonal

transport is observed in the differentiated SH-SY5Y cells, this cell line can be used as a

model to study the effects of pro- and anti-inflammatory macrophages on axonal

damage122. This thesis will investigate the effect of cytokines and growth factors

produced by M1 and M2 macrophages on mildly damaged differentiated SH-SY5Y cells. 

3.1 Growth factors involved in neuroprotection

Neurotrophins belong to a family of neurotrophic factors that consists of nerve growth

factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophic factor 3 (NT-3) and
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neurotropic factor 4 (NT-4). Another family of neurotrophic factors is the GDNF family of

ligands consisting of four proteins: glial cell line-derived neurotrophic factor (GDNF),

neurturin, artemin and persephin. Murine macrophages are capable of producing

neurotrophic factors. However, it is not clear whether human macrophages also produce

neuroprotective factors. Although there is some evidence that human macrophages

produce neurotrophins 127, these data need to be confirmed. 

In addition to neurotrophic factors, cytokines, including Il-6 and Il-10, also play a

role in neuronal survival. Despite the role of Il-6 as a pro-inflammatory cytokine it also

plays a beneficial role in neuronal survival. Il-6 is secreted by neurons and macrophages

after neuronal damage and induces proliferation of microglia, leading to regeneration of

motor neurons 128. The anti-inflammatory cytokine Il-10 regulates inflammatory

responses and also promotes survival of microglia and neurons 129. Il-10 is produced by

alternatively activated macrophages (M2), resulting in reduced features of EAE pathology

– suggestive of a role for the M2 phenotype in promoting neuronal survival. 

Neuronal outgrowth is a characteristic of neuronal regeneration and is promoted

by several growth factors, such as insulin-like growth factor 1 (IGF-1) and transforming

growth factor ß1 (TGF-ß1) 130. Both M1 and M2 macrophages stimulate axonal growth,

but axonal growth is especially promoted by M2 macrophages 115. Not only axonal

growth, also oligodendrocyte differentiation is promoted by macrophage-derived

growth factors 130. Both axonal and oligodendrocyte growth factors are expressed by

alternatively activated macrophages (M2). However the low secretion of these growth

factors during axonal damage and demyelination might be caused by an altered M1/M2

ratio in favour of M1.

3.2 Cell-cell interaction between neurons and
macrophages

Not only do factors released by macrophages/microglia play an important role in the

communication between neurons and microglia, they also interact in a contact-

dependent manner. Neurons control microglia with neuronal immune regulatory

molecules (NIRegs), which can be contact-dependent (membrane-bound molecules) or

contact-independent (secreted molecules), to provide neuroprotection and control

inflammation 131–133. Examples of NIRegs are CD200 (binding to the CD200 receptor

(CD200R)), CD47 (binding to signal regulatory protein α (SIRP-α/CD172a)) and CX3Cl1

(binding to its receptor CX3CR1) (Figure 7) 132–135. 
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Interactions between neurons (CD200) and macrophages (CD200R) can down regulate

the immune response by inhibition of pro-inflammatory cytokines 107. The relevance of

this to MS was demonstrated by Meuth et al, who showed that disruption of the

interaction between CD200 and CD200R caused enhanced infiltration of immune cells in

vitro and in an EAE model 136. Furthermore, disruption of CD200-CD200R interaction has

been shown to induce axonal damage that is mediated by macrophages 136. A similar

disruption in neuronal and macrophage crosstalk mediated by CD200-CD200R

interaction is found in human MS plaques 137. Another receptor involved in crosstalk

between neurons and microglia is CX3CR1, which is expressed on microglia and is

activated by its ligand CX3Cl1, expressed on neurons. Following lPS injection, CX3CR1

deficient mice show increased neuronal cell death, suggesting an important role for

CX3CR1- CX3Cl1 interaction in promoting neuronal survival 138. Together, these data

suggest interactions between neurons and macrophages promote neuronal survival and

when disrupted can result in neuronal damage and eventual neuronal death. 

Figure 7. Interaction between neurons and microglia is important to maintain the immune
privileged state in the CNS

Factors produced by or present in neurons contribute to a resting state of the microglia (CX3Cl1,
CD200, CD47), promote phagocytosis or anti-inflammatory functions (TREM2, purinergic receptors)
or help microglia to survive (Il-34, Csf1) 133.
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4 Therapies for Multiple Sclerosis 

Current treatment options for Multiple Sclerosis fall into two categories: abortive therapies

and preventive therapies. 

4.1 Treatment of acute exacerbations

An acute exacerbation/relapse of MS is defined as new neurological symptoms that have

progressed over at least 24-48 hours and are not triggered by a metabolic cause. The goal

of treatment of acute exacerbations is to accelerate recovery. Glucocorticoids are

administered to shorten the duration and severity of the attack. The use of steroids in MS

usually involves intravenous high dose methylprednisolone given once a day for three-

to-five days. 

4.2 Immune modulatory therapies

Immunomodulatory agents, including interferon beta, glatiramer acetate, natalizumab,

fingolimod and teriflunomide, have shown important beneficial effects for patients with

RRMS; they decrease the relapse rate and brain lesion burden on MRI 139.

Interferon beta-1 (Betaseron, Avonex, Rebif ) was the first disease modifying

medication approved for use in MS. The drug is a cytokine that modulates immune

responsiveness, although its precise mechanism of action in MS is unknown 140. However

the results of the clinical trials are convincing. The annual exacerbation rate and the

disease progression was significantly lower in treated compared to placebo groups 141,142.

Data obtained from a longitudinal study suggest that earlier and/or longer exposure to

interferon beta-1b treatment also improves survival for patients with MS 143.

Glatiramer acetate (copolymer 1) is a mixture of random polymers of four amino

acids. The mixture is antigenically similar to myelin basic protein, a component of the

myelin sheath of nerves. In experimental models, glatiramer modulates the immune

system by competing with various myelin antigens for binding to MHC molecules and

subsequent presentation to T cells 144. In addition, glatiramer is a potent inducer of

specific T helper 2 type suppressor cells that migrate to the brain and cause bystander

suppression; these cells also express anti-inflammatory cytokines. The exact mechanism

of action of glatiramer acetate in humans is unknown, but the effectiveness of the drug is

proven in clinical trials 145,146. MS patients treated with glatiramer actetate had a

Chapter 1 |  Introduction

|  28

1

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:33  Pagina 28



significantly lower relapse rate than those receiving placebo. Furthermore, over 140

weeks, more MS patients in the placebo group experienced an increase in disability of

≥1.5 Expanded Disability Status Scale (EDSS) steps compared to the treatment group (41

versus 22 percent) 147. Finally another trial reported that glatiramer acetate treatment led

to a significant reduction of lesion burden on brain MRI 148.

Fingolimod is a sphingosine analogue that modulates the sphingosine-1-

phosphate receptor and thereby alters lymphocyte migration, resulting in entrapment of

lymphocytes in lymph nodes 149. Fingolimod is effective in reducing the relapse rate,

reducing disability progression and development of new lesions on brain MRI in patients

with RRMS. However, this benefit is associated with an increased risk of life-threatening

infections like disseminated varicella-zoster infection or herpes simplex encephalitis 150,151.

Natalizumab is a humanized monoclonal antibody against very late activating

antigen-4 (VlA-4) and is an example of a therapeutic agent that acts by blocking

lymphocytes and monocytes going into the CNS 152. 

4.3 Potential neuroprotective therapies

Immune modulating therapies are most effective in early stages of disease. In the

progressive phase neuroprotective therapeutics may be more appropriate to reduce the

progressive neurodegeneration and axonal loss (Figure 1).

4.3.1 Direct neuroprotective therapies

The neuroprotective properties of tetracyclines are established in rodent models of acute

and chronic neurodegeneration 153. Recent findings provided novel insights into the

molecular and cellular mechanisms of protection of neurons and oligodendrocytes by

tetracyclines 154. However, there are several other potential options for promoting neuro -

protection; for example agents which would reduce damage through anti-apoptotic and

anti-inflammatory effects, or growth factors like BDNF and basic fibroblast growth factor

that promote angiogenesis and neurogenesis155.
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4.3.2 Microglia/macrophage modulating neuroprotective therapies

Microglia/macrophages have been shown inextricably involved in neurodegeneration.

This finding stimulated the development of therapeutic strategies to inhibit or modulate

microglial activation for therapeutic purposes. Certain agents that inhibit microglial/

macrophage responses, such as minocycline or nicergoline, have been tested in several

models for human disorders 156. However, many are not yet screened in patients or found

to be less effective in humans than in the corresponding animal models. Other ways to

modulate interactions between microglia and neurons have been exploited for

therapeutic approaches as well. For example, application of exogenous CXCl1 (generally

expressed on neurons) has been shown to be neuroprotective, probably by controlling

microglial activation 108. Sodium channel blocking drugs, such as mexiletine, phenytoin

and riluzole, are reported to inhibit microglial activity and act directly on axons and may

have therefore neuroprotective activity during neuroinflammation 157,158. 
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Aim of the Thesis

Macrophages and microglia have both detrimental and beneficial effects on the

development of EAE, the animal model for MS. The beneficial/anti-inflammatory and

detrimental/pro-inflammatory effects can be explained by the activation status of

microglia/macrophages, M1 and M2 respectively. This leads to the question whether 

or not macrophages act in similar fashion in humans. Several studies show such

heterogeneity in humans, although macrophage polarization differs slightly from the

murine macrophage differentiation (Table 1). In MS relatively little research is available on

these divergent effects of pro-and anti-inflammatory macrophages. This thesis aims to

establish whether differently activated macrophages are present in the human CNS and

determine their role in axonal damage and repair. 

Outline

Currently, many different protocols are used to skew human monocytes/macrophages

towards M1/M2. These diverse methods result in the secretion and expression of a

plethora of cytokines and markers, making it difficult to identify specific markers for M1

or M2 macrophages. Here we have compared several commonly used maturation and

activation methods and studied the effect on macrophage morphology, marker

expression and cytokine production (Chapter 2).

Only a few papers are available on differently activated macrophages in the CNS

of MS patients. In this thesis we studied the presence of these pro-inflammatory and anti-

inflammatory macrophages in the CNS, as well as in active and chronic active MS lesions.

Since tissue sections are effectively a ‘snap-shot’ in time, the macrophages may be

present in different transitional states from M1 to M2, or ‘hybrids’ expressing molecules of

both extremes, that are observed in in vitro studies, but not necessarily are represented in

“reality”, where many factors determine the actual activation status of macrophages in

situ. To determine this “snapshot” phenotype, we selected a panel of markers known to be

expressed by M1 and M2 macrophages and performed a systematic study to determine

their expression in MS lesions (Chapter 3). 

Well before the immune system is involved and any sign of myelin damage is

noticeable, foci of activated microglia (most likely not containing macrophages) appear

in the normal appearing white matter (NAWM). Importantly, many of these so called

preactive lesions spontaneously resolve rather than developing into destructive lesions.
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This strongly suggests that some intrinsic regulation exists, which can stop lesion

progression at an early stage. Activated M1 microglia may well stimulate preactive lesions

to develop into active lesions whereas, conversely, M2 microglia might suppress

development into active MS lesions. We assume that some environmental signals may

contribute to a ‘switch’ from an immunoregulatory (M2) to a pro-inflammatory (M1)

microglia phenotype in preactive lesions. Therefore we selected a panel of markers

known to be expressed by M1 and M2 macrophages and performed a systematic study to

determine their expression in MS preactive lesions (Chapter 4).

M1 macrophages are considered to exert damaging effects on neurons, whereas

M2 macrophages are reported to aid regeneration and repair of neurons. Their migration

within the central nervous system may be of critical importance in the final outcome of

neurodegeneration in neuroinflammatory diseases like MS. To provide insight into this

process, we examined the migratory capacity of human monocyte-derived M1 and M2

polarized macrophages towards chemoattractants relevant for MS (Chapter 5).

Infiltration of macrophages into the CNS is crucial for disease onset and

progression. Granulocyte-macrophage colony-stimulating factor (GM-CSF) appeared to

be essential for the development of EAE, an experimental model for MS, since blocking of

GM-CSF inhibits clinical signs. In EAE, GM-CSF produced by T-cells is suggested to act on

the myeloid cells, in particular affecting their migratory capacities. However, this has not

been investigated in an experimental model, nor is anything known on the production of

GM-CSF in the normal human brain or in MS lesions. We studied the effect of GM-CSF on

(human) monocyte migration across the BBB, as well as the cellular source of GM-CSF and

the GM-CSF receptor expression in normal brain and MS lesions (Chapter 6).  

The spinal cord lesions found on MRI in MS show a strong correlation between

pathological findings and clinical disability. Thus spinal cord lesions may yield relevant

information of the pathological mechanisms underlying clinical disability. Despite this,

only a few studies describe spinal cord pathology in detail. Importantly, these few studies

reveal the extensive reduction of axons, loss of neurons and myelin damage. However,

neither detailed study of microglia/macrophage activation or classification of lesions in

the spinal cord has been reported. Therefore, we set out to characterise large numbers of

spinal cord lesions to provide a classification system that can be used as a first step

towards understanding the full impact of axonal damage and its relation to inflammation

in MS (Chapter 7).

Of the patients with optic neuritis 50% will eventually develop MS. However, the

pathology of the lesions present in the optic nerve – similar to those present in the spinal
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cord – has not been studied in detail. Since the optic nerve is mainly composed of axons,

it is a perfect model to study the relation of M1 and M2 macrophages to neuronal

damage and repair. We therefore collected 22 optic nerves of human post mortem

donors and performed immunohistochemistry for analysing the lesion stages and to

allow further studies linking M1 and M2 markers to markers associated with neuronal

damage and repair (Chapter 8).

Next, we explored the possible neuroprotective role of human macrophages,

asking whether M2-polarized macrophages contribute to neuroprotection and axonal

repair. The investigate whether it is possible to skew blood derived human macrophages

into an anti-inflammatory, neuroprotective phenotype (M2), we measured the

production of neurotrophic factors (i.e. NT-3, BDNF, NGF, IGF-1) by these macrophages.

Our aim was to design a strategy to stimulate the production of neuroprotective factors

by macrophages by activating them with different anti-inflammatory stimuli. Finally, we

set out to elucidate whether these anti-inflammatory macrophages are indeed neuro -

protective in an in vitro co-culture model (Chapter 9). 

In chapter 10 we present a summary of our results and discuss possible

implications of our findings.
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Abstract

Macrophages form a heterogeneous cell population displaying multiple functions, and

can be polarized into pro- (M1) or anti-inflammatory (M2) macrophages, by environmental

factors. Their activation status reflects a beneficial or detrimental role in various diseases.

Currently several in vitro maturation and activation protocols are used to induce an M1 or

M2 phenotype. Here, the impact of different maturation factors (NHS, M-CSF, or GM-CSF)

and activation methods (IFN-γ/lPS, Il-4, dexamethason, Il-10) on the macrophage

phenotype was determined. Regarding macrophage morphology, pro-inflammatory

(M1) activation stimulated cell elongation, and anti-inflammatory (M2) activation

induced a circular appearance. Activation with pro-inflammatory mediators led to

increased CD40 and CD64 expression, whereas activation with anti-inflammatory factors

resulted in increased levels of MR and CD163. Production of pro-inflammatory cytokines

was induced by activation with IFN-γ/lPS, and TGF-β production was enhanced by the

maturation factors M-CSF and GM-CSF. Our data demonstrate that macrophage marker

expression and cytokine production in vitro is highly dependent on both maturation and

activation methods. In vivo macrophage activation is far more complex, since a plethora

of stimuli are present. Hence, defining the macrophage activation status ex vivo on a

limited number of markers could be indecisive. From this study we conclude that

maturation with M-CSF or GM-CSF induces a moderate anti- or pro-inflammatory state

respectively, compared to maturation with NHS. CD40 and CD64 are the most distinctive

makers for human M1 and CD163 and MR for M2 macrophage activation and therefore

can be helpful in determining the activation status of human macrophages ex vivo.
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Introduction

Macrophages are highly plastic cells that respond to a variety of environmental cues by

changing their phenotype and function. Circulating monocytes, the precursors of

macrophages, pass the vascular endothelium to mature into macrophages in the

peripheral tissues. In these tissues, macrophages can then be activated in various ways by

endogenous or exogenous factors. To study macrophage activation in vitro, various

stimuli are used to induce a particular macrophage activation phenotype 1,2. In general,

macrophages can be ‘classically’ activated by interferon (IFN)-γ and lipopolysaccharide

(lPS) resulting in a pro-inflammatory (M1) phenotype and with interleukin (Il)-4/Il-13,

immune complexes or glucocorticoids to induce an ‘alternatively’ activated (M2)

phenotype. The M2 phenotypes are further subdivided in M2a (after exposure to Il-4 or

Il-13), M2b (immune complexes in combination with Il-1β or lPS) and M2c (Il-10,

transforming growth factor [TGF]-β or glucocorticoids) 3. 

For studies on human M1 and M2 phenotypes, many maturation and activation

regimens have been applied. For instance granulocyte macrophage colony-stimulating

factor (GM-CSF) (as priming or maturation factor), and activation factors IFN-γ, lPS, or a

combination of these stimuli are used for M1 activation. Whereas macrophage colony-

stimulating factor (M-CSF) (as priming or maturation factor), and activation factors Il-4,

Il-10, Il-13, or a mixture of these mediators are used for M2 induction 4,5. These different

macrophage populations, M1 and M2, play different roles in various processes such as

wound healing, tumour metastasis, and neuroinflammation 6–8.

In wound healing, ablation of macrophages results in delayed re-epithelialization,

reduced collagen deposition, impaired angiogenesis, and delay of fibroblast migration 9–11.

M1 macrophages produce pro-inflammatory cytokines and phagocytose microorganisms

and matrix debris, features important in the early phases of healing. On the other hand, M2

macrophages contribute to repair by promoting angiogenesis, tissue remodelling and

repair, due to the release of molecules such as vascular endothelial growth factor, TGF-β or

fibroblast growth factor 12. Compared to healthy controls, M2 macrophages are more

prominent in patients with for example kidney fibrosis, pulmonary fibrosis and sclerotic skin

lesions. Additionally, there is accumulating evidence that M2 macrophages are involved in

peritoneal fibrosis caused by peritoneal dialysis, a renal replacement therapy 13,14. These

findings suggest a prominent role for M2 macrophages in repair and pathogenesis. 

In solid tumours, macrophages are the predominant immune cells and are

correlated with high vessel density and tumour progression 12,15. M1 macrophages are
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able to kill tumour cells in vitro 16,17. In contrast, M2 macrophages facilitate tumour

progression and invasion. M2 macrophages outnumber M1 macrophages in lung

tumours 18 and breast carcinoma 19. In, amongst others, breast carcinoma the presence of

M2 macrophages is correlated with poor prognosis and disease progression 19. Whereas,

M1 macrophages are the dominant phenotype in colon carcinomas, which is associated

with diminished metastasis and increased patient survival 6. 

In neuroinflammation macrophages have a neuroprotective or neurodamaging

role depending on their activation status 20–23. In Multiple Sclerosis (MS), a neuro -

inflammatory disease, macrophages are the dominant cells in active lesions 24. 

The activation status of macrophages varies in different types of lesions. In active

lesions, macrophages contain myelin and express both M1 and M2 markers, whereas in

chronic active lesion, macrophages express M1 markers only 8. Many maturation methods

and activation protocols are available to induce macrophage polarization in vitro. Read

outs for macrophage activation are morphology 25,26, marker expression 5,27,28 and cytokine

production 3,4,12,29. The morphology of macrophages is highly variable in culture 25,26.

Common markers used to identify M1 or M2 macrophages in humans, are CD40, CD64,

CXCl11, CCR7 and MR, stabilin-1, CD180, CD163, and TREM2 respectively 5,27,28,30–32.

However, none of these markers is completely distinctive or specific for M1 or M2. The

activation status of macrophages can also be determined by cytokine production, 

Il-12p40, tumour necrosis factor (TNF)-α, Il-6 for M1 and TGF-β and Il-10 for M2 4,33. Here,

we investigated and compared several well-known maturation and activation methods

and studied the effect on macrophage morphology, marker expression, and cytokine

secretion.
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Materials and Methods

Monocyte isolation
Blood monocytes were isolated from healthy donor buffy coats (Sanquin Blood Bank,

Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) were

isolated using a Ficoll (lymphoprepTM, Axis-Shield, Oslo, Norway) density gradient, and

subsequently monocytes were isolated from PBMCs using anti-CD14 magnetic beads

(Miltenyi Biotec, leiden, The Netherlands) according to the manufacturer’s protocol. 

For macrophage maturation, monocytes were cultured in 100 mm Ø plastic Petri

dishes (Greiner Bio-One, Alphen aan de Rijn, The Netherlands) at a concentration of 1 x

106 cells/ml in the presence of DMEM (Invitrogen, Breda, The Netherlands), supplemented

1% (v/v) penicillin-streptomycin-glutamine (PSG; Invitrogen), containing normal human

serum (NHS 5%; Bio Whittaker, East Rutherford, NJ, USA), M-CSF (25 ng/ml; ImmunoTools,

Friesoythe, Germany), or GM-CSF (10 ng/ml; ImmunoTools), at 37°C, 5% CO2. Fetal bovine

serum (FBS 10%; lonza Cologne GmbH, Walkersville, United States), was added to

medium containing M-CSF or GM-CSF. After 5 days, macrophage viability and purity was

determined by flow cytometry (FACSCalibur™, Becton Dickinson, Erembodegem,

Belgium). Macrophage viability was assessed by staining the death cells with 7-amino -

actinomycin D (7AAD; Molecular Probes Invitrogen, Eugen, USA) (data not shown). The

cell population negative for 7AAD was analysed further for CD68 expression (>99%). 

Macrophage differentiation and morphology 
The M1 phenotype was induced by culturing matured macrophages in 6-wells plates

(Greiner Bio-One) for two days in the presence of 1x103 U/ml recombinant human IFN-γ (U-

Cytech, Utrecht, The Netherlands). For the last 24h, 10 ng/ml lPS-EB Ultrapure (InvivoGen,

San Diego, USA) was added to induce an M1 phenotype. M2 macrophages were

generated using 10 ng/ml human Il-4 (ImmunoTools), 10 ng/ml Il-10 (ImmunoTools), or

10 µM dexamethason (Sigma-Aldrich, St. louis, MO, USA). Unactivated macrophages were

cultured in medium and left untreated (M0 phenotype). 

Macrophage morphology
For examination of the macrophage morphology, adherent cells were photographed

(leica DMIl and DFC420C, leica, Rijswijk, The Netherlands). 
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Floating versus adherent cells
To investigate the differences in marker expression between adherent and non-adherent

macrophages, cells matured in NHS and activated by IFN-γ and lPS, Il-4 or left untreated

as described above. After activation for two days, the non-adherent (floating) cells were

collected with the supernatant. Then the adherent cells were harvested following

treatment with lidocaine (4 mg/ml; Sigma Aldrich) and subsequently scraped. The

expression of markers (CD40 and MR) of the adherent and non-adherent cells was

analysed by flow cytometry combined with Cellquest Pro software (Becton Dickinson) and

FlowJo software version 9.4.0 for Microsoft (Tree Star, San Carlos, CA, USA). Data obtained

using FACS analysis were presented as mean fluorescent intensity (MFI). The data from

three separate experiments performed in duplicate were averaged and expressed as mean

± SEM.

Macrophage marker expression
After activation of the macrophages for 48h supernatant was collected, and adherent

cells were harvested by scraping after incubation with lidocaine. Cells were fixed with PBS

containing 4% formalin. Subsequently the macrophages were labelled for 1 h at room

temperature with primary antibody (CD40, CD64, CXCl11, CCR7 as M1 markers, MR,

stabilin-1, CD180, CD163, and TREM2 as M2 markers, Table 1) diluted in PBS containing

0.1% bovine serum albumin (BSA)/ 0.1% saponine. Cells were washed twice in PBS and

incubated for 1 h (room temperature) with fluorescent labelled secondary antibody

diluted in PBS 1% BSA, washed twice and resuspended in FACS buffer prior to analysis.

Marker expression was analysed by flow cytometry as described above.  

Table 1. Antibodies used for flow cytometry

Antibody Clone Host Isotype Dilution Source
CCR7 2H4 mouse IgM 1:100 BD Pharmingen
CD40 lOB7/6 mouse IgG2a 1:50 ABD Serotec
CD68 EBM11 mouse IgG1 1:100 Dako Cytomation
CD163 EDHu-1 mouse IgG1 1:36 ABD Serotec
CD180 MHR73-11 mouse IgG1 1:100 eBioscience
CD206 19.2 mouse IgG1 1:100 BD Pharmingen
CXCl11 Polyclonal rabbit Poly IgG 1:100 Abcam
Mouse IgG1 neg ctrl mouse IgG1 1:50 ABD Serotec
Mouse IgG2a neg ctrl mouse IgG2a 1:100 ABD Serotec
Mouse IgM neg ctrl mouse IgM 1:100 ABD Serotec
Rabbit Poly neg ctrl Polyclonal rabbit Poly IgG 1:50 ABD Serotec
Stabilin-1 Polyclonal rabbit Poly IgG 1:100 Millipore
TREM2 Polyclonal rabbit Poly IgG 1:100 Sigma Aldrich
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Cytokine production
Cytokine production was measured in macrophage supernatants after 48h activation.

TGF-β1 (Promega, leiden, The Netherlands) was determined by ElISA according to

manufacturer’s description. The levels of TNF-α, Il-1β, Il-6, Il-10, and Il-12p40 were

analysed with a Human Inflammatory 5-Plex Panel according to the user’s manual

(Invitrogen) and measured by luminex® 200TM (Bio-Rad, Hercules, CA, USA). Analysis was

performed using Bio-plex Manager™ 6.0 software.

Statistical analysis
Statistical evaluation was performed by GraphPad Prism (GraphPad Software Inc., San

Diego, USA), using a one-way ANOVA with Bonferroni correction or unpaired t-test. P

values < 0.05 were defined as statistically significant. 

Results

Macrophage morphology
Morphology of adherent macrophages that matured and activated by different protocols

was assessed after 7 days of culture. Striking differences were observed between the

maturation by NHS, M-CSF or GM-CSF. Macrophages matured in the presence of NHS

(untreated macrophages, M0) showed a mixture of round and spindle shaped cells (Figure

1). Addition of M-CSF to the culture medium resulted in an increased amount of 

elongated macrophages, and maturation in the presence of GM-CSF resulted in mostly

elongated macrophages. After maturation with NHS, GM-CSF or M-CSF, and activation

with IFN-γ/lPS (M1), macrophages were predominantly spindle-like shaped (Figure 1).

Macrophages matured with NHS, GM-CSF or M-CSF, and activated with Il-4 or

dexamethason (M2) changed their morphology into a predominantly circular shape

although in M-CSF or GM-CSF matured macrophage cultures some elongated

macrophages were still present (Figure 1). After maturation with NHS, and activation with

Il-10, macrophages showed a circular morphology, while macrophages cultured in the

presence of M-CSF or GM-CSF and subsequently activated with Il-10, showed spindle

and circular morphology. 

Floating versus adherent macrophages: marker expression
No papers describe in the methods section whether floating or adherent macrophages

are used for further studies. To investigate whether there is a difference in marker
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Figure 1. Macrophage morphology upon different maturation and activation methods
Pictures of macrophages cultured for 7 days by different maturation and activation methods. Overall,
macrophages matured in the presence of NHS have a circular morphology, excluding macrophages
activated with IFN-γ/lPS, these show an elongated morphology. Macrophages matured in the
presence of M-CSF or GM-CSF appear more elongated, however after activation with dexamethasone
the cells change to a more circular appearance. Data are representative for three separate experiments.
Scale bar: 25 µm.
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expression between floating and adherent cells, monocytes matured to macrophages in

the presence of NHS for five days and subsequently activated with IFN-γ/lPS (M1) or Il-4

(M2) for two days. The expression of both MR and CD40 was higher on adherent cells

compared to the floating cells (Figure 2). These differences in marker expression between

floating and adherent cells could be an indication of a moderately different activation

status of floating macrophages in comparison to adherent macrophages. Therefore,

further experiments were conducted with only adherent macrophages. 

Figure 2. Macrophage characteristics of adherent and non-adherent cells
Monocytes matured to macrophages for 7 days in the presence of NHS and activated with IFN-γ/lPS
or Il-4 or left unactivated (-). Both non-adherent (floating) and adherent cells were collected, and
analysed by flow cytometry. The plots represent the forward sideward scatter of the floating and
adherent cells (A). Representative histograms of the MFI for MR and CD40 (B, C) are depicted. MR
shows comparable levels for floating and adherent cells whereas CD40 shows a clear higher
expression of CD40 on adherent cells compared to floating cells. Data are expressed as mean ± SD of
three independent experiments. *= P<0.05, **= P<0.01.
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Marker expression on differently activated macrophages
Next, the effect of different maturation factors (NHS, M-CSF, or GM-CSF) and activation

stimuli (IFN-γ/lPS, Il-4, dexamethason, or Il-10) on macrophage marker expression was

investigated. CD40, CD64, CXCl-11 and CCR7 expression were determined since these

were described to be enhanced in M1 macrophages (Glim et al. 2013; Mantovani et 

al. 2004; Martinez et al. 2006). In addition, MR, stabilin-1, CD180, CD163, and TREM2 

were analysed because they were reported to have an increased expression on M2

macrophages 5, 27, 30-32. 

The expression of all tested markers was higher when macrophages matured in

the presence of M-CSF compared to NHS. GM-CSF resulted in a significantly increased

expression of CD40 and CD180, and to a lesser extent MR, stabilin-1 and CXCl11 (not

significant; Figure 3, S1).

Of the M1 markers, CD40 expression was increased by activation with IFN-γ/lPS,

regardless of the maturation method (Figure 3, S1). CD64 expression was significantly

increased by activation with IFN-γ/lPS when cells matured by NHS. No differences in

expression of CXCl11 between the various activation procedures were found.

Macrophages matured with NHS or M-CSF had increased expression of CCR7 when

activated by all activation methods but this increase was not significant compared to

unactivated macrophages (Figure 3, S1). 

The M2 marker MR was significantly increased by maturation with NHS and

subsequent Il-4 activation (Figure 3, S1). Expression of stabilin-1 and CD180 was not

significantly different after activation when compared to the unactivated condition.

Finally, up regulation of CD163 was only observed when cells were exposed to

dexamethasone after NHS, M-CSF, or GM-CSF maturation (Figure 3, S1). TREM2, however,

was not expressed on macrophages, nor enhanced by any maturation or activation

method (data not shown).

Cytokine production by differently activated macrophages
Finally, Il-12p40, TNF-α, Il-6, Il-1β (for M1), Il-10 and TGF-β (for M2), were determined in

macrophage supernatants. Il-12p40 production was not induced by one of the

maturation factors (Figure 4A). Compared to unstimulated, activation with IFN-γ/lPS

resulted in enhanced Il-12p40 production, which was significant when cells matured

with M-CSF and GM-CSF.

Macrophages matured in the presence of GM-CSF produced significantly more

TNF-α compared to NHS or M-CSF matured macrophages (Figure 4B). Upon activation 
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Figure 3. Marker expression on differently matured and activated macrophages
Macrophages were cultured upon maturation by NHS (open bar), M-CSF (black bar), or GM-CSF (grey
bar), and further activated with IFN-γ/lPS, Il-4, dexamethasone (Dex), Il-10, or left untreated (-) for
two days. Markers reported for M1 (left graphs) and M2 (right graphs) macrophages were determined
by FACS. MFI was measured and depicted as relative expression as compared to NHS unactivated
condition. Represented is the mean of three donors ± SD. Significance was determined as compare to
control maturation (NHS, M-CSF, or GM-CSF only).*= P<0.05, **= P<0.01, ***= P<0.001. Significance in
marker expression between NHS, M-CSF, or GM-CSF maturation was also calculated and represented
by the following symbols:  ≠= P<0.05, ≠≠≠= P<0.001.
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with IFN-γ/lPS, macrophages produced increased levels of TNF-α in all three maturation 

conditions, compared to unactivated macrophages. Significantly higher levels of TNF-α

upon activation with IFN-γ/lPS were produced by macrophages matured with GM-CSF or

M-CSF compared to macrophages matured with NHS. Finally, only GM-CSF matured

macrophages showed increased levels of TNF-α upon Il-4 activation (Figure 4B). 

Maturation with GM-CSF and M-CSF resulted in a slight but not significant Il-6

production compared to NHS (Figure 4C). Increased levels of Il-6 were measured after

activation with IFN-γ/lPS in all three maturation conditions; the highest concentration

was found when cells matured in NHS. Maturation with GM-CSF and activation with Il-4

resulted in significantly higher levels of Il-6 production than unactivated macrophages

matured with NHS.

Macrophages showed increased levels of TGF-β1 production when matured with

M-CSF or GM-CSF, compared to maturation with NHS (Figure 4D). Macrophages matured

with NHS, did not show significant changes upon activation with IFN-γ/lPS, Il-4,

dexamethasone, or Il-10. Macrophages matured with M-CSF and GM-CSF and activated

with all activation factors (IFN-γ/lPS, Il-4, dexamethasone, Il-10) showed increased levels

of TGF-β1 compared to NHS matured and activated macrophages (Figure 4D).

levels of Il-1β and Il-10 were negligible and consequently, results are not shown.
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Figure 4. Cytokine secretion by differently matured and activated macrophages
Macrophages matured in the presence of NHS, M-CSF, or GM-CSF, with additional activation of IFN-
γ/lPS, Il-4, dexamethasone (Dex), Il-10, or left untreated (-) for two days. Supernatant was harvested
and the following cytokines were determined: Il-12p40 (A), TNF-α (B), Il-6 (C), TGF-β1 (D).
Represented is the mean of three donors ± SD. Significance was assessed as compared to NHS
maturation (*), and activations were compared to unactivated in all separate graphs(≠). ≠/*= P<0.05,
≠≠/**= P<0.01, ≠≠≠/***= P<0.001.
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Figure 5. Schematic overview at a glance
In vitro cultured monocytes matured to macrophages by adding NHS, M-CSF or GM-CSF as
represented in this figure. Maturation with M-CSF polarizes macrophages towards a partial ant-
inflammatory phenotype (light green), whereas GM-CSF maturation activates a macrophage to a
moderate pro-inflammatory phenotype (vague red). Furthermore, activation of the differently
matured macrophages with Il-4, dexamethasone, or Il-10 leads towards an anti-inflammatory
activation status (bright green cells). Addition of IFN-γ/lPS polarizes the macrophages to a pro-
inflammatory status (bright red cells). The most discriminating markers between the phenotypes are
MR (green), CD163 (blue), CD40 (red) and CD64 (yellow), the intensity of the markers is depicted by
the quantity (1 low expression, 2 medium expression, 3 high expression) of the receptors on the
macrophage.  
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Discussion 

Here, we have performed a comparative study to examine the impact of the different

maturation and activation stimuli on morphology, macrophage marker expression and

cytokine secretion. Our data show a complex pattern of phenotypical changes in human

macrophages after different maturation and activation protocols. This study should aid

translational studies on macrophage profiling in human tissues in health and disease, but

also shows the complexity of the use of activation markers.

Maturation and activation protocols have clear effects on morphology, most likely

by affecting cytoskeletal arrangements. Maturation in the presence of M-CSF resulted in

more spindle-like shaped macrophages as compared to maturation with GM-CSF which

led to a mixture of circular and elongated macrophages as described previously 25,34,35.

Macrophages showed a more spheroid morphology after activation with Il-4 or

dexamethasone, whereas activation by IFN-γ/lPS resulted in increased numbers of in

elongated macrophages. This is in line with reports that show that IFN-γ/lPS acts on the

cytoskeleton of the macrophage, stimulating macrophages to stretch 26,36. Remarkably,

opposite effects were found when studying mouse macrophages; pro-inflammatory

macrophages appeared more circular while the anti-inflammatory cells were elongated 37. 

Maturation in the presence of MCSF or GM-CSF led to increased expression of most

markers tested in this study. CD64 and CD40, which are known to be M1 markers 8,28 were

higher expressed after activation with IFN-γ/lPS. Of the markers related to M2

macrophages, only MR was up regulated when matured by NHS and then activated with

Il-4. As detected by Gratchev et al.,38 CD163 was significantly induced by dexamethasone,

in particular when macrophages matured in the presence of M-CSF. The scavenger

receptor CD163 is regulated by anti-inflammatory stimuli 39,40, but based on our data only

by dexamethasone and not by the anti-inflammatory cytokines Il-4 and Il-10. Activation

by dexamethasone has also been shown to be required for stabilin-1 expression on

macrophages 30, but our present data show no induction of stabilin-1 expression after

activation with dexamethasone. We conclude that no single marker is typical for M1 or M2

activation, although CD40 and CD64 are the most distinctive makers for human M1 and

CD163 and MR for M2 macrophage activation. Therefore, identification of these markers

can be helpful in determining the activation status of human macrophages ex vivo.   

M-CSF and GM-CSF used as maturation factors already prime or induce activation

of macrophages, as indicated by an increased cytokine production, compared to NHS 3,29.

We showed significant more Il-12p40, Il-6 and TNF-α production by macrophages
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activated with IFN-γ and lPS, independently of the maturation method (NHS/M-CSF/GM-

CSF). We are the first to show that maturation with M-CSF which is considered to be an

inducer of the M2 profile, results in an increased production of TNF-α compared to naïve

macrophages. Macrophages matured in the presence of GM-CSF and activated with Il-4

are referred to as pro-inflammatory monocyte-derived dendritic cells, which produce

TNF-α 36. We used different concentrations for the maturation of macrophages, compared

to monocyte-derived dendritic cells and found similar results for monocytes derived

macrophages. 

In contrast to M1 macrophages, M2 polarized macrophages are characterized by

the production of anti-inflammatory mediators as Il-4, Il-10, and TGF-β 1,3,25. Il-10, a widely

studied cytokine produced by anti-inflammatory macrophages, was under detection

levels in our hands. Verreck et al. 34 showed an up regulation of Il-10 production on M-CSF

activated macrophages compared to GM-CSF activated macrophages. However, our

activation method is slightly different; we used smaller concentrations of M-CSF and GM-

CSF as maturation factors, which could be an explanation for our results. In addition, other

studies detected increased levels of human Il-10 by lPS stimulation and absence of Il-10

production by Il-4 stimulation 1,41. Based on that, we suggested Il-10 production not

relevant as marker for human M2 macrophage identification. TGF-β is important in

regulation and differentiation of T-cells and blocking the activation of lymphocytes and

monocyte derived phagocytes 42. We show that TGF-β production of macrophages is

increased after maturation in the presence of M-CSF or GM-CSF and further increased

after activation with IFN-γ/lPS, Il-4 or dexamethasone, while macrophages matured in

the presence of NHS, produce no TGF-β. Overall, production of pro-inflammatory

cytokines was induced by activation with IFN-γ/lPS, and TGF-β production was enhanced

by the maturation factors M-CSF and GM-CSF.

In summary, our data fully supports the notion that human macrophages are

highly heterogeneous (Figure 5). Macrophage marker expression and cytokine

production in vitro is highly dependent on both maturation and activation methods. In

vivo macrophage activation is far more complex, since a plethora of stimuli are present.

Hence, defining the macrophage activation status ex vivo on a limited number of markers

could be indecisive. From this study we conclude that macrophage maturation in the

presence of M-CSF or GM-CSF induces a moderate anti- or pro-inflammatory state

respectively, compared to maturation with NHS. CD40 and CD64 are the most distinctive

makers for human M1 and CD163 and MR for M2 macrophage activation and therefore

can be helpful in determining the activation status of human macrophages ex vivo.
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Supplementary Figure

Figure S1. FACS-plots of macrophage markers
Expression of CD40, CD64, CXCl11, CCR7, MR, stabilin-1, CD180, and CD163 was determined on
differently matured and activated macrophages by FACS analysis. Macrophages matured in the
presence of NHS, M-CSF or GM-CSF for 5 days, and subsequently activated for two days with IFN-
γ/lPS (blue line), Il-4 (green line), dexamethasone (red line), Il-10 (pink line), or left untreated (-, black
line). Data are representative for three separate experiments. 
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Abstract

Similar to macrophages, microglia adopt diverse activation states and contribute to

repair as well as tissue damage in Multiple Sclerosis (MS). Using RT-qPCR and

immunohistochemistry we show that in vitro M1 polarized (pro-inflammatory) human

adult microglia express the distinctive markers CD74, CD40, CD86 and CCR7 while M2

(anti-inflammatory) microglia express mannose receptor (MR) and the anti-inflammatory

cytokine CCl22. These markers were used to probe clusters of activated microglia in

normal appearing white matter (preactive lesions) and areas of remyelination,

representing reparative MS lesions. We show that activated microglia in preactive and

remyelinating lesions express CD74, CD40, CD86, and the M2 markers CCl22 and CD209,

but not MR. To examine whether this intermediate microglia profile is static or dynamic

and thus susceptible to changes in the microenvironment, microglia were polarized to

M1 or M2 phenotypes and subsequently treated with the opposing polarization regimen.

These studies revealed that expression of CD40, CXCl10 and MR is dynamic and that

microglia, like macrophages, can switch between M1 and M2 profiles. Taken together, our

data define the differential activation states of microglia during lesion development and

regression in MS and underscore the plasticity of human adult microglia in vitro.
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Introduction 

Multiple Sclerosis (MS) is a chronic inflammatory neurodegenerative disease of the

central nervous system (CNS), characterised by focal lesions of inflammation, axonal loss,

gliosis and demyelination. Histopathologically, the lesions are classified according to the

extent of myelin damage and the presence of activated microglia/macrophages 1. Several

white matter lesion types are described: active MS lesions typified by the presence of

myelin in foamy microglia/macrophages; chronic active lesions with myelin-laden cells at

the rim of the demyelinated area; and chronic inactive lesions that show a hypocellular

centre with scar formation. Frequently, even in long-standing disease, remyelination is

observed, implying inflammation regulation and healing capacities of the brain in MS 2–4.

In addition to the actively demyelinating lesions clusters of active microglia are present 

in the normal-appearing white matter (NAWM) 3,4. These microglia clusters are not

associated with myelin damage, leukocyte infiltration, and blood-brain barrier damage

but rather, with oligodendrocyte stress 5. These so-called preactive lesions are thought to

represent the first stage of lesion formation 4. However, given the high numbers of

preactive lesions not all preactive lesions are considered to develop into actively

demyelinating lesions 4 indicating the presence of intrinsic control of lesion formation. 

Microglia are the primary innate immune cells in the immune privileged CNS and

play a key role in recruiting the adaptive immune response 6. Microglia originate from the

yolk sac and populate the CNS in early embryonic development 7. like macrophages,

activated microglia produce a wide range of mediators to maintain brain homeostasis 6.

Their activation is strongly influenced by the environment, resulting in different activation

states characterised by the production of different mediators and the expression of

various markers 8–12. Macrophages can in vitro be polarized into the M1 pro-inflammatory

phenotype following stimulation with interferon-γ (IFN-γ) and lipopolysaccharide (lPS),

and the alternatively activated M2 phenotype. M2 macrophages are further classified as

M2a or wound-healing phenotype after exposure to Il-4 or Il-13, M2b after exposure to

immune complexes in combination with Il-1beta or TlR agonists and M2c following

stimulation with Il-10 and glucocorticoids 9,13,14. In both humans and mice the pro-

inflammatory M1 macrophages abundantly express CD74, CD40, CD86, CD80, and the

chemokine receptor CCR7 9,15–17. In contrast, the profile of Il-4 stimulated cells include the

expression of mannose receptor (MR, CD206) and CD200R 11. Associated with these

different activation states, different cytokines and chemokines have been described. For

example, Il-1β, TNF-α, CCl2 and CXCl10 are associated with IFN-y/lPS activation, while
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CCl18, CCl22 and Il-10 are products of M2 polarized cells 18,19. Similar to macrophages

microglia are also susceptible to polarization 8,9,11.

In inflammatory diseases of the CNS M1 microglia are considered to be

neurotoxic and oligodendrocyte damaging, while M2 microglia fulfil immunosuppressive

functions and promote repair 20. This duality points to the role microglia are considered to

play in demyelination, neuronal damage and remyelination in MS and other CNS

disorders. Studies in animal models of MS show inefficient remyelination following

macrophage depletion due to delayed myelin clearance and disturbed growth factor

release 16,21–24, both characteristics of M2 microglia/macrophages phagocytes. Recently,

studies by Miron and colleagues (2013) describe a switch from M1 to M2 cells coinciding

with the initiation of remyelination, which is suggested to be is essential for

oligodendrocyte differentiation. Additionally, reduced expression of arginase 1 (a M2

marker in mice) was observed during the relapse phase of experimental autoimmune

encephalitis (EAE) 26 implying that M2 phagocytes play a role in regulating disease

activity. However, despite studies in animal models, and studies with human

macrophages, the phenotype of adult human microglia and the expression of different

microglia phenotypes in MS lesions has not been extensively studied.

In MS molecular changes in NAWM indicate a pro-inflammatory role of 

microglia 27,28 while, in contrast, studies by Melief and colleagues (2013) report that

microglia derived from NAWM display an immune suppressive profile. However, previous

studies from our group using immunohistochemical approaches reveal similar patterns

of M1 and M2 markers expressed by microglia in NAWM and white matter from control

subjects 17. M1 markers are observed in the NAWM as well as in active, chronic active and

inactive white matter lesions, whereas M2 markers (CD163 and MR) are predominantly

expressed by macrophages in the perivascular space 17,29,30. In active MS lesions, M2

microglia/ macrophages are abundant in the parenchyma, yet the majority of these cells

also express M1 markers, indicating an intermediate activation state 17,30.

We previously reported that preactive MS lesions are not associated with blood-

brain barrier breakdown or leukocyte infiltration, suggesting that they are indeed

composed of microglia rather than macrophages that have crossed the blood-brain

barrier 3,4. In addition, microglia in preactive lesions express cytokines such as TNF-α, Il-10

and Il-23 3,31. However a systematic analysis of classical M1 or M2 microglia phenotypes in

these early lesions has not been performed. Therefore, we examined whether changes in

the balance of M1 and M2 microglia phenotypes in preactive lesions might be the

explanation why some preactive lesions may develop into active lesions while others
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resolve. Such expression patterns were compared with microglia in remyelinating lesions

in which microglia are proposed to play a repair-promoting role.

We first examined whether human M1 and M2 microglia can be distinguished 

by phenotypic markers by exposing them to INFγ/lPS or Il-4 promoting either activation

state 9,11,12. Using the markers identified, we here show that preactive and remyelinating

lesions are not composed of purely M1 or M2 microglia, but rather express M1 and 

M2 markers by the same cell. To examine whether the cells expressing both M1 and 

M2 markers reflect one dynamic population, microglia were polarized to M1 and M2

populations and subsequently treated with the alternative polarization regimen. Taken

together, our data define the differential activation states of microglia during lesion

development and regression in MS and underscore the plasticity of human adult

microglia in vitro supporting the emerging evidence that the activation states of

macrophages and probably microglia, is a continuum with M1 and M2 phenotypes on

either end of this spectrum.
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Materials & Methods

Autopsy material
Post-mortem human brain tissue was obtained according to the Netherlands Brain Bank

(coordinator Dr. I. Huitinga, Amsterdam, The Netherlands) protocol, in agreement with

the Medical Ethical Committee of the VU University Medical Centre (Amsterdam, The

Netherlands). All patients and controls had given informed consent for autopsy, the use

of their brain tissue and clinical details for research purposes. Patient information is

summarised in Table 1.

Cell isolation and differentiation

Human macrophages
Pure macrophage cultures were obtained as described by Vogel 17,32. Briefly, a Ficoll density

gradient (lymphoprepTM, Axis-Shield, Oslo, Norway) was used to isolate peripheral blood

mononuclear cells (PBMCs) from heparinized healthy donor blood. Monocytes were sorted

by using anti-CD14 magnetic beads according to manufacturer’s protocol (MiltenyiBiotec,

leiden,The Netherlands) and cultured in uncoated 6well plates (Greiner Bio-One, Alphen

a/d Rijn, The Netherlands) at a density of 2 x 106 cells/ml. Culture wells were filled with

Dulbecco’s Eagle Medium (DMEM; Invitrogen, Paisley, UK), supplemented with 5% (v/v)

heat inactivated normal human serum (NHS; Bio Whittaker, East Rutherford, NJ), 1% (v/v)

penicillin-streptomycin-glutamine (Invitrogen) and 25 ng/ml granulocyte macrophage

colony stimulating factor (GM-CSF; Immunotools, Friesoythe, Germany). Monocytes were

cultured in a 5% CO2 humidified 37°C incubator, for 5-7 d to mature into macrophages. 

Human microglia isolation
During autopsy 10-15 g white matter was obtained and collected in 30 ml DMEM, Ham’s

nutrient mixture F10 (HAMF10; Invitrogen) and 1% (v/v) gentamicin (Invitrogen) at 4°C

until further isolation procedures within 4-24 h. 

Tissue samples were minced and digested with 0.05% trypsin (Sigma, Stlouis,

MO) in phosphate buffered saline (PBS; Braun, Melsungen, Germany) with 1 mM D-(+)-

glucose (Merck, Darmstadt, Germany) and 0.1% bovine serum albumin (BSA; Invitrogen)

for 20 min at 37°C while shaking. To inactivate the trypsin 10% of heat-inactivated foetal

bovine serum (hiFBS; PAA, Pasching, Austria) was added before passing the cell

suspension trough a 100 µm nylon mesh (BD Bioscience, Durham, NC). Subsequently,

Chapter 3 |  Microglia activation in reparative MS lesions

|  68

3

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:35  Pagina 68



Table 1. Characteristics of multiple sclerosis and control subjects

Donor Age Gender PM delay Diagnosis MS disease Cause of death
(h:m) duration (y)

Donor samples used for immunohistochemical studies
1 48 F 6:00 MS (RR) 27 Cardiac failure
2 70 M 7:45 MS (SP) 19 Cardiac arrest
3 66 F 6:00 MS (SP) 22 Unknown
4 41 M 7:20 MS (PP) 14 Urosepsis
5 66 M 7:30 MS (PP) 26 Ileus
6 57 M 7:55 MS (SP) 25 Euthanasia
7 57 F 8:40 MS (PP) 26 Urosepsis
8 57 F 28:10 MS (PP) 33 Euthanasia
9 81 M 10:10 MS (RR) 23 Cardiac failure
10 54 M 10:50 MS (N/A) Unknown Euthanasia
11 56 M 9.15 CON N/A Myocardial infarction
12 62 M 7.20 CON N/A Unknown
13 73 F 7.45 CON N/A End stage mamma carcinoma

Donor samples used for microglia culture studies
10 54 M 10:50 MS (N/A) Unknown Euthanasia
14 93 F 8:00 CON N/A Refusal to eat 
15 91 F 4:40 lBD N/A Pneumonia
16 95 M 7:15 CON N/A Cardiac failure
17 78 M 5:50 PD N/A Cerebrovascular  insufficiency
18 76 M 6:20 FTD N/A Paralytic ileus
19 47 M 5:25 FTD N/A Pneumonia
20 89 F 4:30 AD N/A Peritonitis
21 71 M 4.25 HD N/A Euthanasia
22 65 M 5.00 FTD N/A Cachexia
23 66 M 10.55 MS (SP) 25 Euthanasia
24 78 M 6:15 AD N/A Aspiration pneumonia
25 73 F 2:20 MSA N/A General deterioration
26 87 F 4:10 PD N/A Cachexia
27 57 M 10:15 MS (N/A) 20 Sepsis

Donor samples used for microglia plasticity* and polarization RNA studies
15 91 F 4:40 lBD N/A pneumonia
16 95 M 7:15 CON N/A Cardiac failure
17 78 M 5:50 PD N/A Cerebrovascular insufficiency
18 76 M 6:20 FTD N/A Paralytic ileus
19 47 M 5:25 FTD N/A Pneumonia
20 89 M 4:30 AD N/A Peritonitis
28 57 M 5:45 MSA N/A Euthanasia
29 83 M 5.40 AD N/A Aspiration pneumonia
30 87 F 8.10 PD N/A Dehydration with uremia
31 81 M 8.21 lBD N/A Euthanasia
32* 67 M 8:00 CON N/A Abdominal aortic aneurysm
33* 51 F 9:45 MS (PP) 15 Euthanasia
34* 83 F 6:00 PD N/A Cachexia

AD = Alzheimer’s disease; CON =  non-neurological control;  FTD = frontal temporal dementia; 
HD = Huntington’s Disease;  lBD = lewy Body Variant;  MS = multiple sclerosis; MSA = multiple system atrophy;
PD = Parkinson’s Disease; PM= post mortem; PP = primary progressive MS; 
RR = relapsing remitting MS; SP = secondary progressive MS
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cells were resuspended in a gradient-buffer (3.56 g/l Na2HPO4.2H2O (Merck), 0.78 g/l

NaH2PO4.H2O (Merck), 8 g/l NaCl (Merck), 4 g/l KCl (Merck), 2.0 g/l D-(+)-glucose, 2.0

g/l BSA, pH7.4), supplemented with 2.5% NaCl 1.5M and 30% Percoll (GE Healthcare 

Bio-sciences AB, Uppsala, Sweden), then overlaid with the previously described gradient-

buffer and centrifuged for 35 min at 1200 x g (slow acceleration and no break). The cell

debris-myelin layer was removed. The cell pellet was treated with erythrocyte-lysis-buffer

(8.3 g/l NH4Cl (Merck) and 1 g/l KHCO3 (Merck), pH 7.4) for 10 min at 4°C, cells were

rinsed and resuspended in culture medium (DMEM/HAMF10 1:1, supplemented with

10% hiFBS, 1% penicillin-streptomycin-glutamine and 25 ng/ml GM-CSF) and cultured in

similar culture conditions as the macrophages.

After 7 days, microglia were polarized to a M1 phenotype by priming with 1.103

U/ml recombinant human IFN-γ (U-Cytech, Utrecht, The Netherlands) for 24 h, followed

by addition of 10 ng/ml Escherichia coli lPS (lPS-EB Ultrapure: InvivoGen, San Diego, CA)

to the medium for 24 h. To induce M2 microglia, the cells were activated with 10 ng/ml

Il-4 (Immunotools) for 48 h. Untreated cells are referred to as M0.

Macrophage and microglia morphology
To examine the morphology of macrophages and microglia cells were cultured in 4 well

glass slides (lab-Tek, Rochester, NY) under the same conditions as described above. The

unstained cells were examined using light microscopy and adherent cells photographed

using a leica DMIl microscope (leica, Rijswijk, The Netherlands).

Flow cytometry
Expression of CD68, CD45 and CD11b on cultured macrophages and microglia was

analysed by flow cytometry. Cells were harvested and fixed with 4% formaldehyde.

Subsequently the cells were incubated with antibodies directed to CD11b (1:50; clone: ICRF

44;eBioscience, Huissen, The Netherlands), CD45 (1:100; biotin labelled; clone:HI30;

eBioscience) or CD68 (1:100; clone: EBM11; Dako,Glostrup, Denmark) in PBS containing

0.1% saponine and 0.1% BSA, for 1 h at room temperature (RT). After washing, fluorescently

labelled secondary antibodies; goat-anti-mouse Alexa 488 (1:400; Invitrogen), streptavidin

Alexa 647 (1:400; Invitrogen) were allowed to bind primary antibodies for 30 min at RT.

Isotype-matched antibodies, mouse IgG1 negative control (abDserotec, Oxford, UK), mouse

IgG negative control biotin (abDSerotec) were used to determine a-specific staining. 

Flow cytometric analysis was performed using the FACS Calibur (Becton Dickinson,

Erembodegem, Belgium) combined with Cellquest Pro software (Becton Dickinson) and
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FlowJo software version 9.4.0 for Microsoft (Tree Star, San Carlos, CA), allowing the use of

the mean fluorescent intensity (MFI) to compare macrophages and microglia. Data was

collected from 3 separate experiments performed in duplicate and presented as the mean

± standard error of the mean (SEM).

mRNA isolation and real-time quantitative PCR
To compare the gene expression of markers in the microglia phenotypes mRNA was isolated

by using the mRNA Capture Kit (Roche Applied Science, Almere, The Nether lands) according

to manufacturer’s protocol. Subsequently, reverse transcriptase was performed by the use of

Reverse Transcription System (Promega, Madison, WI) following manu facturer’s instructions,

using PTC 200 DNA Engine gradient cycler (MJ research, Quebec, Canada).

cDNA was diluted three times in primer mix, consisting of forward and reverse

primers diluted in sybrgreen (SSO advanced Sybr green supermix; Biorad, Veenendaal, The

Netherlands) and DNAse/Rnase free water (Invitrogen). PCR amplification was performed

in the Viia7 Real-time PCRsystem (Applied Biosystems, Bleiswijk, The Netherlands).

Expression of selected genes was normalized to the reference gene EF1α and relative

expression was calculated as: E-CT target gene/E-CT reference gene, expressed as arbitrary units (AU).

Efficiencies of primerpairs per run, were determined using linRegPCR software 11.0 33.

Primer sequences and individual annealing temperatures are given in Table 3.

The replacement of sample by water per primer in every run and routinely performed

melting curves and gelelectrophoresis of PCR products were used to determine the

specificity of the PCR reaction (data not shown).

Material was collected from 6 donors, experiments performed in triplicate and

presented as the mean ± SEM.

Immunohistochemistry of cultured microglia
Microglia, cultured in 8 well glass slides (lab-Tek) and stimulated as described above,

were fixed with 4% paraformaldehyde for 10 min at RT. To decrease non-specific

background, cells were incubated with blocking buffer (PBS containing 0.1% cold fish

skin gelatin (Sigma), 0.25% Triton-X100 (Merck), 1% BSA (Roche), 0.05% Tween20 (Merck)

and 2% normal goat serum (NGS; Dako)) for 1 h at RT. After washing, the primary

antibody (Table 2) was added overnight at RT.

To visualise primary antibody binding, cells were incubated with either Alexa

Fluor488- (1:400; Invitrogen) or Alexa Fluor594 (1:400; Invitrogen) labelled secondary

antibodies for 2 h at RT. Between incubation steps, cells were rinsed repeatedly in
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washing buffer composed of blocking buffer without NGS.

Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) 0.2

µg/ml PBS for 10 min and glass slides were overlaid with a coverslip mounted with Fluor -

Preserve™ (Millipore, Billerica, MA). Isotype-matched antibodies were used as controls

(Table 2).

Table 2. Antibodies used for immunohistochemistry 

Antibody Source Species Dilution cells Dilution tissue

PlP AbD Serotec Mouse - 1:250
HlA-DR eBioscience Mouse 1:1500 1:250
IBA1 Wako Rabbit - 1:6400
CD68 Dako Mouse 1:500 -
CD74 Santa Cruz 

Biotechnology Mouse 1:500 1:1600
CD40 AbD Serotec Mouse 1:100 1:50
CD86 Bio connect diagnostics Mouse 1:200 1:50
CD80 AbD Serotec Mouse 1:50 -
CCR7 BD Pharmingen Mouse 1:400 1:400
MR BD Pharmingen Mouse 1:150 1:150
CD200R AbD Serotec Mouse 1:100 1:50
CCl22 Abcam Rabbit 1:250 1:100
CD209 Kind gift of 

Dr. Garcia-Vallejo (58) Rabbit - 1:2500
Isotype control IgG1 BD Pharmingen Mouse
Isotype control IgG2a BD Pharmingen Mouse
Isotype control IgG Abcam Rabbit

Table 3. Primers used for qPCR

Markers Sequence Forward Sequence Reverse Annealing 
temperature (°C)

CD74 GACGAGAACGGCAACTATCTG GTTGGGGAAGACACACCAGC 58
CD40 CCTTGGACAAGCTGTGAGAC AGATGATGGGGATCACCACC 60
CD86 CTGCTCATCTATACACGGTTACC GGAAACGTCGTACAGTTCTGTG 61
CD80 TCGTATGTGCCCTCGTCAGAT GGCCCGAGTACAAGAACCG 58
CCR7 TTCCTGTGTGGTTTTACCGC CTTGACACAGGCATACCTGG 62
MR AAATGTTGAAGGGACGTGGC CTCCAAAACCCAGAAGACGC 60
CD200R GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA 60
Il-1β CCAAACCTCTTCGAGGCACAA TACTTCTGCCATGGCTGCTTCA 60
CCl2 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 62
TNFα CACCGGAACGACATGGAGA TCCAGGCGACAAAAGGGTTA 60
CXCl10 GTGGCATTCAAGGAGTACCTC TGATGGCCTTCGATTCTGGATT 58
CCl22 CGTGATTACGTCCGTTACCG AAGGTTAGCAACACCACGC 60
CCl18 CCCAGCTCACTCTGACCACT TGTGGAATCTGCCAGGAGGTA 62
Il-10 GCCCAGGCAGTCAGATCATC GGGTTTGCTACAACATGGGCT 60
EF1a AAGCTGGAAGATGGCCCTAAA AAGCGACCCAAAGGTGGAT 55-62
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Pictures were taken with a leica DFC 450C (leica lAS AF software) and fluorescence

intensity of seven cells per condition per donor (N=3) was analysed by two independent

observers with ImageJ software 34 as described by Gavet and Pines 35. 

Enzyme-linked immunosorbent assay
Quantification of CCl22 and CXCl10 in microglial culture supernatants was performed

using commercially available ElISA kits according to the manufacturer’s instructions

(Sigma). These cytokines characterise either M1 (CXCl10) or M2 (CCl22) activation states 36.

Briefly, supernatants from cultured microglia of at least six separate donors were

transferred into antibody-coated wells, incubated overnight and washed. Subsequently,

biotinylated-antibody was added for 1 h at RT, followed by the addition of streptavidin-

HRP solution to form biotin-streptavidin complexes. The addition of 3,3’,5,5’-tetramethyl -

benzidine reagent resulted in a colorigenic reaction, which was halted after 30 min by ‘stop’

solution. Absorbance was measured at 450nm and the protein concentration in the

samples was calculated according to the standard curves. 

Material was collected from 6 donors, experiments performed in triplicate and

presented as the mean ± SEM.

Immunohistochemistry of MS lesions and control brain tissue
lesions were selected based on a histochemical luxol fast blue (lFB) staining, according

to the protocol described by Kooi and colleagues (2009) and single immunohisto -

chemical stains directed to the myelin protein proteolipid protein (PlP) and MHC class II

(MHC-II) to identify activated microglia. PlP and MHC-II were stained according to a

previously described protocol using Envision-HRP (Dako) and 3,3’-diaminobenzidine

(DAB, Dako) as a detection method 17. 

For co-localisation studies of MHC-II and the different M1/M2 markers in control

tissue and MS lesions, air-dried cryosections (5 µm) were fixed with acetone for 10 min,

and rinsed in PBS. Endogenous peroxidase was quenched by incubating sections 30 min

in PBS containing 0.3% H2O2. Next, slides were pre-incubated for 1 h with blocking buffer

consisting of 2% NHS and 5% NGS in PBS. Subsequently, slides were incubated overnight

at RT with the primary antibody directed against the M1 or M2 marker (Table 2), diluted in

blocking buffer. After washing, sections were incubated with alkaline-phosphatase (AP;

1:50; abDserotec) or biotin-labelled (1:500; Jackson Immuno Research, West Grove, PA)

secondary antibody diluted in antibody diluent™ (Immunologic, Duiven, The Netherlands)

for 1 h at RT. When using the latter, sections were subsequently incubated with
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streptavidin-AP (1:4000; Roche) for 1 h, to form biotin-streptavidin-AP labelled complexes.

The sections were then rinsed in Tris-buffered saline and stained with liquid permanent

red (Dako). Thereafter, slides were incubated with an antibody directed against MHC-II

(Table 2) for 1 h at RT and washed in PBS. Subsequently, slides were incubated with a HRP-

labelled secondary antibody (1:250, SouthernBiotech, Birmingham, Al) for 30 min. After

washing in PBS, staining of the MHC-II positive microglia was visualised by DAB. Sections

were counterstained in haematoxylin and mounted in Aquatex (Merck). Double positive

cells (M1/M2 marker and MHC-II) in 25-40 preactive lesions (from 7 MS patients) were

counted by three different observers. Pictures were taken with a leica DC500.

Plasticity of M1 and M2 microglia
To study the plasticity of adult humanM1 and M2 microglia, microglia were polarized after 

5 d of culture to obtain M1 or M2 phenotypes as described above. After rinsing, the cells

were treated for a further 48 h with the alternative stimuli i.e. M1 microglia with Il-4 for 48 h

while M2 microglia were first primed with recombinant human IFN-γ for 24 h followed by

an incubation with IFN-γ and lPS for 24 h. As control, medium in culture wells containing

unstimulated M0 microglia was replaced with fresh medium after 48 h. The so-called

‘switched’ cells were compared to cells harvested after only polarization into M1 and M2.

Statistical analysis
Data were statistically analysed by the use of GraphPad Prism software (Graphpad

software, San Diego, CA). To compare the three different phenotypes Kruskal-Wallis one-

way analysis of variance was performed. Pairwise comparison was done by the use of the

Mann-Witney U test. A probability-value (P) ≤ 0.05 was considered to be significant. 

Results

Morphology of macrophages and microglia
Cultured microglia and monocyte-derived macrophages as comparison, were analysed for

morphology, size, and granularity. In contrast to macrophages that showed a variety of cell

morphologies comprised of spherical and elongated cells, microglia adopted a more

bipolar morphology (Figure 1A, B). Evaluation of forward (FSC) and sideward scatter (SSC)

plots revealed a homogenous population of macrophages in terms of size and granularity

(Figure 1A). Microglia were distinguished by a smaller size and higher granularity, demon -

strated by a decreased FSC (size) and an increased SSC (granularity) (Figure 1B). 
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Figure 1. Isolation of human microglia
Human adult microglia were compared to peripheral blood mononuclear cell derived macrophages.
Macrophage cultures showed both spherical and elongated cells (A). Microglia presented a more
bipolar morphologyand had a higher level of granularity based on forward (FSC) and sideward
scatter (SSC) profiles (scale bar represents 25 µm) (B). A gate was positioned around CD68 positive
cells, of these CD68 positive cells approximately 97% stained positive for CD45and CD11b. The
quantification of CD45 and CD11b expression revealed that macrophages are CD11blowCD45high and
microglia CD11bhighCD45low. Representative fluorescence-activated cell sorting plots are shown (C).
Experiments were performed with three different donors in three independent experiments. 
A P value ≤ 0.05 was considered significant (***P≤ 0.001), error bars represent the SEM (N = 3). MFI,
mean fluorescent intensity.
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Purity of macrophages and microglia isolation and marker expression
The purity of microglia and macrophages was determined by CD68 expression, which

revealed that both microglia and macrophage cultures contained >95% CD68+ cells.

CD68+ microglia were discriminated from CD68+ macrophages by CD11b and CD45

expression. Macrophages were identified as CD11blow and CD45high, whereas microglia

showed CD11bhigh and CD45low expression, as quantified by the mean fluorescence

intensity (Figure 1C). 

Gene expression profiling of polarized microglia
Human microglia were cultured for 7 days and either unstimulated (M0), or polarized into

M1 (IFN-γ and lPS) or M2 (Il-4) phenotypes. The expression of a panel of marker

transcripts, known to be differentially expressed under either pro- or anti-inflammatory

conditions was examined. Figure 2 shows the transcript expression levels of the markers

relative to the housekeeper gene EF1a, for the three different microglia phenotypes.

Experiments were performed with microglia isolated from six different subjects per

marker. Although microglia were obtained from patients affected with neurological

diseases other than MS (Table 1) similar consistent responses were obtained after

polarization between individual patients (data not shown). The markers CD74, CD40,

CD86, CD80 and CCR7 were significantly increased in M1 microglia as compared to non-

stimulated (M0) and Il-4 (M2) stimulated cells (Figure 2A). In contrast, gene expression of

MR and CD200R was significantly increased under M2-promoting conditions as

compared to M1-favouring conditions. However, expression levels of MR in M2 microglia

were not significantly different from M0 microglia, and the absolute levels of expression

of CD200R were low (Figure 2A).

With regard to gene expression of cytokine and chemokines, Il-1β, TNF-α and

CXCl10 were identified as distinguishing markers for M1 polarized microglia (Figure 2B).

The immune regulatory cytokine CCl22 was significantly increased in both M1 and M2

microglia, albeit four times more strongly upon M2 polarization (P≤ 0.05). The three

phenotypes did not show any significant differences in the expression of CCl18 and Il-10

(Figure 2B).

Protein expression of M1 and M2 markers in polarized microglia in vitro
To investigate protein expression of the selected panel of genes, immunohistochemistry

was performed on cultured primary adult human M0, M1 or M2 microglia. Fluorescent

intensity of the macrophage lineage marker CD68 showed stable expression in all 
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Figure 2. Gene expression in M0, M1 and M2 polarized microglia 
qPCR analysis was performed on mRNA collected from unstimulated M0, M1 and M2 cultured
microglia. A panel of pro- and anti-inflammatory markers (A) and cytokines (B) were tested. Gene
expression of CD74, CD40, CD86, CD80, and CCR7, markers associated with a pro-inflammatory
phenotype, were significantly upregulated under M1 stimulation conditions compared to M0 and
M2. In contrast, CD200R and MR, related to a M2 phenotype, were significantly higher expressed in
M2 microglia (A). The pro-inflammatory cytokines Il1β, TNF-α and CXCl10 were significantly
increased in M1 microglia, while CCl22 was higher expressed in Il-4 stimulated (M2) microglia (B).
Error bars represent SEM (n=6 for each condition). *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 (Pairwise
comparison, Mann-Whitney test). AU, arbitrary units (AU= E-CT target gene/E-CT reference gene).
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phenotypes (Supplementary Figure 1). However, similar to the transcript profiles, protein

expression of the M1 and M2 markers revealed different profiles for the three microglia

phenotypes. Figure 3A depicts examples of staining for CD40 and MR. Quantification of

protein expression using ImageJ (Figure 3B) showed significantly increased expression of

CD74, CD40, CD86, CCR7, TNFα and CXCl10 (P ≤ 0.01) on M1 polarized cells compared to

M0 and M2 microglia. Such quantification showed that CD80 expression on M1 cells was

not significantly different from M2 polarized cells. Under M2 polarization conditions MR

and CCl22 were significantly increased (P≤ 0.01). Yet, the staining intensity of CCl22 

was already significantly higher on IFN-γ/lPS stimulated cells compared to unstimulated

cells, however the intensity was four folded increased under M2 conditions. CD200R did

not show significant difference between the M1 and M2 phenotypes. Representative

immunostaining expression of all the markers is illustrated in Supplementary Figure 2.

The functional effect of polarization was assessed by determining production of CXCl10

and CCl22 (as representative M1 and M2 markers respectively) in supernatants using

ElISA. It was observed that supernatants of M1 polarized microglia contained

significantly higher levels of CXCl10 than those of M0 and M2 cells (P ≤ 0.01; Figure 4). In

contrast, CCl22 levels were significantly increased (P≤ 0.01) in the supernatants of M2

polarized cells compared to those of M0 and M1 microglia.

In summary, the consistently distinguishing markers of M1 polarized microglia in

vitro were CD74, CD40, CD86, CCR7, TNFα and CXCl10 while MR and CCl22 were the

defining characteristics of M2 polarized microglia. 

Figure 4. Cytokine production of cultured polarized human adult microglia
The possible functional effect of polarization was determined by ElISA in the supernatant of M0, M1
and M2 microglia. CXCl10 is significantly more produced by M1 cells compared to M0 and M2, while
CCl22 is higher in the supernatant of M2 microglia versus M0 and M1.Data are presented as mean 
± SEM. For ElISA data N=6 per condition. **P≤ 0.01, ***P≤ 0.001.
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Figure 3. Protein expression profile of cultured polarized human adult microglia 
Polarized microglia were stained for differentiating markers and cytokines, based on gene expression
levels (Figure 2). Representative pictures show that CD40 staining was the most intense for M1
activated microglia, while MR was higher expressed by M2 microglia (scale bar represents 25 µm)(A).
Staining intensity of both pro- and anti-inflammatory markers was quantified by the use of ImageJ.
CD74, CD40, CD86, CCR7, TNF-α and CXCl10 were significantly increased on M1 microglia compared
to M2, while MR and CCl22 were significantly higher expressed on M2 polarized cells. Data are
presented as mean ± SEM (N=3 per condition). *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001, ****P≤0.0001. CTCF,
corrected total cell fluorescence(CTCF= Integrated Density – [Area of selected cell X Mean
fluorescence of background readings]).
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Figure 5. Identification of activation status of microglia in preactive lesions
Preactive lesions were classified as clusters of activated microglia (MHC-II) in an area with no
detectable myelin (PlP) damage (A, panel 1 and 2). These clusters of activated microglia (MHC-II in
brown) were double stained with phenotype differentiating markers (in red), including CD40 (M1)
and MR (M2) (A, panel 3 and 4). Double positive cells were counted and presented as the percentage
of the total MHC-II positive cells in the preactive lesion (B). Columns depicted in black are markers
that are expressed by the pro-inflammatory M1 phenotype; the grey bars were higher expressed by
M2 microglia. Error bars represent the SEM (N= more than 25 preactive lesions per stain). Original
magnification: 40x, scale bar represents 25µm.

Expression of M1 and M2 markers in preactive lesions
Preactive lesions were defined as clusters of activated microglia expressing high levels of

MHC-II in NAWM (Figure 5A). To determine whether the microglia clusters represent a

lesion stage preceding active lesion formation or whether they represent reparative

lesions we performed immunohistochemistry for M1 and M2 markers on 25-40 preactive

lesions present in 13 blocks from 7 MS patients compared to white matter obtained from

3 healthy control subjects. The microglia clusters were stained for co-expression of 
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MHC-II (to define the lesion) and the markers CD74, CD40, CD86 and CCR7 which are

highly expressed by M1 microglia in vitro (Figure 2 and Figure 3), or MR and CCl22,

characteristics of the M2 phenotype. 

In all preactive lesions, approximately 80% of the cells expressed MHC-II. All MHC-II

positive cells co-expressed IBA1. No cells in preactive lesions expressed only IBA1,

indicating that all microglia were activated. Evaluation of the percentage of MHC-II positive

cells expressing selected microglia markers revealed that the majority of MHC-II positive

cells expressed M1 markers CD74 (mean 81%, SEM=2.9), CD40 (mean 73%, SEM=5.7), and

CD86 (mean 90%, SEM=3.1), while lower numbers were positive for CCR7 (mean 13.5%,

SEM=1.6) (Figure 5B). For the M2 markers, CCl22 was expressed by the majority of MHC-II

positive cells in preactive lesions (mean 90%, SEM=1.9) while in contrast to our finding that

the M2 marker MR is expressed in active lesions 17, only a small number of MHC-II positive

cells in preactive lesions expressed the MR (mean 1.8%, SEM=0.56) (Figure 5B). Examination

of control white matter revealed that microglia also weakly expressed CCl22 although less

intensely than observed in the NAWM in MS (data not shown). Supplementary Figure 3

shows examples of expression of the other markers in preactive lesions. 

As an additional M2 marker, shown by Durafourt et al 9, we examined expression of CD209

(DC-sign) on microglia in preactive lesions. This revealed a similar expression pattern as

CCl22 (data not shown).

In summary, the majority of MHC-II positive cells in preactive lesions express M1

(CD40, CD74 and CD86) and M2 (CCl22 and CD209) markers, while CCR7 positive and MR

positive microglia were observed only rarely in preactive lesions. Using these markers we

only observed one type of preactive lesion

Expression of M1 and M2 microglia markers in remyelinating lesions
Remyelinating lesions were identified by areas containing a paucity of myelin as

identified by reduced lFB and PlP stain, in which activated ramified microglia (Figure 6)

yet no foamy macrophages and lymphocytes were present. To examine if microglia in

these lesions are indeed reparative, as would be expected, the expression of M1 and M2

markers identified from the in vitro studies was evaluated in nine tissue blocks from four

different donors. CD40, CD86 and CCl22 were consistently expressed by ramified, MHC-II

positive microglia in remyelinated lesions (Figure 6). Expression of CD40 was also

observed on endothelial cells while CCl22 was exclusively expressed by activated

ramified microglia and not by perivascular macrophages. In contrast MR positive cells

were not observed in the tissue parenchyma but restricted to the perivascular spaces in

Microglia activation in reparative MS lesions  |  Chapter 3

|  81

3

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:35  Pagina 81



blood vessels within the remyelinated area (Figure 6). In summary, we show for the first

time that the majority of the activated microglia in remyelinating lesions in MS

differentially express the M1 markers CD40 and CD86 and the M2 marker CCl22. In

addition, in these lesions macrophages localised in perivascular spaces express MR but

not CCl22 where the expression is restricted to MHC-II positive parenchymal cells.

Microglia reveal plasticity in vitro
To examine whether microglia expressing both M1 and M2 markers in vivo reflect a single

cell population that can adopt different polarization profiles we studied the dynamics of

microglia polarization in vitro. After 5 days of culture microglia were first polarized to

obtain M1 and M2 populations, whereafter cells were treated with the alternative

polarization regimen for another 2 days. The ‘switched’ cells were compared to cells that

were only polarized into M1 and M2. As shown in Figure 7, a general trend in down -

regulation of M1 markers and an upregulation of M2 markers, at gene transcript level,

was observed after switching the polarization method from M1 to M2, however only

CXCl10 showed significant differences (P≤ 0.05). Whereas stimulating the microglia with

IFN-γ/lPS (M1) after Il-4 (M2) stimulation resulted in a significant increase of CD40 and

CXCl10 (P≤ 0.05) and a significant decrease of MR and CCl22 (P≤ 0.05). These data reveal

that polarization of human adult microglia is dynamic in which the cells are able to switch

between pro- and anti-inflammatory phenotypes.
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Figure 6 . Identification of activation status of microglia in remyelinating lesions
The top panel shows a myelin stain (PlP) of a remyelinating lesion, with activated microglia (MHC-II).
Other images were taken from the centre of the remyelinating lesion. Intense double labelling of
MHC-II positive cells (brown) and CD40 or CD86 (pink) around the blood vessels and in the
parenchyma. MR was highly expressed by perivascular macrophages and CCl22 was expressed by
microglia in the parenchyma, together with MHC-II. Original magnification: 5x, scale bar represents
200µm (upper panel), 40x, scale bar represents 25µm (middle and lower panel).
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Figure 7. Microglia switch
Microglia were polarized into a M1 or M2 phenotype, after which stimulation conditions were
switched. To determine the activation status, qPCR analysis was performed on mRNA collected after
classical polarization into respectively M1, M2 and after switching procedure. Under classical
polarization CD40 is higher expressed by M1 microglia and MR by the M2. After switching stimulation
conditions an opposite image appears (A). A similar pattern is observed for CXCl0 (M1) and CCl22
(M2) (B). Error bars represent SEM (N=3). Statistically significant differences after switching procedure
can be seen for CD40 (M1 to M2), MR (M2 to M1) and CXCl10 (* P≤ 0.05).
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Discussion

To further examine the contribution of microglia in MS lesion formation we compared the

activation status of microglia in preactive lesions and areas of remyelination. Since critical

differences in morphology, marker expression and functionality of polarized cells are

observed between murine and human microglia 20,37–39, we polarized human adult

microglia. We and other groups have previously identified pro-inflammatory (M1) and

anti-inflammatory (M2) markers expressed in polarized peripheral human macrophages

and mouse microglia 8,16–18. To determine if these markers are applicable to primary human

microglia we first analysed the gene transcript and protein expression profiles of M1 and

M2 polarized primary microglia derived from human adult CNS white matter. The present

studies confirm and extend previous studies 9,11,12 on human adult microglia revealing new

M1 and M2 markers, as well as showing that, like macrophages, differentially activated

microglia remain highly susceptible to changes in the microenvironment. Translation of

the clues from the in vitro studies to MS tissues revealed that microglia in preactive and

remyelinating lesions exhibit an intermediate phenotype expressing CD74, CD40 and

CD86, characteristics of M1 polarized microglia, and the immunoregulatory markers

CCl22 and CD209. However, microglia in these lesions do not express MR and CCR7 in

contrast to active MS lesions. Together these findings reveal that microglia in preactive MS

lesions resemble the reparative remyelinating lesions rather than the actively

demyelinating lesions. Microglia phenotypes can be induced by a range of factors,

including IFN-γ, lPS, Il-1β, Il-4, Il-10, Il-13 and dexamethasone as well as pathogen- and

damage-associated molecular patterns 14,40. In vitro, lPS and Il-4 are the strongest

mediators to polarise M1 and M2 primary mouse microglia and human macrophages 41.

Here, we confirm that these conditions are also applicable to adult human microglia to

induce M1 and M2 microglia 8,9,14,42. In contrast to macrophages that show distinct

morphological differences between the two phenotypes 43, we did not observe such

differences between M1 and M2 adult human microglia, which is in agreement with

observations made by Durafourt and colleagues (2012). Under M1 conditions human

adult microglia upregulate the markers CD74, CD40, CD86, CD80 and CCR7 at the gene

transcript level compared to unstimulated and M2 cells. Immunohistochemical analysis

revealed that CD74, CD40, CD86 and CCR7 were distinctive M1 markers, but not CD80. This

is in contrast to the studies of Durafourt and colleagues 9, who reported high numbers of

CD80 and CCR7 positive cells by FACS sorting, while we examined the intensity of

expression compared to unstimulated M0 microglia. 
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The pro-inflammatory molecule CD74 functions as a chaperone of MHC-II during antigen

presentation and induces different signalling cascades that lead to activation of nuclear

factor kappa B and the MAP kinase cascade20,44. In EAE, CD74 is expressed by microglia

and macrophages and blocking such interaction ameliorates EAE, indicating a pro-

inflammatory role 45. In MS patients higher levels of CD74 were observed on monocytes

compared to controls 46. Similarly, CD74 expression was increased on M1 microglia, which

is in line with previously reported data on porcine macrophages47. IFN-γ and lPS also

induce expression of the costimulatory proteins CD40 and CD86 in human macrophages
17,48,49 we now show this is also applicable to primary adult human microglia. By contrast,

microglia stimulated with Il-4 expressed higher gene transcripts of MR and CD200R

compared to IFN-γ/lPS stimulated cells. However, protein levels of CD200R were not

significantly different between the three phenotypes. While our studies show that MR

was a distinguishing marker for M2 polarized microglia, this is in contrast to Melief and

colleagues (2012) using freshly isolated human microglia. This lack of expression of MR

reported by these authors could be due to the use of a rapid isolation method that might

induce an inflammatory activation state, whereas in our studies microglia were isolated

and brought to a resting state before polarization similar to studies performed by

Durafourt and colleagues (2012) in which only a slight upregulation of MR under M2

polarization conditions was observed. 

To fulfil their dual role, microglia produce a broad range of chemokines and

cytokines. In the present study we showed that, CCl22 is increased in M2 microglia,

whereas TNF-α, and CXCl10 are more highly expressed by M1 microglia. In contrast to

our findings, studies by Melief and colleagues (2012) showed a relative unresponsiveness

of human microglia to lPS and IFN-γ. This can be explained by the concept of priming in

which previously stimulated cells evoke an excessive inflammatory response to a

secondary stimulus 50,51. Such priming may well precondition microglia thus affecting

their capability to respond to a secondary challenge. While in the present study human

microglia were primed with IFN-γ for 24h prior to stimulation with lPS, Melief and

colleagues (2012) treated microglia with a cocktail of IFN-γ and lPS immediately after

isolation. This protocol may well activate a different profile indicating that in vivo the

functional properties of microglia are influenced by the environmental signals, depending

on duration and combination of stimuli.

In MS brain tissues, microglia are exposed to a plethora of ligands and stimuli of

which the composition, concentration and exposure can vary over time. For example, the

NAWM contains pro- and anti-inflammatory cytokines, including Il-1β and Il-10, known
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to influence the phenotypes of microglia (28). In line with studies in rodents, such

conditioning may well affect the capabilities of microglia to respond to a later challenge

(39).The human microglia used in the present study were isolated from patients with a

variety of neurological disorders. As discussed above, in terms of priming, plasticity and

molecular memory 51,52, this may well influence the pro- and anti-inflammatory

phenotypes in vitro. However, detailed analysis did not reveal differences between

expression of selected markers in individual patients. This is in line with  studies by Bsibsi

and colleagues 31,53 using the small heat shock protein HSPB5 as a stimulus indicating that

apparent in vivo priming of microglia does not impact on responses in vitro. 

Clues from in vitro studies were translated to MS tissues revealing that microglia

in preactive and remyelinating lesions highly express CD74, CD40 and CD86,

characteristics of M1 polarized microglia, and the immunoregulatory cytokine CCl22 and

CD209. Thus similar to our studies on active lesions, microglia in preactive lesions do not

have a static M1 or M2 activation status, but an intermediate phenotype. However, in

contrast to active MS lesions, microglia do not express MR and rarely express CCR7. Thus,

despite the finding that M2 microglia express MR in vitro, such expression in vivo is

generally restricted to foamy macrophages and perivascular macrophages 17,54 that are

absent in preactive lesions 3. Similarly, abundant CCR7 expression is detected on myeloid

cells 55 in actively demyelinating MS lesions whereas preactive lesions contained only low

numbers of CCR7 positive cells while control tissues lacked CCR7 expression. In EAE CCR7

is upregulated during relapses, and decreased in remission 56 suggesting that CCR7 plays

an important role during the inflammatory damaging phase of the disease by recruiting

subpopulations of T cells and antigen-presenting dendritic cells. That CCR7 was not

characteristic of preactive lesions may explain the absence of T cells in these lesions. On

the other hand CD86, showed an almost complete overlap with MHC-II expression in

preactive lesions, in contrast to NAWM17 indicating that microglia in early lesion

formation are in a vigilant state. This is supported by the finding that microglia in

preactive lesions express TNF-α 3. Yet, the majority of microglia in preactive lesions

expressed CD209 and the anti-inflammatory cytokine CCl22 as well. CD209 has been

proposed to play a key role in immune regulation in the CNS 57. Expression of CD209 on

foamy macrophages, perivascular macrophages and microglia in non-lesion white and

grey matter of MS patients has been demonstrated previously 57–60. Here we now show

the expression of CD209 on microglia in preactive lesions, supporting the idea of an

intermediate microglia phenotype in these lesions.

Microglia activation in reparative MS lesions  |  Chapter 3

|  87

3

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:35  Pagina 87



The cytokine CCl22 is important for the recruitment of dendritic cells, Th2 and regulatory

T cells61. In the present study we show that microglia in control tissue weakly express

CCl22 but in NAWM such expression is increased, whereas in preactive and remyelinating

lesions this is even more abundant. While the exact role of CCl22 in MS lesion

development remains to be established this might explain why levels of CCl22 are higher

in the cerebrospinal fluid of MS patients compared to control subjects 62. 

Microglia in preactive lesions are associated with the expression of the heat

shock protein HSPB5 (alpha-B-crystallin), Il-23 and Il-10, suggesting a level of immune

control in these lesions 3,5,32,53. Although Il-4 has been described in MS lesions 63,64, it is not

detected by immunohistochemistry in preactive lesions 3. This might explain why

microglia in preactive MS lesions do not adopt the typical M2 phenotype associated with

Il-4 stimulation. Il-4 stimulated microglia have been suggested to aid tissue repair 18 via

induction of neurogenesis and oligodendrogenesis of adult neural progenitor cells in

mice 65. Therefore this phenotype might play a more prominent role in remyelination.

Recent studies by Miron and colleagues reveal that M2 microglia expressing MR stimulate

remyelination by enhancing oligodendrocyte differentiation 25. However as discussed

above MR positive cells were restricted to the perivascular space. In mice, M2 cells are

abundant in demyelinated areas 10 days after induction of lysolecithin-induced lesions,

where they aid differentiation of oligodendrocyte progenitors into myelin forming

oligodendrocytes. However, in this model at 21 days after lesion formation, M2 cells were

not detectable, while M1 cells dominate these areas 25. This time-dependent change

could explain the absence of MR in the parenchyma in remyelinated areas of MS patients

of our cohort. 

Accumulating data show that differentially activated macrophages do not adopt a

static activation state but remain highly susceptible to changes in the micro environment 40.

Here, we present for the first time that like macrophages 40 human microglia in vitro easily

transform their expression profile. These data suggest that also in vivo the versatility of

microglia may be strongly influenced by not only environmental stimuli, but also by the

combination of stimuli and temporal aspects of exposure.

We hypothesised that expression of M1 markers in preactive lesions would

promote the development of active lesions while the resolving lesions would express M2

markers. However, our data reveal that microglia express an intermediate activation status

in all preactive and remyelinating lesions that differs from microglia profiles in actively

demyelinating lesions. This supports accumulating evidence that the activation status of

macrophages and microglia is very dynamic and occurs as a continuum with the pro-
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inflammatory (M1) and anti-inflammatory (M2) phenotype on either end of this spectrum

(14). This can be influenced by both systemic signals and local environmental signals. In

MS, examination of local signals such as the MS-relevant protein HSPB5 in the presence of

IFN-γ 53 may better distinguish pathogenic and regulatory microglia phenotypes.
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Supplementary Figures

Supplementary figure 1
Human adult polarized microglia were fixed and stained for CD68 as a stably expressed marker in
cells of the macrophage lineage. Representative pictures of M0, M1 and M2 microglia phenotypes of
3 different donors were quantified by imageJ and represented graphically.

Supplementary figure 2 (see page 95)
Human adult microglia were cultured on chamber slides and left unstimulated (M0) or skewed into
M1, M2. Cells were fixed and stained for markers and cytokines associated with M1 or M2 polarized
cells. Representative pictures of at least three different experiments are shown, for all tested markers.
Quantification of the staining intensity, by ImageJ, is presented in Figure 3B.

Supplementary figure 3
Representative pictures of double stained preactive lesions with MHC-II (brown) and the phenotypic
markers (pink). Quantification of double positive cells is presented in the graph of Figure 5B. 
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Abstract

Macrophages play a dual role in Multiple Sclerosis (MS) pathology. They can exert neuro -

protective and growth promoting effects, however also contribute to tissue damage by

production of inflammatory mediators. The effector function of macrophages is deter -

mined by the way they are activated. Stimulation of monocyte-derived macrophages in

vitro with interferon-γ and lipopolysaccharide results in classically activated (CA/M1)

macrophages, and activation with interleukin 4 induces alternatively activated (AA/M2)

macrophages. For this study, the expression of a panel of typical M1 and M2 markers on

human monocyte derived M1 and M2 macrophages was analysed using flow cytometry.

This revealed that CD40 and mannose receptor (MR) were the most distinctive markers for

human M1 and M2 macrophages respectively. Using a panel of M1 and M2 markers we

next examined the activation status of macrophages/microglia in MS lesions, normal

appearing white matter and healthy control samples. Our data show that M1 markers,

including CD40, CD86, CD64 and CD32 were abundantly expressed by microglia in normal

appearing white matter and by activated microglia and macrophages throughout active

demyelinating MS lesions. M2 markers, such as MR and CD163 were expressed by myelin-

laden macrophages in active lesions and perivascular macrophages. Double staining’s

using anti-CD40 and anti-MR revealed that approximately 70% of the CD40-positive

macrophages in MS lesions also expressed MR, indicating that the majority of infiltrating

macrophages and activated microglial cells display an intermediate activation status. Our

findings show that, although macrophages in active MS lesions predominantly display M1

characteristics, a major subset of macrophages have an intermediate activation status.
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Introduction

Multiple Sclerosis (MS) is a chronic inflammatory, demyelinating disease of the central

nervous system (CNS). It is the most common cause of neurological disability among

young adults, affecting approximately one in 1000 individuals in Europe and Northern

America 1. The major pathological hallmarks of MS are multiple demyelinated lesions,

which are associated with perivascular leukocyte infiltrates, astrogliosis, axonal damage

and loss and neurodegeneration as well as remyelination 2,3. Macrophages and activated

microglia are abundantly present in demyelinating MS lesions and staging of MS lesions

is based on the degree of myelin loss and the presence of  human leukocyte antigens–DR

(HlA-DR) and CD68-positive macrophages 2.

Many lines of evidence indicate that macrophages play a dual role in the

pathogenesis of MS as they contribute to lesion formation and axonal damage, but also

support repair mechanisms 4,5. Upon activation, macrophages secrete a plethora of 

pro-inflammatory mediators, such as cytokines, reactive oxygen species, nitric oxide 

and glutamate, which are able to induce tissue damage 6–11. Injection of clodronate

liposomes, which eliminates infiltrating macrophages, suppressed axonal damage and

clinical signs of experimental autoimmune encephalomyelitis (EAE) 12,13, an animal model

of MS, indicating that macrophages play an essential role in disease pathogenesis.

However, the role of macrophages in the pathogenesis of MS is much more complex,

since macrophages also exert beneficial effects. For example phagocytosis of myelin

debris by macrophages/microglia is necessary for axonal sprouting and remyelination 
12–22 and additionally macrophages produce growth factors 23.

The dual role of macrophages can be explained by the fact that macrophages are

not a single homogeneous population. Instead, several different phenotypical and

functional subpopulations exist 24–26, as a result of their activation status which is

influenced by environmental signals 27–30. The two most polarized phenotypes are

classically activated (CA, M1) with cytotoxic and pro-inflammatory properties 29,30 and the

alternatively activated (AA, M2) macrophages, which are involved in tissue repair by

producing extracellular matrix molecules and anti-inflammatory cytokines 31,32. An

established method to generate M1 macrophages in vitro is by stimulation with

interferon-γ (IFN-γ) and lipopolysaccharide (lPS) while induction of the M2 phenotype

can be achieved by stimulation with Il-4 and many other stimuli 25,30,31. Once induced in

vitro, M1 and M2 macrophages can be distinguished by a panel of functional and

phenotypical markers. In vivo the situation is more complex since a multitude of stimuli
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are present and markers are not exclusively expressed by M1 or M2 macrophages. The

endogenous and environmental signals that determine the activation status are far more

complex in vivo than in vitro, where time and dosage of the activating stimuli are

selected. Numerous markers defining the phenotypes of M1 and M2 human

macrophages have been described in literature. These macrophage subsets are well-

studied in mouse models, however the marker expression of the different subsets in

human are not completely consistent with findings in mice.  For example, the most

commonly used M1 markers of human macrophages include CD40 32,33, CD86 34, Fc³RI

(CD64) and Fc³RII (CD32) 32,35, while mannose receptor (MR) 25,27,30 and CD163 32,35,36 have

been used to identify human M2 macrophages. In contrast, the most commonly used

marker for M1 and M2 macrophages in mice are Nitric oxide synthase 2 and Arginase1

respectively 30. 

To distinguish infiltrating monocytes from activated microglia a CCR2 red

fluorescent protein knock-in mouse was recently reported in which infiltrating monocytes

are red fluorescent while resident microglia are green fluorescent 37. After EAE induction in

this mouse the relative contribution of infiltrating monocytes and activated microglia

could be distinguished at pathology level. In humans such discrimination between

macrophages and microglia is not yet feasible. Macrophages/microglia present in active

and chronic active MS lesions contain lipids reflecting ingestion and accumulation of

myelin lipids. These so-called foamy macrophages express anti-inflammatory cytokines

and lack typical pro-inflammatory cytokines, indicating an alternative phenotype 38,39. On

the other hand, it has been shown that macrophages in inflammatory MS lesions express

specific M1 markers, such as iNOS and CD40 40,41. These data prompted us to systematically

analyse the expression of a discriminatory panel of M1 and M2 markers in well-

characterized MS lesions and normal appearing white matter (NAWM). Although foamy

macrophages and microglia in active and chronic active lesions predominantly express M1

markers, the majority (~ 70%) of CD40-positive macrophages also express the typical M2

marker MR. Taken together, our findings indicate that foamy macrophages in active

demyelinating MS lesions display an intermediate activation status supporting the idea

that in vitro polarization of macrophages and microglia cannot be easily translated to

pathology of diseased tissues in vivo.
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Materials and methods

Human brain tissue
Human brain tissue was obtained at autopsy from 2 patients without neurological

disorders (control) and 8 MS patients. Patient characteristics are listed in Table 1. The

rapid autopsy regimen of the Netherlands Brain Bank in Amsterdam (coordinator Dr. I.

Huitinga) was used to acquire the samples, with the approval of the Medical Ethical

Committee of the VU University Medical Centre. All patients and controls had given

informed consent for autopsy and use of their brain tissue for research purposes. Tissue

samples from subcortical white matter were obtained from non-neurological control

cases. For MS tissue, the clinical diagnosis was confirmed neuropathologically by Prof. P.

van der Valk. Tissue samples from MS cases were obtained after ex vivo magnetic

resonance imaging scanning as described by De Groot et al. 42 Brain tissue samples were

snap-frozen and stored in liquid nitrogen. Classification of lesion staging was based on

immunohistochemical detection of inflammatory cells i.e. cells that express major

histocompatibility complex (MHC) class II/HlA-DR and the presence of proteolipid

protein (PlP) to reveal areas of myelin loss or the presence of myelin in phagocytic cells as

described before 43–45. Seven lesions sampled in this study were classified as active lesions

with myelin loss and abundant phagocytic perivascular and parenchymal macrophages

containing myelin degradation products and five lesions as chronic active with a hypo

cellular demyelinated gliotic centre with astrogliosis and a hyper cellular rim containing

activated microglia and macrophages.

Table 1. Patients’ details 

Case              Tissue block lesion            Gender       Age     Disease Duration       Cause of death             PMD 
                         characterization                                                                   (years)                                                                 (hrs:min) 1

Control                                                             Male              74                        -                         lung carcinoma                    7:45
Control                                                             Male              62                        -                         DM2 de novo, suspicion 
                                                                                                                                                         pancreas carcinoma            7:20
MS                 3 blocks active                      Male              41                      14                       Urosepsis                                7:23
MS                 2 blocks active                       Male              54                      22                       Euthanasia                              8:15
MS                 2 blocks active                       Male              51                      20                       NA2                                          11:00
MS                 1 block chronic active         Female          66                      23                       NA3                                            6:00
MS                 1 block chronic active         Male              61                      18                       Euthanasia                              6:00
MS                 2 blocks chronic active       Male              66                      26                       Ileus                                          9:15
MS                 1 block chronic active         Male              49                      26                       Pneumonia                             7:30
1  PMD, post mortem delay time (hours: minutes),  2  DM Diabetes Mellitus,  3  NA not applicable
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Human macrophages 
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor buffy

coats (Sanquin Blood Bank, Amsterdam, The Netherlands) using Ficoll (lymphoprepTM,

Axis-Shield, Oslo, Norway) density gradient. Monocytes were isolated from the PBMCs by

anti-CD14 magnetic beads according to manufactures protocol (Miltenyi Biotec, leiden,

The Netherlands). Monocytes were cultured in 6-well plates (Greiner Bio-One; Alphen a/d

Rijn, The Netherlands) at a concentration of 1x106 cells/ml in macrophage medium

(DMEM (Invitrogen, Breda, the Netherlands), supplemented with 5% (v/v) normal human

serum (NHS) (Bio Whittaker, East Rutherford, NJ), and 1% (v/v) penicillin-streptomycin-

glutamine (Invitrogen), at 37°C, 5% CO2. Monocytes matured into macrophages (M0

macrophages) in the course of 5-7 days of culturing. Before each experiment macrophages

were washed with phosphate buffered saline (PBS) (Braun, Melsungen, Germany), resulting

in >95% pure macrophages cultures (Figure 1).

Figure 1. Characterization of monocyte derived macrophages
Monocytes were isolated from PBMCs of healthy donors, and cultured for 7 days in the presence of
5% normal human serum. A gate was positioned around living (7-AAD negative) cells (~70%). The
living cells ~97% stained positive for CD68. Representative FACS plots are shown. 

The M1 phenotype was induced by culturing M0 macrophages in the presence of 1x103

U/ml recombinant human IFN-γ (U-Cytech, Utrecht, the Netherlands) 46 and 10 ng/ml

Escherichia coli lPS (026:B6; Sigma-Aldrich, Zwijndrecht, the Netherlands) for 48h. M2

macrophages were generated using 10 ng/ml human Il-4 (ImmunoTools; Friesoythe,

Germany) for 48h 25.  

FACS analysis
Cells were treated with 4% (v/v) lidocaine for 10 min, harvested and washed with PBS.

Subsequently the cells were fixed with 4% formaldehyde 30 minutes on ice, washed with
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PBS containing saponine 1% (v/v), 0.1% (v/v) bovine serum albumin (BSA), and incubated

with the first antibody directed against intra-cellular or cell surface markers (Table 2)

diluted in PBS containing saponine 1% and 0.1% BSA for 1h. After washing twice the cells

were incubated with the fluorescently labelled secondary antibody AlEXA 488 goat anti-

mouse (Invitrogen 1:400) for 1h. As a control, cells were incubated with the isotype-

matched IgG controls or anti-mouse IgG as a second antibody. The macrophages were

analysed using flow cytometry (FACSCalibur, Becton Dickinson, Erembodegem, Belgium)

combined with Cellquest Pro software (Becton Dickinson) and FlowJo software version

9.4.0 for Microsoft (Tree Star, San Carlos, CA). Data obtained using fluorescent associated

cell sorting (FACS) analysis was presented as mean fluorescent intensity (MFI). The data

from 3 separate experiments performed in duplicate were averaged and expressed as

mean ± SEM.

Table 2. Antibodies used in FACS analysis and immunohistochemistry (IHC)

Antigen Species Dilution (FACS) Dilution (IHC) Double stain (IHC) Manufacturer 
CD68 (KP1) mouse 1:100 1:1000 1:1000 Dako 
CD40 (Clone MCA1590) mouse 1:50 1:1500 1:750 Serotec
CD86 (MCA1118) mouse 1:50 1:400 - Serotec
CD64 (555525) mouse 1:50 1:250 - Serotec
CD32 (MCA1075) mouse 1:500 1:2000 - Serotec
CD206 (Clone 19.2) mouse 1:100 1:400 1:250 (bio 1:50) BD Pharmingen
CD163 (ED1) mouse 1:50 1:1000 - Serotec
HlA-DR (lN3) mouse - 1:1000 1:1000 Dako

Immunohistochemistry
Frozen sections of MS lesions, normal appearing white matter (NAWM) and normal

control brain tissue were air dried and incubated with acetone for 10 min. Sections were

rehydrated in PBS and pre-incubated with 10% NHS in PBS/0.1% BSA (Roche, Mannheim,

Germany) for 60 min. Subsequently, sections were incubated with the appropriate

primary antibody (Table 2) overnight at 4°C in PBS/0.1% BSA. After washing the sections

were incubated with a secondary antibody with a Dako Envision Kit (Peroxidase) (Dako,

Heverlee, Belgium) for 30 minutes at room temperature, rinsed in PBS stained with

diaminobenzidine (DAB) (Dako) rinsed with tap water and counterstained with

haematoxylin (Sigma-Aldrich). Finally, sections were dehydrated and embedded in

Entellan (Merck, Schiphol-rijk, The Netherlands). Isotype controls were used as a negative

control, however omission of the primary antibody did not show any differences in
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specificity. Images were taken on a Nikon E800 microscope (Amstelveen, the Nether -

lands) and processed using Adobe Photoshop 6.0 (San Jose, USA).

Double staining’s were performed using anti-CD40, anti-MR-bio and anti-HlA-DR

to determine the extent of co-localization of CD40 and MR with each other and with anti-

HlA-DR as microglia/macrophage marker. Sections were fixed using acetone, pre-

incubated with 10% NHS in PBS/0.1% BSA. Subsequently, sections were incubated with

anti-CD40 or anti-MR overnight at 4°C. Next, sections were washed and incubated for 1h

with goat-anti-mouse IgG-Alexa 488 (Invitrogen, Breda, The Netherlands) or goat-anti-

mouse IgG-Alexa 647. Sections were washed, and incubated with either anti-CD40,

anti-MR or anti-HlA-DR (clone lN3: eBioscience) in PBS/0.1% BSA for 1 h, washed and

incubated with a goat-anti-mouse IgG1-Alexa 488 or goat-anti-mouse IgG2a Alexa 647

(Invitrogen) antibody. Sections were counterstained using Hoechst (Sigma-Aldrich)

1:10000 for 5 minutes, rinsed and embedded using mounting medium. Images were

taken on a leica DM6000 (leica lAS AF software, leica Microsystems, Bensheim,

Germany) and processed using Adobe Photoshop 6.0. We quantified the percentages by

counting CD40, HlA-DR and MR positive cells in ten randomly taken pictures at

magnification 20X of the active lesions.

Statistical analysis
The data were analysed using a one-way ANOVA with Bonferroni correction in Graphpad

prism version 4.03 for Windows (Graphpad software, San Diego, California, USA). A p-value

≤ 0.05 was considered significant.

Results

Expression of M1 and M2 markers on in vitro generated macrophages
PBMCs were obtained from three different donors and cultured for 7 days to mature into

macrophages, then stimulated with either Il-4 (M2) or IFN-γ and lPS (M1) or left

unstimulated (M0). Macrophages were harvested after 2 days and stained with 7-

aminoactinomycin (7-AAD) (Invitrogen) to determine cell viability (~80%). FACS analysis

showed that 97% of the cells of each subpopulation were CD68 positive (Figure 1). We

next assessed the phenotype of M1 and M2 human macrophages generated in vitro

using a selection of various well-defined macrophage markers, including CD40, CD86,

CD64, CD32, MR and CD163. Treatment with IFN-γ and lPS resulted in a significant up

regulation of CD40 compared to M0 macrophages (Figure 2A), in line with previous
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observations 32. Treatment with Il-4 resulted in a significant increase of MR expression

compared to M0 macrophages (Figure 2A).  Remarkably, cell surface expression of the M1

markers CD86 and CD32 and the M2 marker CD163 did not differ significantly compared

to M0 macrophages. CD64 expression showed a tendency towards up regulation on M1

macrophages, however this did not reach significance. Results are represented in a graph

depicting the MFI in Figure 2B. Statistically significant differences in MFI compared to M0

macrophages were observed for CD40 on M1 macrophages and MR on M2 macrophages

(p<0.05).

Figure 2. Expression of markers on M0, M1 and M2 macrophages stimulated in vitro 
Macrophages were polarized to M1 and M2 macrophages (see materials and methods for details) and
the expression of markers was analysed by flow cytometry. In all figures the black bold line represents
M1 macrophages (A). CD40 and CD64 are both shifted in mean fluorescent intensity, however 
only CD40 is significantly unregulated on M1 macrophages compared to M0 macrophages. The 
M2 macrophage population is depicted by a grey line. MR expression is unregulated on the M2
macrophages, whereas no differences in CD163 expression were observed comparing the different
subsets. The means ± SEM were calculated from three independent experiments performed in
duplicate and *P <0.05 calculated for MFI was considered significant (B).
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Expression of M1 and M2 macrophage markers in control brain 
and NAWM
While many studies have reported expression of typical M1 and M2 markers by

macrophages this has not been systematically studied in detail in MS brain samples. To

determine a baseline we first examined the expression of typical M1 and M2 markers in

the brain of control subjects. CD68 and HlA-DR expression, well-known markers for

macrophages and microglia, was expressed by microglia  and perivascular macrophages

(PVM) 42. likewise, antibodies directed against the M1 markers, CD40, CD64 and CD32

decorated virtually all microglia and PVM, whereas CD86 was expressed by only a minor

subset of microglia. CD40 was also expressed by brain endothelial cells. As described

previously, the expression of typical M2 markers MR and CD163 were restricted to PVM 47

(Figure 3). In general, M1 and M2 markers revealed a similar cellular distribution and

expression pattern in NAWM compared to control white matter. 

Figure 3. Expression of markers for M1 and M2 phenotype in white matter of control brain
Sections of white matter of control brain were stained using immunohistochemistry. PlP staining
shows normal abundant myelin (A) HlA-DR and CD68 staining reveals positive microglia (B, C). M1
markers, including CD40, and CD86 were expressed on microglia (D, E). Antibodies directed against
CD64 and CD32 clearly decorated microglia (F, G), whereas MR and CD163 were expressed by
perivascular macrophages (H-I).
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Expression of M1 and M2 macrophage markers in MS lesions
Expression of M1 and M2 macrophages/microglia markers was evaluated in seven active

and five chronic active MS lesions from eight different donors. All M1 markers studied,

including CD40, CD86, CD64 and CD32, were consistently and highly expressed by

activated microglia and myelin-laden macrophages throughout the demyelinated lesion

area. Anti-CD40 showed both a cytoplasmic and membrane staining pattern while the

Fc-γ receptors CD64 and CD32 were present on membranes of all macrophages and

microglia. In active MS lesions MR and CD163, two well-defined M2 markers, were

strongly expressed by foamy macrophages and by a majority of the PVM (Figure 4). 

Figure 4. Expression of M1 and M2 markers in active MS lesions
Images were taken from the centre of active demyelinating lesion. PlP staining shows widespread
demyelination and PlP-laden macrophages (insert) (A). Intense labelling of HlA-DR and CD68
positive cells was observed in the centre and rim of the lesion. CD68, CD40, CD86, CD64 and CD32
were markedly expressed by macrophages throughout the lesion area (D-G). MR and CD163 were
highly expressed by foamy macrophages (H, I).

Immunofluorescent double staining’s on five active lesions and chronic active lesions of

CD40 and HlA-DR revealed a complete overlap on macrophages/microglia, indicating

that virtually all macrophages/microglia express CD40. To study the co-expression of M1
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and M2 markers, double staining’s on both active and chronic active lesions of CD40 with

MR were performed. All macrophages/microglia expressed CD40 and 70% (range 51-

80%) of foamy macrophages expressed both MR as well as CD40 in active MS lesions

(Figure 5). The overlap of M1 and M2 markers was consistently observed in lesion samples

of the different patients. 

Figure 5. CD40 and MR expression on foamy macrophages in an active MS lesion
Images are taken at the centre of an active MS lesion stained for HlA DR (A) and CD40 (B).
Colocalization studies showed a clear overlap of HlA-DR and CD40 (C). Double staining with anti-
CD40 (D) and -MR (E) shows that 70% of the CD40 positive cells were also MR positive, all MR positive
cells are CD40 positive (F). 

Chronic active lesions are characterized by a demyelinated gliotic centre and hyper cellular

rim containing HlA-DR and CD68-immunopositive activated microglia and macrophages.

In our study most chronic active lesions had only activated microglia in the rim and no

foamy macrophages. Only one chronic active lesion contained foamy macrophages. All M1

markers were abundantly expressed by activated microglia at the rim of chronic active

lesions (Figure 6). Activated microglia in the rim of chronic active lesions lacked MR and

CD163 expression, whereas PVM prominently expressed MR and CD163 (Figure 5H, I). The

results are summarized in a semi quantification of the expression of the markers in control

brain, NAWM, active MS lesions and chronic active MS lesions (Table 3). 

In summary, we here show for the first time that the majority of foamy macrophages in

active MS lesions consistently express both M1 and M2 markers, indicating an intermediate

activation status. This was a consistent finding in all lesions studied.
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Table 3. Marker expression in MS lesions 

Macrophage Antigen Control NAWM Active Chronic active
Lesion lesion

Pan marker CD68 + + +++ +++
M1 CD40 + + +++ +++

CD86 + + ++ +++
CD64 ++ ++ +++ +++
CD32 ++ ++ ++ ++

M2 Mannose 
receptor - - +++ -
CD163 - - +++ -

- no positive cells, + few macrophages stain positive or the expression level is low, ++ the majority (> 50%) of
the macrophages stain positive, +++ all macrophages stain positive

Figure 6. Expression of markers for M1 and M2 phenotype in a chronic active lesion
A: PlP staining of a chronic active lesion shows massive demyelination and PlP positive macrophages
in the insert. HlA-DR expression was profound at the rim of chronic active lesions (B). CD68, CD40,
CD86, CD64 and CD32 are all clearly expressed by microglia at the rim of the lesion. Images of
macrophage markers were taken at the rim of the lesion (C-G). MR- and CD163-positive macrophages
were predominantly observed in the perivascular space (H-I). 
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Discussion

Macrophages are the most predominant immune cell type in inflammatory demyelinating

MS lesions. The activation status of macrophages in MS lesions has not been studied in

detail yet. Therefore, the aim of this study was to systematically analyse the expression of

markers for M1 (classically activated, pro-inflammatory) and M2 (alternatively activated,

growth promoting) macrophages/microglia in the different lesion types. Our findings

indicate that CD40 and MR are the most distinctive markers for M1 and M2 macrophages.

In vivo examination of the active and chronic active MS lesions revealed that the

expression of typical M1 markers is more abundant than that of M2 markers and

approximately 70% (51-80%) of foamy macrophages present in active demyelinating

lesions express both M1 and M2 markers. In chronic active lesions the M2 markers are

lacking, indicating that the M2 markers extinguish slowly when an active lesion is

developing towards a chronic active lesion.

Many factors are proposed to push polarization besides IFN-γ/lPS and Il-4, like

M-CSF and GM-CSF which induces other phenotypic marker expression  Factors involved

in cell culture, including growth factors, media, supplements and stimulation methods

will influence marker expression by the subsets 32,33,48–50. Our in vitro data show that CD40

is the most distinctive marker for the M1 phenotype, which is in line with other studies 34,51.

Both lPS and IFN-γ (stimuli for classical activation), induce CD40 expression by

macrophages and microglia via activation of NFκB 34,51. In contrast to previous reports 28,29

we found no significant differences in the expression of CD86, CD64 and CD32 between

M1 and unstimulated macrophages. In previous studies CD86 is significantly unregulated

after IFN-γ or Il-4 stimulation compared to M0 however to the same extent between M1

and M2 which is in line with our data 35. The group of Zeyda et.al. showed that CD86 was

significantly unregulated between the subsets after stimulation with Il-4 and to a greater

extent with IFN-γ compared to adipose tissue macrophages 34, however their culture

method deviates from our protocol; DNA-se was added and macrophages were cultured

in RPMI/FCS10% which may influence the marker expression. CD64 and CD32 were

unregulated in a study by Becker after stimulation with IFN-γ only 49, however another

study showed no up regulation of CD32 upon IFN-γ stimulation 35. The difference in CD32

expression after IFN³ polarization can be explained by different media, different amounts

of IFN³ and a different activation time scheme, RPMI with 5% NHS and IMDM with 10%

FCS, 0,001-1ng/ml IFN-γ and 50ng/ml, 24-64h and 96h respectively. CD32 showed no

difference in vitro using our stimulation method of combining IFN-γ and lPS to skew
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macrophages towards an M1 phenotype. CD64 is considered a marker for M1

macrophages 35,49, however in a contradicting study CD64 was not unregulated on M1

macrophages 32. We observed that CD64 was higher expressed on M1 macrophages

compared to M0 macrophages; however this higher expression did not reach

significance. Our findings illustrate that the expression of MR is significantly higher on M2

macrophages after Il-4 stimulation, which is in line with previous findings 35,50,52. In our

experiments CD163, a marker which is expressed on M2 macrophages 32,35,36, was not

unregulated after Il-4 stimulation as has been demonstrated before 34,50. Altogether, our

data show that IFN-γ/lPS skews macrophages to CD40-immunopositive M1 macrophages,

whereas Il-4 exposure promotes the induction of MR-positive M2 macrophages. Taken

together these studies indicate that there is only a partial phenotypic overlap between

GM-CSF and M-CSF polarized macrophages and IFN-γ/lPS and Il-4 skewed macrophages.

In vivo, the activation status of macrophages is likely induced by a complex set of

factors, which includes, but is not limited, to the commonly used in vitro activators. In

normal appearing white matter an up regulation of possible microglia activators like Il-4,

Il-1β are present, compared to control brain 53.  Due to the fact that a plethora of

activators is present in vivo, we decided to continue with a panel of relevant markers to

study the presence of M1 and M2 phenotype. Our results show that microglia in NAWM

and control brain express M1 markers, FC-gamma receptors, CD64 and CD32 which is line

with previous findings 54. A recently published study stressed the differences between

NAWM and control brain by showing the activation status of microglia, based on marker

expression of microglia on RNA level 55. We could not confirm these findings by the

expression of M1 and M2 markers at protein level. It could well be that detection at mRNA

level is more sensitive than immunohistochemical detection of protein expression. 

In control brain the expression of CD86 is lacking and CD40 is present on PVM,

microglia and endothelium. The expression of these co-stimulatory molecules in NAWM

have not been reported before in detail 47,56,57. Here we show that CD40 is expressed by

most microglial cells and endothelium, whereas CD86 is weakly expressed on the

branches of a subset of microglia. No major differences in expression of CD40 and CD86

were observed between control brain and NAWM. These findings in human brain are in

contrast with findings in marmoset monkeys where CD40 and CD86 were completely

absent in control brain from marmoset monkeys 58. Regarding the expression of M2

markers present in the control brain, it was shown previously that the expression of M2

markers is limited to the PVM in NAWM and control brain as confirmed in our study 38,47. It

is postulated that microglia in control brain are in a resting state 59. However our data
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indicate a more ‘vigilant’ state since in NAWM and control brain the Fc-gamma receptors,

CD64 and CD32 are expressed by microglia, as well as the co-stimulatory molecules CD40

and CD86. 

In active MS lesions all foamy macrophages express CD40, CD86 CD64 and CD32

indicative of an M1 phenotype. Previously the expression of Fc-γ receptors, CD64 and

CD32 by macrophages in active lesions and the presence of costimulatory molecules

CD86 and CD40 is described before in the CNS on microglia 47,54,56,60. We here show that

CD86 and CD40 are not only expressed by microglia, but also by foamy macrophages,

indicating their activated state. CD40 is of special interest, since this receptor is known to

play a crucial role in experimental autoimmune encephalomyelitis (EAE) 58. Interaction

between CD40 on macrophages/microglia and its ligand leads to secretion of cytokines

and neurotoxins and CD40-deficient mice and CD40-ligand knockout mice fail to develop

EAE 61,62. Animals with EAE treated with antibodies against CD40 showed reduced clinical

signs indicating that CD40 is crucial for disease induction and neuroinflammation 41,63–65.

Presence of CD40 was described on foamy macrophages in active MS lesions and on

endothelium 41,47,57. In this study we show that CD40 is abundantly expressed by virtually

all microglia cells and macrophages in MS brains, indicating the vigilant state of these

HlA-DR positive cells.

The expression of M2 markers on macrophages was shown before 38,47, however

we are the first to show that MR is also expressed on a majority of foamy macrophages

and absent on activated microglia. Scavenger receptor CD163 showed a similar

distribution pattern as MR, with strong expression on PVM and foamy macrophages 47,66.

Up regulation of MR and CD163 on macrophages is consistently interpreted as an anti-

inflammatory macrophage activation status 30,38. However, these receptors are both

pathogen recognition receptors, suggesting  that macrophages are actively involved in

innate immunity 10.

Our findings confirm previous data demonstrating that HlA-DR-positive

microglia almost have a complete overlap with CD40 immunoreactivity 57. Double

immunofluorescence staining’s revealed that approximately 70% of CD40-positive

(foamy) macrophages/microglia co-express MR. Only one previous study showed that a

subpopulation of PVM in an active lesion expresses both M1 and M2 markers, hinting at

an intermediate activation status of the macrophage 47. Here, we provide evidence that

the majority of macrophages and activated microglial cells in active demyelinating MS

lesions express a combination of typical M1 and M2 markers. This phenotype ex vivo

differs from that found in vitro, which might be explained by the fact that in vitro
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stimulation methods, based on addition of either IFN-γ and lPS or Il-4 does not

adequately represent the in vivo situation where infiltrating cells are exposed to an

arsenal of pro- and anti-inflammatory mediators, chemokines and growth factors. 

Conclusions

In summary we show that CD40 and MR are the most distinctive cell surface markers to

identify human M1 and M2 macrophages in vitro. Immunohistochemical analysis revealed

that virtually all activated macrophages/microglia express the typical M1 marker CD40.

Interestingly, the majority (70%) of foamy macrophages in active demyelinating MS

lesions co-express M1 and M2 markers. Together, our findings suggest that, although

macrophages in active MS lesions predominantly display M1 characteristics, a major

subset of macrophages have an intermediate activation status. Many endogenous signals

can be responsible for this intermediate activation state. We are currently investigating

which factor is responsible for induction of this intermediate phenotype. 
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Abstract 

In neuroinflammatory diseases, macrophages can play a dual role in the process of tissue

damage, depending on their activation status (M1 / M2). M1 macrophages are considered

to exert damaging effects to neurons, whereas M2 macrophages are reported to aid

regeneration and repair of neurons. Their migration within the central nervous system may

be of critical importance in the final outcome of neurodegeneration in neuroinflammatory

diseases e.g. Multiple Sclerosis (MS). To provide insight into this process, we examined the

migratory capacity of human monocyte-derived M1 and M2 polarized macrophages

towards chemoattractants, relevant for neuroinflammatory diseases like MS. Primary

cultures of human monocyte-derived macrophages were exposed to interferon gamma

and lipopolysaccharide (lPS) to evoke proinflammatory (M1) activation or Il-4 to evoke

anti-inflammatory (M2) activation. In a TAXIScan assay, migration of M0, M1 and M2

towards chemoattractants was measured and quantified. Furthermore the adhesion

capacity and the expression levels of integrins as well as chemokine receptors of M0, M1

and M2 were assessed. Alterations in cell morphology were analysed using fluorescent

labelling of the cytoskeleton. Significant differences were observed between M1 and M2

macrophages in the migration towards chemoattractants. We show that M2

macrophages migrated over longer distances towards CCl2, CCl5, CXCl10, CXCl12 and

C1q compared to non-activated (M0) and M1 macrophages. No differences were

observed in the adhesion of M0, M1 and M2 macrophages to multiple matrix

components, nor in the expression of integrins and chemokine receptors. Significant

changes were observed in the cytoskeleton organization upon stimulation with CCl2,

M0, M1 and M2 macrophages adopt a spherical morphology and the cytoskeleton is

rapidly rearranged. M0 and M2 macrophages are able to form filopodia, whereas M1

macrophages only adapt a spherical morphology. Together our results indicate that the

alternative activation status of macrophages promotes their migratory properties to

chemoattractants relevant for neuroinflammatory diseases like MS. Conversely, classically

activated, proinflammatory macrophages have reduced migratory properties. Based on

our results, we postulate that the activation status of the macrophage influences the

capacity of the macrophages to rearrange their cytoskeleton. This is the first step in

understanding how modulation of macrophage activation affects macrophage migration

in neuroinflammatory diseases like MS. 
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Introduction

Infiltration of circulating monocytes is a pathological hallmark of injury to the central

nervous system (CNS). Once in the CNS, blood-derived macrophages are thought to

contribute to tissue damage and  repair in yet unidentified ways 1–3. In the early phase of

CNS injury, M1 (neurotoxic) macrophages were shown to be the first to appear at the site

of injury followed by the appearance of M2 macrophages (axonal growth promoting) 1,2,4–7.

Paradoxically the role of macrophage polarization in relation to their migration within the

CNS tissue itself has been poorly studied. Recently, it was shown in mice that upon

mechanical spinal cord injury, the recruitment of M1 and M2 macrophages in the CNS

differs; M1 macrophages were found to derive from monocytes that entered the

traumatized spinal cord dependent on chemokine C-C motif ligand (CCl)2 through the

adjacent spinal cord leptomeninges, whereas the M2 polarized cells were derived from

monocytes that trafficked through the brain-ventricular choroid plexus 8. Therefore, M2

macrophages are thought to migrate over longer distances. Previously we showed that

murine bone marrow derived M2 macrophages display enhanced motility compared to

M1 macrophages towards CCl5 and (chemokine C-X-C motif ligand) CXCl12 and that M2

cells were more attracted towards neuronal conditioned media, indicating that they may

be attracted by neurons in the CNS 9. Attraction of macrophages towards CNS injury may

thus represent controlled recruitment of macrophages is necessary for repair. 

Migration within the CNS towards sites of injury or inflammation is directed by

chemokines. In the current study, we focus on chemokines which are up regulated in

neuroinflammatory diseases, such as multiple   (MS) 10–12. In the inflammatory lesions,

macrophages are the dominant cells. In general, chemokines are essential for attraction

of macrophages towards the site of injury, for example, in MS lesions or stroke. CCl2 for

example is produced by activated astrocytes and  is known to play a key role in attracting

monocytes over the blood-brain barrier (BBB) 13,14. Chemokines CCl5 and CXCl10 are

known to be up regulated in the cerebral spinal fluid during relapses of MS and after

stroke and CXCl12 is produced by reactive astrocytes in MS lesions 15–17.  Next to

chemokines, the complement system may influence macrophage migration. C1q has

been detected in blood vessel walls, astrocytes, along myelin and within macrophages/ -

microglia in white matter MS lesions 18–20. C1q is a known chemoattractant for monocytes

and immature dendritic cells 21. To our knowledge the role of C1q in macrophage

migration is unclear. Here we studied the migration capacities of the pro- or anti-

inflammatory macrophages towards CCl2, CCl5, CXCl10, CXCl12 and C1q. 
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Cell migration is closely regulated by cell polarization due to dynamic changes of the

cytoskeleton, and cytoskeleton changes of differently activated macrophages has been

described before in terms of morphology of the cells in vitro 22. However, until now it has

been unclear whether M1 and M2 human macrophages have different migration

capabilities. We therefore addressed the question as to whether M1 and M2

macrophages have different directed migration capacities towards chemoattractants and

chemokines which are known to play an important role in attraction of macrophages to

support repair or cause damage in neuroinflammation in particular in MS 13,15,23–25.
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Materials and methods

Macrophage isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats obtained

from healthy donors (Sanquin Blood Bank, Amsterdam, The Netherlands) using Ficoll

density gradient (lymphoprepTM, Axis- Shield, Oslo, Norway). Monocytes were isolated

from PBMCs using anti-CD14 magnetic beads (Miltenyi Biotec,  leiden, The Netherlands)

with a MACS® MultiStand and lS Column by passing 3 ml of MACS buffer (2mM

ethylenediaminetetraaccetic acid (EDTA and 0.1% FCS in PBS) according to the manu -

facturers protocol. 

For maturation into macrophages, monocytes were washed and cultured at a

concentration of 2 x 106 cells/ml in Petri dishes in macrophage medium DMEM (Invitrogen,

Breda, The Netherlands), supplemented with 5% (v/v) normal human serum  (Bio Whittaker,

East Rutherford, NJ, USA), and 1% (v/v) penicillin-streptomycin-glutamine (Invitrogen), at

37°C, 5% CO2. Monocytes matured into macrophages (M0 macrophages) in the course of

5 days of culturing. After 5 days the supernatant was removed and cells were harvested

by adding 4% lidocaine (v/v) in PBS to the Petri dish, incubated for 10 minutes, scraped to

aid detachment and counted. Macrophages were washed and reseeded in 6-well plates

in a concentration of 106 cells/ml in macrophage medium and cultured for an additional

2 days. 

Macrophage activation
Generation of pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages

was performed as previously described 7,26. In brief, M1 macrophages were obtained by

priming M0 macrophages with 1000 U/ml IFN-γ (U-Cytech, Utrecht, The Netherlands) for 24

h next, 10 ng/ml Escheria coli derived lipopolysaccharide (lPS) (026:B6; Sigma-Aldrich,

Zwijndrecht, The Netherlands) was added to the macrophage medium for a further 24 h. To

generate M2 macrophages, 10 ng/ml recombinant human Il-4 (Immunotools, Friesoythe,

Germany) was added to the culture medium for 48 h. As a control (M0) macrophages were

cultured for 7 days without additional stimuli. 

Cytokine measurements
The production of pro- and anti-inflammatory mediators was assessed by ElISA in cell-

free macrophage conditioned medium sampled 48 h after activation using commercial

kits for human Il-4, Il-10, Il-6, and TNF-α (Sanquin blood bank). These cytokines were
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chosen as they are able to characterize M1 (TNF-α, Il-12)  and M2 (Il-10, Il-4) activation

status 27,28. In all experiments, medium containing the activation cytokines (IFNγ and lPS

or Il-4) was assessed as well as the supernatants from M0, M1 and M2 with an ElISA.

Absorbance was read at 450nm on a spectrophotometer and unknown sample

concentrations were calculated using an equation from the standard curve. Supernatants

of three independent experiments were used. 

Table 1. Chemokines used in migration studies

Chemokine Dilution Source
CCl2 (MCP-1) 2 ng/ml Prepotech, Germany
C1q 1nM Quindad, USA
CXCl10 10ng/ml Quindad, USA
CXCl12 30ng/ml RD, UK
CCl5 1ng/ml RD, UK

Migration of macrophages
Directed migration experiments were performed using a TAXIScan (ECI, Tokyo, Japan) 29,

consisting of a chip, a metal plate with 12 wells. Two opposing chambers (A,B) are

connected by an 8 µm wide  260 µm long migration path. Macrophages were injected in

the first well (A). To align the cells on to the starting position, 10 µl was ejected from the

adjacent well (B). Next, the different chemokines that are known to be up regulated in

neuroinflammatory diseases such as MS (CCl2, CCl5, CXCl10 and CXCl12 and the

complement factor C1q (2 μl)) (for detailed information see Table 1) were injected into

the same well (B). First the optimum concentration of the chemokine was determined: 

in the TAXIScan M0 and M2 macrophages either migrated to the added chemokine 

or remained sessile as all M1 cells remained sessile continuously. No bell-shaped curve

was observed with increasing concentrations (data not shown). Next, the optimised

concentrations were used to study the migration capabilities between M0, M1 and M2.

Cellular migration at 37 oC was recorded with a camera focussed on the migration path

every 30 sec for 1 h. The migration profile was analysed afterwards with manual tracking

software from ImageJ with the chemotaxis and migration plug-in 30. In each experiment,

ten macrophages were randomly selected for manually tracking. With this software, the

difference in the centre of the mass at the beginning and at the end of the experiment

was calculated; this value represents the length of migration for cells. The forward

migration index (represents the directness towards a definite point of cell trajectories)

and velocity of the cells was calculated. 
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Macrophage adhesion
The adhesion of M0, M1 and M2 macrophages to extracellular matrix molecules was

determined using plates coated with either collagen type 1 (from calf skin, Sigma Aldrich,

Saint louis, MO, USA) or fibronectin isolated from human plasma (Roche, Woerden, The

Netherlands). M0, M1 and M2 macrophages were harvested (as described above) and

washed with PBS, labelled for 15 minutes at 37 oC with 1μl 2’,7’bis(2carboxyethyl)5(and6)

carboxyfluoresce) (BCECF-AM) (Invitrogen). Cells were washed and seeded onto a 96-well

plate in a density of 105 cells per well and cultured for 2 h at 37oC and 5% CO2. After 2 h,

non-adherent cells were removed. The remaining cells were lysed with 0.1N NaOH and

fluorescence was measured in a Fluostar24 (BMG lab technologies, Offenburg, Germany).

The percentage of adherent cells was determined by comparing fluorescence intensity to

a calibration line ranking from 0 cells to 1.106 cells/ml.

Table 2. Antibodies used for FACS analysis

Antigen Species and Clone Dilution Source
isotype

CD31 mIgG1 JC70A 1:100 Dako, Nl
VlA-4 mIgG1 HP2/1 1:100 Millipore, Nl
CCR2 rbIgG E68 1:50 Abcam, UK
CXCR3 mIgG1 1C6 1:50 BD, The Nl
CXCR4 mIgG1 12G5 1:50 BD, The Nl
CCR5 mIgG1 2D7 1:50 BD, The Nl
Isotype control  mIgG1 - 0.2µg/ml Serotec, UK
Rb: rabbit; m: mouse

Chemokine receptor expression
Macrophages were harvested 48 h after activation using PBS containing lidocaine 4%

(Sigma Aldrich) and the supernatants collected for ElISA. Cells were washed twice with

PBS and fixed with PBS containing 4% formalin. Subsequently the macrophages were

labelled for 1 h at room temperature with primary antibody (Table 2) diluted in PBS

containing 0.1% BSA/ 0.1% saponine. Cells were washed twice in PBS and incubated for 

1 h (room temperature) with fluorescent labelled secondary antibody diluted in PBS 1%

BSA, washed twice and resuspended in fluorescence-activated cell sorting (FACS) buffer

prior to analysis. Four colour flow cytometry (FACSCalibur, Becton Dickinson,

Erembodegem, Belgium) was used in combination with Cell Quest software (Becton

Dickinson) and FlowJo software version 9.4.0 for Microsoft (Tree Star Inc, San Carlos,

Sahland, OR, USA) to analyse expression of markers (see Table 2) on the differentially
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activated macrophages. As controls the primary antibody was replaced by an isotype

control (Table 1). The cells were stained with a viability dye according to the manufactures

instructions (Fixable Viability Dye eFluor 660, eBioscience Hatfield, United Kingdom) at a

concentration of 1 µl dye per 106 cells. Viable cells were gated (approximately 70%) as

described before 7 and the mean fluorescence of each marker was compared to the M0

macrophage expression. For each measurement of markers of M0, M1 and M2

macrophages at least 10,000 cells were gated and analysed. Each analysis was repeated

using cells from three different donors.

Cytoskeleton visualization 
To analyse the cytoskeleton of the macrophages, the actin cytoskeleton was visualized.

Macrophages were harvested after 5 days culture, reseeded on glass coverslips and then

activated with IFN-γ/lPS or Il-4 to induce M1 or M2 subsets. M0 macrophages were

cultured in medium without stimuli. After 48 h, cells were left untreated or activated with

CCl2 10 µM (Peprotech, Heerhugowaard, The Netherlands)  for 10 minutes fixed with 4%

paraformaldehyde in PBS for 30 minutes at 4 oC, rinsed with PBS and permeabilised with

0.2% Triton X-100 in PBS for 5 minutes. The cells were rinsed with 10mM Glycine, rinsed

with PBS, and incubated with Cdc42 (1:500 Abcam, Cambridge, UK) for 1 h. The cells were

rinsed with PBS prior to staining with the second antibody goat anti rabbit AlEXA 488

(1:400, Invitrogen) and rhodamine phalloidin (1:300, Sigma Aldrich) a high affinity,

fluorescent filamentous actin probe for 1 h 9. Cells were washed twice and the nuclei

counterstained using Hoechst (1:5000, Sigma Aldrich) and washed again and mounted in

mounting medium (88% hydrolysed polyvinyl alcohol, Dako, Heverlee, Belgium). Images

were captured on a leica DM6000 microscope. 

Statistical analysis
Statistical analysis was performed using Graphpad Prism version 4.03 for Windows

(Graphpad software,San Diego, CA, USA). The FACS analysis, morphology, adhesion and

migration experiments were analysed using a one-way analysis of variance (ANOVA) with

the Bonferroni correction. The results were considered statistically significant when P was

<0.05.
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Results

To investigate the migration capacities of differently activated macrophages, we examined

the rate of migration towards a chemoattractant, their ability to adhere to different

extracellular matrices, the differential expression of chemokine receptors and changes in

the cytoskeleton. 

Macrophage activation 
First the effect of M1 and M2 induction was assessed by determining their cytokine profile.

The cytokines measured in the supernatants for M1 polarized cells showed a significant

increase of Il-6 and TNF-α compared to M0 (Figure 1). In contrast, M2 macrophages

showed a significant increase in levels of Il-4 (corrected for the stimulation with Il-4): Il-10

was produced by all subsets at negligible levels. Taken together, the cytokine profile

confirmed the M1 and M2 activation status of the macrophages (Figure 1). 

Figure 1. Cytokine profile of M0, M1 and M2 macrophages 
Cytokine profile of the differently activated macrophages measured with ElISA. The M1 macrophages
produce more pro-inflammatory cytokines Il-6 and TNF-α, the M2 macrophages produce more Il-4
and negligible levels of Il-10. The experiments were performed on three different donors.
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Migration 
Next, we investigated the migratory capacities of M0, M1 and M2 macrophages, by

assessing both spontaneous motility and directed migration towards CXCl10, CXCl12,

CCl5, CCl2 and C1q. A life cell imaging assay was used to assess directed migration

capabilities of M0, M1 and M2 in medium for 1h. Representative pictures of the migration

assays are depicted in Figure 2. Cells were manually tracked using ImageJ and two

dimensional trajectory plots for CCl2, CXCl12 and C1q are shown in Figure 3. M2

macrophages were found to migrate over longer distances and in a more direct fashion

compared to M1. For almost all chemoattractants studied, M2 migrated over significantly

longer distances than M0 and M1 macrophages, as represented as centre of mass (Figure

4). M0 macrophages migrated over a distance that was intermediate between M1 and M2

macrophages, except towards CCl2. M2 macrophages show enhanced velocity

compared to M0 and M2 dependent on the stimuli used (Sup. Figure 1). Directionality of

the cells is used to characterize straightness of migration from the starting point to the

endpoint. In the presence of CCl2, CXCl10 and C1q, M2 macrophages have a more direct

migration (as indicated with forward migration index (FMI) tract compared to M0

macrophages (Sup. Figure 2). The M1 macrophages show an enhanced direct tract upon

attractant C1q compared to M0 macrophages. 

Figure 2. Migration of M0, M1 and M2 macrophages in a TAXIScan
Representative pictures of a migration experiment in the TAXIScan.  (A-C) Pictures at time (t) zero (the
cells that crossed the line, have not migrated (*)), with all the cells lined up for migration. The cells
tracked with ImageJ are visualized with dots.  (D-F) Pictures are taken after 1 h, the lines represent the
migration paths of the macrophages.  F clearly shows that the M2 macrophage migrated further as
indicated by the lines compared to M0 and M1. 
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Figure 3. Two dimensional trajectory plots of M0, M1 and M2 for CCL2, CXCL12 and C1q
Representative figures of the directed cell migration in the TAXIScan, the upper panel shows
migration tracks of M0, M1 and M2.  The centre of mass is depicted with a red triangle, M2 and M0
migrate comparable towards CCl2. The middle panel shows migration of M0, M1 and M2 towards
CXCl12: M2 migrates over larger distances than M0 and M2. C1q is the most powerful attractant for
M2 macrophages as represented in the lower panel.   

No differences in adhesion between M0, M1 and M2 macrophages
To determine the potential differences in the adhesion capacity of M0, M1 and M2, the

adhesion to different extracellular matrices was assessed. No significant differences in

adhesion to uncoated plastic, collagen or fibronectin coated wells were observed

between M0, M1, and M2 macrophages (Figure 5). Analysis of the expression of the

molecules that mediate cellular adhesion to collagen and fibronectin, Platelet Endothelial

Cell Adhesion Molecule (PECAM/CD31) and integrin α4β1 (Very late Antigen-4 (VlA-4)

revealed no differences between the differently activated macrophages (Figure 6).
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Figure 4. Quantification of centre of mass of the migrated macrophages 
The centre of mass as measurement for migration of 10 tracked cells of three independent
experiments towards chemokines and complement factors.  M2 macrophages consistently migrate
larger distances than M1 macrophages. Only to CCl2, the M0 macrophages migrate distances
comparable with M2 macrophages. The figures represent the means of three different experiments,
** = P <0.01 *** = P <0.001.
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Figure 5. Adhesion capacities of M0, M1 and M2 macrophages 
The adhesion capabilities represented in percentage of adhesion of the differently activated
macrophages after two hours of incubation on uncoated plates, or plates coated with either fibronectin
or collagen. The grey bars depict the M2 macrophages, the black bars the M1 macrophages and the
empty bars represent M0 macrophages. Data are the mean and standard error of the mean of n=3. 

Chemokine receptor expression
Next, we analysed the surface expression of CCR2, CCR5, CXCR4 and CXCR3 which are

receptors for CCl5, CCl2, CXCl12 and CXCl10 respectively. Our studies showed that the

chemokine receptor expression did not differ between M0, M1 or M2 macrophage

subsets (Figure 6). 

Differential cytoskeletal rearrangements of M2 vs. M1. 
Next, we determined the cytoskeleton rearrangements of the different macrophage

subsets by staining cellular F-actin with phalloidin. Striking differences were found in the

organization of the cytoskeleton between M0, M1 and M2 macrophages. Untreated

macrophages (M0) showed a mixture of round and spindle shaped cells in which actin

was diffusely distributed throughout the cell and partially concentrated in the cell cortex.

Upon treatment with IFNy and lPS (M1), macrophages became spindle shaped, in which

the actin fibres were randomly spread throughout the cell, with clusters at the cell cortex.

After stimulation with Il-4, M2 macrophages were mostly spherical and displayed actin

condensed at protrusions. Cdc42, relevant for making filopodia, was randomly

distributed through M1 and in the nucleus, whereas in M2 macrophages it was only

present at the nucleus (Figure 7A).

To further investigate the role of the cytoskeleton in the capability of migration of

the macrophages, M0, M1 and M2 macrophages were activated with CCl2, upon which

M0, M1 and M2 macrophages adopted a spherical morphology and the cytoskeleton was
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rapidly rearranged. M0 macrophages showed no co-localization of actin and Cdc42, and

formed filopodia.  In M2 macrophages, the actin formed a dense network and was co-

localizing with Cdc42 at the part where filopodia are formed. M1 macrophages show a

diffuse distribution of actin which showed an almost complete co-localization with Cdc42

(Figure 7B).

Figure 6. Analysis of adhesion molecules and chemokine receptors  
Fluorescence activated cell sorting (FACS) plots of the adhesion molecules and chemokine receptors
between the subsets (A). The isotype control is depicted in the filled line, M0 is the thin black line, and
the bold black line represents M1, the grey line M2.  (B) Mean fluorescence intensity (MFI) of expression
of very late antigen (VlA-4) and platelet endothelial cell adhesion molecule (PECAM/CD31) between
the subsets. Chemokine receptor expression using FACS presented in MFI for the different subsets of
macrophages. The histograms figures are a representative of three donors and the MFI figures are
means and standard error of the mean of three different experiments. 
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Figure 7. Macrophage activation affects cytoskeleton
Differences in morphology of differently activated macrophages visualised by actin organization
(red) Cdc42 distribution (green) and a nuclear stain Hoechst (blue). (A) The M1 macrophages have the
actin concentrated at the cell cortex and the Cdc42 is randomly distributed throughout the cell. M1
macrophages are more elongated than the M2, the actin in M2 is more diffusely distributed
throughout the cell compared to M1 and Cdc42 is restricted to the nucleus. Control macrophages
have a morphology in between these polar ends and the Cdc42 is present in the nucleus as well as in
the cytosol (B).  After stimulation with CCl2 for 10 minutes the cytoskeleton rapidly changes, and all
activated macrophages adopt a spherical appearance. In M1 macrophages the Cdc42 distribution
remains in the cytosol, the M0 macrophages have the Cdc42 co-localizing with actin in the cytosol.
M0 and M2 macrophages develop filopodia and the Cdc42 co-localizes with the actin (B).
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Discussion

In neuroinflammatory diseases like MS, macrophages play a dual role. Depending on their

activation status, they are considered to play either a detrimental (neuron) damaging, 

pro-inflammatory (M1) or neuroprotective, anti-inflammatory (M2) role, as revealed in

experimental autoimmune encephalomyelitis (EAE, an animal model for MS) and a spinal

cord injury model 1,4,31. The effect of the activation status on migratory properties of

human macrophages has not been studied yet and may differ from that observed in the

rodent situation. Therefore, the aim of this study was to reveal the functional differences

in terms of, migration, adhesion and adhesion molecules and chemokine receptor

expression upon M1 and M2 activation. Our findings indicate that anti-inflammatory M2

macrophages migrate over longer distances and with higher velocity towards CCl5,

CXCl10, CXCl12 and C1q compared to sessile M1 macrophages. In addition, M0 and M2

macrophages are more adapted to rearrange their cytoskeleton upon activation with

CCl2 by making filopodia, whereas M1 macrophages adapt a spherical morphology.   

M2 macrophages migrated over longer distances towards chemoattractants

CCl5, CXCl10, CXCl12 and C1q, whereas M1 macrophages do not respond and remain

sessile. The un-activated macrophages (M0) show an intermediate migration capability.

The migration of M0 exceeds M1 and M2 towards chemokine CCl2, one of the key factors

for monocyte recruitment into MS lesions 23,32. Our results are partly in line with our

previous studies on murine macrophages where the migration of M2 macrophages to

CXCl12 and CCl5 was enhanced compared to M1 macrophages 9. However, murine

macrophages revealed no differences between the M0, M1 and M2 migration capabilities

towards CCl2. 

In our study C1q is the most potent attractant for M2 macrophages: interestingly

it was recently shown that macrophages show an anti-inflammatory phenotype upon

activation with C1q 33. The same group showed that C1q itself is neuroprotective 34. Our

new finding that C1q predominantly attracts M2 could be an additional beneficial

mechanism for promoting repair in the CNS 1,8,31

To understand the altered migration between the different subsets of

macrophages, the adhesion to different extracellular matrix components was studied as

well as the expression of integrins and adhesion molecules 35–38. In contrast to our

findings in murine cells 9, here we observed no differences in cellular adhesion between

human un-stimulated, M1 and M2 activated macrophages to various substrates,

indicating that the adhesive capacities play no role in our observed differences in motility
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and migration. Also no significant differences were observed in the expression of the

adhesion molecules PECAM/CD31 and VlA-4 on M0, M1 and M2 macrophages. To

elucidate the potential role of chemokine receptor expression upon activation of the

macrophages, FACS analysis of the chemokine receptor expression was performed, again

showing no significant differences between M0, M1 and M2.

However, we were able to show a clear difference in morphology and cytoskeletal

arrangement between M1 and M2 macrophages, which may underlie the altered

migration capacity of the different subsets. M1 macrophages are elongated whereas M2

macrophages have a more circular appearance. M1 macrophages have a dense static

actin network along the cortex which could explain the limited migration, whereas the

M2 macrophages have more randomly distributed actin. Differences in morphology and

migration is known to be dependent on changes in the cytoskeleton and the actin

reorganization, a process regulated by small guanine triphosphate (GTP)-binding

proteins (Rho, Rac and Cdc42) 34, 40-43. little is known about the role of the cytoskeleton

with regard to the activation status of human macrophages. IFN-γ is known to induce

polymerisation of actin fibres, a process known to influence morphology but not

migration capacities 43,44. In our study we used IFN-γ/lPS and Il-4 respectively to induce

M1 and M2 macrophages. Our findings are in line with Porcheray et al. who described

that Il-4 activated human macrophages adopted a spherical morphology and activation

with IFN-γ without the additional treatment of lPS stimulated elongated morphology 22.

Our data differs from our earlier observations using murine bone marrow derived

macrophages, where the M1 (IFN-γ and lPS induced) macrophages were more circular

and the M2 macrophages (Il-4 induced) elongated 9. Upon stimulation with CCl2, M0

and M2 macrophages were able to form filopodia, and Cdc42 co-localized with actin,

indicating that both M0 and M2 can be polarized for migration, whereas M1 are not. This

is the first step in unravelling the differences in the migration capabilities of M1 and M2

macrophages in humans. The exact working mechanism of IFN-γ, lPS and Il-4 on the

cytoskeleton needs further investigation. Other possible mechanisms that would explain

the differences between the migration properties of M0, M1 and M2 could be dependent

on differences in adenosine triphosphate (ATP) 45 or on the differences in Ca2+

homeostasis 46. 

In summary, our studies reveal substantial differences in the migratory capabilities

of M1 versus M2 human macrophages and that M2 macrophages are more motile and

migrate over longer distances towards chemoattractants involved in CNS inflammation. In

contrast, macrophages in a pro-inflammatory state, are sessile and do not migrate towards
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these chemoattractants. M2 macrophages are known to be growth promoting and 

are able to secrete neurotrophic factors. Further elucidation of macrophage migration

across variety of tissues holds great potential for understanding the role of M1 and M2

macrophages in neuroinflammatory diseases such as MS. 
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Supplementary Figures

Sup. Figure 1. Quantification of velocity and directness of the macrophage subsets
The velocity of the macrophages in the migration assay was calculated with ImageJ. M2 macrophages
have a significantly higher velocity towards CCl5, CXCl10, CXCl12 and C1q compared to M1. M0
have a higher velocity towards CXCl10 and CXCl12 than M1. Towards CCl2 M0 macrophages migrate
faster than M2. 
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Sup. Figure 2. Quantification of forward migration index 
The quantification of the forward migration index of the macrophages in the migration assay was
calculated with ImageJ. M2 macrophages have a significantly higher forward migration index
towards CXCl10, CXCl12 and C1q compared to M1. Towards CCl2 M0 macrophages exceed M2
macrophages.  
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Free full text available online:
http://www.jneuroinflammation.com/content/11/1/23

Movie 1. M0 macrophages migrating towards CXCL12 
A few of the M0 macrophages lined up under the horizontal line are migrating towards the CXCl12. 
http://www.jneuroinflammation.com/content/11/1/23/suppl/S3

Movie 2. M1 macrophages migrating towards CXCL12
None of the M1 macrophages lined up under the horizontal line are migrating towards the CXCl12.
The cells are able to transform their cell body, however fail to migrate towards the CXCl12. 
http://www.jneuroinflammation.com/content/11/1/23/suppl/S4

Movie 3. M2 macrophages migrating towards CXCL12
The majority of M2 macrophages lined up under the horizontal line are migrating towards the
CXCl12. These cells show high capacity to transform their cell body migrate towards the CXCl12. 
http://www.jneuroinflammation.com/content/11/1/23/suppl/S5
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Abstract 

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central

nervous system (CNS). Infiltration of monocytes into the CNS is crucial for disease onset

and progression. Animal studies indicate that granulocyte-macrophage colony-

stimulating factor (GM-CSF) may play an essential role in this process, possibly by acting

on the migratory capacities of myeloid cells across the blood-brain barrier (BBB). This

study describes the effect of GM-CSF on human monocytes, macrophages and microglia.

Furthermore, the expression of GM-CSF and its receptor was investigated in the CNS

under healthy and pathological conditions. We show that GM-CSF enhanced monocyte

migration across human BBB endothelial cells in vitro. Next, immunohistochemical

analysis on human brain tissues revealed that GM-CSF is highly expressed by microglia,

neurons, astrocytes and perivascular macrophages in MS lesions. The GM-CSF receptor is

expressed by neurons in the rim of combined gray/white matter lesions and astrocytes.

Finally, the effect of GM-CSF on human macrophages was determined, revealing an

intermediate activation status, with a phenotype similar to that observed in active MS

lesions. Together our data indicate that GM-CSF is a powerful stimulator of monocyte

migration, and is abundantly present in the inflamed CNS where it may act as activator of

macrophages and microglia. 
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Introduction

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central

nervous system (CNS). One of the pathological hallmarks of MS is infiltration of circulating

monocytes and activation of local CNS macrophages and microglia. Monocyte-derived

macrophages are associated with axonal loss, astrogliosis and neurodegeneration in the

CNS 1–4. Clinical signs of experimental autoimmune encephalomyelitis (EAE), an animal

model for MS, are abrogated by elimination of macrophages 5,6. Halting CNS entry of

monocytes and lymphocytes is a currently applied therapy for MS. However, not all

players that are involved in this process are known 7. 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulates prolife -

ration and maturation of myeloid precursors and monocytes 8–10. GM-CSF can pass the

blood-brain barrier (BBB) and is produced in the CNS 11,12 and can therefore potentially act

on the activation status of macrophages and microglia. For example, in vitro studies have

shown that GM-CSF is a maturation factor for macrophages, skewing the macrophage

into a vigilant pro-inflammatory state 13,14, by inducing Il-12 15 and Il-23 expression 16. Ex

vivo human CNS cells including microglia respond to GM-CSF by proliferation 17. To date,

no studies are performed that identify the GM-CSF-producing cells in the adult human

CNS under healthy or pathological conditions like MS. In foetal human CNS, astrocytes

and neurons can produce GM-CSF 12,18. The GM-CSF receptor is composed of the α- and β-

subunit which both bind directly to GM-CSF. The GM-CSF α-receptor is expressed in 

the CNS on neurons in the human foetal brain and in the spinal cord and many other

tissues 11,12,18.

The role of GM-CSF in the CNS is debated; it is considered to be neuroprotective 

as well as pro-inflammatory 19. GM-CSF may act as a neuroprotective agent since it

counteracts apoptosis in primary rat neuronal cultures and human neuroblastoma cells.

Intravenous GM-CSF administration was shown to reduce the infarct damage in

experimental stroke models 11,12. Furthermore, GM-CSF administration prevented neuronal

toxicity in an experimental model of spinal cord injury 20. Beside these neuroprotective

actions, other data indicate that GM-CSF is an important pathogenic factor in neuro-

inflammatory diseases like MS. For example, during the active phase of MS, elevated levels

of GM-CSF in plasma and cerebrospinal fluid (CSF) were detected in patients with

relapsing-remitting MS 21. Importantly, in EAE, administration of neutralizing antibodies

against GM-CSF resulted in reduced severity of clinical symptoms 22,23. Vice versa,

administration of GM-CSF induced an earlier onset of the clinical signs of EAE indicating an
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essential role in disease onset 22,24. The GM-CSF produced by T-helper cells is crucial for the

effector phase of EAE 23. Together, these studies have paved the way for a phase Ib clinical

trial in MS patients using MOR103, a GM-CSF blocking antibody 25.

At the onset of EAE, the number of infiltrating monocytes and T-cells in GM-CSF

knockout (KO) mice and wild type is comparable. However, in the wild type mice the

amount of infiltrating monocytes accumulate over time, while in the GM-CSF KO mice the

infiltration of monocytes resolves 22,23, suggesting a role for GM-CSF in sustaining neuro -

inflammation 22,23,26. In the presence of a chemokine, it was previously shown that GM-CSF

induced monocyte migration across human umbilical vein endothelial cells 27. To our

knowledge, no reports are available on the effect of GM-CSF on monocyte trafficking

across the blood-brain barrier (BBB). We here hypothesize that GM-CSF stimulates mono -

cytes to enter the brain and sustain inflammation. In the current study, we investigated

the role of GM-CSF on monocyte migration across the BBB and on macrophage and

micoglia activation. Furthermore, we investigated the expression of GM-CSF and its

receptor in healthy adult brain tissue and in MS lesions. Together our data indicate that

GM-CSF is a potent stimulator of monocyte migration across human brain endothelial

cells, and is abundantly present in the human CNS during neuro-inflammation where it

may serve as an activator of macrophages and possibly microglia.
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Methods 

Isolation of human monocytes 
Human monocytes were obtained as described previously 32,45. In short, peripheral blood

mononuclear cells were isolated from buffy coats obtained from healthy donors (Sanquin

Blood Bank, Amsterdam, The Netherlands) using Ficoll density gradient (lymphoprepTM,

Axis- Shield, Oslo, Norway) and anti-CD14 magnetic beads (Miltenyi Biotec, Germany)

with a MACS® MultiStand and lS Column according to the manufacturers’ protocol. 

The obtained monocytes were cultured in the presence or absence of human GM-CSF 10

ng/ml (Immunotools, Friesoythe, Germany).

Monocyte Transendothelial Migration Assay
The human brain endothelial cell line hCMEC/D3 28 was cultured as described before 46.

The in vitro monocyte transendothelial cell migration assay was performed using a

Transwell system (Costar, Corning, Amsterdam, The Netherlands) with polycarbonate

filters pore size of 5 μm which were coated with collagen type 1 (Sigma-Aldrich, Zwijn -

drecht, The Netherlands). The hCEMC/D3 cells were seeded at a concentration of 1x104

cells per well in endothelial cell basal medium-2 (lonza) supplemented with 2.5% FCS

(lonza) and were cultured to confluent monolayers. Monocytes (1x106 cells/ml) were

cultured in the presence or absence of GM-CSF (10 ng/ml) and immediately added to the

endothelial cells and incubated for 8 h. To determine the number of migrated cells,

transmigrated cells were transferred to FACS tubes, and 20.000 beads (Beckman Coulter,

USA) were added to each sample. Samples were analysed using a FACSCalibur (Becton

Dickinson, Belgium) and the number of migrated monocytes was determined based on

5000 gated beads, The absolute number of migrated monocytes is presented compared

to the total number of monocytes added in the upper chamber as described 47. All

experiments were performed in triplicate with three different donors.

Human Brain Tissue
Human brain tissue was obtained at autopsy from 2 patients without neurological

disorders (control) and 12 lesions from 7 different MS patients (Table 1) as described

previously 32. In short, the autopsy regimen of the Netherlands Brain Bank in Amsterdam

(coordinator Dr. I Huitinga) was used to obtain the samples. Tissue samples from MS cases

were obtained after ex vivo MRI scanning 2. Brain tissue samples were snap frozen and

stored in liquid nitrogen and for MS tissue, neuropathological confirmation of MS was
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performed by neuropathologist prof. dr. P. van der Valk (VU University medical center

Amsterdam, the Netherlands). All patients and controls had given informed consent for

autopsy and use of their brain tissue for research purposes. Tissue samples from sub -

cortical white matter were obtained from non-neurological control cases. All tissues were

obtained with the approval of the Medical Ethical Committee of the VU University

Medical Centre. 

Classification of combined grey and white matter lesions was based on immuno -

histochemical detection of inflammatory cells, which express major histocompatibility

complex (MHC) class II/HlA-DR) and the presence of proteolipid protein (PlP) to reveal

areas of myelin loss or the presence of myelin in phagocytic cells as described before 48–50. 

Table 1. Patients’ details Immunohistochemistry 

Case Combined  Gender Age DD Cause of death PMD
grey and white (years) (hrs:min)1

matter lesion
Control - M 55 - Euthanasia 7:30
Control - F 91 - Cardiac arrest 6:51
Control - M 51 - Cachexia 7:45
Control - M 56 - Myocardial infection 9:15
MS 1 block M 45 35 Pulmonary embolism 7:45
MS 2 blocks M 50 34 NA2 9:30
MS 1 block M 63 39 Cardiac arrest 7:05
MS 2 blocks M 61 53 Euthanasia 9:15
MS 3 blocks F 50 17 Euthanasia 7:35
MS 2 blocks M 44 21 Cachexia 10:51
MS 1 block F 57 33 Euthanasia 28:10
MS; Multiple sclerosis, DD; Disease duration, PMD, post mortem delay time (hours: minutes) NA; not applicable
1 PMD, post mortem delay time (hours: minutes)
2 NA not applicable

Immunofluorescence
Co-localization studies were performed using antibodies to GM-CSF, CD3, or CD68 (Table

2) to determine which cells produce GM-CSF in the brain and /or express the GM-CSF

receptor. These immunofluorescent stainings were performed as described previously in

detail 32. Images were obtained by using a Zeiss microscope (Imager D2, Carl Zeiss

microscopy, Sliedrecht, The Netherlands) together with ZEN software (ZEN 2012 Digital

Imaging for light Microscopy, Carl Zeiss) and processed using Adobe Photoshop Version

6.0. 
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Table 2. Antibodies used for FACS analysis and immunohistochemistry 

Antigen Species Isotype Dilution (FACS) Dilution (IHC) Manufacturer
CD68 (EBM11)                           mouse               IgM                          1:100                                                        BD Pharmingen
ICAM-1                                         mouse               IgG1                         1:100                          -                            Dako
VCAM-1 (CD49d)                      mouse               IgG1                         1:100                          -                            Millipore
lFA-1                                            mouse               IgG1                         1:100                                                        *
VlA-4 (HP2/1)                            mouse               IgG1                         1:100                                                        Millipore
CD68 (KP1)                                 mouEse             IgG1                          -                                  1:500                    Dako 
PlP                                                mouse               IgG2a                       -                                  1:1500                  Serotec
MHC-II (lN3)                              mouse               IgG1                          -                                  1:500                    Dako
GMCSF(Clone3209)                 mouse               IgG1                          -                                  1:100                    R&D systems
GMCSF receptor                       rabbit                 poly                          -                                  1:50                      Santa Cruz
CD3 (UCHT1)                              mouse               IgG1                          -                                  1:500                    eBiosciences
GFAP (6F2)                                  mouse               IgG1                          -                                  1:50                      Monosan
IgG1 negative control             mouse               IgG1                         1:50                            1:50                      Serotec
IgG2a negative control           mouse               IgG2a                      1:100                         1:100                    Serotec
Rabbit negative control         rabbit                 poly                         1:50                            1:50                      Serotec
* Kindly provided by S. van Vliet

Human macrophages
Human monocytes were isolated as described above and cultured for 5 d at a concen -

tration of 2x106 cells/ml in petridishes in macrophage medium (DMEM (Invitrogen), as

described before 32,45, supplemented with 5% (v/v) NHS (Bio Whittaker, East Rutherford,

NJ), and 1% (v/v) penicillin-streptomycin-glutamine (Invitrogen), at 37°C, 5% CO2 for M0

macrophages. To obtain GM-CSF activated macrophages, 10ng/ml GM-CSF was added

immediately after isolation of monocytes 14. After 5 days, supernatant was removed, cells

were harvested, by adding 4% lidocaine (v/v) in PBS to the petridish, incubated at 37°C

for 10 min, scraped and counted. Macrophages were washed and reseeded in 6-well

plates in a concentration of 1x106 cells/ml in DMEM in the presence or absence of

10ng/ml GM-CSF for an additional two days. 

Human adult microglia cell cultures 
Isolation of human adult microglia was performed as described previously 51 (patient

details can be found in Table 3). These cells were cultured in 75 cm2 culture flasks in

culture medium at approximately 5 g wet weight white matter brain tissue/10 ml

microglia medium. Flasks were incubated at 370C in a humidified atmosphere of 5% CO2.

Microglial cells adhered to the bottom of the culture flask within 48 h and were left

untreated or activated with GM-CSF 10ng/ml for 7 d. All cultures were immunoreactive

(>95%) for CD68, indicating the purity of the primary cell population and show that

contamination with astrocytes and oligodendrocytes cells was negligible. 
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Table 3. Patient details’ microglia 

Case Gender Age DD(years) Cause of death PMD
(hrs:min) 1

Control Male NA - lungcarcinoma 7:45
Control Male 62 - DM2 de novo, suspicion 7:20

pancreas carcinoma
MS Male 41 14 Urosepsis 7:23
MS Male 54 22 Euthanasia 8:15
MS Male 51 20 NA2 11:00
MS Female 66 23 NA3 6:00
MS Male 61 18 Euthanasia 6:00
MS Male 66 26 Ileus 9:15
MS Male 49 26 Pneumonia 7:30
MS; Multiple sclerosis, DD; Disease duration, PMD, post mortem delay time (hours: minutes) NA; not applicable,
DM; diabetes mellitus 1 PMD, post mortem delay time (hours: minutes), 2 DM Diabetes Mellitus, 3 NA not
applicable

Fluorescence-activated cell scanning (FACS) analysis 
Human monocytes were washed twice with PBS and stained with a viability dye

according to manufactures instructions (Fixable Viability Dye eFluor 660, eBioscience,

UK). Thereafter the cells were fixed with PBS containing 4% buffered formalin for 15

minutes, washed and subsequently labelled for 1 h at room temperature with the

primary antibody (Table 2) diluted in PBS containing 0.1% BSA/ 0.1% saponine (FACS

buffer). The cells were then washed twice in PBS and incubated for 1 h (room

temperature) with a fluorescent labelled secondary antibody diluted in FACS buffer,

washed twice in PBS and resuspended in FACS buffer prior to FACS analysis. Four colour

flow cytometry (FACSCalibur) was used in combination with Cell Quest software (Becton

Dickinson) and FlowJo software version 9.4.0 for Microsoft (Tree Star, San Carlos, CA) to

analyse expression of GM-CSF receptor, adhesion molecules and the chemokine receptor

CCR2 (for details see Table 2). As a control, we used isotype control antibodies (Table 2).

Gating procedure was similar as described before 32, and the mean fluorescence of each

marker on living cells was compared to unstimulated and GM-CSF activated monocytes.

For each measurement of at least 1x103 cells were gated and analysed and repeated

using cells from 3 donors.  

Macrophages and microglia were harvested 7 d after GM-CSF activation using

PBS containing lidocaine 4% (Sigma) for FACS analysis to determine expression of various

markers (Table 2). 
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Reactive oxygen species production by monocytes and macrophages
ROS production of monocytes and macrophages was measured using dihydrorhodamine

(DHR). DHR reacts with ROS in a peroxidase-like reaction to yield fluorescent rhodamine

123 52. Macrophages (1×106) were rinsed twice with RPMI (Gibco, Bleiswijk, The Nether -

lands), incubated for 30 min at 37° C with 0.5 μM DHR (Sigma) in RPMI medium. As a

positive control 1 µl Phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich) was added to

one sample. Cells were rinsed twice with FACS buffer, and transferred to FACS tubes. The

FACScan analysis of the expression of rhodamine 123 was performed on a Becton

Dickinson FACS Calibur with excitation at 488 nm and the emitted fluorescence collected

at 525 nm.

Cytokine assays
The production of pro- and anti-inflammatory mediators was assessed by ElISA in cell-free

supernatants sampled 7 d after isolation using commercial kits for human Il-4, Il-10, Il-6,

and tumour necrosis factor alpha (TNF-α) (life technologies, Bleiswijk, The Netherlands).

These cytokines were chosen as they discriminate between pro-inflammatory activity and

anti-inflammatory activity of macrophages/microglia 53,54.

Statistical analysis
Statistical analysis was performed using Graphpad Prism version 4.03 for Windows,

Graphpad software (San Diego, California, USA). The migration studies, FACS analysis, were

analysed using a one-way ANOVA with Bonferroni correction. The results were considered

statistically significant when p<0.05. The cytokine production levels and ROS levels, were

analysed using the Students t-test, results were considered significant when p<0.05. 

Results

GM-CSF induces transendothelial migration of monocytes 
To investigate the effect of GM-CSF on the migration of primary human monocytes

across the BBB in vitro, we performed monocyte transendothelial migration studies using

hCMEC/D3 cells 28. Interestingly, GM-CSF enhanced spontaneous (non-chemokine

induced) migration of monocytes across human endothelial cells compared to un -

stimulated monocytes (P<0.01). Moreover, in the presence of GM-CSF, the number of

migrated monocytes towards CCl2 (an important chemo-attractant for monocytes, 29

was significantly higher compared to unstimulated monocytes (Figure 1A) (P< 0.05). 
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Figure 1. GM-CSF enhances monocyte transendothelial migration across the BBB
Human monocytes were cultured in the presence (black bars) or absence of GM-CSF (10 ng/ml) after
which (A) their transendothelial migration capacity across an in vitro BBB model [28] was assessed in
the presence or absence of CCl2. Next, the effect of GM-CSF on (B) monocytic lFA-1 or VlA-4 integrin
expression, (C) endothelial VCAM-1 and ICAM-1 adhesion molecule expression and (D) monocytic
CCR2 expression was analyzed by FACS compared to untreated monocytes. Finally, the effect of GM-
CSF on (E) the production of ROS in monocytes was determined by DHR and (F) the secretion of the
pro-inflammatory cytokine TNF–α from monocytes was assessed by ElISA and compared to unstimu -
lated cells. Experiments were performed in triplicate using 3 human donors and were presented as
the mean +/- SEM. *p<0.05, **p<0.01, ***p< 0.001 by Mann-Whitney U (A-D) or Student’s t-test (E, F). 
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To investigate the underlying mechanisms responsible for the enhanced transendothelial

migration of GM-CSF-activated monocytes, expression of the leukocyte integrins Very late

Antigen-4 (VlA-4) and lymphocyte function-associated antigen-1 (lFA-1) was assessed.

GM-CSF addition did not affect integrin expression levels (Figure 1B) nor integrin

activation (Supplementary Figure 1). The expression levels of adhesion molecules, vascular

cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1) on

endothelial cells could influence migration of monocytes across the BBB. We therefore

determined their expression levels in the presence or absence of GM-CSF, which revealed

no significant differences (Figure 1C). Next, the expression of the CCl2 receptor CCR2 was

examined on monocytes. This revealed no differences in levels of expression of CCR2 on

unstimulated and GM-CSF stimulated monocytes (Figure 1D). The production of reactive

oxygen species (ROS) can play an important role in monocyte migration 30, therefore we

measured the production of ROS by unstimulated monocytes compared to GM-CSF

stimulated monocytes. Notably, GM-CSF stimulated monocytes, produce significantly

less ROS compared to unstimulated monocytes (Figure 1E) (P<0.05). Finally, we measured

cytokine secretion from control or GM-CSF stimulated monocytes, revealing that GM-CSF

significantly induces the secretion of the pro-inflammatory cytokine TNF-α (Figure 1F)

(P<0.05), which has been described to induce BBB disruption 31 and thereby facilitate

monocyte transendothelial migration.

GM-CSF expression in human brain tissues
To identify the cells in human brain which are responsible for the production of GM-CSF,

immunohistochemistry on brain tissue of control and MS patients was performed. Co-

localization studies revealed that in control brain a small population of activated (MHC-II

positive) microglia, neuronal cell bodies and perivascular macrophages (PVM) are

immunopositive for GM-CSF (data not shown). In MS, the presence of GM-CSF was

evaluated in 12 combined grey and white matter lesions containing activated microglia

and infiltrated T cells in the white matter from 7 donors. We observed that GM-CSF was

constitutively expressed by activated microglia, neurons and a minority of the CD68

positive cells. Noteworthy, GM-CSF staining was more intense in the white matter (Figure

2 panel I, II and IV) than in the grey matter during MS (Figure 2 panel III), as well as more

microglia, neurons and PVM expressed GM-CSF compared to control tissue. The few CD3

positive cells, present in the MS lesions did not express GM-CSF (Figure 2 panel IV). 
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Figure 2. Expression of GM-CSF in multiple sclerosis lesions
Immunohistochemical analysis of human MS brain tissue to determine GM-CSF expression. The dotted
line in row I discriminates between lesion (upper part) and the normal appearing white matter (lower
part) based on PlP (green) and MHCII (red) staining. Sections were stained for GM-CSF (in green) to
reveal neuronal expression (row I), and subsequently co-stained with MHCII (row II) and CD68 (row III)
or CD3 (row IV) in red to reveal potential co-localization (as indicated in the merge image as well as the
magnification). Nuclei are indicated in blue. Images embody representative tissues from 7 MS human
donors. Scale bar row I: 100 μm (PlP and MHCII), 12,5 μm (GM-CSF) or 25 μm (row II-IV).

To determine which cells are susceptible for GM-CSF, we determined the expression of

GM-CSF receptor in control brain tissue and MS lesions. In control brain tissue the

expression of GM-CSF receptor was less pronounced than in MS-tissue. In the white

matter, only a small number of microglial cells (MHC-II, and CD68 positive cells) and

astrocytes (GFAP positive cells) present in control brain expressed the GM-CSF receptor
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(Figure 3, panel I, II and IV). Gray matter neurons did not express the GM-CSF receptor

(Figure 3, panel III). In combined gray and white matter MS lesions, the GM-CSF receptor

was abundantly expressed by a proportion of microglial cells (panel I and II), a subset of

neurons in the rim of the lesion (panel III) and astrocytes (panel IV) (Figure 4). 

Macrophage/microglia activation by GM-CSF
In order to assess the activation status of unstimulated versus GM-CSF stimulated

macrophages generated in vitro we analysed the expression of a panel of markers using

flow cytometry 32. GM-CSF stimulated macrophages expressed significantly higher levels

of CD40, MHC-II and MR expression compared to unstimulated macrophages (P<0.001).

The expression of the co-stimulatory molecule CD86, was significantly reduced (P<0.01)

on GM-CSF activated macrophages compared to unstimulated macrophages. The

expression of CD64, CD32 and DC-SIGN did not differ between unstimulated and GM-CSF

stimulated macrophages (Figure 5A). To investigate the phenotype of unstimulated or

GM-CSF stimulated human primary microglia in vitro, we selected the most discriminating

markers to determine the pro-or anti-inflammatory activation status. No significant

differences were observed in the expression of CD40, MHC-II and MR between

unstimulated microglia and GM-CSF stimulated microglia (Figure 5B). 

Next, the effect of GM-CSF on the activation status of macrophages and

microglia was assessed by determining their cytokine profile. The cytokines Il-6, TNF-α,

Il-10 and Il-4 were measured in the supernatants of unstimulated and GM-CSF activated

macrophages or microglia. Only Il-6 was produced at significant higher levels (P<0.05) by

GM-CSF stimulated macrophages compared to unstimulated macrophages, the other

cytokines showed no differences (Figure 6A) and no differences in cytokine secretion

were detected on microglia (Figure 6B). We next determined the production of ROS by

unstimulated and GM-CSF matured macrophages, which revealed a significant higher

production of ROS (P<0.001) by GM-CSF matured macrophages compared to the

unstimulated macrophages (Figure 6C). 
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Figure 3. Expression of GM-CSF receptor in healthy control brain 
Immunohistochemical analysis of control brain tissue to determine GM-CSF receptor (GM-CSF R)
expression. Sections were stained for GM-CSF R (in green) and MHCII (row I), CD68 (row II), NeuN (row
III) and GFAP (row IV) in red to reveal potential co-localization (as indicated in the merge image as well
as the magnification). Nuclei are indicated in blue. Images embody representative tissues from 2 non-
neurological control human donors. Scale bar 25 μm. 
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Figure 4. Expression of GM-CSF receptor in multiple sclerosis lesions
Immunohistochemical analysis of human MS brain tissue to determine GM-CSF receptor (GM-CSF R)
expression. Sections are stained for GM-CSF R (in green) and MHCII (row I), CD68 (row II), NeuN (row
III) and GFAP (row IV) in red to reveal potential co-localization (as indicated in the merge image as well
as the magnification). Nuclei are indicated in blue. Images embody representative tissues from 7 MS
human donors. Scale bar 25 μm. 
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Figure 5. Marker expression of unstimulated and GM-CSF stimulated macrophages and
microglia 

(A) FACS analysis of macrophages stimulated with GM-CSF (black bars) to determine the expression of
MHCII, CD40, CD86, CD64, CD32, DC-SIGN, MR and CD163 compared to untreated cells. (B) FACS
analysis of microglia stimulated with GM-CSF (black bars) to determine the expression of CD40, MHCII
and MR compared to untreated cells. Experiments were performed in triplicate using 3 human donors
and were presented as the mean +/- SEM. **p<0.01, ***p< 0.001 by Mann-Whitney U.  
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Figure 6. Cytokine production of unstimulated and GM-CSF activated macrophages and
microglia

Supernatants collected from (A) macrophages or (B) microglia that were stimulated with GM-CSF
(black bars) were analyzed by ElISA to determine Il-6, TNF-α, Il-10 and Il-4 secretion compared to
untreated cells. (C) ROS production of unstimulated and GM-CSF stimulated macrophages was
measured with a DHR assay. Experiments were performed in triplicate using 3 human donors and were
presented as the mean +/- SEM. *p<0.05 by Mann-Whitney U (A) or ***p<0.001 by Student’s t-test (C). 
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Discussion

Migration of monocytes into the brain is a key event in a variety of neurological diseases,

including Multiple Sclerosis (MS) and stroke. After entering the central nervous system

(CNS), monocytes mature into macrophages that subsequently play a protective or a

detrimental role in the disease process 33–35. In experimental autoimmune encephalomy -

elitis (EAE), the animal model for MS, GM-CSF produced by pathogenic T cells is known to

play a crucial role in the development of disease by sustaining neuro inflammation 22,23. In

the human CNS under healthy and pathological conditions, the role of GM-CSF is yet

poorly understood. We here hypothesize that it may affect both myeloid cells and

microglia. In particular, the aim of our study was reveal the effect of GM-CSF on human

monocyte migration across the blood-brain barrier (BBB), to identify the cellular source of

GM-CSF in MS lesions and to determine the effect of GM-CSF on the activation status of

macro phages and microglia. Our findings show that compared to unstimulated mono -

cytes, GM-CSF activated monocytes migrate in larger numbers across the BBB and

produce more TNF-α. In addition, GM-CSF activates macrophages to a more pro-inflam -

matory phenotype than unstimulated macrophages, while microglia show no response

on GM-CSF. 

In EAE, GM-CSF is crucial for the development of disease, as well as for sustaining

neuroinflammation 22,23. To extrapolate these findings to the human situation, we here

investigated the effect of GM-CSF on migration of human monocytes. Our findings show

that the migration of GM-CSF-activated monocytes across the BBB in vitro exceeds the

migration of non-activated monocytes, both in the absence or towards the chemokine

CCl2, one of the key factors for monocyte recruitment into MS lesions 29. It was previously

shown that GM-CSF induced monocyte migration across HUVECs, only in the presence of

CCl2 27. Our findings confirm and extend these initial observations, and show that GM-

CSF can induce monocyte migration across the highly specialized brain endothelial in

vitro, both in the absence as well as in the presence of a chemo-attractant. To unravel the

underlying mechanism of action, we determined the expression of important players in

monocyte migration like integrins (lFA-1 and VlA-4), endothelial adhesion molecules like

ICAM-1 and VCAM-1, ROS 30 as well as the chemokine receptor CCR2, an essential

chemokine receptor for the recruitment of monocytes into the CNS in EAE 36. Notably, we

could not observe significant differences on the expression of these markers upon GM-

CSF treatment of monocytes. Importantly, we observed that GM-CSF increased TNF-α

secretion from monocytes, a well known inflammatory cytokine that can disrupt the 
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BBB 31 and may thereby facilitate monocyte transendothelial migration. 

GM-CSF is upregulated in serum and in CSF during relapses of MS 21. However, to

date, it is unknown which cells produce GM-CSF in the adult human CNS. Here we

investigated post-mortem brain for the expression of GM-CSF. In control brain the

expression of GM-CSF is restricted to neurons, activated microglia and perivascular

macrophages. In MS lesions involving the grey and white matter, GM-CSF is expressed on

neurons, activated microglia and small subset macrophages/microglia. Importantly, we

observed that GM-CSF was not expressed by human T cells, and these findings are in

contrast to murine studies where the GM-CSF produced by T cells plays a crucial role in

the development of EAE 23. It must be noted that only a few T cells were present in our

combined grey and white matter MS lesions. Nevertheless, our findings illustrate that

other cells are also possible sources for GM-CSF in the human CNS. 

To determine which cells are susceptible for GM-CSF in the healthy or MS brain,

we determined GM-CSF receptor expression. Our data indicate that the receptor is

expressed by a small subset of activated microglia in the healthy brain. In MS tissue, the

GM-CSF receptor is abundantly expressed by a subset of neurons in the rim of the lesion,

as well as by microglia and astrocytes. GM-CSF receptor expression has not been

described previously on astrocytes and we show that the expression is enhanced in MS

tissue, suggesting that GM-CSF plays a relevant role in MS. The finding that GM-CSF

receptor is present in neurons is in line with the findings of Schäbitz 11 who demonstrated

that in foetal brain the neurons express the GM-CSF receptor. Expression of GM-CSF

receptor by neurons is shown to be a signal for survival 11. 

Elimination of macrophages in the animal model for MS (EAE) prevents

development of clinical signs in animals 5,6, showing that macrophages are crucial for

induction of clinical signs. GM-CSF is produced in the CNS and is able to pass the BBB 19

and therefore able to activate resident microglia 37 and monocyte-derived macrophages
38. Our in vitro data show that GM-CSF activated macrophages show a significantly

enhanced expression of CD40, MHC-II (pro-inflammatory markers) and MR (anti-

inflammatory marker) compared to non-activated macrophages. These findings are in

agreement with previous observations 13,39,40. Notably, we show that GM-CSF has no

effect on the expression levels of CD40, MHC-II and MR on human adult microglial cells.

The increased expression of both CD40 and MR on the GM-CSF activated macrophages is

typical for the phenotype of macrophages found in active in MS lesions 32. This suggests

that GM-CSF could be biologic activator of macrophage polarization in vivo in MS lesions.
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Next, to investigate the activation status on functional level, we determined the cytokine

production as well as ROS production 41 of GM-CSF activated and unstimulated

macrophages/microglia. GM-CSF stimulation induced a moderate pro-inflammatory

macrophage, compared to unstimulated macrophages, which is in line with the findings

of Verreck and coworkers 42. Il-6 is produced at significant higher levels by GM-CSF

activated macrophages compared to unstimulated macrophages, whereas for the

production of TNF-α, Il-10 and Il-4 no differences were observed. For microglia, we could

not detect any differences in cytokine production between the GM-CSF activated and

unstimulated microglia. To our knowledge we are the first to measure the cytokine

production of human cultured microglia on protein level and not on mRNA level, as

performed by others 37,43. Importantly, we showed that macrophages activated with GM-

CSF produce more ROS compared to unstimulated macrophages. The production of ROS

by macrophages is damaging for neurons 44 and is found in macrophages present in MS

lesions. Our data show that GM-CSF is a potential activator of ROS production by

macrophages in MS-lesions.  

In summary, we show that GM-CSF activated monocytes migrate in higher

numbers across an endothelial layer in vitro, possibly due to their increased production of

TNF-α. Interestingly, in contrast to findings in EAE where the pathogenic GM-CSF is

produced by T-cells, we were not able to show that in MS GM-CSF is produced by T-cells

but rather by microglia and neurons in the brain. GM-CSF could be one of the signals

responsible for the intermediate activation status of the macrophages present in active

MS-lesions as shown by previous immunohistochemical analysis 32. GM-CSF induces Il6

and ROS production by human macrophages, which may contribute to ongoing neuro -

inflammation in MS.

Acknowledgments 

The authors thank S.M.A. van der Pol for her assistance in the monocyte trans-endothelial

migration experiments. 

Conflicts of interest
The authors declare that they have no competing interests.

Chapter 6 |  GM-CSF promotes migration of monocytes

|  162

6

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:37  Pagina 162



REFERENCES

1 lassmann H. Pathology of Multiple Sclerosis. In: McAlpine’s MS, 3rd edn. london: Churchill
livingstone, 1998.

2 De Groot CJ, Bergers E, Kamphorst W, et al. Post-mortem MRI-guided sampling of multiple
sclerosis brain lesions: increased yield of active demyelinating and (p)reactive lesions. Brain
2001; 124: 1635–45.

3 Kuhlmann T, lingfeld G, Bitsch A, Schuchardt J, Brück W. Acute axonal damage in multiple
sclerosis is most extensive in early disease stages and decreases over time. Brain 2002; 
125: 2202–12.

4 Brück W. The pathology of multiple sclerosis is the result of focal inflammatory demyeli -
nation with axonal damage. J Neurol 2005; 252 Suppl 5: v3–9.

5 Huitinga I, van Rooijen N, de Groot CJ, Uitdehaag BM, Dijkstra CD. Suppression of
experimental allergic encephalomyelitis in lewis rats after elimination of macrophages. 
J Exp Med 1990; 172: 1025–33.

6 Tran EH, Hoekstra K, van Rooijen N, Dijkstra CD, Owens T. Immune invasion of the central
nervous system parenchyma and experimental allergic encephalomyelitis, but not leukocyte
extravasation from blood, are prevented in macrophage-depleted mice. J Immunol 1998;
161: 3767–75.

7 Engelhardt B, Kappos l. Natalizumab: targeting alpha4-integrins in multiple sclerosis.
Neurodegener Dis 2008; 5: 16–22.

8 Hamilton JA, Anderson GP. GM-CSF Biology. Growth Factors 2004; 22: 225–31.

9 Hamilton JA. Colony-stimulating factors in inflammation and autoimmunity. Nat Rev
Immunol 2008; 8: 533–44.

10 Fleetwood AJ, Cook AD, Hamilton JA. Functions of granulocyte-macrophage colony-
stimulating factor. Crit Rev Immunol 2005; 25: 405–28.

11 Schäbitz W-R, Krüger C, Pitzer C, et al. A neuroprotective function for the hematopoietic
protein granulocyte-macrophage colony stimulating factor (GM-CSF). J Cereb Blood Flow
Metab 2008; 28: 29–43.

12 Giulian D, li J, li X, George J, Rutecki PA. The impact of microglia-derived cytokines upon
gliosis in the CNS. Dev Neurosci 1994; 16: 128–36.

13 Ambarus CA, Krausz S, van Eijk M, et al. Systematic validation of specific phenotypic markers
for in vitro polarized human macrophages. J Immunol Methods 2012; 375: 196–206.

14 Vogel DYS, Glim JE, Stavenuiter AWD, et al. Human macrophage polarization in vitro:
Maturation and activation methods compared. Immunobiology 2014; published online May
28. DOI:10.1016/j.imbio.2014.05.002.

15 Ottow MK, Klaver EJ, van der Pouw Kraan TCTM, et al. The helminth Trichuris suis suppresses
TlR4-induced inflammatory responses in human macrophages. Genes Immun 2014;
published online July 10. DOI:10.1038/gene.2014.38.

GM-CSF promotes migration of monocytes  |  Chapter 6

|  163

6

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:37  Pagina 163



16 Verreck FAW, de Boer T, langenberg DMl, et al. Human Il-23-producing type 1 macrophages
promote but Il-10-producing type 2 macrophages subvert immunity to (myco)bacteria.
Proc Natl Acad Sci USA 2004; 101: 4560–5.

17 lee SC, liu W, Brosnan CF, Dickson DW. GM-CSF promotes proliferation of human fetal and
adult microglia in primary cultures. Glia 1994; 12: 309–18.

18 Dame JB, Christensen RD, Juul SE. The distribution of granulocyte-macrophage colony-
stimulating factor and its receptor in the developing human fetus. Pediatr Res 1999; 
46: 358–66.

19 Mclay RN, Kimura M, Banks WA, Kastin AJ. Granulocyte-macrophage colony-stimulating
factor crosses the blood—brain and blood—spinal cord barriers. Brain 1997; 120 ( Pt 11):
2083–91.

20 Ha Y, Kim YS, Cho JM, et al. Role of granulocyte-macrophage colony-stimulating factor in
preventing apoptosis and improving functional outcome in experimental spinal cord
contusion injury. J Neurosurg Spine 2005; 2: 55–61.

21 Carrieri PB, Provitera V, De Rosa T, Tartaglia G, Gorga F, Perrella O. Profile of cerebrospinal
fluid and serum cytokines in patients with relapsing-remitting multiple sclerosis: a
correlation with clinical activity. Immunopharmacol Immunotoxicol 1998; 20: 373–82.

22 McQualter Jl, Darwiche R, Ewing C, et al. Granulocyte macrophage colony-stimulating
factor: a new putative therapeutic target in multiple sclerosis. J Exp Med 2001; 194: 873–82.

23 Codarri l, Gyülvészi G, Tosevski V, et al. RORγt drives production of the cytokine GM-CSF in
helper T cells, which is essential for the effector phase of autoimmune neuroinflammation.
Nat Immunol 2011; 12: 560–7.

24 Marusic S, Miyashiro JS, Douhan J 3rd, et al. local delivery of granulocyte macrophage
colony-stimulating factor by retrovirally transduced antigen-specific T cells leads to severe,
chronic experimental autoimmune encephalomyelitis in mice. Neurosci Lett 2002; 332: 185–
9.

25 MorphoSys A. Phase Ib Study to Evaluate MOR103 in Multiple Sclerosis. ClinicalTrials.gov.
20140214. http://www.clinicaltrials.gov/ct2/show/NCT01517282?term=MOR103&rank=2
(accessed Feb 26, 2014).

26 Ponomarev ED, Shriver lP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN. GM-CSF
production by autoreactive T cells is required for the activation of microglial cells and the
onset of experimental autoimmune encephalomyelitis. J Immunol 2007; 178: 39–48.

27 Shang XZ, Issekutz AC. Enhancement of monocyte transendothelial migration by
granulocyte-macrophage colony-stimulating factor: requirement for chemoattractant and
CD11a/CD18 mechanisms. Eur J Immunol 1999; 29: 3571–82.

28 Weksler BB, Subileau EA, Perrière N, et al. Blood-brain barrier-specific properties of a human
adult brain endothelial cell line. FASEB J 2005; 19: 1872–4.

29 Sørensen Tl, Ransohoff RM, Strieter RM, Sellebjerg F. Chemokine CCl2 and chemokine
receptor CCR2 in early active multiple sclerosis. Eur J Neurol 2004; 11: 445–9.

30 Van der Goes A, Wouters D, Van Der Pol SM, et al. Reactive oxygen species enhance the
migration of monocytes across the blood-brain barrier in vitro. FASEB J 2001; 15: 1852–4.

31 Wiggins-Dohlvik K, Merriman M, Shaji CA, et al. Tumor necrosis factor-α disruption of brain
endothelial cell barrier is mediated through matrix metalloproteinase-9. Am J Surg 2014;
published online Sept 28. DOI:10.1016/j.amjsurg.2014.08.014.

32 Vogel DYS, Vereyken EJF, Glim JE, et al. Macrophages in inflammatory multiple sclerosis
lesions have an intermediate activation status. J Neuroinflammation 2013; 10: 35.

Chapter 6 |  GM-CSF promotes migration of monocytes

|  164

6

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:37  Pagina 164



33 Mikita J, Dubourdieu-Cassagno N, Deloire MS, et al. Altered M1/M2 activation patterns of
monocytes in severe relapsing experimental rat model of multiple sclerosis. Amelioration of
clinical status by M2 activated monocyte administration. Mult Scler 2011; 17: 2–15.

34 Shechter R, Schwartz M. Harnessing monocyte-derived macrophages to control central
nervous system pathologies: no longer ‘if’ but ‘how’. J Pathol 2013; 229: 332–46.

35 Miron VE, Boyd A, Zhao J-W, et al. M2 microglia and macrophages drive oligodendrocyte
differentiation during CNS remyelination. Nat Neurosci 2013; 16: 1211–8.

36 Fife BT, Huffnagle GB, Kuziel WA, Karpus WJ. CC chemokine receptor 2 is critical for induction
of experimental autoimmune encephalomyelitis. J Exp Med 2000; 192: 899–905.

37 Durafourt BA, Moore CS, Zammit DA, et al. Comparison of polarization properties of human
adult microglia and blood-derived macrophages. Glia 2012; 60: 717–27.

38 Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for
reassessment. F1000Prime Rep 2014; 6: 13.

39 Qin H, Wilson CA, lee SJ, Zhao X, Benveniste EN. lPS induces CD40 gene expression through
the activation of NF-kappaB and STAT-1alpha in macrophages and microglia. Blood 2005;
106: 3114–22.

40 Martinez FO, Sica A, Mantovani A, locati M. Macrophage activation and polarization. Front
Biosci 2008; 13: 453–61.

41 Van der Goes A, Brouwer J, Hoekstra K, Roos D, van den Berg TK, Dijkstra CD. Reactive oxygen
species are required for the phagocytosis of myelin by macrophages. J Neuroimmunol 1998;
92: 67–75.

42 Verreck FAW, de Boer T, langenberg DMl, van der Zanden l, Ottenhoff THM. Phenotypic and
functional profiling of human proinflammatory type-1 and anti-inflammatory type-2
macrophages in response to microbial antigens and IFN-gamma- and CD40l-mediated
costimulation. J Leukoc Biol 2006; 79: 285–93.

43 Melief J, Koning N, Schuurman KG, et al. Phenotyping primary human microglia: Tight
regulation of lPS responsiveness. Glia 2012; 60: 1506–17.

44 Haider l, Fischer MT, Frischer JM, et al. Oxidative damage in multiple sclerosis lesions. Brain
2011; 134: 1914–24.

45 Vogel DYS, Heijnen PDAM, Breur M, et al. Macrophages migrate in an activation-dependent
manner to chemokines involved in neuroinflammation. J Neuroinflammation 2014; 11: 23.

46 Kooij G, Kroon J, Paul D, et al. P-glycoprotein regulates trafficking of CD8(+) T cells to the
brain parenchyma. Acta Neuropathol 2014; 127: 699–711.

47 Kooij G, Mizee MR, van Horssen J, et al. Adenosine triphosphate-binding cassette
transporters mediate chemokine (C-C motif ) ligand 2 secretion from reactive astrocytes:
relevance to multiple sclerosis pathogenesis. Brain 2011; 134: 555–70.

48 Van Horssen J, Schreibelt G, Drexhage J, et al. Severe oxidative damage in multiple sclerosis
lesions coincides with enhanced antioxidant enzyme expression. Free Radic Biol Med 2008;
45: 1729–37.

49 Witte ME, Bø l, Rodenburg RJ, et al. Enhanced number and activity of mitochondria in
multiple sclerosis lesions. J Pathol 2009; 219: 193–204.

50 Van Horssen J, Vos CMP, Admiraal l, et al. Matrix metalloproteinase-19 is highly expressed in
active multiple sclerosis lesions. Neuropathol Appl Neurobiol 2006; 32: 585–93.

51 De Groot CJA, Montagne l, Janssen I, Ravid R, Van Der Valk P, Veerhuis R. Isolation and
characterization of adult microglial cells and oligodendrocytes derived from postmortem
human brain tissue. Brain Research Protocols 2000; 5: 85–94.

GM-CSF promotes migration of monocytes  |  Chapter 6

|  165

6

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:37  Pagina 165



52 Henderson lM, Chappell JB. Dihydrorhodamine 123: a fluorescent probe for superoxide
generation? European Journal of Biochemistry 1993; 217: 973–80.

53 lisi l, Stigliano E, lauriola l, Navarra P, Dello Russo C. Proinflammatory-activated glioma cells
induce a switch in microglial polarization and activation status, from a predominant M2b
phenotype to a mixture of M1 and M2a/b polarized cells. ASN Neuro 2014; published online
April 1. DOI:10.1042/AN20130045.

54 Zhang H, li Y, Yu J, et al. Rho kinase inhibitor fasudil regulates microglia polarization and
function. Neuroimmunomodulation 2013; 20: 313–22.

Chapter 6 |  GM-CSF promotes migration of monocytes

|  166

6

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:37  Pagina 166



Supplementary Figure

Supplementary figure 1. GM-CSF receptor on monocytes, endothelial cells, macrophages 
and microglia

The expression of the GM-CSF receptor was determined with FACS analysis or immonofluorescent
stains. Monocytes (A), endothelial cells (B) and macrophages (C) were analysed for the expression of
GM-CSF receptor with FACS analysis unstimulated (white bars) as well as GM-CSF stimulated (black
bars) monocytes, macrophages and endothelial cells were positive for the GM-CSF receptor. A
representative picture (20X magnification, scale bar represents 50 µm) is shown for the GM-CSF
receptor on primary isolated human microglia, no FACS analysis was performed due to the limited
amount of available tissue (D). Results are expressed as mean +/- SEM of three independent
experiments, performed in duplo using the Mann-Whitney U, no significant differences were
discovered. 
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Abstract 

Disability in Multiple Sclerosis (MS) strongly correlates with spinal cord damage yet neuro -

pathological classification of MS is currently based on brain lesion staging. To assess

whether spinal cord lesions can be classified using the lesion staging systems established

for brain lesions, we examined brain and spinal cord tissues of 22 MS and 6 control cases.

White matter lesions in the brain, and cervical-, thoracic, and lumbar spinal cord regions

were characterized based on microglia/macrophage activity as preactive, active, chronic

active, and chronic inactive (De Groot et al. 2001). Grey matter lesions were classified as

type 1-4 (Bö et al 2006). Comparison of brain and spinal cord pathology revealed that in

an individual CNS lesions are heterogeneous and spinal cord lesions do not reflect lesion

activity in the brain. In the spinal cord, like the brain, white matter and combined grey

and white matter lesions can be classified as active, chronic active and chronic inactive.

However, the degree of inflammation (activated microglia and foam cells) was less in 

the spinal cord compared to brain lesions. Examination of lesion staging in primary

progressive and secondary progressive MS revealed that the latter subtype contained a

greater variety of lesion stages. Taken together, we provide a thorough description of

microglia/macrophage activation in a large numbers of spinal cord lesions. Further

studies on spinal cord lesions are essential to understand the full impact of axonal

damage and its relation to inflammation in MS.
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Introduction

Multiple Sclerosis is a chronic demyelinating disease of the CNS characterized by

inflammation and destruction of myelin and axons in the optic nerve, brain and spinal

cord 1–4. To diagnose Multiple Sclerosis, the (revised) McDonald criteria 5 and Swanton

criteria 6 are used. One criterion is the presence of a T2 lesion visible with MRI in 2 of 4

regions typical for Multiple Sclerosis; the spinal cord being one of those regions 5. MRI

studies have provided detailed information regarding the anatomical location of the

spinal cord lesions during disease 7 that show a strong correlation with pathological

findings and clinical disability 8–10. In contrast, the relationship between Multiple Sclerosis

type, disease duration, extended disability status scale and the number and extent of

brain lesions as detected by MRI is not correlated 11. Thus spinal cord lesions may yield

more relevant information of the pathological mechanisms underlying clinical disability.

Despite this, only a few studies describe spinal cord pathology in detail. Importantly,

these few studies reveal the extensive reduction of axons 12, loss of neurons 13 and myelin

damage 14. However, no detailed study of microglia activation or the classification of

lesions in the spinal cord is reported. Additionally we are the first to compare brain and

spinal cord lesions intra-individually. 

In contrast, the white matter pathology of brain lesions in Multiple Sclerosis is

well-described in terms of inflammation and scar formation by astrocytes 15. The

classification of the grey matter brain lesions is based on the anatomical position of the

lesions in the grey matter 16. In this study we are the first to explore whether the current

pathological Multiple Sclerosis brain lesion classifications of De Groot and Bö can be

applied to the lesions in the spinal cord. We report the detailed pathology of spinal cord

lesions in Multiple Sclerosis patients using a unique collection of 18 spinal cord blocks

per patient. The pathology is described in terms of inflammation reflected by microglia

activity and lymphocyte infiltration, and anatomical location of the lesions. We show that

the degree of inflammation is less in the spinal cord compared to the brain. Furthermore,

classifi cation of the brain and spinal cord lesions revealed that lesion types in the brain

and spinal cord intra-individually are heterogeneous and that the number of lesions do

not correlate with clinical disease, Multiple Sclerosis type nor disease duration. Next, we

show that the current classification of Multiple Sclerosis lesions reported by De Groot et al.

is applicable to spinal cord lesions, whereas the classification system of brain grey matter

lesions described by Bö et al is not. We propose not to classify grey matter lesions as types

1-4, according to Bö for brain lesions, but to classify them as grey matter lesions, without
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further subtyping. While Tallentyre et al. reported that chronic inactive lesions were more

frequent in patients with SPMS, the study was limited to study of the cervical spinal cord 17.

Our study is the first comparing the lesion types between primary progressive Multiple

Sclerosis (PPMS) and secondary progressive Multiple Sclerosis (SPMS) at 18 different

levels throughout the cord. These findings reveal that the spinal cord of SPMS contained

a wider range of lesion stages than PPMS. Nevertheless, further studies on spinal cord

lesions are essential to understand the full impact of axonal damage and its relation to

inflammation in Multiple Sclerosis.
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Materials and Methods

Study population
Human CNS tissue was obtained through the Netherlands Brain Bank in Amsterdam

(coordinator Dr. I Huitinga) from the Amsterdam Multiple Sclerosis cohort with the

approval of the Medical Ethical Committee of the VU University Medical Center. All

patients and controls had given informed consent for autopsy and use of brain and spinal

cord tissue for research. We studied 22 pathologically confirmed cases of Multiple Sclerosis

(18 female, 5 male with an age range of 38 - 86 years, mean 63) and 6 non-neurological

controls (4 female, 2 male with an age range of 68 - 83 years, mean 75). Of the Multiple

Sclerosis cases 8 patients were diagnosed with PPMS (6 female, 2 male with an age range

of 41 - 86 years, mean 60) and 14 patients had SPMS (11 female, 3 male with an age range

of 40 - 78 years, mean 62). Clinical details are listed in Table 1. Post-mortem delay did not

exceed 24 h. To avoid factors that may influence the data, tissues from Multiple Sclerosis

cases with confounding neurological disease were excluded. 

Table 1. Patients’ details

Case Gender Age MS type DD PMD Cause of death
1 F 53 PP 14 8:25 Pneumonia 
2 M 41 PP 7 6:25 Respiratory insufficiency
3 F 74 PP 25 5:30 Euthanasia
4 F 57 PP 19 5:45 Sepsis
5 F 86 PP 54 4:08 Cardio pulmonary failure
6 F 41 PP 14 7:00 Dehydration
7 F 81 PP 40 4:15 Cachexia
8 M 50 PP 7 5:40 Pneunomia
9 F 72 SP 22 4:45 Metastasis of bladder carcinoma 
10 F 53 SP 19 7:16 Pneumonia
11 F 70 SP 43 5:30 COPD
12 F 63 SP 25 6:45 Cardiac asthma
13 F 64 SP 32 6:45 Cardiac arrest
14 M 46 SP 23 3:45 Pneumonia
15 M 49 SP 37 6:55 Terminal liver insufficiency, DM
16 F 40 SP 11 7:00 Aspiration pneumonia 
17 F 54 SP 37 7:00 Pneumonia/ Urinary tract infection
18 F 71 SP 27 6:29 Urosepsis
19 M 78 SP 41 7:05 Cachexia
20 F 55 SP 11 7:35 Aspiration pneumonia
21 F 77 SP 34 14:15 Respiratory insufficiency
22 F 72 SP 31 10:25 Respiratory insufficiency
Con 1 F 68 N/A N/A UN High energetic trauma with hypovolemic shock
Con 2 F 72 N/A N/A UN Infarct right hemisphere
Con 3 M 77 N/A N/A UN Pneumonia
Con 4 F 83 N/A N/A UN UN
Con 5 F 78 N/A N/A UN UN
Con 6 M 73 N/A N/A UN UN
Disease duration (DD), Post mortem delay (PMD), Chronic obstructive pulmonary disease (COPD), diabetes mellitus
(DM), Primary progressive (PP), Secondary progressive (SP), Not applicable (NA), Unknown (UN)
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Neuropathological evaluation
Control brain tissues were obtained from subcortical brain white matter. Multiple Sclerosis

brain tissues blocks were collected after ex vivo MRI as described by De Groot et al. 15 In

total 128 blocks of brain tissue were obtained; the number of blocks (ranging from 2-8)

and location differed between the patients. Spinal cord samples from control and Multiple

Sclerosis cases were collected from 6 levels of the cervical, thoracic and lumbar spinal cord

(thus 18 blocks per case).

Histological evaluation was performed on 10% formalin fixed paraffin embedded

tissues. To classify demyelination, 5 μm sections were cut of each block and stained with

luxol Fast Blue/ Periodic acid Schiff, to demonstrate demyelination and remyelination, as

described previously 18,19. Immunohistochemistry was performed to detect proteolipid

protein (PlP) for visualizing myelin and major histocompatibility complex MHC-II (MHC

class-II; human leucocyte antigen-DR) for activated microglia/macrophages. In total 432

sections of PPMS and 756 sections of SPMS patients were assessed. Three independent

observers (D. Vogel, M. Breur and neuropathologist P. van der Valk) assessed the lesions

without prior knowledge of patient details or disease characteristics. The distribution of

activated microglia, anatomical location of the lesion, presence and location of T and B

cells were recorded. 

White matter lesions were classified as preactive, active, chronic active or chronic

inactive established by 15 (Figure 1). This classification system is based on the presence of

macrophage/microglia activity in the lesion and activity in the normal appearing white

matter. Other well-described classification methods for white matter lesions were not

included 20,21, these classification systems did not include preactive lesions and requires

additional stainings, which are not applied in this first overall study. Six white matter

lesions could not be classified by the criteria of De Groot; a lesion was considered

unclassifiable, when a demyelinated lesion was observed in which activated microglia and

macrophages but no foam cells, indicative of active lesions, were present (Supplementary

Figure 1). 

Grey matter lesions were classified as described by Bö et al 16 (Figure 1 and Table

2). The grey matter lesion typing in brain is based on anatomical location of the lesion.

Since in the spinal cord no cortex is present, we adapted the classification system of Bö et

al for spinal cord as follows; type 1 - combined grey and white matter lesions; type 2 -

lesions completely within the grey matter; type 3 - lesions in the grey matter at the edge

of the white matter; type 4 - lesion that spans the grey matter from dorsal to ventral

(Figure 1). 
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Figure 1. Classification methods
Brain white matter lesions are classified according to the degree of inflammation De Groot et al (A).
Preactive: clustering of activated microglia in normal appearing white matter. Active:, highly activated
macrophages containing lipids (foamy macrophages) in a demyelinated area. Chronic active:
hypocellular demyelinated center and hypercellular rim with foamy macrophages and activated
microglia. Chronic inactive: hypocellular demyelinated center with gliosis and a very small number of
macrophages. Brain grey matter lesions are classified by Bö et al (C). Type 1, leukocortical, combined
grey matter and white matter matter lesions. Type 2: intracortical, lesions entirely within the cerebral
cortex. Type 3:, subpial lesions extending inward the surface of the brain and Type 4: lesions that span
the full width of the cortex (C 1-4). In spinal cord we used the grey matter classification system for grey
matter lesions and combined grey matter and white matter lesions, however the degree of
inflammation was less in spinal cord as represented in B. For the grey matter lesions in the spinal cord,
we scored the lesions 1-4 as depicted in D.
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Table 2. Characterization of lesion types 

Type lesion Pathology characteristics Adjusted scoring system for
spinal cord lesions

Pre active Clustering of activated microglia 
in normal appearing white matter As described for brain lesions

Active Highly activated macrophages 
containing lFB-PAS positive 
lipids in demyelinated area As described for brain lesions

White matter Chronic active Hypocellular demyelinated 
center and hypercellular rim 
with highly activated 
macrophages positive for lipids 
in lFB-PAS As described for brain lesions

Chronic inactive Hypocellular demyelinated 
center with gliosis and a very 
small number of CD68 positive 
macrophages As described for brain lesions

Grey and Type 1 Combined grey and
white matter leucocortical white matter lesions As described for brain lesions

Type 2 lesions entirely within lesions entirely within the grey 
Intracortical the cerebral cortex not matter, not making contact with 

making contact with sub sub cortical white matter or 
cortical white matter or the the surface of the spinal cord
surface of the brain

Grey matter Type 3 lesions extending inward lesions extending inward the
Subpial the surface of the brain interface with the white matter
Type 4 lesions that span the full width lesions that span the full width 

of the cortex without reaching of the grey matter without
into the subcortical white matter reaching into the white matter

Immunohistochemistry 
Tissue sections (5 μm) were mounted on glass slides (Starfrost, Braunsweig, Germany)

and dried overnight at 370C. Sections were deparaffinised using xylene and rehydrated in

reducing concentrations of ethanol. Immunohistochemistry was performed as follows:

endogenous peroxidase was blocked using 0.3% H2O2 in methanol. For antigen retrieval,

sections were heated in either tris-ethylenediaminetetraacetic acid (pH9) or sodium

citrate buffer (pH6) depending on the primary antibodies. Subsequently, the sections

were washed three times with PBS, and incubated with the following primary antibodies:

MHC-II (clone lN3, mouse monoclonal 1:1000; Dako, Heverlee, Belgium) for detection of

activated phagocytic cells and PlP (clone PlPc1, mouse monoclonal 1:3000; Serotec,

Oxford, United Kingdom) to reveal myelin and areas of myelin loss. CD3 (rabbit polyclonal

1:1000; Dako) was used to visualize T cells and CD20 (mouse monoclonal clone l26 1: 200;

Dako) for B cells. Slides were incubated with the primary antibodies for 60 min at room

temperature. After washing three times in PBS, the sections were incubated for 30 mins
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with Envision-horse radish peroxidase complex (Dako) and washed in PBS. The sections

were developed for 10 min with diaminobenzidine (Dako) (1:50), washed in tap-water,

counterstained with haematoxylin, washed and dehydrated in alcohol 70% to 100% and

xylene and embedded in Entallan (Merck, Schiphol-Rijk, The Netherlands).

Analysis of lesions 
The Multiple Sclerosis type, expanded disability status scale and disease duration, were

obtained from clinical notes. The total number of demyelinated lesions present in the 18

studied blocks per patient, was defined as the number of lesions (lesion load). Preactive

lesions were excluded given that preactive lesions do not contain demyelinated areas.

Data were analysed per patient, regional areas (cervical, thoracic and lumbar spinal cord),

Multiple Sclerosis subgroup (PPMS or SPMS) and were correlated to disease duration and

disease severity. 

The percentages of white matter, grey matter and combined grey matter and

white matter lesions in the spinal cord and brain were calculated. The white matter

lesions were classified as preactive, active, chronic active, inactive, and percentages of

these lesion types were calculated from the total number of white matter lesions, we

included the preactive lesions in the total number of lesions. Similar calculations were

performed for the four types of grey matter lesions. 

To investigate the homogeneity or heterogeneity of the lesion types within one

patient, the numbers of different lesion types (white and grey, all lesion types) in the

brain and spinal cord per patient were counted. In this study we used the term

heterogeneity to denote the presence of the different lesion stages (preactive, active,

chronic active, chronic inactive) intraindividually, we did not distinguish between the

different patterns of the active lesions as described by lucchinetti and lassmann 21. To

elucidate whether the type of lesion in the spinal cord reflected the lesions in the brain

within one patient correlation studies were performed. 

Statistics
The distribution of the lesions was analysed using a one-way ANOVA with Bonferroni

correction, or a Mann-Whitney U test. Correlations between the brain and the spinal cord

lesions within one patient, and the association of the total number of lesions with

expanded disability status scale or disease duration, were assessed using Pearson’s

correlation tests using Graph Pad Prism version 4.03 for Windows (Graphpad Software,

San Diego, California USA). 
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Results 

Neuropathological findings 
Clinically diagnosed Multiple Sclerosis cases met the neuropathological diagnostic

criteria of inflammatory demyelinating disease consistent with Multiple Sclerosis. Control

cases showed no evidence of inflammation or demyelination. The brain and spinal cord

lesions were classified according to the classification depicted in Figure 1 and Table 2. Six

white matter lesions in which regions were PlP negative, PAS negative and in which

MHC-II positive macrophage/microglia were observed in the demyelinated area did not

fit the classification criteria of De Groot et al. 15 and therefore were scored as unclassifiable

(Supplementary Figure 1). lesions with a clear rim, but without foam cells in the rim of

the lesion, were scored as chronic active lesions. 

White matter lesions in the spinal cord
In the spinal cord of Multiple Sclerosis cases microglia activation, as revealed by MHC-II

expression, was observed in small clusters in normal appearing white matter (preactive

lesions), in active lesions, at the rim of chronic active lesions or diffusely distributed

throughout the white matter. White matter lesions in spinal cord were observed to be the

second most frequent lesion type (39% of total lesions) after the combined grey matter

and white matter lesions (57%). Most white matter lesions were in close contact with the

leptomeninges. In Multiple Sclerosis brain pathology, clusters of microglia in a myelinated

area, but not associated with blood vessels, are termed preactive lesions 22,23. These lesions

were also observed in the spinal cord (Figure 2A, B). Active lesions with phagocytes

containing PlP throughout the demyelinated area were observed (Figure 2C, D). However,

in spinal cord almost all active lesions contain less foamy phagocytes (lipid laden

phagocytes) compared to active lesions in the brain (Supplementary Figure 2). While all

chronic active lesions (Figure 2E, F) contained a rim of a MHC-II positive macrophage/

microglia only a few foamy phagocytes were observed. Chronic inactive lesions in the

spinal cord were comparable with the classification of brain lesions, in that both these

lesions were hypocellular and contain activated macrophages/microglia (Figure 2G, H). 

Grey matter lesions in spinal cord
Pure grey matter lesions were characterized using a modified lesion classification of Bö et

al 2006 (Figure 1 and Table 2). The majority of the grey matter lesions was observed in the

anterior column and close to the central canal, most lesions were not associated with
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blood vessels. Similar to grey matter lesions in the brain, the grey matter lesions in the

spinal cord were non-inflammatory. However, in one case phagocytic cells containing

myelin were observed in the grey matter area and in another case a cluster of microglia in

the normal appearing grey matter was observed (data not shown). Only one lesion was

observed entirely within the grey matter (Type 2 lesion) of the substantia gelatinosa, an

area normally less myelinated than the rest of the grey matter. Since in this case the

demyelination was not present in the contralateral substantia gelatinosa, this was

considered a lesion (Figure 3C, D). The lesions classified as type 3, lesions extending

inward the surface of the white matter (Figure 3E, F) and lesions that span the full width

of the grey matter without reaching into the white matter (type 4) were generally

observed close to the central canal (Figure 3G, H).

Combined grey and white matter lesions predominate spinal cord
pathology
The leukocortical lesion (type 1), described by Bö et al 16, is here referred to as a combined

grey matter and white matter lesion. These lesions were classified as active, chronic active

and chronic inactive lesions. Active combined grey matter and white matter lesions were

observed in 29% PPMS and in 12% SPMS (Figure 4A, B). Chronic active combined grey

matter and white matter lesions (23% PPMS, 6% SPMS) display a rim of MHC-II positive

macrophages/microglia (Figure 4C, D). The majority of the combined grey matter and

white matter lesions were classified as chronic inactive lesions (46% PPMS, 78% SPMS)

(Figure 4E, F). A few lesions could not be classified into active lesions, these lesions

showed activated macrophages/microglia, however no foamy macrophages were

present and were scored as unclassifiable lesions (2% PPMS, 4% SPMS). 

Remyelination in the spinal cord
To determine remyelination we used previously described criteria: remyelination is based

on the abundance of thinly myelinated fibres with shortened internodes and widened

nodes of Ranvier 19. Remyelination in spinal cord lesions was identified as areas of less

intense luxol fast blue staining compared to normal appearing white matter as well as the

presence of thinner myelin sheaths in the remyelinated area 19. Using these criteria

remyelination was present in 61 of the 396 blocks of spinal cord (15%). Many of these

remyelinating lesions were present in consecutive blocks which cover several vertebra,

indicating that these remyelinating lesions span large areas.
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Figure 2. White matter lesions 
White matter lesions in the spinal cord were classified according to Groot et al. 2001. lesions are
encircled with a dotted line and the border between white matter and grey matter is denoted by a
continuous line. Cluster formation of microglia in a myelinated area (preactive lesion), were observed
in several patients (A, B). Active lesions display highly activated foamy macrophages (insert in C) in
the demyelinated area (D). Chronic active lesions have a hypercellular demyelinated center (E) and a
hypercellular rim with highly activated foamy macrophages (insert in F). Chronic inactive lesions have
a hypocellular center (small lesion in G) and a very small number of MHC-II positive microglia/
 macrophages (H). 
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Figure 3. Grey matter lesions
Grey matter lesions in spinal cord according to the amended lesion classification of Bö et al. lesions
are encircled with a dotted line and the border between white matter and grey matter is denoted by
a continuous line. The combined grey matter and white matter lesions are in spinal cord, (A,B). The
Type 2, lesions entirely within the grey matter not making contact with white matter or the surface of
the spinal cord (C,D). Type 3 lesions, lesions extending inward the surface of the white matter (E,F).
Type 4, lesions that span the full width of the grey matter without reaching into the white matter
(G,H).
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Figure 4. Combined grey and white matter lesions
leukocortical lesions, here referred to as combined grey matter and white matter lesion, can be
classified according to the white matter classification method of De Groot et al. The lesions are
encircled with a dotted line. Combined grey matter and white matter lesions with highly activated PlP
positive macrophages/microglia can be characterized as active combined grey matter and white
matter lesions (A,B). Combined grey matter and white matter lesions with a hypercellular rim of highly
activated macrophages/microglia can be characterized as chronic active combined grey matter and
white matter lesion (C,D). The combined grey matter and white matter lesions with a hypocellular
center and almost no activated macrophages/microglia were scored as chronic inactive (E,F). 
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The majority of remyelinated areas were limited to the white matter; in grey matter

identification of remyelination was less detectible due to the subtle differences in

staining intensity and rarely observed in regions adjunct to the leptomeninges. Similar to

brain lesions an enhanced microglia activity was observed in the remyelinated areas. 

T cells and B cells in the spinal cord 
Most CD3 and CD20 positive cells were found in the meninges (Supplementary figure 3A,

C) or in the perivascular space (Supplementary figure 3B,F,D,H). Hardly any CD3 or CD20

positive cells were found in the parenchyma of the spinal cord. The number of CD3 and

CD20 positive cells did neither correlate with the degree of inflammation in the lesions,

nor with areas of demyelination close to the meninges. 

lesion distribution in the spinal cord
Assessment of the number of lesions per patient revealed no significant differences in

lesion load between PPMS (mean 20) and SPMS (mean 18) (Figure 5A). While the most

prominent anatomical region for spinal cord lesions in all Multiple Sclerosis blocks was

the cervical cord (207 lesions versus 106 thoracic and 106 lesions lumbar) no significant

difference was revealed when comparing the subtypes of patients: PPMS (mean cervical

10; thoracic 6; lumbar 5; p= 0.08) and SPMS (mean cervical 9; thoracic 4; lumbar 5; 

p= 0.08) (Figure 5B).

Figure 5. Total number of lesions per patient
The total number of lesions in PPMS and SPMS show comparable lesion load in the spinal cord. 
There were not significantly more lesions in the cervical cord than in the thoracic and lumbar cord. 
No differences in total number of lesions between PPMS and SPMS were revealed. 
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Brain versus spinal cord lesion distribution
In the 42 blocks containing brain lesions from PPMS and 80 blocks from SPMS the

distribution of white matter lesions, grey matter lesions and combined grey matter and

white matter lesions revealed 89% white matter lesions for PPMS and 80% for SPMS

(Figure 6). Grey matter lesions formed the minority of brain lesions making up 4% of all

lesions in PPMS cases and 12% for SPMS. The combined grey matter and white matter

lesions were comparable between PPMS (7%) and SPMS (9%) (Figure 6A). In the 144

blocks of spinal cord tissue from PPMS and 252 blocks of SPMS the combined grey matter

and white matter lesion was much more frequent (58% PPMS and 55% SPMS) than white

matter and grey matter lesions. The minority of the lesions consisted of the pure grey

matter (5% PPMS and 4% SPMS). White matter lesions in the spinal cord had a similar

distribution for PPMS (37%) and SPMS (41%). 

In conclusion, in brain the dominant lesion type is the white matter lesion, where -

as in the spinal cord the combined grey matter and white matter lesion is predominant. In

brain and spinal cord the minority of the lesions was pure grey matter (Figure 6A, B). 

To further investigate the distribution of the lesion types of white matter and

grey matter lesions in PPMS and SPMS in the brain and spinal cord the lesion types were

determined. From the total number of white matter brain lesions similar numbers of

active (PPMS 22%, SPMS 26%), chronic active (PPMS 27%, SPMS 26%), chronic inactive

(PPMS 27%, SPMS 24%) and preactive (PPMS 24% SPMS 25%) were observed revealing no

differences between PPMS and SPMS (Figure 6C). The lesion distribution of white matter

lesions in spinal cord revealed that preactive lesions were less prominent in PPMS (6%)

compared to SPMS cases (34%). The number of active lesions were comparable in PPMS

(10%) and SPMS (12%) while PPMS patients have higher numbers of chronic active

lesions (35%) compared to SPMS (14%). The most prominent white matter lesion type in

the spinal cord was the chronic inactive lesion being 44% for PPMS and 37% for SPMS

(Figure 6D). 

The pure grey matter lesions comprise 8% of the total number of brain lesions.

The lesion types are schematically visualized in Figure 6E. In PPMS cases, only the type 3

lesion was observed in the brain. In contrast, in brain sections from SPMS, the lesion types

2 (13%), type 3 (69%) and type 4 (19%) were identified (Figure 6E). In the spinal cord the

grey matter lesions encompass 4% of the total number of lesions. Clear differences

between the distribution of the grey matter lesions in spinal cord between PPMS and

SPMS were found; the lesion type 2 (PPMS 13%, SPMS 0%), type 3 lesions (PPMS 38%,

SPMS 56%) and type 4 lesions (PPMS 50 %, SPMS 44%) (Figure 6F).
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Figure 6. Lesion distribution
White matter lesions are the most prominent lesions in the brain (A), whereas in the spinal cord the
combined grey matter and white matter is the most prominent (B). The white matter lesion types in
the brain are equally distributed (C). In the spinal cord the chronic inactive lesion was the most
dominant. A few lesions in the spinal cord were unclassifiable while lesions contained no PlP positive
phagocytes, but only MHC-II positive phagocytes (D). The only lesion type found in the PPMS brain
was the type 3: lesions extending inward the surface of the white matter, while SPMS had 69% (E).
Clear differences between the distribution of the grey matter lesions between PPMS and SPMS were
found. Type 2 lesions (PPMS 13%, SPMS 0%) Type 3, (PPMS 38%, SPMS 56%) and Type 4, (PPMS 50%,
SPMS 44%) (F). 

Heterogeneity of lesion types in primary progressive multiple sclerosis
and secondary progressive multiple sclerosis 
To investigate the homogeneity of lesions intra-individually we examined the types of

lesions in the brain and spinal cord. When brain and spinal cord contained multiple lesion

stages, this was considered as heterogeneity of lesions. White matter lesions in the brain

of PPMS patients contained two or three lesion stages (preactive, active, chronic active,
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chronic inactive). The spinal cord of PPMS showed a range of 1-3 lesion types (Figure 7A).

The heterogeneity of white matter lesions in SPMS is more than in PPMS, the number of

lesion types varied (1-4 lesion types brain, 0-4 lesion types spinal cord) (Figure 7B). 

The majority of the patients had no pure grey matter lesions, the patients that do

have pure grey matter lesions had either one or two different lesion types in the brain

and no lesions or only one kind in the spinal cord (PPMS) (Figure 7C, D, E). With the

exception of SPMS brain where one patient had three different lesion types, the spinal

cord contained no lesions, one or two lesion types (Figure 7D). 

Figure 7. Heterogeneity of lesions within a patient
lesion type within patients is highly variable, when brain and spinal cord contained multiple lesion
types, this was considered as heterogeneity of lesions. White matter lesions in the brain and spinal
cord of SPMS were more heterogeneous than in SPMS (A).  The diversity of grey matter lesions in
PPMS is less than in SPMS (B). No correlations were found between the percentage of white matter
lesions in the brain and spinal cord, nor for grey matter lesions and combined grey matter and white
matter lesions as revealed by the Pearson’s test (C, D, E). 
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To examine whether the same lesion type was present in both brain and spinal cord, the

percentage of white matter, grey matter and combined grey matter and white matter

lesions in the brain and spinal cord within a patient were correlated per patient. This

revealed no correlations between the lesion type in the brain and spinal cord (Figure 7 E,

F, G).

Six cases (2 PPMS, 4 SPMS) had preactive lesions in the brain as well as in the

spinal cord. In 5 of the studied cases preactive lesions were exclusively found in the spinal

cord. On the contrary, 8 patients had preactive lesions in the brain, and none in the spinal

cord. No homogenous lesion type for brain and spinal cord within one patient was found. 

Correlations between expanded disability status scale, disease duration,
and total number of lesions
Correlation of total number of lesions (spinal cord) with disease duration was not found

in PPMS, in SPMS the total number of lesions per patient correlated with disease duration

(p= 0.0433) (Supplementary Figure 4, A, B), No correlations were found for disease

duration with expanded disability status scale for PPMS and SPMS (Supplementary Figure

4, C, D). Correlation of total number of lesions with expanded disability status scale was

not found in PPMS and SPMS (Supplementary Figure 4, E, F).
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Discussion

This is the first report of the detailed pathology comparing spinal cord and brain lesions

in the same patient, in a large cohort of PPMS and SPMS cases. Involvement of the spinal

cord in Multiple Sclerosis pathology is an important element in the development of

disability 10,24. Despite this, the pathology of spinal cord lesions is not extensively

described, and when reported is limited to description of axonal damage and

demyelination. Here we describe the spinal cord pathology in terms of inflammation and

anatomical location classified according to two well-established brain staging methods

and compare the findings to brain pathology. For white matter pathology the

classification method of De Groot et al. 15 and for grey matter lesions the classification

system according to Bö et al. 16 is used (Figure 1). This study has shown that the grey

matter classification based on anatomical position of the lesions of Bö is not applicable

on spinal cord lesions. The white matter classification, preactive, active and chronic active

and chronic inactive lesions, of De Groot is applicable to the white matter lesions and the

combined grey and white matter lesions, the most prominent lesion in spinal cord.

However, the degree of inflammation in the lesions in the spinal cord is less than in the

brain. The observations made in this study are novel and strengthen the knowledge of

the spinal cord pathology in Multiple Sclerosis.

General neuropathology
Several studies have previously examined the regional variations of lesions within the

CNS of Multiple Sclerosis in the extent and pattern of demyelination, and the degree of

inflammation 3,25,26. However, these studies have used either limited numbers of cases or

focussed on cervical spinal cord. We have extended the current knowledge by examining

regions throughout the whole spinal cord and have also compared lesions within the

spinal cord and brain in the same patient. Our finding reveal that, similar to previously

published data the cervical cord is a predilection site for lesions which are detected with

MRI and at neuropathological examination 25,27. This is confirmed in the Amsterdam

cohort of Multiple Sclerosis cases examined in this study. 

In the total number of lesions, we could have overestimated the number of

lesions, while some lesions span more vertebra, a better term would be lesional area.

However, we also calculated the total number of lesions with the assumption that

morphologically similar lesions in consecutive blocks were in fact one lesion, this

revealed minimal differences in total number of lesions and lesion distribution. 
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In contrast to the detailed description of neuronal pathology in spinal cord 3,12,25, the

degree of inflammation and the pattern of microglia distribution in lesions in the spinal

cord has not been extensively studied. One study describes that lesions in the spinal cord

are predominantly inactive 28, our data support these findings. Overall this study is the

largest detailed spinal cord pathology description of the degree of inflammation

revealing that activated microglia/macrophages and the number of foamy macrophages

in active and chronic active lesions in spinal cord is significantly less compared to active

and chronic active lesions in brain. Another distinct difference between spinal cord and

brain pathology are the elevated numbers of activated macrophages/microglia in normal

appearing white matter in spinal cord, whereas the activity of microglia in normal

appearing white matter in the brain is not so extensive 22,29–31. 

White matter lesions 
The most frequent white matter lesion in the spinal cord is the chronic inactive lesion as

described before by 25,28. The detailed description of the lesion types provide more

information about the different phases of spinal cord pathology. Similar to brain lesions,

we observed lesions of different types including preactive, active, chronic active and

inactive lesions. Our findings are in contrast to the general presupposition that spinal

cord lesions are inactive. 

Despite the proposed lesion development the pathological mechanism

triggering lesion formation is unknown. Preactive lesions are present but not abundant in

the spinal cord. While oligodendrocyte stress has been proposed to induce microglia

activation 32 Singh et al reported that Wallerian degeneration or axonal damage, is

associated with microglia clusters 33. However, in the brain stereotypical analysis of

preactive lesions, revealed that the microglial clusters are spherical 22 rather than

elongated as would be expected if associated with degenerating axons. That Wallerian

degeneration and axonal damage are well known to influence the status of neurological

disability in Multiple Sclerosis, it is crucial to perform further studies to unravel this

phenomenon.

It is proposed that in time, that following preactive lesion formation, some will

develop into an active lesion which will subsequently form the chronic active and late

active lesion, finally forming the inactive lesion 1. When interpreting post-mortem studies

lesions may have gone through several phases (demyelination, remyelination, and

demyelination). This may be particularly relevant in cases with long disease durations,

which is the case in the studied cohort (mean 25 years). 
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Grey matter lesions 
Grey matter pathology is strongly associated with the degree of disability in patients with

Multiple Sclerosis 34. It is proposed that the axonal loss in the spinal cord of Multiple

Sclerosis patients may occur independently of inflammation 25. Gilmore and colleagues

describe that demyelination of the spinal cord predominantly involves grey matter 28.

Grey matter pathology is not extensively described in spinal cord. Grey matter

demyelination is more extensive in the spinal cord compared to the brain 3. Measure -

ments of the area of grey matter and white matter in atrophic spinal cord of Multiple

Sclerosis patients revealed that the cause of atrophy was loss of white matter 14. Pure grey

matter lesions in spinal cord are first described by Gilmore et al. 28. In our cohort pure grey

matter lesions are the smallest category, of these grey matter lesions type 2 and type 4

lesions were the minority. Whether type 4 lesions are really equivalent to brain type 4

lesions should be questioned, as in the brain such lesions are always in close contact to

meninges, and in spinal cord these lesions are surrounded by white matter.

We furthermore studied the degree of inflammation of grey matter lesions and

found that hardly any inflammation was present in the grey matter in brain and spinal

cord. Brain grey matter lesions are known to show a pronounced paucity of inflammatory

cells in comparison to white matter lesions 35-37. This is now confirmed in spinal cord pure

grey matter pathology. Since the minority of all the lesions in the spinal cord were grey

matter lesions, we propose not to classify these lesions further into lesion types 1-4, but

simply classify them as grey matter pathology.

Spinal cord combined grey and white matter lesions
In the current study, we have shown that the combined grey matter and white matter

lesion is the most frequent lesion type in the spinal cord in both PPMS and SPMS cases.

This could well be explained by the small size of the spinal cord. Clearly in a confined

space, a lesion starting in the white matter will impinge the grey matter earlier than in the

brain. In the white matter part of combined grey matter and white matter lesions of the

brain the quantity of inflammation is higher than in the grey matter part, although this

difference is less pronounced in the spinal cord 38. The combined grey matter and white

matter lesion in the spinal cord can be classified according to the white matter brain

classification of De Groot et al. 15 (Table 3). 
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Table 3. Proposed characterization of lesions in the spinal cord 

Type lesion Pathology characteristics
Pre active1 Clustering of activated microglia in normal

appearing white matter
Active2 In large numbers, highly activated 

White matter macrophages in a demyelinated area
& Chronic active2 Hypocellular demyelinated center and
Combined grey hypercellular rim with highly activated
and white matter macrophages 

Chronic inactive2 Hypocellular demyelinated center with 
gliosis and a very small number of CD68
positive macrophages

Grey matter The degree of microglia activity lesions that span the full width of the grey 
matter without reaching into the white matter

Remyelination 
Remyelination of the spinal cord in humans has not previously been studied in detail.

One study describes that only 5% of the plaques in the spinal cord show signs of

remyelination 25 while 15% of the total number of plaques showed remyelination,

especially in the white matter. In the remyelinated areas activated microglia were present

as described in the brain 19. Further studies are required to unravel the mechanism of

remyelination and inflammation. 

T and B cells
T cells and B cells were observed in the meninges around the spinal cord and in the blood

vessels but were infrequent in the lesions. The involvement of T cells and B cells in the

meninges has been correlated to clinical progression of PPMS and the number of cortical

lesions 39. However, in contrast in another study no correlation between cortical

demyelination and meningeal inflammation in SPMS was observed 38. In spinal cord 

T-cells were described perivascular, in normal appearing white matter, and the meninges,

while B cells were only observed in the meninges 40. In the Amsterdam cohort of Multiple

Sclerosis patients we found no evidence for a correlation between the presence of T cells

or B cells in the meninges and the number of lesions in close contact to the meninges in

the spinal cord regardless of SPMS or PPMS (Supplementary Figure 3). Additionally, we

did not observe B-cell follicles in the spinal cord, as described previously 40,41.

Disparity between spinal cord and brain lesion types 
Heterogeneity of brain lesions in Multiple Sclerosis patients has been described

previously between patients while lesions within a patient have been described as

homogeneous 21,42. Here, we use the term heterogeneity to denote different lesion stages
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in an individual patient. While no lesion type predominates intra-individually the number

of different lesion stages revealed heterogeneity of the lesions within a patient. This may

be explained by the long disease duration in which lesion development and remission in

time is highly variable whereas we studied a fixed stage of the disease. 

The differences in inflammation of the grey matter and white matter lesions in

the spinal cord compared to the brain suggest that the environment in the spinal cord is

different than the brain. One of the major differences is the close contact with CSF. In our

study most white matter and combined grey matter and white matter lesions are in close

contact with the leptomeninges, this is in line with the reports by Gilmore and colleagues
28. Another argument for the involvement of CSF is that the pure grey matter lesions in

the spinal cord are around the central canal. CSF is known to contain antibodies directed

against neuronal proteins and myelin proteins which could be involved in the pathology

observed in Multiple Sclerosis 43,44. While this may also be the case for spinal cord lesions

it has been proposed that the flow of the CSF in the central canal is rather limited or even

interrupted in adults older than 30 45. An opposing argument that the CSF contains a

myelinotoxic factor is that we did not observe many circular white matter lesions in close

contact with the meninges in the spinal cord. It thus remains to be determined whether

factors in the CSF contribute to the pathology and whether such factors can indeed

pervade the tissues in the spinal cord. 

Conclusions 

Here we showed for the first time in a unique collection of 18 spinal cord blocks per

patient, that lesions are most frequent in cervical cord, and that the most frequent lesion

type in spinal cord is the combined grey matter and white matter lesion. White matter

lesions and the combined grey matter and white matter lesions in the spinal cord can be

classified according to the white matter classification system of De Groot et al. 15. How -

ever, the degree of inflammation, as observed in quantity of activated microglia and

extend of foam cells is far less in spinal cord compared to brain. Grey matter lesions in the

spinal cord cannot be classified as proposed by Bö et al. 16 and thus we propose to classify

grey matter lesions not further into type 1-4, but as grey matter lesions described in

terms of inflammation and anatomical location (Figure 1 and Table 3). While our studies

significantly expand what is currently known about spinal cord lesions in MS further

studies are essential to understand the full impact of axonal damage and its relation to

inflammation in Multiple Sclerosis. 
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Supplementary Figures

Supplementary Figure 1. Unclassifiable spinal cord lesion
Panel A shows a lesion in the white matter of the spinal cord. Activated microglia (MHC-II) are found
in the demyelinated area, however they don’t have a foamy macrophages appearance, therefore this
lesion was not classifiable according to the classification system of De Groot et al.

Supplementary Figure 2. Foamy macrophages in active lesions in the brain and spinal cord 
In the upper panel, the myelin stain reveals a demyelinated area (A), in the demyelinated area many
foamy macrophages (B, MHC-II) are present, indicating an active lesion. In the spinal cord a demyelinated
area visualized with PlP (C) contained less foamy macrophages (D) compared to the brain.
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Supplementary Figure 3. CD3 and CD20 positive cells in spinal cord
Most CD3 and CD20 positive cells were found in the meninges (A, F) or in the perivascular space (D, H).
The myelin was still present in the myelin related to the meninges (A, E) and the tissue surrounding the
perivascular space was positive for PlP (C, G). Hardly any CD3 or CD20 positive cells were found in the
parenchyma of the spinal cord. The quantity of CD3 and CD20 positive cells did neither correlate with
the degree of inflammation in the lesions, nor with areas of demyelination close to the meninges. 
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Supplementary Figure 4. Correlations between disease duration, total number of lesions and
expanded disability status scale 

The association between total number of lesions and disease duration for PPMS was not significant
(A), however in SPMS this revealed a significant correlation (B). Finally the EDDS is not associated with
the disease duration (C, D) nor the total number of lesions (EF). 
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Abstract

Visual loss is commonly observed in Multiple Sclerosis (MS) patients. An important factor

which leads to permanent visual impairment is axonal loss in the optic nerve, which may

be associated with microglial activation, macrophage infiltration and demyelination.

little is known about microglia activation and axonal loss and damage in optic nerves of

MS patients and immunohistochemical studies of lesions in optic nerves are scarce. The

optic nerve represents an excellent anatomical central nervous system structure that

allow the study of axonal damage and loss in relation to microglia activation. Here we

have studied 22 MS optic nerves and 4 optic nerves of healthy control subjects. All lesions

were characterised as preactive, active, chronic active and chronic inactive lesions as

described for cerebral lesions. The lesions were further investigated for axonal loss and

damage in relation to demyelination and microglial/macrophage activation. We show

that all lesion stages were present in MS optic nerves, however the degree of

inflammation is less compared to cerebral lesions. Remarkably, MS lesions in optic nerve

do not respect the anatomical borders of the septa, present in the optic nerve between

nerve bundles. Furthermore, axonal loss in the optic nerve is associated with

demyelinated areas and not with microglia activation. By contrast, axonal damage, was

generally observed in both myelinated and demyelinated areas. To address whether the

activation status of microglia and macrophages relates to axonal damage or repair

requires further research. 
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Introduction

Multiple Sclerosis (MS) is a neurodegenerative disease in which inflammatory demye -

linating lesions in the central nervous system (CNS) give rise to neurological deficits1. A

frequent manifestation of MS is visual impairment caused by optic neuritis, a (temporary)

inflammation of the optic nerve, associated with demyelination, that results in visual

deficits like diplopia 2. Following an initial episode of idiopathic demyelinating optic

neuritis, the five-year incidence of clinically definite MS is reported to be 30%. The

cumulative incidence increases to 40% at 12 years and 50% at 15 years 2–5. 

Optical coherence tomography (OCT) is used in the clinic to visualise retinal

damage in vivo. The technique is unique since it can image the only directly visible part of

the human CNS, where neuronal bodies can be visualised 6,7. It is of importance to

correlate OCT findings to neuropathological findings of the optic tract, and the optic

nerve. However reports on the neuropathology of optic nerves in MS are limited 8,9 and to

our knowledge, no immunohistochemical studies are performed yet. 

Characteristic for MS pathology of the brain is the formation of lesions in white

and grey matter. The white matter lesions can be classified as preactive, active, chronic

active and chronic inactive lesions 10,11. Active brain lesions in MS are characterised by

demyelination and  the presence of macrophages and activated microglia throughout

the lesion area 12. Inflammation in MS lesions correlates with the presence of  axonal loss

and axonal damage, which are associated with  disease progression and irreversible

disability in MS 13–16. 

The pathogenesis underlying optic neuritis is still debated. The current view is

that acute demyelination of the optic nerve results in loss of vision. Subsequent axonal

damage and loss eventually cause irreversible loss of vision, due to the limited

regenerative capacity of optic nerve axons. The degree of recovery of vision is depending

on remyelination as well as the degree of axonal and neuronal damage and repair 1,14,17.

Thus far no reports are available on MS lesion activity in optic nerves and the correlation

between demyelinating lesions and axonal loss. The current study aims to gain insight in

the relationship between axonal loss and damage to demyelination and microglia

activation in the optic nerve. 
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Materials and Methods

Table 1. Patients’ details 

Case Gender Age MS type DD PMD Cause of death
1 F 53 PP 14 8:25 Pneumonia 
2 F 41 PP 25 6:25 Euthanasia
3 F 74 PP 19 5:30 Sepsis
4 F 57 PP 14 5:45 Dehydration
5 F 86 PP 1.5 4:08 Euthanasia
6 F 41 SP 22 7:00 Metastasis of bladder carcinoma 
7 F 81 SP 19 4:15 Pneunomia
8 F 50 SP 43 5:40 COPD
9 F 72 SP 25 4:45 Cardiac asthma
10 F 53 PP 54 7:16 Cardio pulmonary failure
11 F 70 SP 32 5:30 Cardiac arrest
12 M 63 PP 7 6:45 Pneumonia
13 M 64 SP 23 6:45 Pneumonia
14 M 46 SP 37 3:45 Terminal liver insufficiency, DM
15 F 49 SP 27 6:55 Urosepsis
16 M 40 SP 41 7:00 Cachexia
17 F 54 SP 11 7:00 Aspiration pneumonia
18 F 71 SP 34 6:29 Respiratory insufficiency
19 F 78 SP 19 7:05 Cardigenic shock
20 F 55 SP 25 7:35 Aspiration pneumonia 
21 F 77 SP 46 14:15 Ileus
22 F 72 SP 31 10:25 Respiratory insufficiency
Con 1 M 72 - - 4.35 NA
Con 2 F 88 - - 5.55 NA
Con 3 M 48 - - 21:00 Myocardial infarction
Con 4 F 79 - - 16:00 Pancreatic cancer 
MS = multiple sclerosis; DD= disease duration; PMD= post mortem delay; F= female; M= male; PP= primary progressive;
SP= secondary progressive; DM= diabetes mellitus; COPD= chronic obstructive pulmonary disease; CON= control case,
NA= not applicable

Post mortem material
Formalin fixed, paraffin embedded human optic nerve were obtained from 22 MS

patients and 2 non-neurological controls from the Netherlands Brain Bank (coordinator

Dr. Huitinga, Amsterdam, The Netherlands) and 2 from the VU University Medical Centre.

The Netherlands Brain Bank and the VU University Medical Centre received permission to

perform autopsies for the use of tissue and for access to medical records for research

purposes from the Ethical Committee of the VU University Medical Centre, Amsterdam,

the Netherlands. All patients and controls, or their next of kin, had given informed

consent for autopsy and use of brain tissue for research purposes. We studied 22

pathologically confirmed cases of MS (18 female, 4 male with an age range of 38-78 years,

mean (62)) and 4 non-neurological controls. Of the MS cases 7 patients were diagnosed

with primary progressive (PPMS), and 15 with secondary progressive Multiple Sclerosis

(SPMS). Post mortem delay did not exceed 24 h. To avoid additional factors that may
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influence the data, tissues from multiple sclerosis cases with confounding neurological

disease were excluded. Clinical details are listed in table 1. Unfortunately no clinical

information on visual impairment was available. 

Immunohistochemistry
Immunohistochemistry was performed on 4% formalin fixed paraffin embedded optic

nerves and 2-8 brain blocks of the same patient. At least 6 sections of 5 µm were cut from

each tissue block and mounted on glass slides (Starfrost, Braunsweig, Germany) and

dried overnight at 370C. Sections were deparaffinised using xylene and rehydrated in

descending concentrations of ethanol. Immunohistochemistry was performed as follows:

endogenous peroxidase was inhibited by incubation in 0,3% H2O2. For antigen retrieval,

sections were heated in sodium citrate buffer pH6. Subsequently sections were washed 3

times with phosphate buffered saline (PBS), incubated with normal goat serum 20%

(Dako, Heverlee, Belgium) (v/v) in PBS to block unspecific binding. Next, the sections were

incubated with the primary antibody to detect proteolipid protein (PlP) for visualizing

myelin and major histocompability complex (MHC-II, HlA-DR) for activated microglia/

macrophages. The total microglia/macrophages population was visualised with CD68

(Dako, Heverlee, Belgium). For detection of axons and axonal damage primary antibodies

to neurofilament light (NF-l), neurofilament 200 kDA (NE14), amyloid precursor protein

(APP) were applied (Table 2). Then sections were rinsed 3 times in PBS and incubated with

the secondary antibody EnVision™ horseradish peroxidase anti rabbit/mouse (Dako,

Heverlee Belgium) for 30 min at room temperature. Next the sections were rinsed 3 times

before and incubated with with diaminobenzidine (DAB) (Dako, Heverlee Belgium) for 

10 min at room temperature. Sections were rinsed with tap water, and counterstained

with haematoxylin rehydrated and mounted in Entallan (Merck, Schiphol-Rrijk, The

Netherlands). Without prior knowledge of patient details or disease characteristics, four

independent observers (D. Vogel, M. Breur J. Mol and neuropathologist P. van der Valk)

assessed the lesions for the distribution of activated microglia, anatomical location of the

lesion and the degree and anatomical location of axonal loss and damage. 

Table 2. Antibodies

Antigen Species Dilution Antigen retrieval Manufacturer
PlP (PlPc1) mouse 1:1000 - AbD Serotec
HlA-DR (lN-3) mouse 1:1000 - eBioscience
NE14 mouse 1:800 - Sigma Aldrich
NF-l (10H9) mouse 1:1600 Sodium citrate buffer pH6.0 Zymed
APP rabbit 1:500 Sodium citrate buffer pH6.0 Sigma Aldrich
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Results

Neuropathological findings, staging of the lesions 
Neuropathological evaluation of brain lesions confirmed the clinical diagnosis of MS.

Control cases showed no evidence of inflammation or demyelination in the brain. The

stages of the optic nerve lesions were classified as preactive, active, chronic active or

chronic inactive according to de Groot et al 10,11. Assessment of the number of lesions in

the optic nerve per patient revealed no significant differences in lesion numbers between

patients diagnosed with PPMS (4) or SPMS (18). The most prominent lesion type in the

SPMS patients was the preactive lesion (n=8, 42%), while the chronic inactive active lesion

was most prominent in the PPMS patients (n=2, 50%) (Table 3). No preactive and active

lesions were observed in PPMS patients. Two optic nerves contained no lesions. Five optic

nerve MS lesions showed demyelination and activated microglia and macrophages, but

no foamy (PlP positive) macrophages. Therefore these lesions do not meet the criteria of

De Groot et al. of active MS lesion, since the presence of foamy macrophages is one of the

criteria for active lesions. 

Table 3. Lesion distribution of the optic nerve

PPMS (n=7) SPMS (n=15) 
Preactive lesions 0 (0%) 8 (42%)
Active lesions 0 (0%) 2 (11%)
Chronic active lesions 1 (25%) 2 (11%)
Chronic inactive lesions 2 (50%) 3 (16%)
Unclassifiable lesions 1 (25%) 4 (21%)
No lesions 1 1

Figure 1. Control optic nerve
Transversal section of control optic nerve stained by immunohistochemistry for PlP (A) and MHCII (B).
The meninges (indicated with the arrows in overview A,B) surround the normal myelinated (PlP-
positive) optic nerve (A). Nerve bundles are separated by PlP-negative septa (insert, arrow head).
Activated microglia (MHC-II positive cells) are observed mostly in between the nerve bundles (insert,
arrow head). Scale bar represents 25 μm.
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Control optic nerve
On transversal sections of the optic nerve, the septa surrounding the myelinated nerve

bundles are visible as PlP negative septa. The control optic nerves showed no evidence

of demyelination (Figure 1A). Only a few activated microglia (MHCII positive microglia)

were observed in the nerve bundles. Macrophages were present within the blood vessels

and predominantly perivascular in one of the control cases (Figure 1B). Axonal loss and

damage was not observed (data not shown). 

MS optic nerve 
In the optic nerves of patients with MS microglia were activated, as revealed by increased

number of cells positive for MHC-II. Small clusters of MHC-II positive microglial cells were

observed in the normal appearing white matter (preactive lesions) (Figure 2A,B). Active

lesions (Figure 2C,D), chronic active lesions (Figure E,F) and chronic inactive lesions

(Figure 2G,H) were also observed in optic nerves, with similar characteristics as described

for brain lesions. However, the number of activated microglia in lesions was less

compared to brain lesions.

The staining for PlP revealed that the extent of demyelination differed

considerably between the MS patients. Three out of 22 optic nerves samples (14%) were

completely demyelinated. Three out of 22 optic nerves contained two lesions per section;

the number of lesions per optic nerve section did never exceed two. In most cases the

demyelinated areas contained one or more blood vessels. Surprisingly, the demyelinated

areas did not respect the anatomical barriers of the septa, present in the optic nerve.

Most lesions (n=10) expanded over a large proportion of the optic nerve, and extended

to the outer surface of the nerve. Only four patients had lesions which did not extend to

the outer surface.  

longitudinal sections of the optic nerve
In longitudinal sections of the optic nerve, axons are visible in longitudinal running

bundles and their surrounding myelin sheaths appear as elongated PlP-positive stripes,

with the PlP-negative septa separating the nerve bundles. The control optic nerve was

completely myelinated (Figure 3A). Some MHC-II positive macrophages were visible in

between the nerve bundles and in the perivascular space (Figure 3B). In the MS optic

nerve, examination of the longitudinal sections revealed PlP negative areas of

demyelination that did not respect the anatomical borders of septa (Figure 3C) and

activated microglia in the parenchyma of the nerve bundles (Figure 3D). 
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Figure 2. MS lesions in optic nerve
Transversal sections of MS optic nerve immonostained for PlP (A, C, E, G) and MHCII (B,D,F,H). MS
lesions in the optic nerve were classified according to Groot et al. 2001. The dotted line encircles the
lesions. Cluster formation of activated microglia in normal appearing white matter (preactive lesion),
was observed in two patients (A, B and magnification). Active lesions display highly activated foamy
macrophages in the demyelinated area (C,D). Chronic active lesions have a hypo cellular demyelinated
centre (E) and a hypercellular rim with highly activated foamy macrophages (F). Chronic inactive
lesions have a hypocellular centre (G) and a very small number of MHCII positive microglia/
macrophages (H). Scale bar represents 200 μm.
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Figure 3. Longitudinal sections of the optic nerve
longitudinal sections of optic nerves were stained for PlP (myelin) and MHCII (activated
microglia/macrophages). The longitudinal section of the control optic nerve shows PlP staining of
longitudinal parallel running intact myelin sheaths (A). PlP-negative longitudinal structures
represent the septa between the axon bundles. The activated microglia are visible in between the
nerve bundles (arrowhead) (B). The MS optic nerve shows an area of strongly reduced PlP staining
(demyelination) above the dotted line and a number of activated microglia in the parenchyma of the
demyelinated area (arrow head) (D). 

Remyelination in the optic nerve
To determine remyelination we used previously established criteria: remyelination is

based on the abundance of thinly myelinated fibres 18. Using these criteria remyelination

was observed in 13 optic nerve blocks (Figure 4). 

White matter brain lesions compared to lesions in the optic nerve
Comparison of brain and optic nerve pathology revealed that the degree of inflammation

(number of activated microglia and foam cells) was less in the optic nerve compared to

brain lesions. A limited number of activated microglia and foamy phagocytes (lipid laden

phagocytes) were found in active lesions in the optic nerve.  
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Figure 4. MS optic nerve, remyelination
Transversal section of MS optic nerve immunostained for PlP. 
Two different intensities of PlP staining within the same section can be appreciated, an area of normal
PlP intensity (A), and an area of less intense PlP staining, representing a remyelinating area (B). Scale
bar represents 800μm. 

Axonal loss and axonal damage in the optic nerve
In 9 of the 22 patients, the entire optic nerve was composed of healthy normally sized

axons. Thirteen optic nerves showed areas with less intense NF-l staining of axons,

compared to neighbouring areas with normal NF-l staining and control case. This

reduction in intensity of NF-l expression was the result of a reduction in the number axons

(not quantified) and is illustrated in Figure 5 A,B. Areas of axonal loss were observed in 12

MS patients (60%). The areas with axonal loss were clearly associated with demyelinated

areas (Figure 5A,B). Axonal loss was almost exclusively seen in the areas of demyelination,

except in two optic nerves, where axonal loss was also seen in the normal appearing white

matter. In one case axonal loss was observed without any sign of demyelination. In

another case areas of demyelination were present without signs of axonal loss.

Figure 5. Axonal loss in MS lesion in optic nerve
MS optic nerve immunostained stained for PlP (A) and NF-l (B). In the demyelinated area (*) (A),
axonal loss was correlated with the demyelinated area (*) as revealed by neurofilament light staining.
The PlP negative demyelinated area (*) is less intense positive for NF-l compared to the PlP positive
myelinated area (**) (B). 
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Nine MS optic nerves (41%) displayed enlarged axons. These axons stained intensely with

NF-l and had an increased diameter, interpreted as axonal damage. Contrary to axonal

loss, axonal damage (as visualised with APP) was not exclusively observed in areas of

demyelination. Axonal damage was observed at the border of the active lesion, both

inside and outside of the demyelinated area. However these thick axons were also seen in

areas of the optic nerve that were relatively far from the lesion. All optic nerves with

axonal damage contained more activated microglia compared to control optic nerves.

(Figure 6).

Figure 6. Axonal damage in MS lesions in optic nerve
MS optic nerve immunostained for PlP (A) and APP (B). In both the PlP negative demyelinated area
(*) (A), (*) and the normal appearing white matter (**), diffuse axonal damage was observed as
revealed by APP staining (B). The insert shows a detail of the axonal damage, revealing intense
staining for APP (axonal bulbs, arrow) and increased diameters of the axons (B). 

Figure 7. Inflammation in the meninges
Outer surface of MS optic nerve stained for PlP (A), MHCII (B) and NF-l (C). PlP was found in two cases
in the meninges surrounding the optic nerve and this was not associated with a MS lesion in the
adjacent optic nerve area, which was completely myelinated (A). The MHCII staining revealed a large
number of activated meningeal macrophages present in the leptomeninges of an MS optic nerve,
also not associated with an MS lesion (B). Neuronal debris as revealed by NF-l stain was also observed
in the meninges (C).
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Myelin and neuronal debris and inflammation in the meninges of 
the optic nerve
Two sections contained PlP positive debris in the meninges surrounding the optic nerve

(Figure 7). In these sections numerous MHC-II macrophages were observed in the

meninges (Figure 7B). The number of MHC-II positive cells were not associated with the

areas of demyelination close to the meninges. Neuronal debris (NF-l positive debris) was

observed in the meninges of two optic nerves (Figure 7C).

Discussion

Visual loss is recognized as one of the most common and disabling clinical manifestations

of multiple sclerosis (MS) 9. A variety of pathological processes underlying the visual

impairment during MS have been described, including inflammation, demyelination, and

axonal degeneration in the afferent visual pathway, (retina, optic nerves, chiasm, and

tracts) 9,14,19. The contribution of axonal and neuronal loss to the disability in general in MS

is well documented, however not for the optic nerve 20,21. Optical coherence tomography

(OCT) is a non-invasive tool to monitor retinal disease and glaucoma. OCT was first

applied to cohorts of MS patients and optic neuritis patients to visualise anterior visual

pathway damage 22–24. The visual pathway is gaining more attention as a mode to study

the structure-function correlation in MS and the pathophysiology of disease. Therefore

the neuropathological substrate of optical tract damage is becoming an important issue.

Thus far, to our knowledge, no detailed using immunohistopathological techniques, for

lesion staging of MS optical nerve is available 9,25,26. Similarly the association of axonal loss

and axonal damage to demyelination in the optic nerve has not been investigated in

detail. Here we examined the lesions in the optic nerves of MS patients using the

classification system of de Groot et al 10 and describe the axonal loss and damage, in

relation to microglia activation and demyelinating lesions. 

Pathology in the optic nerves
In the optic nerves studied, all lesion types that are observed in brain 10, preactive, active,

chronic active and chronic inactive, were identified. This indicates that disease

mechanisms in optic nerve and in white matter of the brain are similar and are

characterised by demyelination and inflammation. Areas of demyelination were

extending beyond the septa between nerve bundles. In most cases the demyelinated

areas contained one or more blood vessels. This could imply that disruption of the blood
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brain barrier in the optic nerve plays a role in lesion formation as suggested for lesion

formation in the brain and retina 6,27. Further studies are required to reveal details about

the blood brain barrier permeability in relation to optic nerve pathology. 

Many of the lesions present in the MS optic nerves extended to the superficial

layers of the optic nerve and therefore are in close contact with the leptomeninges,

suggesting that the cerebrospinal fluid (CSF) may well play a critical role in the

development of lesions. CSF is known to contain antibodies directed against neuronal

proteins and myelin proteins which could be involved in the pathology observed in 

MS 28,29. Howell and colleagues showed a correlation between inflammation in the

leptomeninges in the optic nerve and demyelinating lesions 30. In addition, other studies

showed the presence of myelin debris in the meninges surrounding the brain in MS 31.

However, we observed such debris of myelin degradation and inflammation in the

meninges in only 2 of the 22 studied of the optic nerves. Understanding the involvement

of CSF in relation to lesion formation in MS, needs further detailed studies, to understand

these different findings. 

We observed axonal loss and damage in all optic nerves studied, strongly

supporting the idea that visual impairment is mainly caused by axonal loss and damage 23.

The transversal sections showed that axonal loss (as revealed by decreased staining

intensity for NF-l) was associated with the areas of demyelination. In contrast, axonal loss

in the spinal cord is not related to plaque load 32. It remains unclear why axonal loss in the

spinal cord is not related to lesions, while this association is clear in the optic nerve,

possibly the type of axons in the optic nerve is more vulnerable. Studies performed with

OCT showed after an episode of optic neuritis  a strong association with the degree of

axonal damage, but not with demyelination 33. Axonal loss in the optic nerve is described

previously, however that could not be correlated to optic nerve atrophy, the atrophy is

caused by other yet unknown factors 9. With these opposing findings in pathology and

OCT studies, conclusions should be drawn with precaution, the possibility that

demyelination is not the primary determinant of optic nerve axonal loss warrants

consideration. 

Axonal damage (increased APP positive structures and enlarged axons) was

mostly observed at the borders of the demyelinated areas. The normal appearing white

matter showed signs of axonal damage as well. It has been  suggested that smaller axons

are preferentially injured in MS 15,34,35. However, we did not observe this in the optic nerve.

The pattern of axonal changes suggesting degeneration inside the lesions was already

described before 14,36. As reviewed by Coleman axonal damage leads to axonal swelling in
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different regions of the axon. These swellings include organelles, dissociated cytoskeletal

fragments and most prominent APP. The swellings increase in size until Wallerian

degeneration occurs 37. The initiating event that is triggering these APP accumulation

remains unknown for MS. Nevertheless, axonal damage is reported to occur indepen -

dently of demyelination, suggesting other intrinsic factors are involved 38. 

Taken together, the optic nerve appeared to be an appropriate, very suitable

central nervous system structure to study axonal loss and damage in relation to

inflammation and demyelination in MS lesions, since lesions had similar characteristics as

brain and spinal cord lesions. The anatomical structure of optic nerves, with its parallel

running bundles of myelinated axons, is ideal to investigate axonal damage and axonal

loss (and in fact axonal repair) in relation to inflammation and demyelination. In the

current study, areas of axonal loss could be correlated with areas of demyelination,

whereas areas of axonal damage were also present in areas without demyelination. This

may indicate that demyelination may be a factor that hampers the repair of damaged

axons. Further studies are required to investigate the structural correlations of axonal

changes (damage, loss and repair) in relation to inflammation and demyelination in

detail.
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Abstract

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central

nervous system, in which macrophages and microglia play an important role. Depending

on their activation status pro-inflammatory (M1) or anti-inflammatory (M2) macrophages

play a dual role in disease. M1 macrophages/microglia are proposed to be neurotoxic

while M2 are considered to aid neuronal regeneration. The aim of this study was to assess

the effect of M1 and M2 polarized macrophages on neuronal damage and axonal

transport in a human in vitro model. Human monocyte derived macrophages were

allowed to differentiate into M0 (non-stimulated), or activated to become M1 and M2

macrophages. The production of reactive oxygen species (ROS), a potential neurotoxic

agent, was determined. M1 macrophages produced the highest levels of ROS. To study

the effect of M0, M1 and M2 on neurons, human (SH-SY5Y) neuroblastoma cells were

differentiated into neurons with mature features and exposed to macrophage-

conditioned medium (M0, M1 or M2). This revealed that M1 conditioned medium did not

have neurotoxic effect whereas M2 conditioned medium increased cell viability. To assess

whether this was due to differences in growth factor production by macrophages, the

gene expression levels of BDNF and IGF-1 were determined in M0, M1 and M2

macrophages. We were not able to detect significant differences gene expression of M1

or M2 compared to M0. Real time lapse images of co-cultures of differentiated SH-SY5Y

cells with M0, M1 and M2 were performed to study the direct effect of polarized

macrophages on neurons. These studies showed that within 3 h all phenotypes of

macrophages induced cell death of the differentiated SH-SY5Y cells, independently of

the activation status. In conclusion we found no conclusive differences in neurotoxic or

neuroprotective effect between M1 or M2 polarized human macrophages on neuro -

blastoma cells differentiated into neurons with mature features. 
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Introduction 

Multiple Sclerosis (MS) is a chronic inflammatory, demyelinating and neurodegenerative

disease of the central nervous system 1. The pathology of MS is characterised by

demyelinated areas (lesions), perivascular infiltrates, astrogliosis, axonal damage and

axonal loss 2. In active white matter lesions activated macrophages/microglia are the

most abundant inflammatory cell type. Active lesions are associated with axonal damage

and loss 3. Clinically, axonal loss is highly correlated with the degree of disability in MS

patients 3–5. The correlation between the presence of macrophages and axonal loss in

active lesions suggests a detrimental role for macrophages on axons in MS. However the

role of macrophages is more complex. Recent animal research showed that macrophages

can be beneficial by enhancing repair after neuronal injury 6,7. These diverging effects of

macrophages can be explained by their activation status, pro-inflammatory (M1) or anti-

inflammatory (M2) 8–10. Here we examined the relationship between M1 and M2

macrophages and neuronal damage and neuroprotection respectively.

Macrophages produce a plethora of potential neurotoxic factors including

reactive oxygen species (ROS) 11. In addition, M1 macrophages are characterised by high

levels of pro-inflammatory cytokines including tumour necrosis factor alpha (TNF-α), Il-

12 and Il-6 12. Many of these pathways induced in M1 macrophages have been implicated

in neurodegeneration. For example, TNF-α directly enhances glutamate excitotoxicity,

receptor-mediated pro-apoptotic pathways in neurons and contributes to induce neuro -

toxicity as a consequence of oligodendrocyte death, leaving the neuron demyelinated
13–15. Animal studies reveal that  M1 macrophages hamper repair further indicating their

neurotoxic effects6,16.

Besides their neurotoxic effects, macrophages are also considered to be

neuroprotective 6. An important feature of macrophages is phagocytosis of debris and

apoptotic cells which is essential for a healthy microenvironment. In MS lesions

phagocytosis of myelin debris is required for effective remyelination 17,18. In MS lesions

activated macrophages correlate with increased expression of growth-associated

protein-43 (GAP-43; a sign of axonal sprouting), which is suggestive for their growth

promoting effect 19. In an animal model for spinal cord injury, M2 macrophages are

known to enhance neuroregeneration 6,20. This neuroregenerative effect may be

accomplished by the production of growth factors produced by macrophages including

ActivinA is known to stimulate oligodendrocyte maturation and may therefore be

neuroprotective 16. Other neuroprotective mediators are neurotrophins, a family of
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neurotrophic factors, including nerve growth factor (NGF), brain derived neurotrophic

factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), neurotrophin 3 (NT-3)

and neurotrophin 4 (NT-4) 21,22. While rodent macrophages are reported to produce the

neurotrophic factors; BDNF, GNDF, NGF, NT3 and NT4 22–24 only one report described the

production of BDNF and GDNF by human derived macrophages 25.

To investigate the contribution of human M1 and M2 macrophages to neuronal

damage and neuroprotection in vitro studies are essential.  While rodent co-culture

systems have been developed for this purpose, the use of primary cultures and co-

cultures of human neurons is scarce due to limited access to human fresh, healthy

neuronal tissue for the isolation of neurons or neuronal precursors. In addition, isolating

and culturing neurons from such tissue is technically difficult 26,27. Therefore cell lines are

used. The SH-SY5Y human neuroblastoma cell line is a commonly used cell line which can

be further differentiated to cells displaying mature human neuronal features 28.

Undifferentiated, these cells lack several neuronal characteristics including neuronal

morphology and expression of neuron-specific markers. Differentiation of these cells in

the presence of retinoic acid (RA) /or BDNF results in differentiated neuronal cells, as

revealed by the expression of neuron specific β-III tubulin, synaptic vesicle protein Sv2

and the neuron specific nuclear marker NeuN 29–32. In the differentiated SH-SY5Y cells,

axonal outgrowth and even vesicular transport can be observed in the axons, indicating

this cell line provides a model for human neurons to study the effect of M0, M1 and M2

macrophages on hampering or stimulating axonal transport 28. This study explored the

possible neuroprotective and neurodamaging role of human macrophages in vitro.  

Chapter 9 |  Macrophage activation; damage and repair

|  218

9

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:40  Pagina 218



Methods

Monocyte isolation and maturation into macrophages 
Human blood monocytes were isolated from healthy donor buffy coats (Sanquin Blood

Bank, Amsterdam, The Netherlands) as described previously 10,33. In short, peripheral

blood mononuclear cells (PBMC) were isolated by Ficoll density gradient centrifugation

(lymphoprepTM, Axis-Shield, Oslo, Norway). Monocytes were isolated from PBMC’s with

anti-CD14 magnetic beads (MiltenyiBiotec, leiden, The Netherlands) using the MACS®

MultiStand and lS Column according to the manufacturer’s protocol.

Macrophage maturation
Macrophages were obtained by maturing human monocytes maturation for 6 d in

culture medium, during which they change into cells with the morphology, markers

expression and functional properties of macrophages. For different activation strategies,

different conditions were applied for this maturation phase. 

For M0, non-stimulated macrophages, monocytes were cultured for 6 d in Petri

dishes in macrophage medium (Dulbecco’s Modified Eagle’s medium DMEM (Invitrogen,

Breda, The Netherlands) containing 5% (v/v) heat inactivated normal human serum (Bio

Whittaker, East Rutherford, NJ, USA) and 1% (v/v) penicillin-streptomycin-glutamine (PSG)

(Invitrogen) at a concentration of 2 x 106 cells/ ml. For M1, monocytes were cultured in

macrophage medium for 6 d with the addition of 10ng/ml granulocyte-macrophage

colony-stimulating factor (GM-CSF) (Immunotools, Friesoythe, Germany). For M2,

monocytes were cultured for 5 d in macrophage medium with the addition of 25 ng/ml

macrophage colony-stimulating factor (M-CSF) (Immunotools). After 6 d non-adherent

macrophages were removed, and adhering cells were detached by the addition of 4%

lidocaine (v/v) in PBS, incubated for 10 min at 37°C, and harvested using a cell scraper

(Greiner Bio-One, Munich, Germany). 

Macrophage activation 
After the five days maturation phase, macrophages were activated to induce M0 (no

activation), M1 or M2 macrophages. First the M0, M1 and M2 matured macrophages were

rinsed in PBS, reseeded in a concentration of 1 x 106 cells/ ml. M0 macrophages were

cultured for 48 h in macrophage medium only, M1 were primed for 24 h in macrophage

medium with 100 U/ml IFN-γ (U-Cytech, Utrecht, The Netherlands), followed by activation

for 24 h with 10ng/ml Escherichia coli-derived lipopolysaccharide (lPS; Ultrapure lPS, 
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E. coli 0111:B4, Invivogen, San Diego, CA, USA). M2 macrophages were activated for 48 h

macrophage medium containing Il-4 10 ng/ml (Immunotools, Friesoythe, Germany).

Detection of reactive oxygen species by amplex red assay
ROS production by M0, M1 and M2 macrophages was determined by measuring the

oxidation of fluorogenic indicator Amplex Red (0.1 units/ml) (molecular probes) into the

fluorescent product resofurine. Fluorescence was recorded over time for 30 min in a Fluo -

star24 (BMG lab technologies, Offenburg, Germany) equipped with 535 nm excitation and

595 nm emission wavelength.

Culture of SH-SY5Y neuroblastoma cell line
SH-SY5Y cells (ATCC, Wessel, Germany) were cultured in DMEM (Invitrogen) containing

10% (v/v) heat inactivated foetal calf serum (lonza Cologne GmbH, Walkersville, United

States) and 1% (v/v) PSG (Invitrogen) at 37°C, 5% CO2. SH-SY5Y cultures cells were split

when the cells achieved 80% confluency. 

Differentiation of SH-SY5Y neuroblastoma cell line
SH-SY5Y were differentiated into mature neurons in 24-well plates (Greiner Bio-One,

Alphen aan de Rijn, the Netherlands), containing glass cover slips (Menzel Glaser,

Braunschweig, Germany) coated with collagen type 1 (from calf skin, Sigma Aldrich, Saint

louis, MO, USA). Cells were cultured in differentiation medium (DMEM supplemented

with 3% (v/v) heat inactivated FCS and 1% (v/v) PSG). To establish the most appropriate

method for differentiation of SH-SY5Y cells, forming a network of cell extensions with

axonal transport, different approaches for differentiation were compared. Differentiation

with Retinoic acid (RA) (10µM) (R2625, Sigma Aldrich, Saint louis, MO, USA) is commonly

used. Since the duration of stimulation varies 28,34,35 we compared the formation of

networks at day 3, 5 and 12. In addition we used the differentiation method by Encinas

and colleagues: SH-SY5Y cells were cultured in the presence of RA (10µM) for 5 d,

followed by BDNF (eBioscience, Vienna, Austria) (50ng/ml) for 7 d in serum free DMEM

(BDNF is inactivated by serum) 35. 

Morphology of differentiated SH-SY5Y neuroblastoma cell line
To examine the morphology of the differentiated SH-SY5Y cell line, adherent cells were

microscopically analysed and photographed using 20X objective of a DFC420C

microscope (leica, Rijswijk, the Netherlands). 

Chapter 9 |  Macrophage activation; damage and repair

|  220

9

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:40  Pagina 220



Macrophage conditioned medium
M0, M1 and M2 macrophages were cultured as described above. After maturation and

activation, supernatants were replaced by fresh macrophage medium and this medium

was collected as macrophage conditioned medium after 24 h. 

Cell viability tests of 12 d RA differentiated SH-SY5Y 
To determine cell viability after H2O2 treatment (17 h) or incubation with macrophage

conditioned medium (72 h), two different methods were applied. The mitochondrial

function was assessed by adding 0.5mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide, Sigma Aldrich) for 3h at 37°C and was quantified

spectrophotometrically at 540nm in Bio-Rad microplate reader. Data are expressed as a

percentage of control (untreated cells). Cell viability is often defined on the basis of the

cell membrane integrity. Measurement of component leakage from the cytoplasm into

the surrounding culture medium is widely accepted as a valid method for estimating the

number of nonviable cells. lactate dehydrogenase (lDH) is such a component and its

release was determined using the CytoTox 96 nonradioactive cytotoxicity assay (Promega,

Mannheim, Germany) according to the manufacturer’s instructions. Results were

quantified spectrophotometrically at 490nm in Bio-Rad microplate reader and given as

percentage lDH release related to maximum lDH release of untreated SH-SY5Y cells. 

live-cell imaging of 12 d RA differentiated SH-SY5Y 
Twelve days prior to live-cell imaging, SH-SY5Y cells (50.000 cells/ml) were seeded on

collagen coated Ibidi slides (Ibidi, Martinsried, Germany) and cultured in DMEM

containing RA (10 µM) for 12 d. Real time vesicle transport was assessed with an Olympus

CellR live-imaging station (type IX81, UPlFlN 63xO/1.3 lens). Images were taken every 10

sec with an Olympus ColorView II camera for 4 min. 

live-cell imaging of co culture of M0, M1, M2 with 12 d RA 
differentiated SH-SY5Y 
SH-SY5Y cells were differentiated as described above and labelled fluorescently with DiI

(Enzo life Sciences, lörrach, Germany). M0, M1 and M2 were cultured as described above

(6 d of culture to mature and 48 h of activation into M1 and M2). Macrophages were

labelled fluorescently with CMAC (CellTracker™ Blue CMAC (7-amino-4-chloromethyl -

coumarin) life Technologies, Bleiswijk, The Netherlands) and 50.000 cells per well were

added. Real-time assays were performed with the Olympus CellR live-imaging station
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(UPlFlN 63xO/1.3 lens). Images were taken every 5 mins with an Olympus ColorView II

camera for 6 h. 

Macrophage activation for determination of growth factors
Adherent macrophages were harvested after 6 d of culture in M0, M1 or M2 maturation

medium (see above), reseeded in macrophage medium at 2.5 x 106 cells/ml into V-

bottom 96-wells plate in a final concentration of 5 x 105 cells per well. To obtain M0

macrophages, cells were cultured for 1 h or 4 h in macrophage medium, M1 were

cultured for 30 min with 100 U/ml IFN-γ (U-Cytech) and 30 min with 10 ng/ml lPS

(Invivogen) or for 2 h with 100 U/ml IFN-γ (U-Cytech) and 2 h with 10ng/ml lPS

(Invivogen). M2 obtained by 1 h or 4 h of culture with macrophage medium containing

10 ng/ml Il-4 (Immunotools). 

mRNA isolation, cDNA synthesis and RT-PCR
At 1 h and 4 h after activation mRNA was isolated from macrophages using a mRNA

isolation kit according to manufactures’ protocol (Roche, Woerden, The Netherlands).

cDNA was subsequently obtained using Reverse Transcriptase System (A3500, Promega,

leiden, The Netherlands). Gene expression levels were determined by real-time

quantitative RT-PCR using fast SYBR® Green Master Mix for each sample in triplicate (life

Technologies, Bleiswijk, The Netherlands) in a Step-One PlusTM PCR machine (Applied

Biosystems, Bleiswijk, The Netherlands) (Primer sequences: BDNF forward primer=

GAGTCCATTCAGCACCTTGG reverse primer= TCTCACCTGGTGGAACTGGG, IGF-1 forward

primer= TGGATGCTCTTCAGTTCGTG reverse primer= TGGTAGATGGGGGCTGATAC). Primer

product specificity was determined by visualising the PCR-product on an agarose gel

containing ethidium bromide.

Statistical analysis
Statistical analysis was performed using Graphpad PRISM 5.0 software for Windows

(GraphPad Software, San Diego, CA, USA). The H2O2 measurement, MTT assay, lDH assay

and PCR data, analysed using a Mann Whitney U test. The results were considered

statistically significant when P was <0.05.
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Results

Generation of ROS by M0, M1 and M2 macrophages 
To determine the activation status of M0, M1 and M2 macrophages, ROS (H2O2)

production was determined using an Amplex red assay. M1 show an increase of ROS

generation already after 10 min and increasing over time as indicated by increased

Amplex red fluorescence compared to M0 and M2. M2 produce only a modest levels of

ROS compared to M0 and M1 (Figure 1). 

Figure 1. Generation of ROS by M0, M1 and M2 macrophages 
ROS production by M0, M1 and M2 macrophages was assessed using Amplex red assay and
expressed as level of fluorescence (arbitrary units (AU)). An increase in ROS (H2O2) generation by M1
was observed after 10 min compared to M0 and M2, exceeding over time. M2 produce the lowest
levels of ROS compared to M0 and M1. Data presented are the mean of one experiment, performed in
duplo +/- SEM.

Morphology of differentiated SH-SY5Y neuroblastoma cell line
SH-SY5Y cells cultured on collagen coated cover slips, displayed variable levels of cell

division inhibition, neurite length and neurite branching, dependent on the differentiation

method. Treatment with retinoic acid (RA; 10μM) resulted in growth inhibition, cell death

and neurite branching. Over time, neurite branching increased further and networks of

cell extensions were formed after 12 d of RA treatment (Figure 2 A-E). Differentiating 

SH-SY5Y for 5 d with RA followed by brain derived neurotrophic factor (BDNF: 50 ng/ml)

showed yet more branching of the cells and a more extensive network (Figure 2 F)

compared to RA treatment alone.
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Figure 2. Morphology of differentiated SH-SY5Y neuroblastoma cell line
Cellular morphology of SH-SY5Y cells (A) after 3 (B), 5 (C), 7 (D) and 12 (E) d treatment with retinoic
acid (RA; 10 μM) or 5 d with RA followed by 7 d of differentiation with brain derived neurotrophic
factor (BDNF: 50 ng/ml). During treatment with either RA or BDNF, the number of viable cells are
declining, and networks of cell extensions are formed. Representative images of three separate
experiments are shown, pictures are taken at 20X magnification and scale bar represents 25 μm.

live-cell imaging of vesicle transport in 12 d RA differentiated SH-SY5Y 
Vesicle transport in neurites is a characteristic of neuronal function and maturation. Real

time lapse bright field imaging of living differentiated (12 d RA) SH-SY5Y cells revealed

that these vesicles were transported along neurites, the vesicles are visible as white

bulbs, moving in time in the neurites (Figure 3).  

Figure 3. Live-cell imaging reveal vesicle transport in differentiated SH-SY5Y 
Time-laps imaging of living cells visualising vesicle transportation along neurites of differentiated 12
d with RA cells. Images were taken every 10 sec and movement of vesicles was observed. Images
were taken at 1.5 s (A, arrow) time 1.75 s (B, arrow) and 2.00 s (C, arrow). Magnification of the vesicles
in the far right panels. Upper panel represents 1.5 s, middle panel; 1.75 sec and lower panel 2.00 sec.
The vesicle is depicted by arrows, traveling to the upper left of the picture in time. Scale bar on far
right panel represents 12.5 μm.
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Viability of differentiated SH-SY5Y cells upon treatment with H2O2 or
M0, M1, M2 conditioned medium
To investigate whether ROS can induce damage to neurons, SH-SY5Y cells were allowed

to differentiate for 5 d in the presence of RA, and then treated with H2O2 for 17 h. The cell

viability, measured by the MTT assay, was significantly reduced after treatment with 750-

1500 µM H2O2.The cell permeability for lactate dehydrogenase (lDH) (measurement for

cell stress) was significantly increased with 750 – 1500 µM H2O2 in line with the decrease

in cell viability (Figure 4A). SH-SY5Y cells differentiated for 5 d with RA were treated with

M0, M1, M2 conditioned medium for 72 h to determine the effect of macrophage

conditioned medium on neurons. Exposure to M2 conditioned medium showed

enhanced MTT activity compared to the SH-SY5Y cells exposed to macrophage medium.

No reduction in lDH release was observed (Figure 4B). 

Figure 4. Viability of differentiated SH-SY5Y cells upon treatment with H2O2 or M0, M1, 
M2 conditioned medium

SH-SY5Y cells were differentiated for 5 d with RA and exposed to H2O2 for 17h. Treatment with 750
µM H2O2 showed a significant reduction in cell viability as measured by the MTT assay for
mitochondrial activity (** = P < 0.01) (A) and increased lDH release (** = P < 0.01). Treatment with
1000-1500 µM H2O2 further decreased the cell viability (*** = P < 0.01) and increased the lDH release
(*** = P < 0.01). NaOH was used as a positive control for cell death (A). SH-SY5Y cells differentiated for
5 d with RA were treated with M0, M1, M2 conditioned medium for 72 h, SH-SY5Y cells cultured with
M2 conditioned medium show enhanced MTT values (** = P < 0.01) but no reduced lDH release.
NaOH was used as a positive control for cell death (B). Data are expressed as mean +/- SEM of three
independent experiments.
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Expression of growth factors by M0, M1 and M2
M2 macrophages have been reported to secrete growth factors 16,36. Therefore we

investigated the mRNA expression of BDNF and IGF-1 after 1 h and 4 h of activation of

M0, M1 and M2 macrophages. This revealed no significant differences between M0, M1

and M2 in growth factor expression on gene level. Data are expressed as fold increase to

M0 and show six independent experiments (Figure 5). 

Figure 5. mRNA expression of BDNF and IGF-1 of M0, M1 and M2 
The mRNA expression of BDNF, IGF-1 was determined after 1 h and 4 h of activation of macrophages,
this revealed no significant differences between M0, M1 and M2 in growth factor expression on gene
level.  Data are expressed as fold increase compared to M0 and show the results of six independent
experiments.

live cell imaging of macrophages and differentiated neuroblastoma cells
To investigate the effect of M0, M1 and M2 on living RA differentiated SH-SY5Y cells, co-

cultures were established and real time lapse imaging was performed for 4 h to assess the

interaction of macrophages with the neuronal cells. This revealed that independent of the

activation status of macrophages the macrophages induced cell death of SH-SY5Y cells

within 3 h by direct contact. This was either by touching the neurites of SH-SY5Y cells or the

cell body. The SH-SY5Y cells were elongated at the start of the experiment. After contact

with a macrophage, the SH-SY5Y cells slowly become round without cell extensions.

Phagocytosis of the SH-SY5Y cells by macrophages was not observed (Figure 6). 

Chapter 9 |  Macrophage activation; damage and repair

|  226

9

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:40  Pagina 226



Figure 6. Live cell imaging macrophages and differentiated neuroblastoma cells
SH-SY5Y cells were cultured in IBIDI slides differentiated for 12 d with RA, stained with DiI (red) and
M0, M1, or M2 macrophages were added in 1:1 concentration and pictures were taken every 5 min (’).
Panel A shows the overlay of brightfield, macrophages (blue) and SH-SY5Y (red). Panel B is a
magnification of panel B, showing macrophages exploring the SH-SY5Y cells 5 min, making contact
at 40-80-120-160 min, which results in cell death of the SH-SY5Y cell at 200 min. Panel C is a
magnification of panel B, with arrow heads pointing out the cell contact between macrophage and
SH-SY5Y cell. Scale bar in panel A represents 20 μm. 
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Discussion 
Macrophages play an important role in Multiple Sclerosis (MS) being involved in axonal

damage as well as being crucial for remyelination and repair 4,19. This opposing role is

most likely dependent on their activation status. It is widely considered from animal

studies that M1 (pro-inflammatory) macrophages can be neurodamaging and M2 (anti-

inflammatory) macrophages can be neuroprotective 7,37. However, direct evidence for a

neurodamaging or neuroprotective effect of human macrophages is limited. Therefore

the aim of this study was to investigate the effect of human polarized macrophages on

neuronal damage and repair in an in vitro model. 

To determine the activation status of the M0, M1 and M2 human macrophages,

we used the level of reactive oxygen species (ROS) production. This readout was used

since ROS, as well as glutamate and pro-inflammatory cytokines produced by

macrophages are  known to induce axonal damage in animal models and in vitro studies
38–40. Here we show for the first time that like rodent macrophages M1 polarized human

macrophages produce significantly higher levels of ROS, compared to M2 macrophages

indicating that M1 macrophages are potentially harmful for neurons. 

To test the effects of M0, M1 and M2 on neuronal integrity, we first established a

neuronal in vitro model. We compared different differentiation protocols for the neuro -

blastoma SH-SY5Y cell line, to obtain human neurons with mature features. The effects of

retinoic acid (RA) are well documented in terms of cell proliferation rate, development of

choline acetyltransferase activity and extension of neurite processes 41. However, these

authors did not include the long-term effect of RA and the effect of neurotrophic factor

BDNF, which stimulates a neuronal phenotype, i.e. axonal outgrowth, synaptic activity

and axonal transport 35. Another factor that influences the differentiation of SH-SY5Y into

a neuronal phenotype is the matrix on which the cells are cultured 28. Vesicle transport in

neurites of SH-SY5Y cultured on ECM gel has been described following treatment with

BDNF, NRG, NGF and Vit D3 28. In our study we combined these protocols to establish a

condition which resulted in the formation of a network of cell extensions in which vesicle

transport could be observed 28,35. We were able to show vesicle transport in cells after 12 d

of differentiation with RA and culture on collagen. Further research should be performed

to show whether this vesicle transport is indeed comparable to the physiological axonal

transport via the microtubular system present in the axons. Visualisation of elements of

this transport system is feasible by using fluorescence microscopy and this would provide

an excellent readout to examine the impact of neuronal toxic and neuroregenerative

compounds such as those produced by macrophages. 
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Here we focused on ROS production and we observed that the induction of neuronal

damage using H2O2 decreased the neuronal vitality in a dose dependent manner as

shown in previous studies 42,43. However, human M1 macrophage conditioned medium

did not decrease neuronal viability. ROS are not present in the conditioned medium,

harvested after culture of macrophages, since ROS are extremely short lived and may

have been neutralised. Other neurotoxic compounds such as TNF-α are present in the

supernatant of M1 macrophages as we showed in chapter 2 10, but apparently not in

sufficient levels to cause cell death. Our data are in contrast to reports showing that in co-

cultures mouse M1 microglia damage motor neurons, and  are neurotoxic in an animal

model for amyotrophic lateral sclerosis (AlS) 44. 

In contrast, human M2 macrophage conditioned medium significantly increased

the mitochondrial activity in the differentiated neuroblastoma cells, nevertheless did not

reduce the release of lDH. Mouse M2 macrophage conditioned medium is known to

promote axonal sprouting in vitro in primary neuronal cells 20, but in our study we could

not confirm this finding in the differentiated human neuroblastoma cell line that we used.

To determine the growth promoting capacities of differently activated

macrophages we determined the gene expression level of the neuroprotective growth

factors BDNF and IGF-1 of M0, M1 and M2 macrophages 28,45. This revealed no significant

differences in gene transcript levels for growth factors. This is in contrast to the findings

of  Samah and colleagues which be explained by the fact that Samah and co-workers

show enhanced gene expression 48 hours after activation, whereas here we measured

gene expression after 1 and 4 hours 25. 

In our studies the supernatant of M0 M1 and M2 macrophages had no major

effects on neuronal integrity. To establish whether direct macrophage-neuron contact

would have an effect on neuronal integrity we performed live cell imaging of co-cultures

of differentiated SH-SY5Y cells with M0, M1 and M2 macrophages. Recent studies indicate

that activated microglia phagocytose viable brain neurons in models of neuro -

degeneration, and cancer cells can evade phagocytosis by expressing a ‘don’t-eat-me’

signal 46,47. Our studies show for the first time that independent of the activation status of

human macrophages, the macrophages do make contact to the differentiated SH-SY5Y

cells which may subsequently results in cell death.  Clearly, the neuroblastoma cell line,

does not express a “don’t eat me signal”. Further experiments are required to establish the

mechanism by which the macrophages are inducing this massive neuronal cell death.

Previously we showed for murine M2 macrophages that they ignore murine primary

neuronal cells, whereas M1 macrophages phagocytose neurons (E. Vereyken et al.,
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unpublished results). The different findings in the current human model may be related

to the malignant nature of the used neuroblastoma cell line.

In summary, we show differentiation of SH-SY5Y cells into mature neurons

showing vesicle transport. In this study we found no difference in neuro-toxic or neuro -

protective effect of human M1 or M2 polarized macrophages. Further studies are

required to establish an activation method for macrophages that will indeed promote

repair and axonal outgrowth. 
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Neuronal degeneration and macrophage activation in 
Multiple Sclerosis

Neuronal degradation and axonal loss are key pathological features associated with

disease progression and disability in Multiple Sclerosis (MS) 1,2. Despite the strong

association with clinical disease progression, the mechanisms of early axonal injury in 

MS are poorly understood 1,3. Macrophages play a dominant role in the pathology of MS.

MS lesion activity is characterized by demyelination in the presence of activated macro -

phages/ microglia 4. Macrophage activity is related to axonal damage as exemplified by

studies by Ferguson and colleagues who described accumulation of axonal amyloid

precursor protein (APP), a marker for axonal dysfunction or injury, in active lesions and at

the border of chronic active MS lesions 5,6. Correlations between lesion activity and

clinical disease progression support the idea that inflammatory mediators produced by

macrophages/microglia play a role in tissue damage 5–7. Accumulating evidence suggests

that oxidative stress and cytokines, produced by macrophages, are involved in axonal

damage. Thus, prevention of oxidative stress and promotion of growth factors produced

by macrophages may be successful strategies to prevent disease progression 8–13. To date,

therapies applied for MS interfere with cellular/monocyte infiltration (anti-Very late

Antigen (VlA)-4; Natalizumab, interferon (IFN)-ß), which prevents the formation of new

lesions, but has limited effect on disease progression 14. However, it has been shown that

macrophages can have both beneficial as well as damaging effects in neuroinflammatory

diseases 15–17. Therefore, completely preventing monocytes to enter the central nervous

system may have undesirable effects, since macrophages can also have beneficial effects

on axonal repair. We hypothesized that the opposing effects of macrophages on disease

progression could be due to their activation status. Two extreme activation phenotypes

are the pro-inflammatory (M1) and the anti-inflammatory (M2) macrophages 18,19. 

M1 macrophages produce large amounts of inflammatory mediators, including cytokines

and reactive oxygen species (ROS) 20,21, whereas M2 macrophages secrete growth factors,

neurotrophic factors and cytokines associated with dampening inflammation 19,22–24.
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Aim of the thesis

The aim of this thesis was to elucidate the role of differentially activated human

macrophages/microglia in relation to axonal damage and repair. In figure 1 we illustrate our

hypothesis on how macrophages activation could play a role in MS lesion formation, having

both a negative effect on disease progression through involvement in demyelination and

axonal damage, and a beneficial role by promoting remyelination and axonal outgrowth.

Figure 1. Proposed model of the role of macrophages in MS
In MS macrophages are recruited towards the CNS, and there are thought to play a key role in both
damage and repair. It is widely assumed that in MS the macrophages in the CNS take on a pro-
inflammatory state (M1) producing reactive oxygen species (ROS) and TNF-α (Chapter 2, 8) (A). In
reaction to damage to myelin, these macrophages will phagocytose myelin debris, which increases
neuronal repair and differentiates the macrophages into an intermediate activation status (Chapter 4)
(B). All macrophages/microglia can switch between M1 and M2 and vice versa as shown in chapter 2
(C). Stressed (demyelinated) neurons produce Granulocyte-Macrophage Colony-Stimulating Factor
(GM-CSF), an important factor that stimulates the macrophages and microglia to an intermediate
activation status (Chapter 3, 4 and 8). A key finding in this thesis is that GM-CSF also plays an
important role in stimulating monocytes to cross the blood-brain barrier (Chapter 8). Upon damage,
influx of M1 macrophages occurs, followed by recruitment of M2 macrophages. The M2 macrophages
aid repair by secretion of anti-inflammatory cytokines such as TGF-ß (Chapter 2 and 9)(D). 

In this chapter, the findings of this thesis are summarized and important results and

relevant findings are highlighted, and suggestions are made for future research.
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Results

Polarization of human macrophages (Chapter 2)
Macrophages are key modulators and effector cells in the immune system. Their 

function differs depending on their activation status. Two activation phenotypes are

extensively described; M1 (pro-inflammatory macrophages) and M2 (anti-inflammatory

macrophages) 18,19. Many in vitro studies have established markers for rodent M1 and M2

macrophages 25–28, however few studies focus on human monocyte derived macro -

phages 20,21,29,30. The expression of markers and cytokines by rodent M1 and M2

macrophages is somewhat different from that in human (polarized) macrophages 31.

Furthermore, the methods of maturation and activation into M1 and M2 differ between

research groups, making it difficult to compare data. In chapter 2 we compared the most

commonly used maturation and activation protocols to determine the most distinctive

markers for human M1 and M2 macrophages. We showed that CD40 and CD64 are most

commonly expressed by M1 and CD163 and MR by M2. To study macrophage activation,

in vitro studies have been crucial. However, classifying the macrophage activation status

into M1 and M2 in vitro is an oversimplification of what may occur in vivo during disease.

In vivo macrophages are influenced by a plethora of factors that are difficult to mimic in in

vitro studies due to the many combinations of factors present in disease 32. Nevertheless,

the markers for M1 and M2 obtained by in vitro studies can be used as an indication for an

M1 or M2 profile in the analysis of inflammatory infiltrates in tissues, including the CNS.

The knowledge obtained in this study is also applicable to other inflammatory conditions. 

The role for the M1 and M2 macrophages and microglia in 
lesion formation in MS (Chapter 3 and 4)
M1 macrophages/microglia are found throughout the CNS in mice and humans. It is

widely assumed that the presence of the M1 macrophages hampers repair, regeneration

and induces neurodegeneration while M2 macrophages/microglia are neuroprotective

and stimulate repair 15–17,33–35. Due to these opposing functions of M1 and M2

macrophages, the activation status of macrophages/microglia might well play a role in

lesion formation in MS. We examined the activation status of macrophages/microglia in

preactive, active, chronic active and remyelinating lesions and compared the activation

status to control brain tissue. 

In control brain tissue, M1 markers (CD40, CD86 and CD74) are present on

microglia and M2 markers are observed on macrophages in the perivascular space. In
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active demyelinating lesions, the majority of the macrophages contained myelin and

most macrophages express M1 markers. However, 70% of these macrophages also

expressed M2 markers CD163 and MR, indicating an intermediate activation status.

In MS, clusters of microglia (preactive lesions) are observed in the normal

appearing white matter (NAWM) and are considered to represent the first abnormality in

MS brain. Preactive lesions are found in NAWM, before breakdown of the blood-brain

barrier or demyelination can be detected 36. The high number of preactive lesions

suggests that not all preactive lesions progress to active lesions, thus many are thought

to resolve. To investigate whether the activation status of microglia and macrophages

could influence the progression of preactive lesions into active demyelinating lesions in

MS, we used a panel of markers distinguishing the two activation statuses. In preactive

lesions the majority of microglia express M1 markers as well as the M2 cytokine CCl22,

indicating an intermediate activation status (Chapter 4). 

In chronic active MS lesions, macrophages positive for M2 marker expression

were restricted to the perivascular space. In remyelinating lesions, the same marker

expression as in preactive lesions was observed, the M2 markers were restricted to the

perivascular space and M1 markers (CD40, CD86, CD74 and CCR7) together with M2

cytokine CCl22 were expressed. This indicates that in newly developing lesions

(preactive) and remyelinating late lesions the activation status of macrophages/microglia

is similar. This is in contrast with our hypothesis. We expected M1 macrophages to be

predominant in early and active lesions, and M2 macrophages to be associated with

repair and remyelination.

In the NAWM, accumulation of macrophages expressing membrane bound M2

markers (CD200R, MR and CD163) is only observed in the perivascular space, while

limited expression of these markers is detected in the preactive lesions. However, in the

active lesion, the expression of these M2 markers is observed on the myelin laden and

perivascular macrophages, which suggests that myelin phagocytosis changes the

activation status of the macrophage. It has been reported in vitro that myelin ingestion by

macrophages skews the macrophages towards an anti-inflammatory activation status 35.

In contrast, data from literature show that myelin ingestion results in the production of

pro-inflammatory mediators 37,38. The mechanisms by which myelin affects the

phenotype of macrophages and how this phenotype influences lesion progression

remain unclear. Myelin modulates the phenotype of macrophages by peroxisome

proliferator-activated receptor (PPAR) activation, which leads to an anti-inflammatory

activation state with MR expression, which may subsequently dampen MS lesion
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progression 39,40. It remains unclear whether the myelin-laden macrophages go into

apoptosis after phagocytosis of myelin debris or migrate to the blood stream/

perivascular space as suggested by the accumulation of M2 macrophages in the

perivascular space in MS. There, the myelin laden macrophages could present myelin

antigens to T-cells. 

In experimental autoimmune encephalomyelitis (EAE), a model of MS, M1

macrophages/microglia are found throughout the CNS whereas M2 macrophages are

mostly found in the perivascular space, the meninges and the choroid plexus, similar to

that observed in in the CNS in healthy mice 34. The presence of M2 macrophages in the

human choroid plexus and meninges has not been reported thus far. Our preliminary

observations in MS spinal cord (not included in this thesis) showed more M2

macrophages around the central canal of the spinal cord, in the meninges and in the

perivascular space than in control spinal cord. This finding supports other reports that

during neuroinflammation (such as in EAE and MS), macrophages displaying M2 markers

are abundantly present. However, these macrophages are mostly found outside the

lesion areas or CNS parenchyma, but rather in supporting/transporting tissues like

meninges, choroid plexus and perivascular spaces 34,41. 

Still the question remains whether, during a relapse in MS, M2 macrophages are

actively recruited towards the lesion or act from the perivascular space. The M2

macrophages might be recruited and triggered by an unknown factor to secrete anti-

inflammatory, neuroprotective agents. This remains to be established in the human CNS. 

Taken together, during the different lesion stages in MS, most macrophages/

microglia do not display the two extreme M1 or M2 phenotypes that were described in

vitro.  Apparently the presence of a wide range of cytokines and other macrophage

activation  ligands in tissues leads to an activation status of macrophages that is a result

of all these factors together, and not of one or two “extreme” activators, like lPS or Il4,

used for in vitro studies. It could be questioned if these extremes will ever be found in situ,

but the paradigm has certainly been useful to strengthen the insight and awareness

about the multiple roles of macrophages in tissue damage and repair. Whether the

intermediate phenotype is a result of a M1 to M2 transition, or reflects exposure to

multiple activators with their own effect on marker expression, is hard to conclude from

the “snapshot” pictures of MS lesions. The homogeneity in marker expression in different

stages of MS lesions pleads for the latter, rather than for transition from M1 to M2 or the

other way around. A third possibility still remains, that is that some macrophages in MS

tissue are derived from other precursors than others. The perivascular and meningeal
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macrophages may originate from patrolling monocytes, whereas the macrophages in the

lesions may be so-called “monocyte-derived macrophages”, derived from classical

monocytes. For microglial cells it has already been shown that they have “their own” local

precursor, originally derived from the yolk sac. 

M2 macrophages migrate in higher numbers towards chemokines
relevant for MS than M1 (Chapter 5)
limited data are available on the functional properties of differently activated (M1 or M2)

macrophages in the human CNS. For both EAE and an animal model for spinal cord injury

(SCI) it has been shown that M1 macrophages are recruited to the lesion site first,

followed by the appearance of M2 macrophages 17,33,42,43. M2 macrophages are suggested

to enter the CNS through the choroid plexus whereas M1 macrophages enter the CNS at

the lesion site 34. This difference in entry site for M1 and M2 macrophages suggests that

M1 and M2 macrophages have different migratory capacities. For mouse macrophages it

is shown that M2 migrates in higher numbers to CXCl12 and neuronal conditioned

medium 44. However differences in migratory capacities between M1 and M2

macrophages have not yet been studied for human M1 and M2. Therefore we studied the

migratory capacities of human M1 and M2 macrophages in chapter 5.  We show that M2

macrophages migrate in higher numbers towards CCl2, CCl5, CXCl10, CXCl12 and C1q

compared to M1 macrophages, which appears to be dependent on the macrophage’s

ability to form filopodia. Our findings that M2 macrophages migrate over longer

distances than M1 macrophages would fit with the theories suggesting that M2

(precursor) macrophages enter the CNS via the choroid plexus, whereas M1

macrophages are recruited and activated at the lesion site 17. Shechter and colleagues

proposed that, using data derived from an animal model for SCI, the choroid plexus

supports trafficking of ‘healing’ cells to remote traumatized CNS by serving as a selective

and ‘phenotype-shaping gate’ for monocytes en route to the damaged parenchyma 34.

Here we show that human macrophages with a growth promoting, anti-inflammatory M2

phenotype indeed have the capacity to migrate over long distances towards CNS

chemokines. In contrast, M1 macrophages, with potential damaging properties, remain

at the site of their M1 activation and do not migrate. 
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GM-CSF triggers monocyte migration across the blood-brain barrier
(Chapter 6)
Infiltration of monocytes into the CNS is crucial for the onset and progression of EAE 45,46 .

The granulocyte-macrophage colony-stimulating factor (GM-CSF) has been suggested to

play an essential role in monocyte migration across the blood-brain barrier 47. We show

that GM-CSF enhances monocyte migration across the human blood-brain barrier (BBB)

in vitro.  In EAE mice, GM-CSF is produced by pathogenic Th17 cells 47. In MS patients GM-

CSF levels are elevated in serum and liquor 48, however it is unclear which cells are

responsible for the production of GM-CSF in the CNS of MS patients. We show that in MS

patients, GM-CSF is highly expressed by microglia, neurons, astrocytes and perivascular

macrophages in the brain rather than by T cells. Cells susceptible to stimulation by GM-

CSF are neurons (in the rim of combined grey and white matter lesions), astrocytes,

microglia and endothelial cells, since they all express the GM-CSF receptor. Surprisingly,

macrophages did not express GM-CSF receptor. We have no explanation for this

unexpected finding. In particular, we do not know whether this truly represents absence

of the receptor or rather the inability to immunostain the receptor with currently

methodology. We consider the latter possibility unlikely, since the method was working

perfectly well for the other cell types. In vitro, GM-CSF stimulation of macrophages

induced an intermediate activation status resembling the phenotype observed in active

MS lesions (Chapter 4), which shows that they can respond to GM-CSF. Therefore GM-CSF

could be a potential physiological environmental activator of macrophages in the CNS. It

is still unclear whether the GM-CSF produced by microglia, neurons, astrocytes or

perivascular macrophages is pathogenic and necessary for sustaining inflammation in

MS patients. In EAE, the GM-CSF produced by microglia is not pathogenic 47. For that

reason further studies are required to examine whether the GM-CSF produced by

microglia, neurons, astrocytes or perivascular macrophages is damaging or protective for

neurons. Further studies are also required to establish if indeed macrophages in lesions

can respond to GM-SCF, or if the pro-inflammatory effect of GM-CSF is mainly mediated

by monocytes. Currently a phase1b trial of anti-GMCSF is running for MS patients.

Completely blocking GM-CSF might have undesirable effects, since GM-CSF also shows

neuroprotective capabilities 49, and therefore could stimulate repair.

Spinal cord and optic nerve (Chapter 7 and 8)
The spinal cord and optic nerve of MS patients may reveal more information on

mechanisms of neurodegeneration and neuronal repair than the brain. Their anatomical
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structure is less complex than that of the brain. Both optic nerve and spinal cord offer the

possibility to study large numbers of axons, and relate (subtle) axonal changes to

changes in the myelin sheath and/or the presence of activated macrophages and

microglia. In particular longitudinal sections of the optic nerve allow recognition of

disturbed axonal transport in relation to changes in the myelin sheath (Chapter 8).

Studies on ultrastructural level would be an interesting next step in this line of research.

A limited number of papers from one research group describe the pathology of

MS lesions in the optic nerve and spinal cord 1,50,51. We described the distribution of MS

lesions and their stages in detail. We show that the lesions present in the spinal cord and

optic nerve contain less foamy macrophages than lesions in the brain. Comparing brain

and spinal cord pathology revealed that lesions within one patient are heterogeneous

with respect to lesion activity, and that spinal cord lesions do not reflect lesion activity in

the brain and vice versa. Additionally, MS lesions in spinal cord do not respect the

anatomical borders of grey and white matter or the septa between the bundles in the

optic nerve. In white matter brain lesions and in the white matter part of combined grey

and white matter lesions, the degree of inflammation is more pronounced than in the

grey matter 52. This is also observed in the spinal cord, however this difference in degree

of inflammation between the white matter and grey matter is less pronounced. In the

optic nerve, which is composed of white matter only, the degree of inflammation is also

less prominent than in the white matter of the brain. 

Both tissues, i.e. optic nerve and spinal cord, are in close contact with the

leptomeninges and therefore with CSF. CSF contains antibodies directed against neuronal

and myelin proteins and these antibodies could be involved in the pathology observed in

MS 53,54. If CSF contains a myelinotoxic factor, this may contribute to demyelination in

regions close to CSF. However we did not observe many white matter lesions in close

contact with the meninges in the spinal cord or optic nerve. It remains to be determined

whether factors such as pathogenic antibodies or cytokines like TNF in the CSF

contribute directly to the pathology and whether such factors can indeed penetrate the

spinal cord/parenchyma. 

From our findings in optic nerve, brain and spinal cord lesions, we conclude that

lesion staging as proposed by De Groot et al. has elements that could be improved upon 4.

lesion staging is an interpretation of neuropathological findings on post-mortem

material. Microglia clusters (preactive lesions) are for example not specific for MS.

Microglial clusters/nodules are a well-known phenomenon in viral encephalitis and AIDS,

in which perineuronal aggregation of activated microglia/macrophages – indicative of

|  243

10

General discussion  |  Chapter 10

Vogel_Proefschrift 24x17cm_Myriad-23_-  29-12-14  11:41  Pagina 243



neuronal phagocytosis – is often observed 55. Therefore the term ‘microglial clusters’ is

possibly more appropriate than the term ‘preactive’ lesion.  

The distinction between active and non-active lesions is based on macrophage

activity. Our observations in the optic nerve and spinal cord show that active lesions at

these sites contain lower numbers of macrophages/activated microglia than active

lesions in the white matter of the brain. One potential explanation for this could be a

difference in “age” of the lesions.  For example, MS lesion activity may occur at an earlier

stage of the disease in the spinal cord than in the brain and therefore the activity is less

post mortem. The time line of lesion stages is not as clear as suggested by many

researchers, and may differ for different sites in the CNS. Another explanation could be

that the glial environment in optic nerve and spinal cord differs from that in the brain and

is more effective in reducing lesion activity.

Macrophage activation in relation to neuronal damage and repair
In EAE there is strong evidence that M1 macrophages are related to neuronal damage

and M2 to neuronal repair 15,34. In MS, this has not been extensively studied despite the

association of macrophages with axonal damage in MS lesions 5. In MS lesions activated

macrophages are correlated with increased growth-associated protein-43 (GAP-43) 56.

However the relation of the activation status of macrophages with axonal damage has

not been investigated. An observation in MS tissue is that the M2 macrophages

accumulate in the perivascular space compared to healthy brain tissue 41,57. To investigate

the role of M1 and M2 macrophages in relation to neuronal damage and repair, we set

out to generate cells with features of human adult neurons out of the SH-SY5Y

neuroblastoma cell line 58,59. After differentiation with retinoic acid (RA), which induces

vesicle transport in these cells, co-culture and live cell imaging with M0 (non-activated

macrophages), M1 and M2 revealed that all three subtypes could actively destroy the

network that was formed. 

Microglia are known to be capable of phagocytosing living neurons 60–65.

However these in vitro studies are performed with the neuroblastoma cell line, which are

tumour cells, potentially stimulating the macrophages to phagocytose these cells. To

investigate whether M2 are correlated with axonal damage or repair, we performed

immunohistochemistry in active spinal cord lesions, staining M2 macrophages with MR

and axonal damage with SMI32. This revealed no correlation between M2 and damaged

or healthy neurons (SMI31). Additionally, and opposing findings in active lesions in the

brain, myelin laden macrophages in spinal cord lesions did not express MR. Unfortunately
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M1 staining was not successful due to technical difficulties. In conclusion, our preliminary

data suggest that phagocytosis is the main function of macrophages in our in vitro

experiments, and that this role is independent of their activation status. Furthermore, we

found no evidence in our model supporting a neuroprotective role of M2 macrophages. 

Future perspectives 

Macrophage/microglia polarization in vitro, translation to in vivo
To answer the question to what degree in vitro polarization of cells to M1 and M2

phenotypes truly reflects cell profiles in MS lesions, another approach is advised. First of

all, in most studies the intrinsic factors that could induce an M1 or M2 phenotype, such as

Macrophage Colony-Stimulating Factor (M-CSF), GM-CSF, IFN-γ, Il-4, transforming growth

factor (TGF)-ß etc. are compared to, for example, lPS. These stimulation methods have

provided relevant information on in vitro activation of macrophages. However, the main

challenge now is to translate these in vitro findings to information that is relevant for the

in vivo situation. The presence of lPS or other TlR4 ligands in an in vivo situation needs

further investigation. Only a handful of studies are currently available in which levels of

cytokines present in NAWM compared to control brain tissue have been reported66. More

information on cytokines that could potentially activate macrophages/microglia can also

be acquired through mRNA studies of the different lesion stages obtained by laser

capture dissection.  

Migration of monocytes and macrophages
To further study the migration and attraction of M1 and M2 to the injured CNS in humans,

future research might be better off to focus on the precursors of macrophages, the

monocytes. During relapses in MS, the balance between classical and non-classical,

patrolling monocytes, the putative precursors of M1 and M2 macrophages 67, is changed

towards an increased number of classical monocytes68.  This may be highly relevant for

lesion formation in the CNS. The migratory capacities of these classical and non-classical

monocyte precursors of M1 and M2 macrophages across the blood-brain barrier have not

yet been investigated. 

The use of in vitro models
To allow further translation and validation of our findings to the human setting, in vitro

models that adequately reflect the human brain micro-environment, including intimate
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contacts between various CNS cells are crucial 69. Human brain slice cultures of grey and

white matter areas from healthy controls may fulfil this requirement and may be valuable

to study the effects of macrophages on ‘healthy’ CNS tissue. The slice cultures can also be

treated with lysophosphatidyl choline to mimic myelin damage, and therefore lesion

formation 70. Subsequently, M1 or M2 macrophages could be added and their effect on

neuronal damage and repair, as well as de- and remyelination, could be evaluated. These

humanised models could be the key to translating findings from animal models and to

explore whether M2 macrophages are able to stimulate neuroregeneration and

remyelination.  

Macrophage activation for neuroprotection
In animal studies it is clear that M2 macrophages have dampening effects on the CNS 16,17,71.

We were not able to replicate these findings in human M2 macrophages induced by our

protocols (Il-4). More research should be performed to determine the most effective

biological triggers to induce a neuroprotective phenotype in human macrophages. While

the production of nerve growth factors is a critical read out in this system, it can also be

used to identify unknown factors promoting axonal survival and outgrowth in the

supernatant. A stable M2 phenotype can be induced through maturation with M-CSF and

stimulation with Il-4, Il-10 and TGFβ 30. However, it has not yet been investigated if this

phenotype secretes high amounts of neurotrophic factors. Treatment with glucocorticoids

reduces clinical signs of MS and in vitro is able to induce an anti-inflammatory activation

status in macrophages and microglia 72,73. However, further studies should be performed

to investigate potential therapies that selectively promote a neuroprotective phenotype

in the CNS. 
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Conclusion

Cultures of a single cell type as an in vitro model are unable to mimic the complex profiles

observed in tissues. Macrophages can develop mixed phenotypes expressing both M1

and M2 markers in pathological conditions. Macrophages do not form stable subsets,

rather their plasticity enables them to respond to a combination of factors in local

microenvironment of organs and tissues. While the M1/M2 paradigm is a useful model,

reassessment is required to translate this hypothesis into suitable targets for modulatory

strategies, with beneficial effects on inflammatory diseases. Future research should

therefore focus on functional readouts, like phagocytosis, endocytosis, chemotaxis,

adhesion and secretion of cytokines and growth factors to better characterize

macrophage functional phenotypes. To profit from the anti-inflammatory effects of M2

macrophages in the CNS, we should focus on creating stable neuroprotective M2

macrophages, either by stimulating the M2 macrophage present in the perivascular space

to proliferate and migrate towards the lesion or by modulating the precursor monocytes

to mature into M2 macrophages. 
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SUMMARY IN DUTCH /
NEDERLANDSE SAMENVATTING

Multiple Sclerose

Multiple Sclerose (MS) is een chronische aandoening van het centraal zenuwstelsel (CZS)

die gepaard gaat met ontstekingen en littekenvorming (laesies). In Nederland krijgt 1 op

de 1000 jongvolwassenen MS. De ontstekingen leiden vaak tot chronische invaliditeit. De

symptomen van MS kunnen erg uiteenlopen, afhankelijk van de plaats van een laesie in

het CZS. Een van de eerste verschijnselen van MS is vaak neuritis optica, een ontsteking

van de oogzenuw, die zich kenmerkt door een subacute pijn in het oog, uitgelokt door

oogbewegingen. Andere veel voorkomende symptomen zijn gevoelsstoornissen in lede -

maten, vermoeidheid en tremoren. De symptomen zijn vaak van voorbijgaande aard,

echter in de loop der tijd herstelt het lichaam zich niet meer volledig en ontstaat er

blijvende invaliditeit. Bij MS is er een duidelijk verband tussen laesies in het ruggenmerg

en permanente invaliditeit. 

Centraal zenuwstelsel

Het CZS omvat de oogzenuw, het brein en het ruggenmerg. In het CZS-weefsel bevindt

zich grijze en witte stof. De grijze stof bestaat vooral uit zenuwcellen. De witte stof

bestaat uit de uitlopers (axonen) van het CZS. Deze axonen worden omgeven door een

beschermlaag, die zorgt voor snelle geleiding van zenuwimpulsen: myeline. Bij MS is

deze myelinelaag beschadigd (Figuur 1).

Figuur 1. Gezond centraal zenuwstelsel en 
centraal zenuwstelsel van MS-patiënten 

Het CZS bestaat uit zenuwcellen (grijs) met een uitloper (axon)
omwonden met de beschermlaag myeline (blauw), gemaakt door de
oligodendrocyt (blauw). De astrocyten (oranje) zijn de steuncellen en
de microglia (zwart) zijn de bewakers van het centraal zenuwstelsel. De
bloedvaten (rood) zorgen voor zuur stoftoevoer. 
Bij MS is de myeline en zijn ook de uitlopers van de zenuwcellen
beschadigd. Hierdoor ontstaat een axonal bulb (grijs). De microglia
worden geactiveerd (zwart) en macrofagen worden aangetrokken
(paars). 
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Macrofagen en microglia

Macrofagen zijn een bepaald type witte bloedcellen. Het zijn de opruimers van ons

immuunsysteem: ze ruimen bacteriën, dode cellen en debris op. In het CZS zijn vanaf de

geboorte microglia aanwezig, de macrofagen van het CZS. Macrofagen en microglia

spelen een prominente rol in het ontstaan van MS. Deze cellen worden geactiveerd door

signalen uit de omgeving. We onderscheiden verschillende typen (fenotypes) van

geactiveerde macrofagen: pro-inflammatoire M1-macrofagen/microglia en ontstekings -

remmende M2-macrofagen/microglia. Eerder onderzoek in diermodellen voor MS toont

aan dat M1-macrofagen/microglia bij MS vooral nadelige effecten hebben door productie

van onder andere zuurstofradicalen en schadelijke stoffen. M2-macrofagen en -microglia

produceren daarentegen stoffen die een ontstekingsreactie dempen en hebben bij MS

vooral gunstige effecten.

De vraag is of, en zo ja hoe, deze resultaten naar de mens kunnen worden ver -

taald. In verschillende studies is aangetoond dat de kenmerken van de muis macrofagen

afwijken van de humane macrofagen. We weten weinig over de effecten van deze M1- en

M2-macrofagen bij mensen met MS. Het doel van dit proefschrift is om de humane

fenotypes van M1- en M2-macrofagen in MS in kaart te brengen en hun schadelijke en

gunstige (herstellende) functies op axonen te beschrijven.

Polarisatie van humane macrofagen

Om te kunnen onderzoeken of M1- en M2-macrofagen ook bij de mens voorkomen zijn

herkenningsmarkers (eiwitten die tot expressie komen op het celoppervlak) nodig. Om

dit te onderzoeken hebben we op verschillende manieren macrofagen gekweekt

(hoofdstuk 2). De markers voor humane M1- en M2-macrofagen wijken af van die voor

muismacrofagen. Er zijn verschillende methoden om M1- en M2-macrofagen te kweken

beschreven. Deze data zijn daarom moeilijk te vergelijken. Wij hebben de meest

gebruikte kweekmethoden naast elkaar gelegd en de markers van M1 en M2 bekeken.

We toonden aan dat voor M1-macrofagen de meest onderscheidende markers CD40 en

CD64 zijn. Voor M2-macrofagen zijn dit CD163 en MR. Om macrofaagactivatie te onder -

zoeken zijn in vitro studies cruciaal, maar het is belangrijk te bedenken dat dit slechts een

vereenvoudiging is van de complexiteit van ziekte in vivo. Het is moeilijk de vele factoren

die in vivo invloed hebben op macrofagen na te bootsen in vitro. Desondanks kunnen de

markers voor M1 en M2 die door in vitro studies verkregen zijn, worden gebruikt als een
indicatie in de analyse van in vivo ontstekingen in weefsels. 
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De rol van M1- en M2-macrofagen en -microglia bij het ontstaan 
van MS-laesies

We onderscheiden vier stadia in het ontstaan van MS-laesies: pre-actief, actief, chronisch

actief en chronisch inactief. Het eerste teken van de vorming van een laesie is het

ontstaan van clusters van microglia (pre-actieve laesie). De volgende stap kenmerkt zich

door de aanwezigheid van myeline-bevattende schuimcellen in het gemyeliniseerde

gebied (actieve laesie). Vervolgens dooft de ontsteking in het midden van het gebied van

de laesie uit en vormen de ontstekingscellen een ring om het gedemyeliniseerde gebied

(chronisch actieve laesie). Uiteindelijk ontstaat er een litteken in het gedemyeliniseerde

gebied (chronisch inactieve laesie). Wij onderzochten de activatiestatus van macrofagen/ -

microglia in pre-actieve, actieve, chronische actieve en remyeliniserende laesies en

vergeleken de fenotypes van macrofagen/microglia met die in hersenweefsel van

controlepatiënten (hoofdstuk 3 en 4). 

In hersenweefsel van controlepatiënten worden M1-markers (CD40, CD86 en

CD74) tot expressie gebracht door microglia en zijn M2-markers te vinden op

macrofagen in de perivasculaire ruimte (de ruimte rondom bloedvaatjes). Het eerste

teken van het ontstaan van een MS-laesie is de formatie van clusters van microglia (pre-

actieve laesies). Deze pre-actieve laesies zijn eerder gevonden in zogenaamde ‘normaal

ogende witte stof’. Het hoge aantal pre-actieve laesies suggereert dat niet alle pre-

actieve laesies zich ontwikkelen tot actieve laesies. Om te onderzoeken of de

activatiestatus van microglia en macrofagen de ontwikkeling van pre-actieve laesies tot

actieve demyeliniserende laesies in MS zou kunnen beïnvloeden, onderzochten we de

activatiestatus van microglia met behulp van een panel van geselecteerde markers. Wij

tonen aan dat in pre-actieve laesies de meerderheid van de microglia zowel de M1-

markers als M2-cytokine CCl22 tot expressie brengt. Dit wijst op een tussenvorm van de

activatiestatus (hoofdstuk 3).

In actieve demyeliniserende laesies brengen de meeste macrofagen M1-markers

tot expressie, hoewel 70% van deze macrofagen ook de M2-markers CD163 en MR tot

expressie brengt. Ook dit wijst op een tussenvorm van de activatiestatus (hoofdstuk 4).

In actieve laesies vonden wij M2-markers op perivasculaire macrofagen en de met

myeline gevulde macrofagen. Deze bevinding suggereert dat fagocytose van myeline de

activatiestatus van de macrofaag verandert. In chronisch actieve MS-laesies vonden wij

M2-macrofagen in de perivasculaire ruimte, maar niet in het weefsel. In remyeliniserende

laesies namen wij hetzelfde patroon van markerexpressie bij macrofagen en microglia
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waar als in pre-actieve laesies werden waargenomen: expressie van M2-markers was

beperkt tot de perivasculaire ruimte, terwijl in weefsel de expressie van M1-markers

(CD40, CD86, CD74 en CCR7) samenging met expressie van het M2-cytokine CCl22. Deze

resultaten tonen aan dat in nieuwe (pre-actieve) laesies en in late (remyeliniserende)

laesies de activatiestatus van macrofagen/microglia vergelijkbaar is. Deze bevinding is

het tegengestelde van onze hypothese: wij hadden verwacht dat M1-macrofagen

overheersen in vroege en actieve laesies, terwijl M2-macrofagen een belangrijke rol

spelen bij reparatie en remyelinisatie. Het is niet duidelijk of tijdens een terugval van MS

de M2-macrofagen actief worden aangetrokken in de richting van het letsel, of dat M2-

macrofagen vooral hun effect uitoefenen vanuit de perivasculaire ruimte.

MS-gerelateerde chemokines trekken vooral M2-, en geen 
M1-macrofagen aan

Er is weinig bekend over de functionele eigenschappen, zoals migratiecapaciteit, van M1-

of M2-macrofagen in het CZS (hoofdstuk 5). In diermodellen voor MS is aangetoond dat

M1-macrofagen worden gerekruteerd naar de laesie, waarna de M2-macrofagen ver -

schijnen. Recent is gesuggereerd dat M2-macrofagen het CZS binnentreden via de

plexus choreoïdus – de plaats waar het hersenvocht wordt gemaakt – terwijl M1-

macrofagen direct uit het CZS bij de laesie terechtkomen. Dit verschil tussen M1- en

M2-macrofagen in intreden van het CZS suggereert dat M1- en M2-macrofagen

verschillende migratie-eigenschappen bezitten. Aangezien de verschillen in migratie -

capaciteit tussen M1- en M2-macrofagen niet eerder is bestudeerd, onderzochten wij

deze zoals beschreven in hoofdstuk 5. Wij tonen aan dat meer M2- dan M1-macrofagen

migreren naar CCl2, CCl5, CXCl10, CXCl12 en C1q. Dit effect is mogelijk afhankelijk van

hun vermogen om filopodia (de poten van een cel) te vormen. Wij laten zien dat humane

macrofagen met een M2-fenotype de capaciteit hebben om te migreren over lange

afstanden. Daarentegen blijven M1-macrofagen, met potentieel schadelijke eigen -

schappen, op de plaats van de laesie en migreren niet.
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GM-CSF induceert passage van monocyten over de 
bloed-hersenbarrière

Infiltratie van monocyten (de voorlopers van macrofagen) in het CZS is cruciaal voor het

ontstaan   en de progressie van MS in diermodellen. Granulocyt-macrofaag-kolonie-

stimulerende factor (GM-CSF) wordt gezien als een essentiële factor voor monocyten-

migratie over de bloed-hersenbarrière (hoofdstuk 6). Bij MS-patiënten zijn de waarden

van GM-CSF hoger in serum en liquor dan bij controlepatiënten. We tonen aan dat GM-

CSF de monocytenmigratie over de menselijke bloed-hersenbarrière in vitro versterkt. We

tonen ook aan dat GM-CSF sterk tot expressie wordt gebracht door microglia,

zenuwcellen, astrocyten en perivasculaire macrofagen in MS-hersenen, en niet door T-

cellen (zoals in het diermodel). Cellen die gevoelig zijn voor GM-CSF zijn onder andere

neuronen, astrocyten, microglia en endotheelcellen. Tot onze verbazing brachten

macrofagen geen GM-CSF-receptor tot expressie. Toch induceerde GM-CSF-stimulatie in

vitro macrofagen met een gemengde activatiestatus die lijkt op het fenotype dat wij in

vivo hebben waargenomen in actieve MS-laesies (hoofdstuk 4). Deze resultaten tonen

aan dat macrofagen wel degelijk kunnen reageren op GM-CSF. Daarom is onze hypo -

these dat GM-CSF een fysiologische activator is van macrofagen in het CZS. Het is nog

onduidelijk of GM-CSF geproduceerd door microglia, neuronen, astrocyten of periva -

sculaire macrofagen pathogeen is, en of deze GM-CSF noodzakelijk is voor het behoud

van ontstekingen bij MS-patiënten. 

Ruggenmerg en nervus opticus

De anatomische structuur van het ruggenmerg en de oogzenuw is minder complex dan

die van de hersenen. Door deze structuren bij MS-patiënten te bestuderen kunnen wij

mogelijk leren over de mechanismen van neurodegeneratie en neuronaal herstel. Zowel

de oogzenuw als het ruggenmerg bieden de mogelijkheid om grote aantallen axonen te

bestuderen, zodat (subtiele) axonale veranderingen kunnen worden gerelateerd aan

veranderingen in de myelineschede en aan de aanwezigheid van geactiveerde macro -

fagen en microglia. Vooral bestudering van longitudinale coupes van de oog zenuw biedt

de mogelijkheid om verstoord axonaal transport in detail te analyseren (hoofdstuk 7 en

8). Studies van de ultrastructuur zouden een interessante volgende stap zijn in deze lijn

van onderzoek. Bij de start van ons onderzoek was er één onderzoeksgroep die de

pathologie van MS-laesies in de oogzenuw en in het ruggenmerg heeft beschreven. In dit
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proefschrift hebben wij de verdeling van MS-laesies en de stadia van laesies meer in

detail bestudeerd. 

Wij vonden dat de actieve laesies in het ruggenmerg en de oogzenuw minder

schuim cellen bevatten dan de laesies in de hersenen. In de hersenen en in het ruggen -

merg van één individu troffen wij verschillende stadia van laesies aan. Daarnaast vonden

we dat de aanwezigheid van actieve laesies in de hersenen niet altijd gerelateerd is aan

de aanwezigheid van actieve laesies in het ruggenmerg (en vice versa). MS-laesies in het

ruggenmerg beperken zich niet tot de anatomische grenzen van grijze en witte stof of de

septa tussen de bundels in de oogzenuw. In wittestoflaesies in de hersenen en in de witte

stof van gemengde grijze/wittestoflaesies was de ontsteking meer uit gesproken dan in

de grijze stof. Deze verschillen vonden wij ook in het ruggenmerg, maar aldaar waren de

verschillen minder uitgesproken. In de oogzenuw, die alleen bestaat uit witte stof, is de

ontsteking ook minder prominent aanwezig dan in de witte stof van de hersenen. 

Deze resultaten tonen aan dat op verschillende plaatsen in het CZS (oogzenuw,

hersenen, ruggenmerg) laesies in verschillende stadia voorkomen. De stagering zoals

eerder voorgesteld door De Groot et al. kan op onderdelen verder worden uitgewerkt.

Het is belangrijk te bedenken dat stageren van laesies een interpretatie is van neuro -

pathologische bevindingen op post-mortem-materiaal. Verder in kaart brengen van

laesies op verschillende plaatsen kan de basis vormen voor vervolgonderzoek.

De relatie tussen de activeringsstatus van macrofagen en 
neuronale schade en herstel

In het diermodel voor MS worden M1-macrofagen gerelateerd aan neuronale schade,

terwijl M2-macrofagen bijdragen aan neuronaal herstel. Bij de mens is deze relatie

minder goed bestudeerd, hoewel macrofagen wel gerelateerd zijn aan axonale schade in

MS-laesies. Om de rol van M1- en M2-macrofagen in relatie tot neuronale schade 

en reparatie te onderzoeken hebben we gebruik gemaakt van cellen met kenmerken 

van menselijke volwassen neuronen: de SH-SY5Y neuroblastoom cellijn. Als deze

neuronen worden gekweekt samen met macrofagen die op verschillende manieren 

zijn geactiveerd, bleek dat alle drie de subtypen (M1-, M2- en niet-geactiveerde M0-

macrofagen) actief zijn in de vernietiging van het neurale netwerk. De belangrijkste

beperking van deze in vitro studie is dat deze is uitgevoerd met een neuroblastoom

cellijn die niet geheel met MS overeenkomt. 
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Om te onderzoeken of M2-macrofagen correleren met axonale schade of met herstel

axonaal, hebben we in actieve ruggenmerglaesies M2-macrofagen gevisualiseerd met de

marker MR en axonale schade met de marker SMI 32. Deze studie toonde geen verband

aan tussen M2-macrofagen en beschadigde of gezonde neuronen (SMI 31). 

Uit deze vroege onderzoeksresultaten concluderen we dat alle macrofagen in

vitro kunnen fagocyteren, onafhankelijk van hun activeringsstatus. Daarnaast vonden we

in ons model geen neuroprotectieve rol voor M2-macrofagen. 

Conclusies en vervolgonderzoek

In dit proefschrift hebben wij laten zien dat het fenotype van in vitro gekweekte

macrofagen sterk afhankelijk is van de gebruikte kweekmethode. De verkregen fenotypes

zijn hierdoor niet volledig representatief voor de situatie in vivo. De werkelijkheid blijkt

complexer, omdat in het brein van MS-patiënten gemengde fenotypes bestaan met

kenmerken van zowel M1- als M2-macrofagen. Vervolgonderzoek zou zich daarom vooral

moeten richten op de functionele kenmerken van macrofagen, zoals fagocytose,

endocytose, chemotaxis, adhesie en secretie van cytokines en groeifactoren. Als we de

anti-inflammatoire eigenschappen van M2-macrofagen in het CZS willen inzetten, zullen

we ons moeten richten op het creëren van stabiele neuro protectieve M2- macrofagen.

Mogelijkheden hiervoor zijn stimulatie van de M2-macrofagen in de perivasculaire ruimte

tot proliferatie en migratie naar de laesie, of het bevorderen van de ontwikkeling van

monocyten tot volwassen M2-macrofagen.
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DANKWOORD

Allereerst Christien:  ik wil je bedanken voor het vertrouwen dat ik als dokter wél kon

pipetteren, en voor je engelengeduld omdat ik nog wetenschappelijk moest leren schrij-

ven. Voor samen van een congres wegsluipen om een (trouw)jurk te kopen, en voor af en

toe een schop onder mijn kont. Het maakte dat de afgelopen vier jaren in een sneltrein-

vaart voorbijgingen.

Dear Sandra, your enthusiasm knows no bounds, you constantly have new ideas, which

inspires me. Not only is your enthusiasm for science contagious, but also you inspire your

employees to start knitting, which I still have to learn from you. And finally, I love your

sentence: “Keep up the good work!”

Dear Professor Hugh Perry, thank you for being part of the committee. The first time we

met, I just started my PhD project and I had no clue… I hope to convince you that I have

learned a lot in the past four years. 

Professor Harris, dear Bob, it is always fun to talk about science with you, or drink a beer. 

Beste prof.dr. Bernard Uitdehaag, prof.dr. Paul van der Valk, dr. Jeffrey Bajramovic

en dr. Inge Huitinga: fijn dat jullie zo enthousiast en snel reageerden op de vraag om

deel uit te maken van de leescommissie.

Priscilla, ik heb heel veel van je geleerd, heb echt met veel plezier samen met je gewerkt,

en ondanks dat je een tijd niet op het werk was, bleef je oprecht geïnteresseerd. Ik heb

bewondering voor je en vond het erg grappig dat jij aan het eind van mijn zwangerschap

meer last had van mijn ongeorganiseerdheid dan ik.

Marjolein: van verlegen student naar iemand die mijn agenda indeelt. De ‘spinal cord’

paper kwam je neus uit, maar het is af, net als al die andere kleuringen die je ‘even’ deed.

Je hebt me ongelooflijk veel werk uit handen genomen!  

Elly, geweldig dat je mij hebt ingewerkt: cellen wassen was zo gewoon voor jou, ik dacht:

“Wassen? Afwasborstel, afwasteiltje?’’ En o, oeps, de cellen liggen nu in de wasbak ... Dank

voor je geduld! En je interesse in hoe het me verging in de jaren die volgden.
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Elga en Jack: dank, dat jullie deur altijd openstond voor een praatje op wetenschappelijk

niveau of voor gewoon even gezwets.

Paul, ik heb met veel plezier samen met je achter de microscoop gezeten en vele ruggen-

merg- en nervus opticus laesies bekeken; je bent een grote vraagbaak en je hebt me nog

meer gemotiveerd om patholoog te worden.

Anton, ik kwam vaak met mijn macrofagen naar je toe voor de TAXIscan, vele keren wil-

den de macrofagen niet wat ik voor ze bedacht had, dus ik kwam wat vaker dan gepland

… Ik heb mijn tochtjes naar Sanquin altijd met plezier gemaakt!

‘Roomies’ Esil, Rens, Jamie, Philip, Ananya, Lydia, Tom, Miel and Ida, thanks for the 

diners, gossip, laughter, support, brownies, complaints, teasing and many coffees and teas.

Laura: samen die microglia doen ... Wat een rotcellen: zoveel werk en nu lekker toch een

publicatie. Je hebt er hard aan getrokken tijdens mijn zwangerschapsverlof - je bent een

kanjer! En ook jij gaat een mooi boekje maken, nog éven! En af en toe samen cappuccino

drinken en bijkletsen houden we erin!

Kim, Regina, Wouter, Marlies: altijd in voor een praatje en advies voor als ik even ergens

tegenaan liep: tekstueel, in het lab, of gewoon ergens tegenaan.

Dessy, roomie! I loved your company in the ‘hot’ room: je bood me altijd nieuwe lekker-

nijen aan, of zelfs een maaltijd! Dankjewel! 

Gijs, je zit boordevol ideeën: leuk om samen te brainstormen en dank voor het meedenken.

Studenten Marjolein, Anouk, Jan Quinten, Mandy, Dennis en Marlijn: jullie hebben

me allemaal flink geholpen met het tot stand komen van mijn boekje, superfijn! 

Judith en Andrea, macrofagenmeisjes: we hebben eindeloos (soms compleet ondoor-

dacht) gepipetteerd en gefacst; het is toch maar mooi een paper geworden, en die high

tea - die houden we erin!
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Martijn, ondanks dat je in Engeland woont, kan ik je voor alles lastigvallen: wetenschap,

Engelse taal, onzin, als getuige, maakt niet uit - je bent er. 

Melanie, Nada, Ame, Davor: the Stockholm friends! I love the weekends with you, or a

wedding. We don’t see each other very often, but it is always like old times when I lived in

Stockholm.

Monica, you told me once: “First finish your internship, go back to science and then

become a physician ...” Well, I followed your advice!

Rock ’n Rollers: heerlijk samen met jullie op de dansvloer te staan, nieuwe trucs uitpro-

beren, discussies voeren: “Maar ik doe het altijd zo.” 

Ilze en Dennis: samen naar RnR street was een feest! 

Sanne: fijn dat je toch steeds weer even in Amsterdam bent. 

Ed en Jacq: jullie enthousiasme is zo aanstekelijk! 

Lesgevers en bestuur: jullie zijn een heel leuke groep. 

lieve Roel, dank je wel voor het feilloos overnemen van mijn laatste dingen regelen voor

mijn proefschrift, samen met Emmaline, en voor mijn Nederlandse samenvatting – dat

doe je zomaar voor me.

lieve Thekla, grote en kleine Rianne, bij jullie kan ik altijd terecht voor afleiding, film,

fiets, museum of gewoon een kop thee, heerlijk! 

Paranimfen Emmaline en Olga: 

Emma, jou had ik het al heul lang beloofd! Fijn dat je naast me staat. En je bent mijn lang-

ste vriendinnetje: ook als je weer eens in Verweggistan zit, kan ik op je rekenen. 

Olga, Ol: promoveren wil je dat écht? Zonder dollen, macrofaagactivatie of niet, je bent

een topvriendin!

lieve Joost en Madeleine: zo fijn dat jullie aanboden om te helpen met de lay-out van

mijn boekje. 

Esther, je hebt het heel erg mooi gemaakt! Ik vond de samenwerking erg fijn gaan. 
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Zus & Sander  lieve Zus! Je bent nu ook je hart aan het verliezen aan de wetenschap.

Reuze dank voor het helpen met mijn eindsprint; ik vind je een kanjer en ben reuze trots

op je.

Papa en Mama: Jullie hebben me altijd gesteund bij weer de volgende stap, en riepen

het een paar keer als jullie vonden dat ik weer eens te veel tijd in het promoveren stopte.

Hoe stom ik het ook vond om te horen, af en toe was het nodig – dank! 

Leona en Peter: Nog even de poster uitlijnen; Peter, je had er geduld voor, toen nog die

voorkant, wat een feest: opgestuurd krijgen met een fotoreportage. Zonder gekheid: fijn,

dat jullie altijd zo betrokken zijn.

lieve Hendrik, Karen, Hannah, Wouter en Nora: een gezelligere, lievere schoonfamilie

kan ik me niet wensen. 

Michiel: toch nog die klassieke eindsprint om dat proefschrift af te krijgen (met een baby

in de buik) … Dat was soms wat veel, maar het is klaar! De afgelopen vier jaren waren niet

alleen proefschrift, maar ook een rollercoaster voor ons: jij huisarts in opleiding, wij

getrouwd, wij een huis, en … Joris erbij! Fijn dat je er altijd bent. 
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CURRICULUM VITAE

Het is voor ons als ouders van Daphne een eer om iets over haar te mogen schrijven in

haar proefschrift. We doen dat graag. 

Daphne werd geboren in 1983 en is altijd een kind geweest met veel interesses. Ze is

sportief, creatief, muzikaal, geïnteresseerd in natuur en kan ook nog goed leren. Vanaf

haar vierde levensjaar tot haar achttiende lag ze elke week in het zwembad. Ze speelde

ook tennis, liefst om te winnen van haar tegenstandsters. En welke dochters schaatsen

wekelijks met hun vader rondjes op de ijsbaan? Daphne maakte ooit van twee fietsen er

één. Die ene fiets heeft in Amsterdam jarenlang dienst gedaan als haar enige middel van

transport. Ook schuwt ze de naaimachine niet: misschien is haar hoogstandje wel de tas

van fietsbanden. Gedurende haar studietijd was ze actief tijdens zomerkampen in

Frankrijk, waar ze samen met haar vriendin Emma in korte tijd kinderen een musical aan-

leerde. In 2012 trouwde Daphne met Michiel. Haar cellolessen moest ze in 2014 tijdelijk

staken, omdat haar armen te kort werden door de omvang van haar buik, met daarin hun

zoon Joris. 

Toen Daphne in 2001 uitgeloot werd voor Geneeskunde besloot ze na enig puzzelen te

starten met de studie Biomedische wetenschappen aan de UvA. Tijdens die studie leerde

ze vaardigheden die haar tijdens haar promotieonderzoek goed van pas zouden komen.

Na dat eerste jaar werd ze ingeloot voor de studie Geneeskunde aan het AMC. Eigenlijk

wist ze niet of ze dat nu leuk moest vinden of niet, want de biomedische studie beviel

haar ook wel. Ze rondde haar biomedische propedeuse af tijdens het eerste jaar Genees -

kunde. Tijdens haar studie bleek dat ze ook een goede organisator is. De opzet van het

berenhospitaal en het werven van fondsen voor een wetenschappelijke stage aan

Karolinska Institutet in Stockholm gingen haar goed af. Na het behalen van haar artsen-

bul in 2010 is ze gestart met haar promotieonderzoek aan de VU, onder supervisie van

prof.dr. Christine Dijkstra en prof.dr. Sandra Amor. Het resultaat daarvan lezen we in dit

proefschrift. 

We zijn trots op onze dochter die maximaal gebruik maakt van de mogelijkheden die ze

heeft. 
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