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1. Multiple sclerosis – a chronic neuroinflammatory disease
1.1 Diagnosis and prevalence
Multiple sclerosis (MS) is a chronic neuroinflammatory disease, characterized by myelin loss and
axonal damage, which leads to scar formation in the central nervous system (CNS)1–3. Clinically, MS
patients present with visual, motor and sensory problems, but also develop symptoms related to
cognition and fatigue4. In Europe, 108 in 100.000 people develop MS, which is often diagnosed at a
young age, between 20-40 years, and the prevalence is higher in woman4,5. Main diagnostic criteria
are the appearance of white or grey matter lesions with dissemination over time and space, detected by magnetic resonance imaging (MRI), and the presence of intrathecal antibodies, detected as
oligoclonal bands (OCBs) in the cerebrospinal fluid (CSF)6,7. The clinical course of MS is classified
in various subtypes. The majority of patients (85%) is diagnosed with relapsing–remitting (RR) MS,
having periods with acute relapses followed by (partial) neurological recovery, called remission.
On average 20 years after disease onset, the majority of patients with RRMS advance to the progressive form, which is named secondary progressive (SP) MS and is classified as steadily worsening of
neurological symptoms without the presence of relapses. In addition, 10-15% of the MS patients are
diagnosed with progressive MS at disease onset, classified by worsening of symptoms without any
relapses5.
The cause of MS is unknown, but traditionally, MS is considered to be an autoimmune
disease, whereby innate and adaptive immunity directed against myelin are involved. However, the
antigen(s) that evoke(s) an immune response is unknown. In addition, environmental factors, such
as viruses, lack of sunlight exposure, smoking and diet, are known to increase the odds to develop
MS8. Furthermore, human leukocyte antigen (HLA)-DR and other genes related to immune function
have been identified as risk factors for MS, and a combination of both genetic and environmental risk
factors might contribute to the development of MS8.

1.2 Therapeutic targets
Most disease-modifying therapies that are used in the clinic to treat RRMS focus on immune modulation and target the adaptive immune system by reducing infiltration of peripheral lymphocytes into
the CNS or inhibiting their activation9,10. Furthermore, drugs that promote remyelination have been
developed, but their efficacy is still under investigation in clinical trials9. An important drawback of
most therapeutic drugs that are approved so far is their limited effect in the progressive, advanced
stage of MS9. Therefore, there is an urgent need for therapies treating progressive MS. Recently,
B-cell depletion therapies, such as ocraluzimab, showed for the first time a reduced clinical and
radiological progression in patients with PPMS11–13. However, the long-term efficacy of B-cell depletion therapies to treat MS remains incompletely elucidated. Importantly, treatments that have been
approved so far only reduce the symptoms of MS, but no effective therapy to successfully treat this
complex disease has been found yet.
12
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1.3 Neuropathology
From a neuropathological perspective, MS lesions are classified into different subtypes, defined by
immunohistochemical stainings that visualize intact myelin and activated microglia/macrophages
(Figure 1). Myelin intactness is visualized by myelin proteolipid protein (PLP) staining, and microglia/macrophage activation and morphology is visualized by HLA-DR staining1,14,15. Four types
of white matter (WM) lesions are defined: active, mixed active/inactive (mixed or chronic active),
inactive and remyelinated lesions (shadow plaques). Furthermore, also cortical grey matter (GM)
lesions are classified, defined by their location in the cortex14. It has been proposed that GM lesions
are different from WM lesions, demonstrated by a low number of infiltrating lymphocytes and a
low number of activated microglia/macrophages in GM lesions16,17. Besides the presence of lesions,
reactive sites have also been found in MS tissue, characterized by intact myelin and the presence of
accumulating ramified HLA-DR+ microglia. These reactive sites can contain clusters of HLA-DR+
microglia, so-called nodules. Furthermore, normal-appearing MS tissue without lesions or reactive
sites exists, characterized by ramified microglia and absence of demyelination, based on PLP staining. However, this normal-appearing tissue already shows alterations in myelin composition and
axonal integrity as compared to control WM18,19. In sum, different MS lesion subtypes have been
described, whereby microglia activation relates to lesion activity, and it has been demonstrated that
MS lesion pathology is highly heterogeneous among patients1,14.

Figure 1 | Characterization of MS lesions by myelin protein PLP and microglia/macrophage activation marker HLA-DR.
Immunohistochemistry pictures show myelin intactness and microglia/macrophage activation, stained by myelin proteolipid protein (PLP; brown) and human leukocyte antigen (HLA)-DR respectively (black), to identify control white matter (WM),
normal-appearing WM, active, chronic active, inactive and remyelinated MS lesions. Second row of pictures is zoomed in on
the square, indicated in the pictures on the first row, to show HLA-DR stained microglia/macrophage presence or absence
and morphology. Lesions were characterized based on criteria published by Luchetti et al., 201814.

1.4 Innate and adaptive immunity
An important feature of MS is the combination of neurodegeneration and inflammation, whereby
cells of the innate and adaptive immune system play a key role in MS pathology15,20–23. In the relapsing–remitting stage of MS, the blood-brain barrier (BBB) is damaged, which promotes entering of
leukocytes into the brain24,25. Both T and B cells are present in active lesions in early and late MS, with
the highest numbers found in early MS, whereas a higher number of antibody-secreting (plasma) B
cells is found in late MS21,22. It is not known what exactly causes disruption of the BBB, but it is a fea13
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ture of the early phase of MS. Contrary, it has been suggested that patients with progressive MS have
a relative intact BBB, as shown by MRI studies that hardly encounter gadolinium-enhanced lesions
in progressive MS, together with the limited success of relapsing MS therapies to treat progressive
MS patients3,25. Additionally, only tissue-resident memory T cells are detected in active lesions of progressive MS brain donors, providing evidence for a closed BBB22,26. However, these findings are still
inconclusive since several studies show alterations in tight junctions of the BBB in progressive MS27,28,
but it needs to be demonstrated if these alterations result in BBB leakage and facilitate infiltration of
peripheral immune cells. If the BBB indeed is relatively intact in progressive MS this may indicate
that the immune response is compartmentalized in the CNS22, therefore an important role arises for
immune cells present in the CNS in progressive MS.
Next to cells of the adaptive immune system, also innate immune cells play an essential role
in MS. Microglia are resident phagocytes of the CNS and in MS, next to macrophages, they take up
myelin and contribute to demyelination1,20,29–31. In active and mixed MS lesions, microglia are found
in the lesioned center or rim respectively, and classification of lesion activity is based on their presence and morphology, as they can appear as ramified, round or foamy, detected by HLA-DR staining14. After prolonged uptake of myelin, detected by myelin oligodendrocyte glycoprotein (MOG)
or oil-red O staining in active MS lesions32, microglia appear as foamy, lipid-laden cells and might
play an important role in immune regulation. It is still a debate whether activated microglia can start
demyelination or whether an adaptive immune response is crucial to initiate the process of myelin
breakdown.

2. Microglia – the phagocytes of the brain
2.1 Origin and signature genes
Microglia constitute up to 16% of the total cell numbers in the CNS and are professional phagocytes that maintain brain homeostasis, but also contribute to brain pathology33,34. In MS lesions, they
are not the only myeloid cell population present, since also monocyte-derived macrophages can
infiltrate the CNS due to BBB damage. Microglia, together with perivascular and meningeal macrophages, originate from the yolk-sac and populate the CNS around embryonic day 9.5 in mice, and
in gestation week 4 in humans35–39. They are long-lived cells that maintain self-renewal by coupled
apoptosis and proliferation, which is spatially and temporally regulated40. In contrast, monocytederived macrophages originate from the fetal liver, and during adulthood they are replaced by monocytes that derive from the bone marrow36,39. Despite their different origin, for a long time it has been a
challenge to distinguish microglia from infiltrating macrophages, since markers to distinguish them
were lacking. For this reason, many studies focused on distinguishing microglia from macrophages.
The recent development of omics tools finally enabled the identification of microglial signature genes
in mouse models41–43, and recently also in human44,45. When comparing isolated microglia to whole
brain tissue or to other tissue-resident macrophages in mice or human, P2RY12, TMEM119, CX3CR1
and ADGRG1 appear as core signature genes42–45(Figure 2). These signature genes are exclusively expressed when microglia are present in the CNS environment, they disappear after only a few hours
14
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in culture44, highlighting the importance of studying the profile of microglia direct after isolation.
Furthermore, hematopoietic stem cell-derived macrophages that repopulate the brain after BBB
impairment acquire a microglia identity and express genes as Tgfbr1 and Tmem119, which makes it
still difficult to distinguish microglia from infiltrating macrophages under neuropathological conditions46.

Microglia core signature

Disease-associated
microglia signature

Microglia vs other CNS cells

Diseased vs homeostatic state

P2ry12

C3

Apoe

Tmem119

CSF1R

Axl

Fcrls

SPP1

Ccl2

Olfml3

SLCO2B1

Spp1

Hexb

CX3CR1

Msr1

C1qb

P2RY12

Itgax

C1qa

C1QB

Clec7a

Csf1r

C1QC

Gpmnb

P2ry13

IFNGR1

Chi3l3

Cx3cr1

HSPA1B

Cxcr4

Gpr34

HLA-DRA

Cxcl16

Tgfbr1

GPR34
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Figure 2 | Microglial core signature genes defined in mouse and human, and in disease. Selection of microglia core signature genes, identified by comparing microglia gene expression to other CNS cells or whole brain tissue in both mouse
(microglia versus oligodendrocytes, astrocytes, cortical and hippocampal neurons)41,42, and human (microglia versus cortex
tissue)44,45. Selection of common disease-associated microglia genes identified in animal models for AD, ALS and EAE47. Data
was obtained from published RNA-sequencing datasets41,42,44,45,47.

2.2 From homeostasis to immune response
Microglia play an essential role in neural development during embryogenesis and in the postnatal
CNS, by secreting neurotrophic factors, regulating synaptic pruning and plasticity, and supporting
myelination34,48–51. Furthermore, they are crucial players in maintaining brain homeostasis during
adulthood by taking up apoptotic cells or cellular/myelin debris33,52(Figure 3). Microglia are highly
dynamic, constantly survey the brain and express a wide range of receptors to recognize and respond
to changes in their microenvironment33,51,53,54. These receptors comprise purinergic, chemokine, Tolllike, interferon and Fc-receptors53. Upon tissue injury or inflammation, microglia migrate to the site
of injury, become activated and can secrete a wide range of neurotoxic or neuroprotective mediators.
Recently, microglia have become a major topic of interest in the field of neurodegenerative diseases since risk genes for Alzheimer’s disease (AD), Parkinson’s disease and MS are highly expressed by microglia44, including the MS risk genes HLA-DRA and MERTK44. Furthermore, it
has become clear that microglia are not a homogenous population in the CNS. Using single-cell
15
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sequencing approaches, various mouse microglial populations under homeostatic and neurodegenerative conditions were defined, whereby each population might have a unique role in CNS pathology47,55. Recently, distinct microglial subsets were also defined in human brain tissue, identified in MS
lesions56,57.
Notably, the core signature genes of microglia have been linked to homeostasis, since
expression of P2ry12, Tmem119, Cx3cr1 and Adgrg1 was reduced in animal models for neurodegenerative diseases, such as AD, amyotrophic lateral sclerosis (ALS) and experimental autoimmune
encephalomyelitis (EAE)47,55. Contrary, genes involved in lipid processing and phagocytosis, like Axl,
Msr1 and Itgax were higher expressed in this so-called disease-associated microglia population47,55
(Figure 2), indicating that activated microglia play an essential role in clearing apoptotic cells and
myelin debris. Microglial signature genes are useful for characterizing unique activation states of
these cells in relation to development, ageing or pathology.

Figure 3 | Microglia have multiple roles in the CNS during embryogenesis and adulthood. Microglia are implicated in neural development (by secreting growth factors), in tissue surveillance (by removing apoptotic cells/debris), in myelination (by
promoting oligodendrocyte maturation), and in synaptic pruning (by removing complement-opsonized synapses). Adapted
from Dong & Yong, Reviews Neurology, 201952.

2.3 Tight regulation of activation
The activation of microglia is tightly controlled by inhibitory molecular interactions with
neurons through CX3CR1–CX3CL1, CD200R–CD200 and SIRPα–CD4754. Interestingly, CD47 was
downregulated around and in the rim of mixed MS lesions, suggesting reduced suppression of
microglial activation in MS lesions58. Microglia respond upon CNS damage by phagocytosis of
apoptotic cells and myelin debris, but are not necessarily immune activated upon activation. Of
interest, our group previously has shown that primary human microglia are tolerogenic to microbial stimuli, such as lipopolysaccharide (LPS)59, which might serve as a protective feature of
microglia to prevent collateral neuronal damage caused by inflammation. Importantly, microglia
might need an additional MS-specific stimulus to break their tolerance for microbial stimuli and start
an immune response. Intrathecal antibodies, detected as OCBs in the CSF, are a diagnostic marker
16
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for MS6,60 and might target MS myelin-derived lipids or proteins61,62. These IgG antibodies are recognized by Fc-gamma receptors (FcγRs) expressed by microglia and are known for their role in immune
activation in other myeloid cells63–65. Intrathecal IgG antibodies, which might form antibody complexes on myelin of MS patients, could be the MS-specific stimulus to break microglial tolerance thereby
promoting immune activation. For a long time, there is an ongoing debate on whether microglia are
protective or harmful once they are activated20,52. Since microglia are not a heterogeneous population,
diverse populations with either beneficial or detrimental properties may exist next to each other with
different roles in CNS pathology.

3. Microglial role in MS lesion initiation – use of post-mortem brain tissue
3.1 Microglia activation in MS
In MS, microglia are well-known for two main functions, as phagocytes that take up myelin, and as
innate immune cells involved in inflammation. However, what triggers microglia to take up myelin
and how do microglia become immune-activated in MS is not clear. Interestingly, in vitro studies
show that microglia/macrophages that have taken up myelin become anti-inflammatory by expressing prostaglandin E2 synthase (PGES) and C-C motif chemokine ligand 18 (CCL18), and can promote
neuronal repair32,66. More evidence for the role of microglia in facilitating neuronal repair comes from
a study that describes the contribution of microglia to remyelination in MS67. Contrary, activated
microglia/macrophages can also produce pro-inflammatory cytokines and chemokines to enhance
inflammation by triggering the adaptive immune response, possibly by attracting and reactivating
lymphocytes20,52,68,69. In addition to pro-inflammatory molecule production, activated microglia and
macrophages can secrete reactive oxygen and nitrogen species that promote axonal and myelin damage, thereby contributing to MS pathology70,71.
Recently, single-cell RNA-sequencing identified the profile of activated microglial subpopulations in active lesions in early MS defined by CCL4, CTSD or SPP1 expression and reduced expression of homeostatic genes56,57. These findings emphasize on the heterogeneous nature of microglia in
MS lesions. Importantly, these studies were performed in early MS, and considering that microglial
activation is altered by age45,72, the activation profile of microglia might be different between early or
late MS disease stages, which is important to acknowledge when defining their potential role in MS
lesion formation.

3.2 Normal-appearing MS tissue
MS post-mortem brain tissue without any signs of demyelination, characterized by intact myelin
based on presence of PLP upon immunohistochemical staining, is ideal to study first changes related
to MS pathology. Changes found in this so-called normal-appearing tissue are thought to be the first
stage of MS lesion initiation73–75. Several studies have shown subtle changes in normal-appearing
WM (NAWM) tissue by altered myelin lipid composition18,76, apoptotic oligodendrocytes73,74, reduced
17
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axonal density77,78 and axonal integrity19,79, already showing first signs of myelin and axonal changes
preceding MS lesion formation.
In addition to myelin and axonal changes, gene expression studies of NAWM MS tissue
showed alterations in immunosuppressive as well as pro-inﬂammatory genes80, and our group reported upregulation of scavenger receptor genes, involved in phagocytosis, already around chronic
active MS lesions81. Moreover, our group has shown increased expression of phagocytosis and immunoglobulin genes in NAWM MS tissue, and also found NAWM-related microglial changes associated with immune suppression63,82. Interestingly, several other studies describe changes in NAWM
MS tissue related to microglia clusters, referred to as nodules. These studies suggest that microglial
nodules are the start of MS lesions as they express immune regulatory and anti-viral proteins, together with complement molecules that line up around damaged axons69,83–85. Together, early changes in
NAWM MS tissue, observed in oligodendrocytes, microglia and axons, might relate to MS pathology
and potentially can contribute to MS lesion initiation.

3.3 Studying post-mortem MS brain tissue
The studies that are described in this thesis were performed on post-mortem brain tissue that is provided by the Netherlands Brain Bank (NBB; www.hersenbank.nl). Pathological and clinical disease
characteristics are available for each MS brain donor that comes to autopsy at the NBB and can be
used to assess associations between MS pathology and clinical parameters14. For the studies on MS
microglia described in this thesis, clinical and neuropathological parameters, including disease duration, severity and lesion loads, allowed us to study associations between disease parameters and
the microglial profile in MS. Since most studies on the role of microglia in MS are performed in EAE
or cuprizone animal models, more information is needed on the profile of human microglia in MS.
Therefore, post-mortem brain material provides a unique opportunity to study the microglial profile
in relation to MS pathology. In the past years, several protocols have been published describing isolation of purified microglia from post-mortem human brain tissue, based on their adherent properties
in culture or antibody sorting techniques59,63,86–89. However, since clinical and autopsy parameters
vary between donors, their impact on the microglial profile needs to be investigated in more detail in
order to reliably translate changes in the microglial profile to donor neuropathology.
Since the majority of MS brain donors that come to autopsy at the NBB have progressive MS
with a disease duration of on average 29 years14, studying the microglial profile was limited to progressive MS. However, since the role of microglia in progressive MS is not completely understood,
and the available therapeutic drugs show limited success in progressive MS, it is essential to fully
characterize microglia in progressive MS, as they may serve as a potential therapeutic target to treat
the progressive form of MS.

18
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4. Thesis outline
The studies in this thesis provide information on the microglial profile in progressive MS and point
towards their important role in MS pathogenesis and (potentially) therapy, since they can drive inflammation but on the other hand also protect the brain by removing myelin debris and facilitating
remyelination. The scope of this thesis is to identify if changes in the profile of primary microglia
isolated from post-mortem human brain tissue reliably reflects neuropathological changes (part 1).
Subsequently, we characterized primary microglia in progressive MS to assess their contribution to
MS lesion initiation (part 2) and development (part 3). In Figure 4, an overview of different techniques used to profile microglia in MS normal-appearing and lesioned tissue described in this thesis
is displayed.

Figure 4 | Overview of microglia isolation method and techniques that were used to profile microglia in normal-appearing
MS tissue and active MS lesions, described in this thesis. A protocol to rapidly isolate human microglia from post-mortem
brain tissue was optimized, and the impact of ante- and post-mortem parameters was studied in order to translate changes
in the microglial profile to donor neuropathology (described in Chapters 2 and 3). Subsequently, isolated microglia were
directly analyzed to assess their potential role in MS lesion initiation, by RNA-sequencing (Chapter 5), flow cytometry (Chapters 5 and 9), in vitro assays (Chapter 7), and to assess their profile in active MS lesions by mass cytometry (CyTOF, Chapter
9). Whole-tissue analysis was performed on mixed and inactive MS lesions by microarray, to define mechanisms implicated
in MS lesion activity (Chapter 8). Using immunohistochemistry, the phenotype of microglial nodules in NAWM tissue was
determined to assess their contribution to MS lesion initiation (Chapter 6). Brain, microarray and microglia pictures were
downloaded from Servier Medical Art by Servier licensed under a Creative Commons Attribution3.0 Unported License.

First, an optimized microglia isolation protocol and the impact of ante- and post-mortem donor variables on microglial profiling, together with the impact of culturing conditions on the microglial profile,
is described in Chapter 2. In Chapter 3 we describe several methods to isolate primary glial cells from
post-mortem human brain tissue and subsequently discussed several downstream applications to
profile microglia in relation to neurological and psychiatric diseases. Furthermore, to investigate the
expression of individual microglial markers in more detail, we performed a meta-analysis to assess the
transcription and protein expression of the phagocytic receptor BAI1 in monocytes, macrophages and
microglia in mouse, human and zebrafish (Chapter 4).
19
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Second, potential early microglial changes related to MS pathology were studied in normal-appearing tissue, to identify whether microglia contribute to MS lesion initiation. In Chapter 5, the transcriptional profile of human microglia was defined in control WM and GM, and in
normal-appearing WM and GM MS tissue, by RNA-sequencing. Next, the phenotype of microglial
clusters was determined in NAWM MS tissue using immunohistochemistry (Chapter 6).
Third, we studied how primary human microglia become immune activated. Furthermore,
we identified the microglial profile in active MS lesions, to assess their contribution to active MS
lesion formation, together with the whole-tissue profile of MS lesions. In Chapter 7 the immune activation profile of primary human microglia after co-stimulation with Toll-like receptor-ligands and
IgG immune complexes was analyzed. The gene-expression profile of mixed and inactive MS lesions
was identified by microarray analysis (Chapter 8), and the proteomic profile of human microglia
was studied at single-cell level in control WM, NAWM and active MS lesions, using mass cytometry
(CyTOF) (Chapter 9).

20
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Abstract
Microglia are key players in the central nervous system in health and disease. Much pioneering
research on microglia function has been carried out in vivo with the use of genetic animal models.
However, to fully understand the role of microglia in neurological and psychiatric disorders, it is
crucial to study primary human microglia from brain donors. We have developed a rapid procedure
for the isolation of pure human microglia from autopsy tissue using density gradient centrifugation
followed by CD11b-specific cell selection. The protocol can be completed in 4 h, with an average yield
of 450,000 and 145,000 viable cells per gram of white and grey matter tissue respectively. This method
allows for the immediate phenotyping of microglia in relation to brain donor clinical variables, and
shows the microglia population to be distinguishable from autologous choroid plexus macrophages.
This protocol has been applied to samples from over 100 brain donors from the Netherlands Brain
Bank, providing a robust dataset to analyze the effects of age, post-mortem delay, brain acidity, and
neurological diagnosis on microglia yield and phenotype. Our data show that cerebrospinal fluid pH
is positively correlated to microglial cell yield, but donor age and post-mortem delay do not negatively affect viable microglia yield. Analysis of CD45 and CD11b expression showed that changes in
microglia phenotype can be attributed to a neurological diagnosis, and are not influenced by variation in ante- and post-mortem parameters. Cryogenic storage of primary microglia was shown to be
possible, albeit with variable levels of recovery and effects on phenotype and RNA quality. Microglial gene expression substantially changed due to culture, including the loss of the microglia-specific
markers, showing the importance of immediate microglia phenotyping. We conclude that primary
microglia can be isolated effectively and rapidly from human post-mortem brain tissue, allowing for
the study of the microglial population in light of the neuropathological status of the donor.
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Introduction
Microglia are brain-resident phagocytic cells, which originate from a population of myeloid progenitors from the yolk sac during embryonic development1–3 and are maintained through self-renewal
without influx of peripheral cells during adult life4–7. Microglia are key players in central nervous system (CNS) homeostasis, fulfilling essential roles in neurodevelopment, adult synaptic plasticity, and
brain immunity8,9. In the adult brain, microglia act as surveyors of the local environment to sustain
homeostasis and are therefore highly sensitive to changes associated with damage, inflammation, or
infection within and outside the CNS. In order to interact with their environment, microglia exhibit
a broad range of sensory mechanisms and specific cellular responses, the outcome of which can be
both neuroprotective as well as a neurotoxic10. During the process of normal aging, the microglial
phenotype appears to shift to a primed or more active-prone state10,11, the main reasoning behind
microglia being linked to pathology in neurodegenerative disorders such as Alzheimer’s disease
(AD)12, Parkinson’s disease (PD)13, and multiple sclerosis (MS)14. Their role as possible contributors
to disease has been complemented by evidence for their involvement in the pathophysiology of developmental and psychiatric disorders, such as major depression disorder, bipolar disorder, schizophrenia, and autism6,15, either through modulation of neuroinflammation or neuronal plasticity.
However, their role in disease pathology appears ambiguous since microglia also display beneficial
and restorative functions16.
Research on microglia function and their role in health and disease has mostly been carried
out ex vivo using immunohistochemistry and in vivo using murine models. The isolation of microglia
from the brains of various genetic mouse models has greatly facilitated our understanding of basic
microglia characteristics in health and disease17. Nevertheless, these models are of limited value in
relation to human CNS disorders. Studies into human microglia function have highlighted similarities but also crucial differences between mice and humans18. Added difficulty comes in the form of
various CNS disorders for which animal models are not available or fail to reconstitute important
human symptoms. Therefore, to investigate the role of microglia in human context it is crucial to
study human primary microglia.
In order to specifically study multiple aspects of human microglia, obtaining pure microglia
populations from post-mortem human brain samples is essential. To this aim, we have adapted the
human microglia isolation method of Dick et al.19, in turn based on a rat isolation protocol20, for the
use of post-mortem human brain tissue. This led to a procedure for the rapid isolation of pure human microglia based on cell density separation and capture of CD11b-positive cells using magnetic
beads21. A major advantage of this isolation procedure in comparison with generally used microglia
isolation methods22 is the omission of effects due to culture and adherence in the procedure, as it
allows for direct analysis of isolated microglia. Using this technique, we determined that based on
membrane expression of CD45 and CD11b, microglia can be distinguished from autologous peripheral macrophages based on fluorescence intensity21. Furthermore, we demonstrated that microglia
show a minimal response to lipopolysaccharide (LPS), indicating a tight regulation of inflammatory
responses. Finally, we revealed differences in microglial size, granularity, and CD45/CD11b expression in white matter microglia from MS donors, when compared to non-MS donors23, showing that
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microglial phenotype reflects neuropathological changes. Yet, to effectively study primary human
microglia on a larger scale, there is an urgent need for thorough validation of available protocols and
an understanding of the effects of clinical diagnosis and ante- and post-mortem variables on isolated
microglia.
Since the development of our procedure for the isolation of human microglia in 201221,
we performed microglia isolations from over a hundred brain donors from the Netherlands Brain
Bank. In addition to our previously published method, we have also developed a faster protocol that
reduces the total isolation time, while maintaining similar or higher viable cell yield. Here we set out
to validate the practical aspects of human post-mortem microglia isolations and describe the effects
of clinical diagnosis and ante- and post-mortem variables on microglial purity and phenotype, such
as post-mortem delay (PMD) and cerebrospinal fluid (CSF) pH, and discuss further application possibilities of isolated human microglia.

Materials and methods
Brain tissue
Human brain tissue was obtained through the Netherlands Brain Bank (www.brainbank.nl). The
Netherlands Brain Bank received permission to perform autopsies and to use tissue and medical
records from the Ethical Committee of the VU University medical center (VUmc, Amsterdam, The
Netherlands). On average, the autopsies are performed within 6 h after death. All donors have given
informed consent for autopsy and use of their brain tissue for research purposes. The pH of the CSF
was measured using a fluidbased pH meter (Hanna Instruments, Nieuwegein, The Netherlands),
after rapid sampling of the CSF directly from the lateral ventricles at the start of the autopsy. An
overview of the clinical information and post-mortem variables of all brain donors in this study is
summarized in Table 1.

Table 1 | Summary of clinical variables of brain donors used
Total time
until processing ± SD

Diagnosis

Number

Gender (F/M)

Age ± SD

PMD ± SD
(hours)

CSF ± SD

Control

43

1.69

80.91 ± 12.09

6.01 ± 1.31

6.52 ± 0.40

20.01 ± 8.88

AD

17

1.83

80.29 ± 9.92

5.29 ± 0.87

6.35 ± 0.19

19.71 ± 10.75

FTD

6

2

71.50 ± 7.09

5.53 ± 1.62

6.35 ± 0.20

28.44 ± 21.31

MS

32

1.13

65.31 ± 12.15

9.21 ± 1.68

6.46 ± 0.24

20.61 ± 10.01

PD

23

0.53

76.96 ± 10.12

5.77 ± 1.27

6.52 ± 0.24

22.48 ± 8.90

Other

14

0.78

70.25 ± 12.28

6.92 ± 2.77

6.49 ± 0.23

20.33 ± 5.22

All

135

1.17

74.87 ± 12.88

6.71 ± 2.13

6.47 ± 0.30

20.80 ± 10.47

AD = Alzheimer’s disease; FTD = fronto-temporal dementia; MS = multiple sclerosis; PD = Parkinson’s disease; OD = other diagnoses (major depression, bipolar disease, neuromyelitis optica, progressive supranuclear palsy); F = female; M = male; SD =
standard deviation.
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Human post-mortem microglia isolation
At autopsy, corpus callosum or subcortical white matter (WM) and occipital cortex grey matter (GM)
was dissected, collected in Hibernate A medium (Invitrogen, Carlsbad, USA) and stored at 4°C until
processing. Microglia isolations were performed as described previously21, or through a recently implemented adaptation of this protocol, showing similar or higher yield, while reducing total protocol
time to approximately 4 h. The current isolation method and differences with the previous method
are depicted, at a glance, in Figure 1 point by point, detailed description of the current protocol can
be found in the supplemental information. Mechanical dissociation was performed by meshing over
a metal tissue sieve, after removal of the meninges (GM) or cutting tissue into fine pieces using a scalpel (WM). Further dissociation was performed by passing the suspension through a 10-ml pipette,
followed by enzymatic dissociation with 300 U/ml collagenase 1 (Worthington, Lakewood, USA) for
60’ (previous method) or with trypsin (Invitrogen) at a final concentration of 0.125% for 45’ (current
method) in Hibernate A medium at 37°C on a shaking platform. Both digestions were incubated in
the presence of 33 μg/ml DNAseI (Roche, Basel, Switzerland). The digestion was resuspended 10x
with a 10-ml halfway the digestion time. Heat inactivated fetal calf serum (FCS, Invitrogen) was
added to quench trypsin activity and the cell suspension was centrifuged for 10 min at 1800 rpm and
4°C. After discarding the supernatant, the cell pellet was resuspended in cold DMEM (Invitrogen),
supplemented with 10% FCS, 1% Penicillin-Streptomycin (Pen-Strep, Invitrogen), and 1% gentamycin (Invitrogen), and passed through a 100-μm tissue sieve. After the direct addition of 1/3 volume of cold Percoll (GE Healthcare, Little Chalfont, UK) and centrifugation for 30’ at 4000 rpm and
4°C the interphase containing microglia was transferred to a new tube (discarding the myelin and
erythrocyte layers) and washed two times in DMEM supplemented with 10% FCS, 1% Pen/Strep, 1%
gentamycin, and 25 mM Hepes (Invitrogen). Negative selection of granulocytes (previous method
only) and positive selection of microglia with respectively anti-CD15 and anti-CD11b conjugated
magnetic microbeads (Miltenyi Biotec, Cologne, Germany) was done by magnetic activated cell sorting (MACS) according to the manufacturer’s protocol. Briefly, cells were incubated with 10 μl CD15
microbeads for 15 min at 4°C, washed, resuspended in beads buffer (0.5% BSA, 2 mM EDTA in PBS
pH 7.2) and transferred to an MS column placed in a magnetic holder. The flow-through containing
unlabeled cells was collected, washed and subsequently incubated with 20 μl CD11b microbeads for
15 min at 4°C. Cells were then washed and placed on a new MS column in a magnetic holder. The
CD11b+ cell fraction was eluted from the column by removing the column from the magnet, adding beads buffer, and emptying the column with a plunger. Viable cells were then counted using a
counting chamber and used as described in downstream analyses. The isolation of macrophages was
performed using choroid plexus tissue dissected from the lateral ventricle, using the same method
as for WM microglia.

Flow-cytometric analysis
The CD11b+ cell fraction was evaluated for proper separation of microglia from other cell types by
flow cytometry for CD45 (FITC-labeled, Agilent, Santa Clara, USA), CD11b (PE-labeled, eBioscience,
San Diego, USA), and CD15 (APC-labeled, Biolegend, San Diego, USA). For CD45 and CD11b, ap31
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propriate isotype controls were regularly included to assess background levels of fluorescence. Cells
were incubated with antibodies in beads buffer, on ice, for 30’. Viability of the cells was analyzed
using the fixable viability dye Efluor 780 or 7-AAD (eBioscience). For spiking the microglia populations, macrophages where labelled with far red celltracker (Invitrogen) in PBS (1:1,000) for 5 min
and washed twice with PBS. Fluorescence was measured on either a FACSCalibur or a FACSCanto II
machine (both BD biosciences, Franklin Lakes, USA) and analyzed with FlowJo software (Treestar,
Ashland, USA). For CD45 and CD11b geometric mean comparisons with post-mortem parameters,
only data from the FACSCalibur was included.

Cell culture
Microglia were cultured in DMEM/F-12 medium (Invitrogen), supplemented with 10% FCS and 1%
Pen-Strep and cultured in plates coated with poly-L-lysine (Invitrogen). Myelin phagocytosis was
assessed as described previously24. In short, microglia were incubated for 48 h with pHrodo-labeled
myelin (10 μg/ml) from a myelin pool containing myelin from 12 donors without neurological abnormalities. All cultures described in the data are derived from white matter samples, as cortical microglia did not result in reproducible cultures. To assess the effect of cryogenic storage and subsequent
thawing of primary microglia, cells were resuspended in ice-cold mixture of medium and FCS (1:1),
containing 10% dimethyl sulfoxide (DMSO, Sigma, St. Louis, USA), placed in a cryogenic container
(Nalgene, Thermo Fischer, Waltham, USA) with 2-propanol, and stored overnight in a −80°C freezer.
Cryovials were then transferred to a liquid nitrogen tank. Cells were thawed by slowly adding cold
complete RPMI medium (Invitrogen) containing 20% FCS, after 20 min at room temperature, cells
were washed using warm complete RPMI and either lysed for RNA isolation or analyzed directly
using flow cytometry.

RNA isolation and gene expression analysis
Acutely isolated primary microglia were taken up in 1 ml TRIsure (Bioline, London, UK) and stored
at −80°C for further processing. RNA isolation was carried out according to manufacturer’s protocol
using phase separation by addition of chloroform and centrifugation, followed by overnight precipitation in isopropanol at −20°C. RNA concentration was measured using a Nanodrop (ND −1000;
NanoDrop Technologies, Rockland, DE, USA) and RNA integrity was assessed using a Bioanalyzer
(2100; Agilent Technologies, Palo Alto, CA, USA). cDNA synthesis was performed using the Quantitect reverse transcription kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions,
with a minimal input of 200 ng total RNA. Quantitative PCR (qPCR) was performed using the 7300
Real Time PCR system (Applied Biosystems, Foster City, USA) using the equivalent cDNA amount
of 1–2 ng total RNA used in cDNA synthesis. SYBRgreen mastermix (Applied Biosystems) and a 2
pmol/ml mix of forward and reverse primer sequences were used for 40 cycles of target gene amplification. An overview of forward and reverse sequences for each gene can be found in Table S1.
Expression of target genes was normalized to the average cycle threshold of GAPDH and EF1a. Cycle
threshold values were assessed with SDS software (Applied Biosystems).
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Statistical analysis
Data analysis was performed using Graphpad Prism software v6 Graphpad Software, La Jolla, CA,
USA). Results are shown as mean with standard error of the mean, and statistical analysis was performed using either parametric or non-parametric testing, based on the outcome of the Shapiro-Wilk
normality test. The applied test for each calculated value is described in the figure legends.

Results
Isolation and characterization of microglia from post-mortem CNS tissue
The isolation of viable microglia from post-mortem human CNS tissue has been described by our group previously21. For the data used in this study, we have used both
the published protocol as well as an adapted version that
is faster (~4 in place of ~5 h) in which collagenase is replaced by trypsin, and CD15 depletion is omitted. The
basic steps of the protocol and the aspects that differ
between both protocols are depicted in Figure 1. The cell
capture in both methods relies on the membrane expression of CD11b, which is also present on perivascular and
infiltrated macrophages in the CNS. To investigate the
differences between macrophages and microglia from the
same donor, we included choroid plexus (CP) macrophages. To differentiate between the two populations of
cells, CP-derived CD11b+ cells were labelled with a fluorescent cell tracker. To ensure that the labelling method
did not alter the fluorescence intensity of CD45 and
CD11b antibodies, unlabeled and labelled CP macrophages were compared, showing no change in CD45 and
CD11b fluorescence (Figure 2A). Furthermore, we
observed no APC/cell tracker+ cells in the CD11b+ population isolated from WM (Figure 2B).
Figure 1 | Microglia isolation method at a glance. Depicted are the two similar methods through which microglia were isolated from post-mortem brain tissue. CNS samples were dissected from either occipital cortex (GM), corpus callosum (WM),
or subcortical WM. Mechanical disruption of tissue was performed using scalpel (WM) or tissue sieve (GM). Dissociated tissue
was then subjected to enzymatic digestion, using DNAse I and either collagenase I (previous method) or trypsin (current
method), for 1 h and 45 min respectively. The resulting single cell suspension was subjected to gradient separation using Percoll. The glial cell fraction was extracted, washed, and subjected to CD11b+ purification using magnetic beads. CD11b+ cells
were eluted by removing the column from the magnet and flushing the column.
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Figure 2 | Isolated microglia from post-mortem human CNS tissue are distinguishable from autologous macrophages.
A) FACS plot showing non-labeled (red) and far red cell tracker-labeled (blue) populations of CP-derived macrophages,
CD11b/CD45 expression for both populations are shown in the FACS plot of the corresponding number. B) FACS plot showing a non-labeled population of WM microglia, note the absence of cell tracker signal. C) FACS plot showing a mixed population of cell tracker-labeled CP macrophages and non-labeled WM microglia, CP-derived macrophages are clearly separated
by cell tracker labeling. D) Contour plot showing the forward (FSC-A) and sideward (SSC-A) scatter distribution of non-labeled WM microglia (red) and cell tracker-labeled CP macrophages (blue), showing distinct population size and granularity for
each group. E) The same population of mixed cells as in C, showing CD11b and CD45 immunolabeling, showing increased
staining for both markers in CP macrophages (blue) compared to WM microglia (red). F-G) Quantification of the same cell
tracker labeling strategy from seven brain donors shows that CD11b and CD45 geomean is increased in CP macrophages
compared to WM microglia for all isolations (paired t-test). **p-value < 0.01, ***p-value < 0.001.

Representative FACS plots showing the gating strategy to investigate only viable cells, including assessment of background fluorescence using isotype controls, is shown in Figure S1. Spiking the WM
CD11b+ cells with labeled CP CD11b+ cells enabled us to stain a combined population of WM and CP
cells for CD45 and CD11b, while allowing separation of the populations based on APC+ (Figure 2C).
Comparing the size and granularity of both cell populations in one pool of cells identified CD11b+
cells from WM to have different population characteristics compared to CD11b+ cells from CP, showing the macrophages to be larger and more granular (Figure 2D). Furthermore, CP-derived macro34
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phages clearly showed a higher expression of CD45 and CD11b, when compared to WM-derived
cells (Figure 2E). Quantification of the same analyses from seven different donors with different
neurological diagnoses showed that the observations regarding CD45 (avg. 190.8% higher expression
levels; Figure 2F), and CD11b (avg. 106.4% higher expression levels; Figure 2G) are consistent for all
investigated donors. We conclude that microglia can be reliably isolated from post-mortem human
CNS tissue, without apparent macrophage contamination due to the fact that a large reservoir of
macrophages is not present in the CNS parenchyma.

Viable microglia yield from white and grey matter correlates with CSF pH
Since post-mortem microglia isolations were performed on brain samples from varying neurological
disease and control donors, we first assessed the differences between the various groups of donors
with respect to age, PMD, and CSF pH. Only the MS donor group showed a significant deviation
from other groups in age (Figure 3A) and PMD (Figure 3B), whereas no significant differences were
observed in CSF pH at autopsy between groups (Figure 3C). The difference in PMD is explained by
the longer autopsy protocol for MS donors in which MRI-guided dissection is needed to separate
normal-appearing WM (NAWM) from lesioned areas25, whereas the difference in age is explained by
mortality at a younger age in MS. We then combined data from all isolations, which clearly showed
a higher yield of viable microglia per gram WM compared to GM tissue (Figure 3D). This combined
graph also shows the high donor-to-donor variability in microglia yield, in both WM and GM isolations. Colors separating the isolations performed using the two described methods showed that the
current trypsin method produced the highest yields, although the average yield between the two
methods is not significantly different (Figure S2).
Since the region-specific difference in microglia yield could be caused by an inherent difference between WM and GM microglia, we separately analyzed isolations from WM and GM to correlate with donor clinical parameters. We first analyzed the influence of a neurological diagnosis on
microglia yield. Although both the AD and FTD groups showed lower WM microglia yield averages
compared to the control, MS, and PD groups (Figure 3E), the average number of microglia isolated
from WM and GM (Figure 3F) was not significantly different between groups. We next analyzed the
effect of donor age, PMD, and CSF pH on microglia yield. For WM microglia isolations, we observed
a significant correlation of viable microglia yield with CSF pH (Figure 3G), but no correlation with
either PMD (Figure 3H) or age (Figure 3I). Although the average yield from GM microglia isolations
was much lower than those from WM, we observed a similar significant correlation of GM microglia yield with CSF pH (Figure 3J) and similarly no correlation with either PMD (Figure 3K) or age
(Figure 3L). Besides investigating PMD, we also included the total time until tissue processing (PMD
+ time until isolation; averaging 20.8 h over all isolations) in our analysis, which did not show any
correlation to microglia yield (Figure S3).
Combined, our data encompassing microglia isolations from over 100 donors clearly shows
a robust effect of CSF pH, shown to reflect cortical pH at autopsy26, on viable microglia yield from
post-mortem brain tissue. We have analyzed the clinical information of all donors to determine
which variables correlate with CSF pH. In our donor group, the cause of death, often reflecting the
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agonal state of the donor before passing, is associated with CSF pH (Figure S4) and shows that the
average CSF pH is significantly lower in donors that suffered from cachexia or pneumonia before
death, compared to donors that underwent euthanasia.

Changes in microglia expression of CD45 and CD11b are mainly attributable to differences between grey and
Figure 3 | Viable microglia yield is correlated with CSF pH, not age or PMD. A-C) Scatterplots showing the distribution
of age, PMD, and CSF pH across donor groups. The MS donor group shows significant differences in both age and PMD
compared to other groups (one way ANOVA, Dunn’s multiple comparison test). Note that CSF pH is not related to neurological diagnosis. D) The number of microglia isolated per gram tissue is higher in WM compared to GM isolations (unpaired
Mann-Whitney test). Isolations performed using the previous method are denoted in red, those using the current method in
blue, continued in following graphs. E-F) Microglia yield per gram of WM or GM tissue from different neurological groups
shows no differences due to diagnosis (one way ANOVA, Dunn’s multiple comparison test). G-I) Microglia yield from WM
tissue shows a significant positive correlation with CSF pH, but not with PMD or age (Spearman correlation). J-L) Microglia
yield from GM tissue shows a significant positive correlation with CSF pH, but not with PMD or age (Spearman correlation).
*p-value <0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001.
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white matter, and neurological diagnosis
In order to investigate whether microglia show an altered phenotypical state when isolated from
different donor groups, due to varying levels of CSF pH, or under the influence of post-mortem
variables like PMD, we performed minimal phenotyping of the isolated microglia. We previously showed increased CD45 expression by microglia derived from MS NAWM compared to nonMS WM23 as well as by WM microglia isolated from donors with a high degree of peripheral inflammation21. Using an extended group of non-demented controls and MS donors, we confirm the
elevated CD45 expression in microglia from WM of MS donors (Figure 4A). CD11b expression
was also elevated in microglia from WM of MS donors, but did not reach significance (p = 0.067).
The same analysis of CD45 and CD11b expression of GM microglia from MS and control donors
showed no difference in mean fluorescence (Figure S5). Therefore, to exclude any effects of diseaserelated changes in microglia activation, we have only included isolations performed on nondemented control donor material in the following analyses. Using CD45 and CD11b immunoreactivity as a readout for microglial activation state, we analyzed microglia isolated from either WM
or GM tissue. Interestingly, we observed a significantly lower membrane expression of CD45 of microglia isolated from GM, when compared to WM-derived microglia (Figure 4B), whereas CD11b
expression is not significantly different (Figure 4C).
Since we also observed a difference in microglia yield from both regions, we separately
investigated the effect of clinical and post-mortem parameters on microglia from WM and GM isolations. The membrane expression of CD45 and CD11b of microglia isolated from WM tissue did not
correlate significantly with either CSF pH, PMD, or age (Figure 4D-I). The CD45 expression pattern
for microglia isolated from GM was comparable to that of WM microglia, showing no significant correlation with any of the parameters investigated (Figure 4J-L). In microglia isolated from GM, CD11b
expression shows no correlation with CSF pH or age (Figure 4M, O). Differently from WM microglia
however, CD11b expression in GM microglia significantly correlates with increasing PMD (Figure
4N). We have also included total time until tissue processing in our analysis, showing no correlation
with either CD45 or CD11b expression (Figure S6).
Taken together, our data show that microglial CD45 expression clearly differs between cells
isolated from WM or GM. Average CD45 expression on microglia isolated from either WM or GM is
unrelated to CSF pH, PMD, age, and population viability. We show a similar absence of correlations
for CD11b in both GM and WM microglia, with the only exception being that GM microglia showed
increasing CD11b expression with increasing PMD. By combining data of both microglia isolation
methods, we also observed a significant increase in both CD45 and CD11b expression of GM microglia isolated using the current method, compared to the previous protocol (Figure S7). This difference
was not observed for WM microglia.
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Figure 4 | Microglia phenotype in relation to diagnosis and donor variables. A) Fluorescence geometric means for CD45 and
CD11b of microglia isolated from MS or control WM tissue. CD45 expression is significantly higher, CD11b expression does
not reach significance (unpaired t test). Isolations performed using the previous method are denoted in red, those using the
current method in blue, continued in following graphs. B-C) Fluorescence geometric mean for CD45 and CD11b expression
of microglia from WM and GM from non-demented control donors only. CD45 expression but not CD11b expression of WM
microglia is increased compared to GM microglia (Mann-Whitney test). D-F) Correlation plots of fluorescence geometric
mean of CD45 expression by WM microglia show no significant correlation with CSF pH, PMD, or age (Pearson correlation).
G-I) Correlation plots of fluorescence geometric mean of CD11b expression by WM microglia show no significant correlation
with CSF pH, PMD, or age (Pearson correlation). J-L) Correlation plots of fluorescence geometric mean of CD45 expression
by GM microglia show no significant correlation with CSF pH, PMD, or age (Pearson correlation). M-O) Correlation plots of
fluorescence geometric mean of CD11b expression by GM microglia shows a significant positive correlation with PMD, but
not with CSF pH or age (Pearson correlation). ***p-value < 0.001, ****p-value < 0.0001.
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In vitro applications of primary human microglia and effects of cryogenic storage
To expand the possible research applications of primary human microglia, we investigated the possibility to cryogenically store microglia for biobanking purposes and their potential for (long-term) in
vitro culture. Using poly-L-Lysine as a culture substrate, we found that primary microglial cultures
show a slightly ramified morphology and can be maintained for 5 days in vitro (DIV) (Figure 5A) and
10 DIV (Figure 5B) without apparent signs of proliferation or cell death. Accordingly, immunocytochemistry for proliferation marker Ki-67 only sporadically decorated microglia nuclei (Figure S8).
All microglial cultures were derived from WM samples, as microglia cultures from GM isolations
showed no adherence or outgrowth past 2 days in culture. Microglia retain phagocytic function after
5 DIV, as evidenced by the uptake of pHrodo-labeled myelin (Figure 5C). How the cultured microglial phenotype compares to the phenotype directly after isolation however, has not been addressed
to date. We therefore used microglia isolated from four different WM donors, isolated RNA either
directly after isolation or after 4 days of basal culture, and investigated the change in gene expression from acute to cultured microglia for each donor (Figure 5D). Of all investigated genes, only the
macrophage marker and lipopolysaccharide coreceptor CD14 was significantly upregulated after 4
days. Interestingly, the microglia/macrophage markers purinergic receptor P2Y12 (P2RY12), fractalkine receptor (CX3CR1), and CD11b were all significantly decreased after 4 days. Moreover, the proinflammatory cytokine interleukin 1 beta (IL-1b) showed an increase in expression, but did not reach
significance, and immune-activated genes were downregulated, including pro-inflammatory tumor
necrosis factor (TNF), glutamate aspartate transporter (GLAST), MHC class II subunit HLA-DRA, Fc
gamma receptor IIIa (CD16a), and anti-inflammatory interleukin 10 (IL-10) and transforming growth
factor beta (TGFβ). Gene expression of interleukin 1 alpha (IL-1α), chemokine C-C motif chemokine
ligand 3 (CCL3), interleukin 6 (IL-6), CD45, and the CD200 receptor (CD200R) was unchanged. Using
this selected set of genes, it becomes apparent that microglia undergo phenotypical changes during
culture.
Since RNA analysis directly after isolation is important to accurately relate microglial phenotype to the in situ state of the tissue, we analyzed whether RNA yield is constant between donors. We
found a significant correlation between the number of viable cells used and the RNA yield obtained
(Figure 5E). Finally, we analyzed the potential to cryogenically store acutely isolated microglia, and
the effect of a freeze-thaw cycle on RNA integrity and minimal phenotype. The average recovery
rate of viable cells from frozen samples was 27%, although highly variable (±22.7%, Figure 5F). We
analyzed the RNA integrity (RIN) from RNA extracted from microglia immediately after isolation,
and after cryogenic storage, from the same donors. Although RIN values were slightly decreased, we
found no significant decrease of RIN values after thawing and RIN values did not drop below 6, reflecting usable mRNA in many applications (Figure 5G). We furthermore analyzed CD45 and CD11b
expression on viable microglia before and after thawing. CD11b expression was not significantly affected by cryogenic freezing and thawing (Figure 5H), but CD45 expression was increased in thawed
microglia compared to acutely analyzed cells, possibly reflecting ongoing cell activation or the selective loss of cells with low CD45 expression. Thus, albeit a small sample size, we show that microglia
can be cryogenically frozen and stored for biobanking purposes while maintaining the possibility
to phenotype using flow cytometry or to analyze gene expression. Furthermore, microglia can be
39

2

cultured for multiple days, but show profound changes in their gene expression profile due to
culture.

Figure 5 | Culture and cryogenic storage of human primary microglia. A-B) Representative phase contrast images of WM
microglia under basal culture conditions showing cells with a slightly ramified morphology cultured for 5 days and 10 days
respectively (x200). C) Phase contrast image (x100) of WM microglia incubated with pHrodo-labeled myelin for 48 h at 5 DIV.
Superimposed red fluorescence signal shows labeled myelin in phagosomes. D) Gene expression analysis of microglia after
4 DIV compared to acutely lysed cells, expressed as fold change from acute (Mann-Whitney tests, n=4). E) Correlation plot of
RNA yield with starting number of microglia (Spearman correlation). F) Linked scatterplot showing the recovery of viable
microglia after cryogenic storage. Cells from both WM and GM were used (n = 15). G) RNA integrity of samples from cryogenically stored microglia is not significantly decreased compared to acutely lysed samples (Wilcoxon matched-pairs test).
H) Fluorescence geometric mean of CD45 and CD11b expression of WM microglia before and after cryogenic storage shows
that CD45, but not CD11b expression is increased due to freezing (Wilcoxon matched-pairs test). *p-value <0.05.

Discussion
In a time-span of 5 years, over a hundred human primary microglia isolations have been performed
on post-mortem human brain samples. Analyzing the results of these efforts, we here confirm that
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human microglia can be readily isolated from post-mortem CNS tissue based on the membrane expression of CD11b, that microglia are distinguishable from macrophages, and that the yield of viable
microglia is linked to the acidification of the CNS at time of autopsy. Strikingly, neither age, PMD,
nor neurological diagnosis was correlated with viable microglia yield. The microglia phenotype from
control donors, as assessed by CD45 and CD11b expression, was not correlated with brain acidity,
donor age, or PMD. We did observe a robust effect of clinical MS diagnosis on CD45 expression, and
to a lesser extent on CD11b expression. This finding is of great importance to any study aimed at
linking changes in microglial phenotype to a neurological diagnosis. Finally we show that isolated
microglia are suitable for culture and cryogenic storage, but provide a cautionary note regarding the
changes in microglia gene expression profile due to culture. In summary, the most important conclusion drawn from this study is that after rapid isolation, changes in microglial phenotype can be
readily attributable to neurological disease parameters, rather than reflecting uncontrollable donor
parameters like age, PMD, idle tissue time, or CNS acidity. This finding is of critical importance to
published and future studies implementing the characterization of purified microglia.
The use of purified human microglia to study pathogenic mechanisms of various neurological disorders is relatively new. So far, only a small number of publications exist that describe a microglial phenotype, studying acutely isolated cells with flow cytometry or gene expression analysis,
in relation to clinical diagnosis. Our group has previously shown that WM microglia isolated from
donors with peripheral inflammation21 and donors diagnosed with MS23 display increased size, granularity, and CD45 expression when compared with microglia derived from control donors. Similar
findings exist for glioblastoma-derived microglia27. These findings clearly demonstrate the potential
of purified microglia to shed light on neurological disease processes. There is a growing interest in
the use of primary glial cells. A protocol was recently described for the acute purification of human
astrocytes from human cortex28, representing the first description of the molecular profiles for human
astrocytes from healthy and tumor tissue, as well as showing a clear distinction between cells from
human and mouse origin. Although the advent of genetic animal models resulted in valuable tools
to study microglia phenotype and function in animal models of neurological disease29, the use of human primary cells to study human CNS disorders should gain more traction in the near future. Inevitably, studies that make use of purified human microglia will encounter high inter-donor variation
in both cellular yield and experimental read-out. This study, using a relatively large donor sample
size is therefore ideally suited to describe donor variables that should be taken into account when
analyzing the experimental read-out parameters.

Microglia yield
Microglia yield is an important factor to address when considering the feasibility of experiments
using human microglia. While we did not find any relation of donor age or neurological diagnosis
with the cellular yield per gram of brain tissue, CSF acidity at the time of autopsy was a strong indicator of total yield. This finding is in line with previously reported findings on microglia yield using
a similar purification method27. Interestingly, the same authors reported similar yields from WM,
GM, and mixed samples, whereas we observed a clear difference in the number of cells that can be
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obtained per gram of WM and GM tissue. This finding could reflect a difference in microglia density
between WM and GM regions, an observation which has been reported using human post-mortem
immunohistochemistry in control brain tissue30. Alternatively, a regional difference might exist in
the microglial sensitivity to the isolation method. The discrepancy between both studies could be
explained by the difference in total sample size. In our donor population, we did not find a correlation between CSF pH and neurological diagnosis or age. As CNS acidity has been shown to relate to
agonal state and tissue quality31, we analyzed our donor population accordingly, and found that the
cause of death relates to CSF pH. Donors suffering from cachexia or pneumonia before death showed
lower CSF pH than donors that underwent euthanasia. The total microglia yield was not affected
by variations in PMD or the total time after death before the tissue was processed. This important
finding is in line with previously published findings27, even though the average PMD of the samples
used in the study by Olah et al. in most cases far exceeded our average PMD of 6.7 h. This implies
that brain autopsies with long (>12 h) PMDs are still of value to microglia isolations. Combined, this
supports the fact that microglia isolations can also be performed by research groups that do not have
access to tissue samples within hours after autopsy. Although the average time between death and
tissue processing throughout our samples was only 20.8 h, a number of isolations were performed
up to 70 h after death, which still yielded viable microglia. Finally, we show that donor age does
not influence the microglia yield. Throughout Figure 3, the combined data are shown for isolations
performed using either the previously published or current method. Although the average number
of cells/g tissue is higher using the current method, we observed no significant differences between
both methods in terms of yield. The currently described method should be preferred however, since
it is faster and yields similar or higher microglia numbers.

Microglia phenotype
Since CD11b does not discriminate between microglia and macrophages and no specific human extracellular microglia marker has been described to date, we wanted to ensure that the CD11b+ populations isolated from both WM and GM samples are indeed microglia and are not reflecting the
presence of infiltrated macrophages in the parenchyma. Although we have previously shown that
macrophages isolated from CP are distinguishable from microglia by size, granularity, and CD45/
CD11b expression21,23, these analyses were performed on separately isolated populations of cells.
To further strengthen the notion that macrophages are not the source of CNS parenchymal CD11b+
cells, we developed a way to study both macrophages and microglia in one population. By fluorescently labeling the autologous CD11b+ population isolated from CP tissue, and spiking these cells
in the parenchymal CD11b+ population before minimal phenotyping, we show that microglia and
macrophages can be easily distinguished within the same population of cells, by size, granularity
and CD45/CD11b expression, similar to findings in murine microglia10.
The main reason to use an acute and direct purification of microglia from post-mortem CNS
samples is to exclude phenotypical changes induced in these cells by prolonged adherence steps
used in other isolation protocols22,32,33 as was shown two decades ago by Becher and Antel5. Any phenotypical change detected in acutely isolated populations should therefore be relevant to the neuro42
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pathological status or CNS location of the samples from which the cells were extracted. We observed
a significant difference in CD45 expression, but not CD11b expression when comparing WM and
GM microglia from control donors. This finding is in line with the notion of region-specific microglia
phenotypes described recently34,35 as well as a recent study showing different expression profiles for
human microglia from cortex and WM36. We show that microglia isolated from MS WM can be distinguished from microglia from control donors based on CD45 expression, reflecting an alerted state23,
as human microglia are known to increase the expression of specific CD45 isoforms upon immune
activation37. However, the MS donor group, due to disease characteristics and autopsy protocol respectively, also significantly deviates from the control group in age and PMD. It is therefore crucial to
be aware of any effect of clinical parameters (other than neurological) on microglia phenotype. Our
data clearly show that none of the parameters investigated (PMD, donor age, CSF pH, total time until
isolation, and cell viability) had a significant effect on the minimal phenotype. The only exception to
these observations was the CD11b expression of GM microglia, for which a positive correlation with
PMD was found. These findings strengthen the notion that microglial changes found in acutely isolated populations can be reliably attributed to the neuropathological status of the CNS sample. That
being said, clinical parameters in donor groups should be carefully considered, especially for GM
microglia comparisons. Furthermore, care should be taken when comparing microglia phenotypes
between studies using different isolation methods. We made use of two similar methods where the
main difference is the use of either trypsin or collagenase I, both of which are widely used for tissue
digestion. Although no differences were apparent in WM microglia phenotype, GM microglia appear
to be more sensitive to the choice of method, showing increased CD45 and CD11b immunoreactivity
with the current method. Although our sample size for this comparison was small, this could reflect
a differential sensitivity of differentiating markers to enzymatic cleavage in WM and GM microglia.

In vitro culture and cryogenic storage of primary microglia
The immediate analysis of the proteome or transcriptome of acutely isolated microglia will continue
to be the most accurate reflection of microglial phenotype in situ. However, functional assays using
primary human microglia could provide a unique tool to study functional microglial responses to
various stimuli in vitro, either related to neurological disease mechanisms or therapeutic interventions. To understand the outcomes of these types of study, it is crucial to map microglial changes
after isolation and during various culturing methods. Our group has previously shown the potential
for short-term culture of primary human microglia up to 72 h, in which microglia retain functional properties as evidenced by myelin phagocytosis24 and response to inflammatory stimuli21,36. We
here show that primary WM microglia, in contrast to GM microglia, can be maintained in culture
for up to 10 days without overt cell death, and that functional phagocytosis of human myelin can
still be induced after 5 culture days. The difference in culturing potential between WM and GM
microglia was a surprising finding, as culturing protocols for human GM microglia have been described32,33, although mainly for CNS surgery obtained samples. This might reflect a critical time window post-mortem for GM samples after which the microenvironment no longer permits microglia
to adhere in culture. Prolonged, or even very short-term culture will have an effect on microglia behavior. This was addressed recently using murine microglia38,39, showing the dependence of primary
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microglia on TGF-beta stimulation to maintain a resting microglia expression profile. Using a select
set of genes, we were able to identify major changes in the microglial gene expression due to 4 days
of basal culture using primary microglia from multiple brain donors.
Although no evident pro- or anti-inflammatory profile could be distinguished, it was clear
that the widely used microglia markers P2RY1238 and CX3CR140 were decreased in expression level.
In contrast, the lipopolysaccharide co-receptor CD14 was highly upregulated, as we and others have
shown before with increasing culture time5,21. Our data show that cultured human microglia can be
readily used in functional experiments, but it should be stressed that cultured microglia can no longer be compared to their acutely analyzed counterparts. Whether specific culture conditions like the
addition of TGFβ1 are also able to skew cultured human microglia to a more resting-like phenotype
warrants further investigation. An alternative isolation method to obtain pure populations of primary human microglia from autopsy tissue was recently described, relying on the adherent properties
of microglia33. When purifying microglia for functional experiments, total cell yield becomes especially important, so the choice of isolation method must be determined by the downstream application. Finally, we explored the possibility of cryogenically storing primary microglia for biobanking
purposes. This would allow researchers without direct access to unfixed brain autopsy samples to
work with primary human microglia, enhancing the amount of possible scientific investigation. We
here show that although cell recovery after cryogenic storage is variable, high quality RNA can still
be extracted after cryogenic storage, and minimal cellular phenotyping is still possible. Since we do
show effects of cryogenic storage on CD45 expression, acutely analyzed microglia and cryogenically
stored microglia should not be compared directly.

Conclusions
In summary, we show that changes in microglial phenotype, analyzed in an extensive collection
of acutely isolated microglia, can be attributed to neurological diagnosis rather than reflect normal
variation in ante and post-mortem parameters. This finding is of critical importance to published and
future studies revolving around the characterization of acute cell isolations from human neurological
specimens.
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Supplemental Material
Supplemental table 1 | Forward and reverse primer sequences used in this study
Primers

Forward

Reverse

IL10

TGCCTTCAGCAGAGTGAAGACTT

TCCTCCAGCAAGGACTCCTTTA

IL6

CAGCCACTCACCTCTTCAGAA

TGCCTCTTTGCTGCTTTCACA

CCL18

CCCAGCTCACTCTGACCACT

GTGGAATCTGCCAGGAGGTA

CD200R

GAGCAATGGCACAGTGACTGTT

GTGGCAGGTCACGGTAGACA

CD163

AAGACGCTGCAGTGAATTGCA

GGATCCCGACTGCAATAAAGGAT

HLA‐DRA

CCCAGGGAAGACCACCTTT

CACCCTGCAGTCGTAAACGT

FCGR3

AGAATGGCAAAGGCAGGAAGT

AAAAGCCCCCTGCAGAAGTAG

CX3CR1

TTGGCCTGGTGGGAAATTTGT

AGGAGGTAAATGTCGGTGACACT

P2RY12

TGGATACATTCAAACCCTCCAGA

GGTGCACAGACTGGTGTTAC

GLAST

GCTGTGGTGATTGGCATAATCA

CAGCTGTCACTCGTACAATTTTGC

TGFb1

CGCGTGCTAATGGTGGAAA

CTCGGAGCTCTGATGTGTTGAA

IL1b

CCAGCTACGAATCTCGGACCACC

TTAGGAAGACACAAATTGCATGG
TGAAGTCAGT

IL1a

CATCGCCAATGACTCAGAGAAG

TGCCAAGCACACCCAGTAGTCTTGCTT

CD14

ACAGGGCGTTCTTGGCTCGC

CGGGAAGGCGCGAACCTGTT

CD11B

TGCTTCCTGTTTGGATCCAACCTA

AGAAGGCAATGTCACTATCCTCTTGA

CD45

GCAGCTAGCAAGTGGTTTGTTC

AAACAGCATGCGTCCTTTCTC

CCL3

GCAGCAGACAGTGGTCAGT

GTGCAGAGGAGGACAGCAA

TNFa

GGCGTGGAGCTGAGAGATA

CAGCCTTGGCCCTTGAAGA

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

EF1a

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

2

Supplemental figure 1 | Representative FACS plots showing the gating strategy used to assess isolation efficiency and
microglial surface marker expression. Consecutive steps from left to right: size and granularity gating to filter out debris,
gating on viability dye exclusion, gating on the CD45+/CD15‐ population, and finally gating for the CD45+/CD11b+ population.
The histograms show the appropriate isotype controls (in red) compared to the specific antibodies (in blue).
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Supplemental figure 2 | Viable microglia yield shows no overall significant difference between both isolation methods, in
both WM and GM isolations (unpaired Mann‐Whitney test).

Supplemental figure 3 | Scatter plots showing the viable microglia yield and total time until processing. No correlation was
found for WM nor for GM isolations.

Supplemental figure 4 | CSF pH of brain donors shows a correlation with cause of death. Donors that underwent euthanasia
showed significantly higher CSF pH than donors that underwent cachexia or pneumonia (one‐way ANOVA, Newman‐Keuls
multiple comparison, * p<0.05).

Supplemental figure 5 | Fluorescence geometric means for CD45 and CD11b of microglia isolated from MS or control GM
tissue.
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Supplemental figure 6 | Fluorescence geometric means of microglia plotted against total time between death and tissue
processing for CD45 and CD11b from WM samples (upper panels) and GM samples (lower panel) derived from only non‐demented control donors.

Supplemental figure 7 | Microglial CD45 and CD11b geometric means show a select sensitivity of GM microglia to the isolation method, where both CD45 and CD11b expression are higher in cells isolated through the current method (Mann Whitney
test, *p<0.05, **p<0,01).
Supplemental

figure

Representative

immunocyto-

8

|

chemistry image for Ki‐67 (red)
shows an incidental Iba‐1+
(green) microglial DAPI+ blue)
nucleus. Microglia were fixed
after 4 days in vitro (200x magnification).
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Abstract
In order to translate the findings obtained from post-mortem brain tissue samples to functional biologic mechanisms of central nervous system disease, it will be necessary to understand how these
findings affect the different cell populations in the brain. The acute isolation and analysis of pure
glial cell populations are common practice in animal models for neurologic diseases, but are not yet
regularly applied to human post-mortem brain material. The development of novel cell isolation
techniques and methods for transcriptomic and proteomic analysis have made it possible to isolate
and phenotype primary human cell populations from the central nervous system. The psychiatric
program of the Netherlands Brain Bank has considerable experience with the purification of glial
cells. This chapter will review the rapid isolation and phenotyping procedures for two major glia
cell populations in the human brain, microglia and astrocytes, and will also discuss the potential for
biobanking these cells, as well as the possible alternatives to cell isolations. The acute isolation of glial
cells without culture-based adherence steps allows the analysis of glial alterations that underlie, or
are the result of, disease neuropathology of the donor.
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Introduction
Pathophysiologic investigations into neurologic or psychiatric disorders of the central nervous system (CNS) will eventually converge into research questions that focus on the individual functional
units of the CNS, i.e., the individual cells. Traditionally research into CNS disorders has focused on
genetic studies, non-invasive imaging studies, post-mortem CNS tissue analysis, and animal and
cellular models, and only more recently has the use of primary human brain cells been developed
successfully for neuroscience research. This is not surprising, since the techniques required to isolate
intact, viable cells from the human CNS have only emerged in the last decade. In addition, the availability of fresh human CNS tissue, derived from either rapid autopsy or surgical resection, is limited
or unobtainable for most researchers. Fortunately, the current global rise in brain banking initiatives
is enabling more researchers to work with this valuable material1. Although the use of intact, frozen
or fixed, post-mortem human tissue remains an invaluable tool to study human CNS disorders, the
possibility of studying isolated populations of primary human CNS cells provides a new way to
directly study changes that are associated with CNS disorders, leading to disease-relevant cellular
mechanisms. Current research methods now allow the investigation of gene expression profiles in
heterogeneous populations of single cells or in specific combined subpopulations of cells2. Cellular
biobanking will be necessary in order to more widely distribute primary human CNS cells and to
make this valuable resource available to more researchers. The purification, storage, and dissemination of glial cells were key points in the development of the psychiatric program of the Netherlands
Brain Bank (NBB-Psy).
In this chapter we will provide an overview of current methods to isolate and characterize
human primary glial cells. We will discuss the inherent limitations, as well as possible alternatives to
study specific CNS cell populations from human post-mortem tissue.

Glial cells in neurological and psychiatric diseases
The use of primary human cells is considered standard practice in fields where access to human tissue or fluid to derive primary cells from is easily obtained. For example, in immunology, oncology,
and hematology, human cells are used extensively to further our understanding of the disease process. However, in neuroscience research, only a small number of publications exist in which primary
human CNS cells are isolated and characterized. This limitation is inherent to the field of human
neuroscience, due to the nature of the human brain, which is inaccessible without highly invasive
methods (brain surgery and biopsies). The inaccessible nature of the brain also leads to an extended
period of time between death and sampling, or post-mortem delay (PMD). Moreover, historically
primary CNS cell biology has been neglected because it was reasoned that neurons should only be
studied as networks, and not as single cells. This reasoning also affected primary glial cell research.
The development of novel ways to extract information from post-mortem brain tissue is therefore
a highly relevant area of neuroscience research, which will be crucial in forming new insights into
human CNS disorders.
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The use of human brain tissue provides the most direct strategy to develop and test new
hypotheses about the molecular and cellular basis of neurologic and psychiatric disorders. Recent
years have seen great advances in our understanding of the molecular alterations underlying many
CNS disorders; however these insights have not led to effective new therapeutic approaches to prevent or reverse brain diseases. A possible reason for this is the focus on neuronal functioning in identifying affected pathways underlying CNS disorders. While the focus on neuronal dysfunction to
explain neurologic symptoms seems a logical one, the molecular substrate for dysfunction might also
lie in glial cells. It is becoming increasingly clear that glia, astrocytes, microglia, and oligodendrocytes influence all major aspects of normal neuronal processes, including synaptic transmission and
neuronal plasticity, under both homeostatic and pathologic circumstances, and in both neurologic
and psychiatric disorders3–5. It is therefore important to combine research efforts on both neurons
and glia in order to understand the neuropathologic processes underlying brain disease. The search
for altered gene expression pathways and disturbances in neuronal communication and function
should therefore expand to include glial cell populations as well. A recent example illustrates the
importance of this expanded view, by focusing on the biologic mechanism underlying a genetic risk
factor for schizophrenia through microglia-mediated effects on synapse elimination6. Only by combining genomic, transcriptomic, immunohistochemical, and cell biologic data derived from all CNS
cells will we come to novel insights into the development and pathophysiology of neurologic and
psychiatric disorders, and subsequently novel approaches to counteract or prevent these changes.

Microglia
Microglia are brain-resident phagocytic cells, with their ontogeny traced back to a population of
myeloid progenitors from the yolk sac during embryonic development7,. Under homeostatic conditions the microglia population in the adult CNS is maintained through self-renewal without influx
of peripheral cells9,10. Microglia are key players in normal CNS function, fulfilling essential roles in
neurodevelopment, adult synaptic plasticity, and brain immunity11,12. In the adult brain, microglia
act as surveyors of the local environment to sustain homeostasis and are therefore highly sensitive to
changes associated with damage, inflammation, or infection within and outside the CNS. It is therefore not surprising that changes in microglia function have been described in or proposed to underlie
changes in most known neurologic disorders like Alzheimer's disease13, Parkinson disease14, and
multiple sclerosis (MS)15. While neuropathologic alterations can be clearly identified in the post-mortem brain tissue of these neurologic disorders, the neuropathology is less obvious in most neuropsychiatric disorders. But even in the absence of clear neuropathologic alterations, microglia have been
implicated in disorders like major depressive disorder, schizophrenia, and bipolar disorder3,16.
Most research on the function of microglia and on their role in health and disease has been
conducted on in vivo murine models, where a wide range of genetic models have greatly facilitated
our understanding of microglia characteristics in health and disease (reviewed by Crotti and Ransohoff, 201617). Studies into human microglia function have highlighted similarities but also crucial
differences between mice and humans18. However, regardless of these similarities and differences,
the disease mechanism of many human CNS disorders without a known underlying cause will never be replicated in animal models. To investigate the role of microglia in the context of human CNS
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disorders, it is therefore crucial to also study human primary microglia.

Astrocytes
In the adult brain, astrocytes are the most abundant cell type, constituting about 40% of all cells,
although a recent publication provides proof of a more conservative number, ranging from 10% to
20%19. In contrast to microglia, astrocytes derive from the same neuronal precursor cells as neurons
and oligodendrocytes during early CNS embryogenesis. Long considered to be mere passive support
cells for neurons, the view on astrocyte function has changed tremendously from their initial classification. Astrocytes, like microglia, have been shown to fulfil a plethora of functions crucial for normal
developmental and adult CNS functions. Genetic and disease animal models have implicated astrocyte involvement in all aspects of synaptic regulation3, including synapse elimination20. Astrocytes
have long been known to play a crucial role in buffering the extracellular space to regulate ion21 and
neurotransmitter22 concentrations to ensure normal neuronal function. Furthermore, the regulation
of CNS blood flow and blood–brain barrier homeostasis are functions that have long been attributed
to astrocytes23.
The central role astrocytes play in normal CNS physiology, perhaps unsurprisingly, implicates astrocytes in most neurologic disorders: from developmental disorders24 and psychiatric
disorders3 to neurologic disorders where neuroinflammation plays a large role25. The morphology
of human astrocytes is considerably different from their murine counterparts26 and likely reflects a
profound functional difference. Interestingly, transplanting human glial progenitors into a mouse
brain is reported to be able to improve the cognitive function of the mouse27. In addition, in animal models of different CNS disorders, activated microglia can induce a subtype of reactive astrocyte to drive neuronal dysfunction and neurodegeneration28 and highlights the need to study
separate CNS cellular populations from within the same brain regions. By dissecting the contributions of different CNS cells and cellular subtypes to certain pathologic states, we can unravel
the specific processes involved and increase our potential to intervene in these processes. To fully understand astrocyte function and dysfunction in the human brain, a method is needed that
allows the direct purification and analysis of these cells from diseased and control brain tissue.

Oligodendrocytes
Oligodendrocytes are the myelinating cells of the CNS that allow the fast and efficient transfer of
neuronal communication through the myelination of axons. By ensheathing axons with laminated, lipid-rich membranes, oligodendrocytes produce the electric insulation needed for fast saltatory axonal conduction. Besides providing these segments of insulation, oligodendrocyte myelin
is important for axonal integrity and provides direct metabolic support. This is illustrated by the
observation that small changes in oligodendrocyte metabolism lead to neurodegeneration29. Oligodendrocytes derive from oligodendrocyte precursor cells (OPCs) both during development and
in the adult brain30. Many aspects of human oligodendrocyte biology are poorly understood, in
part due to being hampered by the limitations of studying primary human cells. The importance
of oligodendrocyte functions and the need for insights into the process of (re)myelination are ex55
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emplified by the chronic demyelinating disease MS, where inflammatory demyelination results in
lesions that eventually fail to be remyelinated, leaving axons without proper insulation and support, and resulting in various severe neurologic symptoms15. Changes in oligodendrocyte function, as evidenced by expression of myelin and myelin regulating genes, have also been linked to
psychiatric disorders like schizophrenia and bipolar disorder31. Understanding the dynamics of
myelination, axonal support, and how these processes relate to neurologic and psychiatric disorders will require the specific purification of OPCs and oligodendrocytes from the human brain.

Obtaining pure glial cell populations
To obtain purified populations of cells, fresh, unfixed brain tissue needs to undergo dissociation in
order to loosen intact cells from the extracellular matrix and to produce a (single) cell suspension.
Most published methods rely on a combination of mechanic and enzymatic tissue dissociation, although a method using only mechanic dissociation has been described for microglia as well. An
overview of the different studies and their methods used to obtain primary glia is given in Table
19.1. After tissue dissociation, most methods incorporate a density based method to exclude the
bulk of the myelin debris. Since myelin consists of tightly wrapped oligodendrocyte membranes,
it is unclear whether this step already excludes the presence of most mature oligodendrocytes in
the final suspension. One study indirectly describes the presence of mature oligodendrocytes
in the resulting cell suspension32. The most widely used methods rely on density gradient separation using either Percoll or glucose gradients, yielding a mixed glial cell population. This suspension likely contains most CNS cell types, including astrocytes, microglia, oligodendrocytes,
and OPCs, to be further purified in downstream steps. For isolations from gray-matter tissue,
this fraction also includes soma of disrupted neurons. The resulting cell suspension can then be
used in downstream methods to purify specific cell types through culture or capture techniques.
As many studies use different enzymatic digestions for the various CNS cell types, it is unclear if
certain enzymatic digestion favors the presence of specific cell types, or even subpopulations of
cells. One has to consider the fact that an over- or underrepresentation of a certain cell type in the
mixed suspension can arise as a result of the chosen dissociation strategy. A schematic overview
of the different methods and downstream analyses, described below, is depicted in Figure 19.1.

Adherence-based methods
A number of methods make use of the differential adherent properties of glia to enrich for microglia,
astrocytes, or oligodendrocytes through culture. These differential adherent properties can rely on
adhesion to culture plastics or specific substrates, like poly-L-lysine. An added advantage of this
approach is that the nonadhering cells can be collected and used to purify other cells like neuronal
precursor cells41 or oligodendrocytes34 as byproducts. Since human primary microglia do not readily
proliferate in culture, some protocols rely on the addition of mitogens like macrophage colony-stimulating factor and granulocyte–macrophage colony-stimulating factor to expand microglial cultures
in vitro. These methods usually have high cellular yields and ideally only have in vitro applications,
such as functional assays for phagocytosis or chemotaxis. While these methods are highly suited to
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study in vitro responses, microglia in culture have been shown to deviate greatly from noncultured
primary microglia under basal culture conditions and show a fast decline in expression levels of
well-described microglia markers42,49. Especially when mitogens are added in culture, it is highly
probable that these cells no longer reflect in situ changes and are therefore unsuited to relate findings
to the neuropathologic state of the donor material.

3
Table 19.1 | Overview of studies using various isolation methods to obtain primary human glia
Reference

CNS cell type

Tissue source and
dissociation

Purification method

Downstream
applications

Dick et al. (1997)33

Microglia

Biopsy, collagenase

Density-based gradient centrifugation

Flow cytometry

de Groot et al. (2000)34

Microglia, oligodendrocytes

Autopsy, trypsin

Adherence in culture

In vitro culture and
response to stimuli

Olah et al. (2012)35

Microglia

Autopsy, no enzyme,
trypsin, collagenase

Density-based separation, CD11b capture

Flow cytometry, in
vitro culture and
response to stimuli,
functional assays
(chemotaxis, phagocytosis)

Melief et al. (2012,
2013, 2016)36–38

Microglia

Autopsy, collagenase

Density-based separation, CD11b capture

Flow cytometry, in
vitro culture and
response to stimuli

Durafourt et al. (2013)39

Microglia

Biopsy, trypsin

Adherence in culture

In vitro culture, stimuli-induced polarization

Hendrickx et al.
(2014)40

Microglia

Autopsy, collagenase

Density-based separation, CD11b capture

In vitro culture,
functional assay
(phagocytosis)

Rustenhoven et al.
(2016)41

Microglia, neural
precursor cells

Biopsy, autopsy,
papain

Adherence in culture

In vitro culture,
response to stimuli,
functional assay
(phagocytosis)

Mizee et al. (2017)42

Microglia

Autopsy, collagenase,
trypsin

Density-based separation, CD11b capture

Flow cytometry, in
vitro culture

de Groot et al. (1997)43

Astrocytes

Autopsy, mechanical

Adherence in culture
(PLL coating)

In vitro culture

Kooij et al. (2011)44

Astrocytes

Autopsy, mechanical

Adherence in culture
(PLL coating)

In vitro culture,
response to stimuli,
functional assays
(efflux)

Sun et al. (2013)45

Astrocytes

Biopsy, papain

GLT1-positive cell
sorting

Gene expression analysis (microarray)
RNA-sequencing, in
vitro culture, functional assays (synapse
engulfment, trophic
support)

Zhang et al. (2016)46

Astrocytes

Biopsy, papain

Sequential immunopanning, hepacam
capture

Windrem et al. (2004)47

OPCs

Biopsy, papain

Antibody-mediated
capture

Grafted myelination
assays

Othman et al. (2011)32

Oligodendrocytes,
OPCs

Biopsy, papain

Adherence in mixed
glial culture

In vitro culture, immunocytochemistry

Medina-Rodríguez
et al. (2013)48

OPCs

Biopsy, papain

Adherence in mixed
glial culture

In vitro culture, immunocytochemistry,
differentiation assay

CNS = central nervous system; OPCs = oligodendrocyte precursor cells; PLL = poly-L-lysine.
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Antibody-based sorting methods
In order to specifically study multiple aspects of human glia, it is essential to obtain pure glia populations from post-mortem human brain samples. The main reason to use an acute and direct purification of glial cells from post-mortem CNS samples is to exclude phenotypical changes induced in these
cells by prolonged adherence steps used in other isolation protocols34,39,41. Any phenotypical change
detected in acutely isolated populations should therefore be relevant to the neuropathologic status or
CNS location of the samples from which the cells were extracted. Depending on the specificity of the
purification strategy, immediate isolation of glial cells will also reduce the number of contaminating
cells from undesired cell types. This increased specificity can come with the disadvantage of having
lower cell yields, thereby limiting the possibility of large-scale culturing applications. The basis for
the methods to directly isolate microglia lies in the method developed to isolate and phenotype rat
microglia50, which was further adopted to work with human brain tissue33. To enhance the purification of human microglia, we have developed a procedure based on cell density separation and
antigen capture using magnetic beads coupled to anti-CD11b antibodies36. A major advantage of this
isolation procedure in comparison with culture-based methods is that it allows for direct analysis of
isolated microglia. Using this technique, based on the membrane expression of CD45 and CD11b,
microglia can be distinguished from autologous peripheral macrophages36,42. The enzymatic digestion of post-mortem brain tissue and subsequent isolation of cell populations based on extracellular
markers have been used by other groups as well35,46 and currently provide the best means to study
CNS disease-related changes in a pure population of human microglia. With the increasing number
of RNA-sequencing studies performed on acutely isolated mouse microglia17, many new and specific extracellular markers for microglia are being described. A recent study shows that transmembrane protein 119 can be used to specifically purify mouse microglia using a cell-sorting approach51,
although this has not been confirmed using human tissue.
In contrast to studies on microglia, there are only a few publications to date that describe
methods to directly purify human astrocytes. Recently, Zhang and colleagues (2016)46 published a
novel way to directly purify adult primary human astrocytes from CNS tissue, based on the membrane presence of hepacam. An earlier study described the purification of adult astrocytes by sorting GLT1-positive cells from three CNS samples45. In both studies, only samples resected from the
adult CNS during neurologic surgery were used, and therefore the question remains whether these
cells can be purified from post-mortem tissue as well. Both studies highlighted the uniqueness of
the human astrocyte gene expression profile, compared to murine astrocytes. Furthermore, clearly defined gene expression profiles could be seen in astrocytes isolated from glioblastoma tumors.
The same study also describes the acute purification and analysis of mature oligodendrocytes,
whereas other studies only use isolated OPCs to generate oligodendrocytes in culture (Table 19.1).

Biobanking potential of purified cell populations
The ongoing increase in the number and size of brain banking initiatives worldwide has tremendous
promise for all neuroscientists who wish to expand their research into post-mortem CNS samples1.
Although this will increase the availability of fixed and/or frozen samples, it remains a challenge
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to implement a widespread distribution of fresh post-mortem or surgically resected CNS tissue for
multiple research purposes. To enable researchers worldwide without local access to fresh autopsy
and biopsy material to address research questions using purified primary cell populations, professional biobank facilities are needed to process, characterize, store, and dessiminate samples. Within
NBB-Psy, described in Chapter 1 of this volume, microglia isolations have been implemented in the
brain bank procedures in a standardized way and can then be applied for through the regular application procedures of the NBB. The NBB purifies microglia in a standardized way from subcortical
white matter and occipital cortex from all nonpsychiatric control and psychiatric donors who come
to autopsy. Microglia from each donor are assessed for viability and percentage of cells that are
CD45+CD11b+, of which the mean expression can also be used as a measure for microglial activation37.
From this population a proportion of cells is immediately lysed in Trisure for RNA extraction, and
a proportion of cells is cryogenically stored in freezing medium containing 10% dimethyl sulfoxide.

Figure 19.1. | A schematic overview of the isolation of glial cells from human brain samples. Brain tissue derived from
biopsy or autopsy is collected in medium and kept cold until processing. The tissue is then mechanically and enzymatically
treated to dissociate the cells. An enriched glial population can be obtained by subjecting the dissociated cell suspension to a
density-based separation (Percoll or glucose gradient). The resulting (glial) cellular fraction is mostly free from myelin debris
and red blood cells (RBC), and can be subjected to downstream purifications. For single-cell RNA sequencing, the whole glial
fraction can be used. To enrich for a specific cell type, both adherence-based and antibody-based methods are described.
The choice of isolation strategy depends on the desired cell type and downstream application (direct analysis or functional
assays).

Microglia from each donor are assessed for viability and percentage of cells that are CD45+CD11b+,
of which the mean expression can also be used as a measure for microglial activation37. This allows
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researchers to process the viable cells as desired upon reconstitution. We have performed multiple
pilot experiments to assess the feasibility of cryogenic storage and recovery of freshly isolated microglia. Recovery rates of cryogenically stored microglia are highly variable, averaging around 30%42.
The usability of these cells depends on the desired downstream applications. Culturing microglia
after cryogenic recovery is not advisable based on our observations, in which we rarely observed
viable cultures upon reconstitution after thawing. However, recovery of cells with the purpose of extracting RNA, DNA, or protein samples is feasible. When kept cold during the thawing and washing
process, expressional changes are minimal, but should be taken into account nonetheless. Since we
have observed an increase in CD45 expression after cryogenic storage, acutely analyzed microglia
and cryogenically stored microglia should not be compared directly. As we did not observe an effect
on CD11b expression, cellular markers might be differentially affected. We expect the same will hold
true for astrocyte isolations. Primary human astrocytes isolated through culture expansion do have
the potential for cryogenic storage and recovery43. However, the recently published, and currently
only reliable, method for acute purification of primary astrocytes46 is very costly and therefore we
have not yet standardized the isolation and storage of astrocytes from post-mortem samples.

Downstream applications of pure glia cell populations
Once a purified population of cells is obtained, various opportunities are generated to analyze the
glial phenotype in relation to disease. Genomic, epigenetic, transcriptomic, and proteomic approaches can be applied and even combined to generate cell-specific signatures of various neurologic and
psychiatric disorders. As the largest body of work on the various applications of primary glia concerns primary microglia, we have focused primarily on this cell type in this section.

Multi-omics analysis of purified primary glial cells
The advent of next-generation sequencing allows the use of small samples of DNA or RNA as input,
while generating a large amount of data on transcript or gene count levels. This level of sensitivity is
therefore ideally suited to follow the purification of the oftentimes relatively low number of viable
cells from post-mortem CNS tissue. Transcriptomic analyses can be used to generate cell specific
gene expression signatures and disease-specific gene expression patterns, as described for human
healthy and tumor-associated astrocytes46 and mouse microglia17, and with the analyses of the human microglia gene expression profile coming shortly. Similarly, microRNA expression profiles can
be assessed to provide insights into the fine-tuning of disease-related gene expression changes, as
well as provide possible ways for therapeutic intervention. DNA sequencing can be used to generate
cell-specific epigenomic data using DNA methylation profiling, which can then shed light on the
importance of disease-associated genotypes found in genome wide association studies by profiling
active sites of transcription.
Epigenetic profiles can also provide a link between long-lasting changes induced by
early-life events, and susceptibility to psychiatric disorders in later life52. This is an area in which cell
type-specific information is currently lacking. An exciting new addition to the neuroscientist’s toolbox is analysis of transcriptomics or epigenomics on a single-cell level2. Using a single-cell approach
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allows the identification of different subtypes of cells within a population of cells. This can lead to
ground-breaking new insights in heterogeneity of cellular responses in certain pathologic states, or
to the discovery of novel subtypes within existing populations of cell types. Furthermore, single-cell
analysis may at some point eliminate the need to purify specific cell types, as unbiased clustering
of transcriptomic or epigenomic data will allow the subsequent separation of data into different
cell (sub)type clusters53. Purified populations of cells can also be used to directly study proteomic
changes that underlie various CNS disorders. Isolating intact cells enables the investigation of the
proteomic changes that occur in different cellular compartments, or the specific changes in lysosomal
protein content that may reflect recent phagocytosis. Studying the different cellular compartments
also enables the investigation of the nuclear versus cytoplasmic presence of transcription factors. The
study of proteomic changes can either be performed on protein lysates, for protein-wide approaches,
or directly on individual cells using flow cytometry in more directed approaches, as described below
for human microglia.

Flow cytometry characterization of primary glial cells
Phenotyping acutely isolated microglia based on flow cytometric analysis is a fast technique to
quantify expression of multiple proteins on a single-cell level. Flow cytometry is a powerful tool
to define subpopulations of cells within a heterogeneous cell suspension and to characterize these
subpopulations based on a panel of antibodies, which is not feasible with transcriptomics when
not using a single-cell approach. Only a small number of cells are required to study an extensive
panel of proteins of interest by flow cytometry. After excluding nonviable cells using a viability
dye, CD11b purified cells are defined as CD45-positive and CD15-negative cells to separate them
from any other cell types. Additional markers will provide information about the activation status
of microglia, such as the pattern recognition receptor CD14, Fc-gamma receptors, and CD80 and
CD86 for T-cell interaction. Our group has previously shown that white-matter microglia isolated
from donors with peripheral inflammation36 and donors diagnosed with MS37,42 display increased
size, granularity, Fc-gamma receptor and CD45 expression when compared with microglia derived
from control donors, indicating an alerted or primed state in the patient groups. Similar findings
exist for glioblastoma-derived microglia35. These findings clearly demonstrate the potential for flow
cytometry of purified microglia to shed light on the neurologic disease processes as they manifest
shortly before death. In our ongoing study, a broad panel of cell surface markers, including HLA-DR
and CD40 to define the activation status of microglia, CD200R and SIRPA as suppressive immune
markers, scavenger receptors as markers for phagocytic activity and complement receptors to define
the humoral response of microglia, will all expand the microglial phenotyping in normal-appearing
MS tissue. Although not part of the glial repertoire of CNS cell types, lymphocytes play a sizable role
in the pathogenesis of MS, so post-mortem tissue can also be used to purify and characterize CNS
exogenous cells54. Besides the characterization of cell populations, flow cytometry is an indispensable
technique to sort specific cell populations from a heterogeneous population for downstream applications like RNA-sequencing51,55.
Functional assays using primary glial cells
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The immediate analysis of the proteome or transcriptome of acutely isolated microglia will continue
to be the most accurate reflection of microglial phenotype in situ. However, functional assays using
primary human microglia could provide a unique tool to study functional glial responses to various
stimuli in vitro, related to either neurologic disease mechanisms or therapeutic interventions. Functional assays can also help to study and understand specific human aspects of cellular processes
like myelination of axons by oligodendrocytes27, human myelin-phagocytosis by microglia40,56, and
to gain mechanistic insight into the isolated responses of glial cells to various inflammatory stimuli
(Table 19.1). Although cultured microglia deviate from uncultured microglia, they seem to be preferable over the use of immortalized cell lines or a monocyte-derived microglia model38 in terms of
certain cellular markers. For primary human astrocytes, these functional assays lead to a new understanding of the role of astrocytes in both synapse formation and synapse elimination46. Cellular
responses of cultured cells can in part still reflect the neuropathologic state of the donor material, as was shown for astrocytes cultured from MS lesion tissue or from adjacent normal-appearing
white-matter tissue44. This may result from the persistent, long-lasting epigenetic cellular changes.
However, the changes that cells undergo while in culture are confounding factors when relating the
data to the in situ characteristics of the donor tissue and therefore should not be used as such. In
addition, for cell types like the different subtypes of neurons it will not be possible to isolate intact
and specific populations of cells. Possible alternatives to study neurons and other cell types for which
purification is not feasible are described in the final part of this chapter.

Discussion
The use of fresh CNS tissue to purify glial populations is not yet a widely applied technique in human neuroscience studies. However, both the increasing availability of donor material to researchers,
and the greater knowledge regarding the purification of glial cells, will result in a rapid increase
in the number of studies that apply these methods. Considering the continuously developing and
increasing sensitivity of the methods that can be used to generate data from isolated populations of
cells, it is essential that we understand the issues that arise from using post-mortem tissue, such as
donor-to-donor variability and disease-related factors that are difficult to control for.

Donor variables affecting glial cell yield
Inherent to working with post-mortem human CNS tissue is the absence of control over donor parameters other than neurologic diagnosis, both antemortem and post-mortem, that have the potential to induce changes in the tissue. This not only holds true for the isolation of viable cells, but also
affects post-mortem fixed and frozen CNS samples, albeit to a lesser extent. The average PMD for
NBB donors is 6 hours, counted from the time of death until the end of the autopsy. Although it
seems likely that increasing PMD affects the physiology of cells residing in the brain tissue after
death, surprisingly we and others found no correlation between viable microglia yield and PMD, nor
with time until tissue processing35,42. This finding is in line with a study that showed no loss of RNA
integrity, as a measure of tissue integrity, with increasing PMD of the brain donor57. The same study
also showed that the presence of antemortem events like artificial ventilation, coma, and respiratory
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illness were negatively associated with RNA integrity. Furthermore, tissue pH was a good indicator
of tissue/RNA integrity. In our own microglia isolation cohort cerebrospinal fluid (CSF) acidity at
the time of autopsy was a strong indicator of viable microglia yield, as was also shown in a smaller
study35. As CNS acidity has been shown to relate to agonal state, we showed in our cohort that the
cause of death relates to CSF pH. Brain donors who suffered from cachexia or pneumonia before
death showed lower CSF pH than donors who underwent euthanasia and who did not suffer from
cachexia or pneumonia. Thus, it seems that total viable microglia yield is not affected by variations
in PMD or by the total time elapsed after death and before the tissue was processed, nor is the age of
the donor of predictive value42. Furthermore, we did not find any indication in our cohort that PMD,
age, or CSF pH was correlated with flow cytometric analysis of CD45 and CD11b expression. All
considered, we recommend carefully matching the CSF or tissue pH of brain donors as a precaution
for unwanted noise in the final data set, either before or after tissue processing.

Alternatives to intact cell isolations
In this chapter we have focused on the isolation of primary human glial cells from fresh post-mortem
brain tissue. The reason to exclude neurons from this overview is that intact, viable terminally differentiated neurons are not considered to be present in cell suspensions, as described in this chapter.
Although the isolation and culture of human primary neurons have been described58, it seems more
likely that these cultures arise from neuronal precursor cells in culture, rather than represent acutely
isolated viable neurons. Recently, a publication described the use of isolated nuclei from human
post-mortem frozen tissue as a source for cell-specific transcriptomic information59. By making use of
the small amounts of mRNA present in cell nuclei53,60, and a single nucleus sequencing approach, the
authors were able to generate neuronal subtype specific transcriptomic profiles from post-mortem
tissue. If these methods can be adapted to purify specific nuclei from any cell type from high-quality
(frozen) CNS tissue samples, they will provide major advantages over the isolation of intact cells and
will unlock precious frozen and well-characterized human brain tissue collections for cell-specific
analyses. We can select donor material retrospectively, gather information on multiple cell types in a
given tissue block, and reduce the influence on gene expression by PMD to a minimum. This method
might also be combined with laser dissection microscopy to select specific regions of interest using
morphology or even immunohistochemistry. The use of single-cell RNA sequencing will provide
an even greater advantage, since no nuclear cell-specific markers need to be used to purify specific
nuclei. Statistical methods using unbiased clustering will provide the means to extract expression
profiles of specific populations. Disadvantages lie in the fact that only epigenomic and transcriptomic analyses are possible, and there are currently high costs associated with single cell/nucleus
sequencing.
Another alternative to the isolation of primary human cells is the generation of primary
cells from donor-derived induced pluripotent stem cells (iPSCs). Primary human fibroblasts can be
obtained from skin samples acquired through biopsy or post-mortem. Fibroblasts are then reprogrammed into a pluripotent stem cell phenotype and can be transdifferentiated into the desired cell
type61. This allows the study of patient-specific, physiologically active CNS cells, which has proven
to be useful in many fields of neuroscience, including molecular psychiatry62. The generation of iPSC
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biobanks can aid in generating sample sets large enough to perform high throughput analysis in
pharmacologic screening studies. Within the NBB-Psy program, post-mortem skin samples from
all psychiatric and control donors are routinely processed into iPSC lines and stored. This allows
researchers worldwide who have the capacity to differentiate these cells to work with primary cellular models in neuropsychiatric research. Although the neurons and glia generated this way do not
reflect in situ CNS changes from brain donors, these models can help to generate working models of
pathophysiology for disorders with a clearly defined genetic component.

Future perspectives
The use of post-mortem human brain tissue to generate cell type-specific information in neurologic
and psychiatric disorders has come a long way in recent years. Human brain banking initiatives have
made these advances possible. Although modern analyses of fixed and frozen sections have provided a wealth of cell-specific information regarding cellular processes in neuropathologic circumstances, the use of animal models and in vitro assays has provided most of the mechanistic insights we
possess today. Although extensive, these mechanistic insights still lack the human elements that are
desperately needed for translation purposes. Especially in the case of glial cells, acute purification of
cells from relevant human post-mortem samples will add a new layer of understanding and translation potential to the available hypotheses.
A pitfall of using human brain tissue can be the relatively low availability of samples when
compared to the high degree of variation between donor parameters. In order to transcend the high
level of noise, the number of samples will need to be increased. Standardization of isolation strategies
between research groups can help to build complementary sample sets both for validation and to
increase the analysis power. In addition, the biobanking initiatives that wish to purify cells can play a
role by standardizing procedures. While the isolation of tissue nuclei seems like a promising strategy
to replace the isolation of intact cells, it is not yet clear exactly how nuclear RNA sequencing relates
to whole-cell RNA sequencing. Furthermore, functional assays using primary human CNS cells will
still rely on fresh tissue isolates. An interesting future application is the possible combination of human CNS cells derived from patient-derived iPSCs and primary human cells. It will be interesting
to see which direction human cellular neuroscience takes. However, the use of fresh CNS tissue as
a source for primary cells, especially while progressing into the single-cell analysis age, is likely to
remain a highly relevant field of research directed at finding novel explanations for neurologic and
psychiatric pathophysiology.
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The highly organized life of metazoa requires the ability to remove cells that lose their function
during embryonic and postnatal development or as part of routine tissue homeostasis1,2. Normally,
these cells undergo programmed, apoptotic cell death, followed by their recognition, engulfment,
and, finally, elimination through adjacent tissue cells and/or professional phagocytes. As preeminent
phagocytic cells, resident macrophages and circulating monocytes are equipped with an arsenal of
receptors that recognize the “eat-me” signals exposed by apoptotic corpses. These phagocytic receptors comprise scavenger receptors, immunoglobulin-containing proteins, and tyrosine kinases1.
In a Nature paper in 2007, Park et al. described brain-specific angiogenesis inhibitor 1 (BAI1/
ADGRB1) as a novel phagocytic receptor on macrophages3. BAI1 is a member of the adhesion family
of G protein-coupled receptors (GPCRs), which in humans comprises 33 non-canonical seven-span
transmembrane receptors4. Adhesion GPCRs possess large N-termini with various protein folds,
equipped for (matri)cellular interactions, and a GPCR autoproteolysis-inducing (GAIN) domain that
connects the extracellular part of the receptor to the seven-transmembrane region. A juxtamembranous GPCR-proteolysis site (GPS) within the GAIN domain facilitates autocatalytic cleavage of the
majority of adhesion GPCRs into two fragments, which remain attached at the cell surface5. Adhesion
GPCRs are found in almost every cell type and adjust modalities in many organ systems. Based on
their expression and function, adhesion GPCRs of subfamily E (EMR1/ADGRE1, EMR2/ADGRE2,
EMR3/ADGRE3, EMR4/ADGRE4, and CD97/ADGRE5) and subfamily G (GPR56/ADGRG1, GPR97/
ADRGRG3, and GPR114/ADGRG5) have been linked to the immune system6,7. BAI1 belongs to the
subfamily B and is abundantly expressed in the brain, where it inhibits angiogenesis and, as recently
reported, supports neurogenesis and synaptogenesis8. The work by Park et al. and others established
an additional function of BAI1 in apoptotic cell engulfment by macrophages and their brain equivalent, microglia3,9,10. Through its N-terminal thrombospondin repeats, BAI1 binds phosphatidylserine,
resulting in recruitment of ELMO1 and Dock180 to the C-terminus of the receptor, which function
as guanine-exchange factors for Rac1 and thereby promote engulfment of apoptotic cells. Moreover,
expression of BAI1 in primary human monocytes/macrophages and the mouse macrophage cell lines
J774 and RAW264.7 was reported3.
Ingestion of microbes, such as bacteria and fungi, is another phagocytic process executed
by macrophages. A subsequent paper in 2011 described the ability of BAI1 to bind and engulf Gramnegative bacteria11. Interaction of the thrombospondin repeats with bacterial membrane lipopolysaccharide triggered Salmonella engulfment via ELMO1/Dock180, similar to the uptake of apoptotic
cells. Subsequently, it has been reported that BAI1 mediates macrophage reactive oxygen species
production and microbicidal activity through activation of the Rho family guanosine triphosphatase
Rac112. These observations further established BAI1 as a phagocytic receptor of macrophages.
Transcriptome (and proteome) analyses of purified cell populations and, more recently,
even single cells is greatly deepening our knowledge about the spatial organization of gene expression. We noticed that omics studies directed at leukocytes consistently detect expression of subfamily
E and G adhesion GPCRs, but fail to identify subfamily B receptors, including BAI14,6,7. To clarify this
discrepancy, we analyzed microarray, CAGE (cap analysis gene expression) and RNA sequencing,
and protein mass spectrometry data of primary monocytes, monocytes maturated in vitro under
stimulating conditions, macrophage cell lines, as well as bone marrow-derived and primary tissue70
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derived macrophages. We included all types of monocytes/macrophages, in which Adgrb1/ADGRB1
expression has been reported, with the exception of gastric phagocytes (Table 1). Among other data
sets, we evaluated adhesion GPCR transcriptomes13 and proteomes14 of classical, intermediate, and
non-classical monocytes (Figures 1A,B). Moreover, we examined 299 transcriptomes of monocytes
activated with 28 different stimuli, including pattern recognition receptor ligands, cytokines, and
metabolic cues15 (Figure 1C). In none of these and numerous other data sets (Table 1), we obtained
evidence that monocytes or monocyte-derived macrophages express Adgrb1/ADGRB1, while known
gene expression patterns of subfamily E adhesion GPCRs were fully confirmed6,7.
Knowledge of genome-wide gene expression in tissue-resident macrophages, so far, is
mainly based on studies in mice. In transcriptomes of seven types of macrophages, Adgrb1 was not
detected25 (Figure 1D). These transcriptomes also included microglia, for which a distinct role for
BAI1 in the engulfment of neurons has been described in zebrafish10. Zebrafish express homologs of
most adhesion GPCRs, including BAI133. Yet, by RNA sequencing highly pure microglia from zebrafish, we failed to detect significant levels of Adgrb1 expression28 (Figure 1D). Similarly, microglia
from mouse and human express Adgrg1/ADGRG1, but not Adgrb1/ADGRB124,27,29–32 (Figures 1D,E).

Table 1 | Studies reporting and studies failing to find expression of Adgrb1/ADGRB1 (BAI1) in monocytes/
macrophages
Cell type

Reporting expression

Failing to find expression

Mouse monocyte/macrophage cell lines
J774A.1 and RAW264.7

RT-PCR, IB3

RNA-seq16–18

Human monocyte/macrophage cell line
THP-1

RT-PCR, IB9

RNA-seq19,20
(http://www.proteinatlas.org)

Monocytes and monocyte-derived
macrophages

Microarray21, IB9

Microarray15, CAGE-seq13,
RNA-seq20,22,23, MS14

Bone marrow-derived macrophages

RT-PCR11

RNA-seq17,24

Tissue-derived macrophages

RT-PCR, IB9

RNA-seq24,25 (https://www.immgen.org)

Microglia

IHC26, ISH10

RNA-seq24,25,27–32

CAGE-seq = CAGE sequencing; IB = immunoblot; IHC = immunohistochemistry; ISH = in situ hybridization; MS = mass spectrometry; RNA-seq = RNA-sequencing; RT-PCR = reverse transcriptase-polymerase chain reaction.

We also asked whether unusual mRNA properties, e.g., short poly(A) tails, could have
hampered the detection of Adgrb1/ADGRB1 transcripts. To exclude this possibility, we included in
our comparison RNA sequencing data obtained by reduction of ubiquitously expressed ribosomal
(r)RNAs in combination with random primer amplification16,17. Moreover, we were able to directly
compare sequencing of human microglia RNAs obtained by poly(A) selection and rRNA depletion
plus random primer amplification [32 and Mizee et al., manuscript in preparation], but failed to
detect ADGRB1 transcripts with both methods (data not shown).
Furthermore, Adgrb1/ADGRB1 transcripts are found in mouse and human brain lysate (Figure 1F) as well as in mouse neurons, oligodendrocyte progenitors, and astrocytes29, confirming their
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Figure 1 | Selected expression profiles of adhesion GPCRs in monocytes, monocyte-derived macrophages, and microglia.
A) CAGE sequencing of circulating human monocytes13. B) Protein mass spectrometry of circulating human monocytes14.
C) Microarray of human monocytes activated with 28 different stimuli15. D) RNA sequencing of resident mouse macrophages
as well as mouse and zebrafish microglia25,28. E) RNA sequencing of resident human grey and white matter (GM and WM)
microglia32. F) RNA sequencing of mouse and human brain lysates and microglia27. Note the consistent lack of BAI1 (Adgrb1/
ADGRB1) expression in all data sets. Expression of EMR1 to EMR4 (Adgre1/ADGRE1 to Adgre4/ADGRE4) in human and
mouse reflect their evolutionary diversification: (i) in contrast to its mouse homolog, F4/80, human EMR1 is weakly expressed
by monocytes and macrophages; (ii) mice lack the genes encoding EMR2 and EMR3; (iii) the gene encoding EMR4 has become
inactivated in human37.
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detectability.
Our data do not challenge the role of BAI1 as a phagocytic receptor. This biological activity
is based on the binding capacity of the N-terminal thrombospondin repeats for “eat-me” signals on
apoptotic cells and on the ability of the C-terminal tail to facilitate cytoskeletal rearrangements, and
has been proven extensively3,11. We question, however, that BAI1 is part of the phagocytic machinery of macrophages. The link with macrophages has been established in primary cells and cell lines
overexpressing BAI1 in vitro. More recently, Lee at al. investigated the role of BAI1 in the dextran
sodium sulfate-induced model of colitis in vivo. Adgrb1-deficient mice had more pronounced colitis
and lower survival, with many uncleared apoptotic cells and inflammatory cytokines within the
colonic epithelium. Notably, transgenic overexpression of Adgrb1 in epithelial, but not in myeloid
cells, attenuated colitis severity34, suggesting that BAI1 mediates clearance of apoptotic corpses within the colonic epithelium. Intestinal epithelial cells may not be the only non-professional phagocytes
that engage BAI1. In astrocytes engulfing apoptotic targets, BAI1 showed accumulation within the
phagocytic cup26. Moreover, BAI1 and BAI3 have been described to promote myoblast fusion, a process possibly induced by dying myoblasts35,36.
In summary, monocytes and macrophages, including microglia, express the adhesion GPCRs EMR1, EMR2, EMR3, CD97, and GPR56 with different species and cell type specificity. BAI1,
an adhesion GPCR with diverse and intriguing functions in angiogenesis, neural development, and
apoptotic/microbial engulfment, is hardly expressed by professional phagocytes, and we suggest to
reassess the link between BAI1 and macrophage biology.
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Graphic abstract | Microglia show a region-specific profile. Profound differences were observed between grey and white matter brain regions, identified by RNA-sequencing. Control
white and grey matter microglia express genes related to immune responses. Normal-appearing white matter MS microglia express genes related to lipid metabolism and genes expressed
by normal-appearing grey matter MS microglia are related to glycolysis. Images of the brain
and microglia were adapted from Servier Medical Art by Servier licensed under a Creative
Commons Attribution3.0 Unported License.

Abstract
Here we report the transcriptional profile of human microglia, isolated from normal-appearing grey
matter (GM) and white matter (WM) of multiple sclerosis (MS) and non-neurological control donors,
to find possible early changes related to MS pathology. Microglia show a clear region-specific profile,
indicated by higher expression of type-I interferon genes in GM and higher expression of NF-κB
pathway genes in WM. Transcriptional changes in MS microglia also differ between GM and WM.
MS WM microglia show increased lipid metabolism gene expression, which relates to MS pathology
since active MS lesion-derived microglial nuclei show similar altered gene expression. Microglia
from MS GM show increased expression of genes associated with glycolysis and iron homeostasis,
possibly reflecting microglia reacting to iron depositions. Except for ADGRG1/GPR56, expression
of homeostatic genes, such as P2RY12 and TMEM119, is unaltered in normal-appearing MS tissue,
demonstrating overall preservation of microglia homeostatic functions in the initiation phase of MS.
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Introduction
Multiple sclerosis (MS) is a chronic neuroinflammatory disease, characterized by demyelination and
neuroaxonal damage, that leads to the formation of lesions throughout the central nervous system
(CNS)1,2. Grey matter (GM) and white matter (WM) lesions show pathological differences, demonstrated by little infiltration of lymphocytes and a low number of activated microglia in GM cortical
lesions when compared to WM lesions3,4. Microglial immune activation is present in MS lesions, and
microglia play a role as phagocytes in demyelination, yet this role remains far from understood5,6.
Microglia are brain-resident phagocytic cells that originate from the yolk sac during
embryonic development7 and are maintained through a constant turnover without influx of circulating monocytes during adulthood8. Microglia possess a unique transcriptomic profile, compared
to other cells of the CNS or tissue macrophages

. They play an essential role in maintaining brain

9,10,11

homeostasis by surveying the brain and quickly responding to changes in their environment12. Environmental changes, like chronic neuroinflammation or neuronal damage, induce microglial state
changes, resulting in altered functions to control damage and induce repair13,14. Recent studies
describe a downregulation of homeostatic gene expression in relation to neuropathological conditions in animal models15,16 and to aging in humans17. Microglia are further implicated as players in
MS neuropathology by the finding that 48 out of 81 genes with single nucleotide polymorphisms
associated with MS are highly expressed by microglia11. Evidence for local environmental changes
that lead to an altered, more alerted microglial phenotype has been found in perilesional areas in
MS, where axons decorated with complement components attract clusters of microglia18. In addition, we previously reported an alerted phenotype of microglia isolated from post-mortem normalappearing WM (NAWM) tissue from MS donors compared to control WM, as demonstrated by
increased expression of CD4519.
The role of microglia in lesion initiation in both GM and WM regions in MS is not yet elucidated. Therefore, we focused on normal-appearing MS tissue to find early alterations in microglia
linked to putative lesion development. These regions are devoid of observable MS pathology, like
loss of myelin proteins, but might harbor microglial state changes related to lesion formation. Several
gene expression studies on NAWM MS tissue found evidence for alterations in expression of immunosuppressive as well as pro-inflammatory genes20, and we reported upregulation of scavenger
receptor and lipid metabolism genes in WM adjacent to chronic active MS lesions21,22. In addition,
early signs of alterations in axonal integrity in normal-appearing tissue were shown by magnetic
resonance imaging (MRI)23. Moreover, changes in myelin lipid composition in normal-appearing
tissue have been described24. Interestingly, we previously found that myelin isolated from NAWM
from MS brain donors was more efficiently phagocytosed compared to myelin from control donors
by primary microglia in vitro25.
We postulate that early pathological changes in normal-appearing MS tissue might be
reflected by molecular changes in microglia, thereby elucidating mechanisms underlying lesion
initiation. Therefore, we analyzed the transcriptional profile of human microglia isolated postmortem from normal-appearing GM (NAGM) and NAWM brain regions of 11 control and 10 MS brain
donors and identified their transcriptional profile by RNA sequencing. We here provide evidence for
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MS-related changes in microglia from normal-appearing tissue and profound intrinsic differences
in the microglial transcriptome between GM and WM brain regions, identified by differential gene
expression and pathway enrichment analyses.

Methods
Human post-mortem tissue
Human brain cortical GM, corpus callosum WM, and choroid plexus tissue was provided by the
Netherlands Brain Bank (NBB, Amsterdam, The Netherlands; https://www.brainbank.nl). Informed
consent to perform autopsies and the use of tissue and clinical data for research purpose was
obtained from donors and approved by the Ethical Committee of the VU University medical center
(VUmc, Amsterdam, The Netherlands).
GM and WM tissue blocks from occipital cortex (n=5) and corpus callosum (n=11), respectively, of non-neurological control donors were collected. NAGM (n=5) and NAWM (n=10) tissue
blocks of MS donors were dissected at autopsy on post-mortem MRI guidance26. Brain slices of 10
mm were analyzed by MRI to determine absence of MS lesions in occipital cortex and corpus callosum. A small part of the tissue blocks used for microglia isolation was cut off using a scalpel,
snap-frozen in liquid nitrogen, and immunohistochemically stained for microglia activation markers
CD68 (M0814; Dako, Glostrup, Denmark), HLA-DP/Q/R (HLA-DR, M0775; Dako)27, and myelin proteolipid protein (PLP, MCA839G; AbD Serotec, Oxford, UK)28, to study microglia morphology and
myelin integrity. Neurological diagnosis was confirmed post-mortem by a neuropathologist, based
on both clinical and pathological data. Non-neurological control donors with cognitive problems,
based on clinical data, were excluded from the analysis. Donor characteristics are displayed in Table
1 and Supplementary Data 1.

Microglia isolation
Corpus callosum and occipital cortex tissue blocks of 4–6 gram were dissected at autopsy and stored
in Hibernate A medium (Invitrogen, Carlsbad, CA, USA) at 4°C until further processing. Microglia
isolations were performed as described before29. Briefly, brain tissue was mechanically dissociated
using a tissue homogenizer (VWR, Radnor, PA, USA), followed by enzymatic digestion with collagenase (300 U/ml; Worthington, Lakewood, NY, USA) for 60 minutes or with trypsin (Invitrogen)
for 45 minutes at 37°C in Hibernate A medium supplemented with DNAse I (Roche, Basel, Switzerland). For flow-cytometric analysis, enzymatic digestion was omitted. Percoll (GE Healthcare, Little
Chalfont, UK) density centrifugation was performed, and microglia were collected from the interlayer. Magnetic-activated cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) was
performed for negative selection of neutrophils by magnetic anti-CD15 beads and positive selection
of microglia by magnetic anti-CD11b beads (Miltenyi Biotec). Viable cells were counted, using a
heamocytometer (Optic Labor, Friedrichsdorf, Germany), and stored in 1 ml cold TRIsure (Bioline,
London, UK) at -80°C for further analysis. To assess purity of isolated cells, CD45, CD11b, and CD15
expression was analyzed by flow cytometry. Choroid plexus macrophages were isolated by a similar
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procedure, aside from using trypsin for enzymatic digestion and excluding the CD15 magnetic bead
step.

Isolation and sorting of IRF8+ nuclei
Frozen tissue containing mixed active/inactive MS lesions (n=5) and NAWM tissue (n=7), matched
for age, was provided by the NBB. Tissue was double stained with HLA-DR/PLP for lesion characterization, previously described by Luchetti and colleagues28. Tissue blocks of 5 donors contained a
mixed active/inactive lesions (type 3.2 or 3.3), whereas NAWM blocks were devoid of demyelination.
From each NAWM block, 11-13 50 µm sections were cut, one for whole tissue RNA, 10–12 for nuclei
isolation, and the first and the last section of each block (10 µm) was used to determine microglia
activation and myelin integrity using a HLA-DR/PLP double staining28. For tissue blocks containing
lesions, we followed the same protocol with the exception that HLA-DR/PLP staining was used to
guide dissection of lesions with a scalpel. This ensured that cryosectioning resulted in the collection
of only lesioned WM.
We then processed the sections for use in nuclear sorting as described by Krishnaswami and
colleagues30. Briefly, tissue sections were homogenized in 1 ml homogenization buffer (1 µM DTT
(Thermo Fisher Scientific), 1x protease inhibitor (Roche), 80 U/ml RNAaseIn (Promega, Madison,
WI, USA), and 1% Triton X-100) diluted in nuclei isolation medium #1 (NIM #1; 250 mM sucrose, 25
mM KCl, 5 mM MgCl2, 10 mM Tris buffer pH8 diluted in nuclease free water) and filtered through
a 30-µm cell strainer. The number of nuclei was counted using a cell heamocytometer (Optic Labor). Nuclei were incubated for 1 hour with Hoechst (1:1,000; Invitrogen) and PE-labelled interferon
response factor 8 (IRF8) antibody (clone U31-644, 1:50; BD Biosciences) in staining buffer (0.5%
RNAse-free BSA and 0.2 U/µl RNaseIn in RNase free PBS pH 7.4) with 1% normal human serum
at 4°C. Background staining was determined using an isotype control antibody (IgG1-PE, clone
P3.6.2.8.1, 1:25; Invitrogen).
For nuclei sorting, a Sony SH800S cell sorter (Sony Biotechnology, San Jose, CA, USA) was
used to detect Hoechst+ nuclei and sort IRF8+ and Hoechst+ fractions. Nuclei were immediately lysed
in RNA lysis buffer (Qiagen, RNeasy Isolation Mini Kit).

RNA isolation
Isolation of RNA was performed according to the manufacturers’ instructions, chloroform was
added and, after centrifugation, the aqueous phase was collected. Subsequently, cold isopropanol and 1 µg glycogen (Roche) were added for RNA precipitation at -20°C for 30 minutes. After
centrifugation, the pellet was washed twice with 75% cold ethanol, and RNA was dissolved in 10 µl
deionized water. For donor 11-008, whole tissue and sorted nuclei from frozen tissue, the Qiagen
RNeasy Isolation Mini Kit (Qiagen, Hilden, Germany) was used to isolate RNA according to the
manufacturers’ instructions. Briefly, after phase separation, the aqueous phase was transferred to a
Qiagen mini column and eluated in 10 µl deionized water.
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Sample preparation and RNA sequencing
The NEBNext Ultra Directional RNA Library Prep Kit for Illumina (San Diego, CA, USA) was used to
process 38 samples (22 WM and 16 GM) (GenomeScan, Leiden, The Netherlands). The sample preparation was performed according to the protocol NEBNext Ultra Directional RNA Library Prep Kit
for Illumina (NEB #E7420). Briefly, mRNA was isolated from total RNA using the oligo-dT magnetic
beads. After fragmentation of the mRNA, a cDNA synthesis was performed with an input of 50–100
ng RNA. This cDNA was used for ligation with the sequencing adapters and PCR amplification of
the resulting product. The quality (RNA integrity number) and yield after sample preparation was
measured with the Fragment Analyzer. 31 samples (21 WM and 10 GM) met the quality criteria and
were selected for sequencing. The size of the resulting products was consistent with the expected size
distribution (a broad peak between 400–700 bp). Clustering and DNA sequencing using the Illumina
NextSeq500 SR75 was performed according to manufacturer’s protocols. A concentration of 1.5 pM
of DNA was used. At least 1.9 Gb (25 million SR75 reads) were generated per sample with a quality
score of ≥30. NextSeq control software v1/4/8 was used. Image analysis, base calling, and quality
check was performed with the Illumina data analysis pipeline RTA v2.4.6 and Bcl2fastq v2.17.

Data preprocessing and RNA sequencing analysis
Details on workflow for RNA sequencing analysis are displayed in Supplementary Figure 1. After
base calling and de-multiplexing using CASAVA version 1.8 (Illumina), the 75 bp single-end reads
were aligned to the human reference genome hg19 from UCSC (https://genome.ucsc.edu) by HISAT
version 0.1.7-beta (http://www.ccb.jhu.edu/software/hisat), using the default parameters. After mapping of the reads to the genome, we imported the data into Partek Genomics Suite V6.6 (Partek, St.
Louis, MO, USA) to quantify the number of reads mapped to each gene annotated in the RefSeq hg19
(GRCh37) annotation downloaded in May 2016. Raw read counts were imported into R and normalized using the Bioconductor package DESeq2 package31 using default parameter. Subsequent to normalization, all transcripts having a maximum over all group means lower than 100 were removed.
After dismissing the low expressed transcripts, the data comprised of 12,318 present transcripts.
Unwanted or hidden sources of variation, such as the technical variance introduced by donors, were
modelled during the normalization or were removed using the surrogate variable analysis (sva)
package32. The normalized rlog-transformed expression values were adjusted according to the surrogate variables identified by sva using the function ‘removeBatchEffect’ from the limma package33.
DE-genes analysis – A two-way analysis of variance (ANOVA) model was performed to
calculate the differentially expressed (DE) genes between all groups. DE genes were defined by a fold
change (FC) of >2 or <-2 and an adjusted p-value <0.05. To visualize the structure within the data, we
performed principle component analysis (PCA) on all present genes. Venn diagrams were created
with the online software tool Venny (http://bioinfogp.cnb.csic.es/tools/venny). Vulcano plots were
created to visualize the top DE genes with at least 500 counts for all four groups in R using ggplot2
version 2.2.1.
Co-expression network analysis – To determine gene clusters associated with GM, WM,
MS, or control, we used the present genes, corrected by sva using 7 iterations, and applied the R im82
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plementation of the weighted gene correlation network analysis (WGCNA). We performed WGCNA
clustering using the ‘1-TOMsimilarityFromExpr’ function with the network type ‘signed hybrid’,
a power parameter of 6, and a minimum module size of 20, dissecting the data into 21 modules. A
WGCNA was performed to describe the co-expression patterns across all samples in an unbiased
way and cluster genes with a similar expression pattern into modules. In addition, the module representative principal component (module eigengene, ME) was assigned to one of the four comparisons,
which results in a correlation.
Hub genes – Hub genes are highly connected nodes, which are involved in much more
interactions in the whole network and thus possibly be more important than low connected genes.
Gene connectivity defines the connection strength of a gene connected to other genes in a global
network. Therefore, one hub gene with highest connectivity in the selected module was extracted
using the ‘chooseTopHubInEachModule’ function in the WGCNA package.
Gene set enrichment analysis – Hallmark, GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), and disease enrichment34 analysis on modules defined by WGCNA
was performed with clusterProfiler35 using all present genes as background. KEGG pathways were
visualized using the R package pathway. The gene names were colored based on fold changes of the
respective comparison.

DNA synthesis and quantitative RT-PCR
For cDNA synthesis, the QuantiTect Reverse Transcription Kit (Qiagen) was used. For the detection
of microglial genes after culturing, we obtained cDNA from primary human WM microglia. Microglia from 4 different donors were lysed acutely after isolation as well as cultured for four days to
investigate culture-induced changes29. Purified 100 ng RNA from isolated microglia or macrophages,
5–12 ng nuclear RNA from IRF8+-sorted nuclei or whole tissue RNA was incubated for 2 minutes at
42°C with gDNA whipeout buffer, put on ice, and mixed with QuantiTect Buffer, RT Primer Mix, and
Quantitect Reverse Transcriptase. After 30 minutes incubation at 42°C, the samples were incubated
at 95°C for 3 minutes. An input of 3.5 ng cDNA was mixed with 5 µl SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA) and 1.5 µl primer pairs to obtain a final volume of 10 µl.
For nuclei, 0.5–1.2 ng cDNA was mixed with 17 µl SYBR Green PCR Master Mix and 2 µl primer pairs
to obtain a final volume of 20 µl. Analysis was performed by ABI Prism 7300 Sequence Detection
System (Applied Biosystems).
Primer pairs were designed using the online tool Integrated DNA Technologies
(eu.itdna.com) using the following criteria: 50% GC-content, same Tm, and min–max amplicon size
of 80–120 base pairs. Primer pairs to detect RNA in sorted IRF8+ nuclei were designed to detect
unspliced DNA. Primer specificity was tested on cDNA derived from pooled brain tissue of MS and
control donors, and selection of optimal primers was based on dissociation curve, PCR product and
negative selection for primer dimers on 8% sodium dodecyl sulfate polyacrylamide electrophoresis
(SDS-PAGE) gel (Supplementary Table 1). Target gene expression was normalized to the mean of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or elongation factor-1 alpha (EEF1A1), and
fold differences were calculated using the 2-ΔΔCT method36.
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Immunohistochemistry
Frozen tissue sections (20 µm) of cortical region (containing both GM and WM) from control donors
(n=3) were fixated for 10 minutes in 4% paraformaldehyde. Sections were incubated overnight at
4°C with primary antibodies for NF-κB subunits RelB (SC-226, 1:100; Santa Cruz, Dallas, TX, USA)
or p65 (SC-372, 1:100; Santa Cruz) and HLA-DR/DQ/DP (M0775, 1:1,000, Dako, Glostrup, Denmark),
or for STAT2 (SC-166201, 1:100; Santa Cruz) and IBA1 (019-19741, 1:500; Wako, Osaka, Japan) diluted in incubation buffer (1% bovine serum albumin + 0.5% Triton X-100 in Tris-buffered saline,
pH 7.6 (TBS)). Fluorescently-labeled secondary antibody (711-165-152, Cy3-labeled, 1:400; Jackson
ImmunoResearch, West Grove, PA, USA) or biotinylated secondary antibody (BA-2001, 1:400; Vector
Laboratories, Burlingame, CA, USA) were diluted in incubation buffer and incubated for 1 hour at
room temperature (RT), followed by incubation with streptavidin-Alexa488 antibody (061-540-084,
1:1,200; Jackson ImmunoResearch) for 45 minutes. Sections were incubated for 10 minutes in Hoechst
(1:1,000) for nuclei staining and embedded in fluorescence mounting medium (DAKO). Immunoreactivity was examined using a confocal laser-scanning microscope (SP8; Leica, Wetzlar, Germany),
using Z-stack acquisition (magnification 63x, step size 1 µm, zoom factor 2.5). Pictures were processed and analyzed using Fiji plugin for ImageJ1 software.

Western blot analysis
Isolated microglia (n=3) were lysed in ice-cold 10 x RIPA Buffer (Cell Signaling Technology, Danvers,
MA, USA). Protein samples were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA).
For GPR56 detection, blotted membranes were incubated in blocking buffer (5% BSA in TBS with
0.05% Tween-20 (TBS-T)) for 1 hour, followed by 2 hours incubation at RT for primary antibody in
blocking buffer. Following extensive washes in TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 hour at RT (Dako) (1:5,000 in blocking
buffer). Membranes were extensively washed, and the bound HRP signal was detected by chemiluminescence (Amersham ECL; GE Healthcare or Supersignal West Pico PLUS; Thermo Fisher Scientific, Waltham, MA, USA) for 5 minutes.
For the detection of NF-κB subunits, blotted membranes were incubated in blocking buffer
(5% blotting-grade blocker (Bio-Rad, Hercules, USA) in TBS-T) for 1 hour, followed by overnight
incubation with the NF-κB antibodies in 2.5% blocking buffer at 4°C. Following extensive washes in
TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 hour at RT (Dako) (1:2,000 in 2.5% blocking buffer). Membranes were extensively washed,
and the bound HRP signal was detected by chemiluminescence using Lumi-Light Western blotting
substrate (Roche). Primary antibodies are displayed in Supplementary Table 2. Unprocessed blots
are shown in the Supplementary Data 7.
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Flow-cytometric analysis
Extracellular protein expression on isolated human microglia (n=6) and choroid plexus macrophages
(n=7) was detected by flow cytometry. After blocking unwanted binding of antibodies to Fc receptor
with human FcR Blocking Reagent (Miltenyi Biotec), microglia and macrophages were incubated
for 30 minutes with conjugated antibodies (Supplementary Table 3) in beads buffer (0.5% BSA +
2 mM EDTA in phosphate buffered saline (PBS), pH 7.6) at 4°C. For detection of viable cells, fixable
Viability Dye eFluorTM 506 (1:500; Thermo Fisher Scientific) was added. Background staining was
determined using fluorescence minus one controls. Protein expression was measured on a 3-laser BD
FACSCanto IITM machine (BD Biosciences, San Diego, CA, USA), and median fluorescence intensity
was determined with FlowJo software version 10.1 (Ashland, OR, USA).

5

Statistical analysis
Statistical analysis of RT-qPCR, flow cytometry, and Western blot experiments was performed using
GraphPad Prism version 7.01 software (GraphPad Inc., La Jolla, CA, USA). After testing for normality
(Shapiro-Wilk normality test), either parametric or non-parametric tests were used to define significance. Statistical testing for each experiment is indicated in the figure legends, p-values <0.05 were
considered significant.

Results
A common core signature for grey and white matter microglia
Human microglia were isolated from occipital cortex (GM) and corpus callosum (WM) post-mortem tissue of both control and MS donors using a validated protocol of subsequent enzymatic
dissociation, density gradient separation, and magnetic bead sorting29. Details on clinical information and post-mortem variables of all donors are provided in Supplementary Data 1. Three
MS donors were diagnosed with primary-progressive MS and 7 donors had secondary-progressive MS. MS donors have a disease duration of 28.7 years, and, based on histopathological analysis, 37% of total lesions in post-mortem brain are active (defined as active lesion load)28. MS
groups did not differ from control groups with respect to age, gender, peripheral inflammation,
pH of cerebrospinal fluid (CSF), and RNA integrity number (RIN), but, due to post-mortem MRI
during autopsy, had a post-mortem delay (PMD) of 3 hours longer as compared to control donors
(Table 1). However, we did not detect any significant correlation between PMD and MS-related DE
genes, demonstrating that PMD had no effect on gene expression (Supplementary Figure 2). Immunohistochemistry performed on tissue used for microglia isolation showed ramified microglia
morphology based on HLA-DR staining in control and MS donors. No differences in microglia
activation between control and MS donors were found based on HLA-DR and CD68 staining, and no
signs of demyelination were indicated based on PLP staining (Supplementary Figure 3).
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Table 1 | Donor characteristics for MS and control donors used for RNA sequencing
Diag.

Gender

Age

PMD

pH CSF

PI

CON

4/7

76.5 ± 4.1

6:06 ± 0:18

6.5 ± 0.08

Yes: 6
No: 5

MS

6/4

66.7 ± 4.5

9:17 ± 0:18

6.4 ± 0.06

Yes: 4
No: 6

p-value

n.s.

n.s.

p=0.0001

n.s.

n.s.

Active
lesion
load

0.37 ± 0.08

Disease
duration

28.7 ± 3.53

MS
type

PP: 3
SP: 7

Region

RIN

CC

7.3 ± 0.4

OC

7.0 ± 0.5

CC

8.1 ± 0.3

OC

6.3 ± 0.8
n.s.

Data are represented as mean with SEM. Statistical testing: Gender and peripheral inflammation = Fisher’s exact test; age, PMD,
and pH CSF = unpaired t test; RIN = Kruskal–Wallis test. Active lesion load = total number of active lesions/total number of all
lesion types28 ; Age = age at death (years); CC = corpus callosum; CON = non-neurological control; CSF = cerebrospinal fluid; Diag.
= diagnosis; Disease duration = time between MS diagnosis until dead (years); F = female; M = male; MS = multiple sclerosis; OC =
occipital cortex; PI = peripheral inflammation; PMD = post-mortem delay (h:min); PP = primary progressive; RIN = RNA integrity
number; SP = secondary progressive; n.s. = not significant.

Low detection of transcripts specifically expressed in endothelial cells (ITM2A, ADGRL4,
CLDN5), astrocytes (S100B, SOX9, GFAP), neurons (ENO2, MAP2), and oligodendrocytes (CSPG4,
MOG, MAG) and high expression of transcripts commonly associated with microglia (CSF1R, CX3CR1,
P2RY12) confirmed the purity of the obtained microglia population (Figure 1A). Several studies have
reported a common signature of genes expressed by microglia, different from tissue-resident macrophages, in mice37,38 and more recently also in humans10,11. Comparing our data set, we found 17 out of
19 top mouse microglia signature genes to be highly expressed in GM and WM human microglia
(Figure 1B)37,38. Furthermore, genes expressed by GM and WM microglia overlap with the top-30
genes found in two human microglia gene expression studies (Supplementary Figure 4)10,11.
By comparing transcription levels in WM microglia with choroid plexus macrophages, we
found a significant enrichment for P2RY12 (FC 28.36, p=0.001), TMEM119 (FC 7.71, p=0.005), ADGRG1
(FC 6.03, p=0.001), P2RY13 (FC 6.01, p=0.001), SLC2A5 (FC 3.03, p=0.01), and GPR34 (FC 2.26, p=0.04)
in microglia by quantitative reverse transcription polymerase chain reaction (RT-qPCR). In contrast,
the well-known macrophage genes SLPI (FC 9.80, p=0.002) and CD206 (FC 4.69, p=0.02) were enriched
in choroid plexus macrophages, compared to microglia (Figure 1C).
The sensome of microglia comprises numerous G protein-coupled receptors (GPCRs),
including the purinergic receptors P2RY12 and P2RY13, the fractalkine receptor CX3CR1, and the
orphan receptor GPR349. We noticed that ADGRG1, encoding GPR5639, is another top-abundant
GPCR transcript in human GM and WM microglia (Figure 1D). In line with the known absence
of ADGRG1 gene expression in myeloid cells other than microglia40,41, we detected GPR56 protein
expression on acutely isolated primary WM microglia (2449 ± 348), but hardly on choroid plexus
macrophages (514 ± 295) (Figure 1E and Supplementary Figure 5). Western blot analysis of GPR56 in
microglia revealed a 60-kD band (Figure 1F), corresponding in size with the extracellular fragment of
the processed receptor42. Corroborating the massive changes in microglia signature gene expression
seen in microglia removed from their natural microenvironment11,29, transcription of ADGRG1 was
completely lost after 4 days in culture (FC 0.15, p=0.0006) (Figure 1G).
86

Transcriptional changes in grey-white matter and MS human microglia

5

Figure 1 | A common core signature for grey and white matter (GM and WM, respectively) microglia. A) Expression of
genes associated with microglia, endothelial cells, astrocytes, neurons, and oligodendrocytes obtained by RNA sequencing of
GM (n=5) and WM (n=11) microglia. B) Expression of 19 established mouse microglia signature genes that overlap between
two datasets37,38 is highly conserved in human microglia from both GM (n=5) and WM (n=11) tissue. C) Expression of microglia and macrophage signature genes in WM microglia (n=6) and choroid plexus macrophages (n=7) determined by quantitative reverse transcription polymerase chain reaction (RT-qPCR). Mann–Whitney U test *p < 0.05, **p < 0.01. D) Transcriptional
expression of G protein-coupled receptors (GPCRs) in microglia reveals ADGRG1 as top 3 abundant GPCR transcript in both
GM (n=5) and WM (n=11) microglia. E) Detection of GPR56 protein in WM microglia, but not in choroid plexus macrophages,
by flow cytometry (n=3). F) Western blot analysis of GPR56 in NK-92 cells and WM microglia detects a 60-kDa band, corresponding with the presumed size of the N-terminal fragment (NTF). G) In culture, microglia downregulate the expression of
ADGRG1 and other signature genes (P2RY12, CX3CR1) determined here by RT-qPCR at 4 days in vitro (n=4). Unpaired t test:
*p < 0.05, ***p < 0.001. Bars show mean with standard deviation.
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To conclude, the microglia we isolated from both GM and WM regions of control and normalappearing MS post-mortem tissue express genes characteristic for microglia, including several
GPCRs.

Figure 2 | Regional and multiple sclerosis (MS)-specific changes in human microglia determined by differentially
expressed (DE) genes. A) Principal component analysis of global gene expression demonstrates profound differences between microglia from GM and WM and smaller differences between microglia from control and MS donors. B) Number of DE
genes for GM versus WM and MS versus CON, based on a fold change of > 2 or <−2 and an adjusted p-value (false discovery
rate <0.05). C) A Venn diagram shows hardly any overlap between GM and WM MS microglia, based on DE genes. The
two overlapping genes are MRC1 and LOC101927481. Volcano plots illustrating the top regulated genes in GM versus WM
microglia from control (D) or MS (E) and in MS versus control microglia in WM (F) and GM (G) regions. Red and blue dots
indicate positive or negative fold change, respectively.
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Regional and MS-specific differentially expressed genes
A principal component analysis (PCA) showed clustering of four groups clearly distinguishing microglia from GM and WM brain regions (Figure 2A). Less distinction was observed between microglia isolated from control and normal-appearing MS tissue. Differentially expressed (DE) genes were
defined among GM and WM microglia for both MS and control donors (Figure 2B and Supplementary Data 2). The highest number of DE genes was observed between GM and WM regions, 453 genes
in control and 124 genes in microglia from MS donors. Remarkably, the number of DE genes in WM
microglia compared to GM in control donors is higher compared to MS donors. When comparing
MS and control groups, a higher number of genes were differentially expressed in GM (93 genes)
as compared to WM (38 genes) microglia. When comparing MS DE genes between GM and WM,
hardly any overlap was observed; only two genes (MRC1 and LOC101927481) were jointly regulated,
demonstrating that MS-associated changes are region-specific (Figure 2C).
DE genes were displayed in Volcano plots for all four comparisons (Figure 2D-G). Top DE
genes with the highest fold change, highly expressed in GM microglia, were TNFRSF25 and CCL2,
which play a role in the ‘cytokine-mediated signaling’ (GO-term analysis; in Supplementary Data
2). WM microglia more abundantly expressed genes involved in ‘chemotaxis’ and ‘inflammatory
response’ (CXCR4, ACKR1, GPNMB, NUPR1). DE genes highly expressed in GM compared to WM
microglia in the MS group (TNFRSF25, CCL2, MRC1) were mainly the same as in the control group. In
addition, inflammatory calgranulin genes S100A12 and S1000A9 were significantly higher expressed
in GM compared to WM MS microglia. In MS NAWM microglia, upregulated genes are involved in
‘lipid metabolism’ (EEPD1, LPL, PPARG) or has been reported as early prognostic biomarker in MS
(CHI3L1)43. Downregulated genes were ADGRG1 and MRC1. Top DE genes in microglia from MS
NAGM tissue were SPP1, CXCR4, and GPNMB involved in inflammatory responses. We thus found
clear regional transcriptional differences for microglia in both control and MS donors.

Co-expression networks for grey and white matter microglia
To determine transcriptional networks that are based on changes in patterns of gene expression rather than fold changes of individual genes, we performed an unbiased weighted gene co-expression
network analysis (WGCNA). This resulted in a network clustered into 21 modules (Figure 3A). Each
module was correlated to a module eigengene (ME). Region-related modules were represented by
ME lightcyan (439 genes) and ME coral (3,130 genes) for GM, and by ME darkseagreen (71 genes) and
ME black (3,492 genes) for WM.
Several gene set enrichment analyses were performed for each module to determine genes
significantly (false discovery rate-adjusted p <0.05) overrepresented within Hallmarks, GO terms,
KEGG pathways and diseases (Figure 3B and Supplementary Data 3-6). Moreover, a connectivity
analysis was performed to detect the genes with the highest intramodular connectivity (called hubgenes; Supplementary Data 7). The top hubgenes within each pathway and the heatmaps presenting
total gene expression for modules of interest are displayed in Figure 3C,D.
The module significantly correlated with control GM was ME lightcyan and showed
enriched hallmark pathways for ‘complement’ and ‘inflammatory response’ and the GO terms
89

5

‘neutrophil mediated immunity’ and ‘myeloid leukocyte mediated immunity’ (Figure 3B). The hubgenes CR1 and S100A12 are associated with the ‘complement’ pathway and MMP9, together with
CR1 and S100A12, are related to the GO terms ‘neutrophil mediated immunity’ and ‘myeloid leukocyte mediated immunity’ in control GM microglia (Figure 3C). The heatmap for module lightcyan
showed interdonor variation in gene expression in the GM control group (Figure 3D). ME coral
was highly correlated with GM microglia in both control and MS tissue, and little variation in coexpressed genes for the GM group was found between donors (Figure 3D). Hallmark enrichments
within the coral module were ‘interferon gamma response’ and ‘interferon alpha response’, corresponding with the highly enriched GO terms ‘type I interferon signaling pathway’ and ‘cellular
response to type I interferon’ (Figure 3B). STAT2, a hubgene within ME coral is a transcription factor
that regulates the interferon (IFN) response (Figure 3C). Genes that are regulated downstream of
the IFN response, like IFI44 and CCL2, are significantly higher expressed in cortical microglia. In
addition, protein expression of STAT2 by microglia in both GM and WM regions was confirmed by
immunohistochemistry in tissue of control donors (Supplementary Figure 6).
ME darkseagreen represents control WM microglia with enriched hallmark pathways ‘cholesterol homeostasis’ and ‘cholesterol and steroid biosynthetic process’ and the associated KEGG
pathway ‘steroid biosynthesis’ (Figure 3B). Hubgenes with high connectivity were FDFT1, MSMO1,
HMGCR and SQLE (Figure 3C). High interdonor variation in gene expression patterns for WM control microglia was observed (Figure 3D). Within ME black, corresponding to WM microglia in both
control and MS tissue, top-enriched hallmark pathways were ‘TNFα signaling via NF-κB’, ‘oxidative
phosphorylation’, and ‘cholesterol homeostasis’. Enriched GO terms were ‘microtubule based movement’ and ‘chemotaxis’ (Figure 3B). Hardly any variation in gene expression between donors for microglia was observed (Figure 3D). The hubgene related to the ‘oxidative phosphorylation’ pathway
was SLC25A6, and SLIT2 was related to the GO term ‘chemotaxis’ (Figure 3C). NFKBIA was identified as hubgene for the pathway ‘TNFα signaling via NF-κB’ and was significantly higher expressed
in WM microglia, together with increased expression of other NF-κB inhibitors and downstream
targets of the NF-κB pathway, IL8 and PTGS2.
NF-κB signaling can be activated via the canonical and the noncanonical pathway44 (Supplementary Figure 7A). We determined the cellular localization of the NF-κB subunits p65 (canonical
pathway) and RelB (noncanonical pathway) in WM and GM microglia using immunofluorescence
confocal microscopy in brain tissue of control donors. The majority of GM and WM microglia showed
no nuclear translocation of these subunits (Supplementary Figure 7B-E). Moreover, Western blot
analysis of isolated microglia from control donors revealed no phosphorylation of IkBα (indicative
of active canonical NF-κB signaling) or processing of p100 into p52 (indicative of active noncanonical
NF-κB signaling) (Supplementary Figure 7F).
In conclusion, co-expression network analysis identified a clear difference in the immune
regulatory profile of GM and WM microglia, as GM microglia showed a high expression of genes
associated with type-I IFN response, and genes belonging to the NF-κB pathway were higher
expressed in WM microglia. We observed no signs of NF-κB pathway activity in control GM and
WM microglia.
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Figure 3 | Co-expression networks for microglia in grey and white matter (GM and WM, respectively) and in normalappearing multiple sclerosis (MS) tissue. A) Twenty-one modules identified by weighted gene co-expression network analysis are provided with their module–trait correlation and the amount of genes that belong to each module displayed between
brackets. B, C) Modules of interest for GM and WM regions and for MS GM or WM tissue are highlighted with top enriched
hallmarks, Gene ontology terms, Kyoto Encyclopedia of Genes and Genomes pathways, and disease terms as well as top
hubgenes with the highest connectivity provided. Module eigengenes (MEs) lightcyan and coral correlate to GM in control or
in both control and MS microglia, respectively. MEs darkseagreen and black correlate to WM in control microglia or in both
control and MS, respectively. MEs darkmagenta and purple correlate to MS WM or GM, respectively. D) Heatmaps display
the expression of each gene in modules of interest, based on Z-score.

Co-expression networks for normal-appearing MS microglia
Modules significantly correlated with MS were ME darkmagenta, related to microglia from NAWM
and ME purple for microglia from NAGM (Figure 3A). We noticed that not one module correlated
with MS-related changes in both GM and WM microglia, indicating that the MS-associated gene
expression profile is region-specific for microglia. In ME darkmagenta, overrepresented genes were
related to GO-terms ‘neutral lipid catabolic process’ and ‘regulation of macrophage derived foam
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cell differentiation’. KEGG pathways included ‘sphingolipid signaling pathway’, ‘PPAR signaling
pathway’, and ‘lysosome’ (Figure 3B). Strikingly, disease ontology enrichment analysis showed
‘atherosclerosis' and ‘multiple sclerosis’, including LPL as hubgene, involved in lipid metabolism.
Several additional hubgenes within this module were related to the lysosomal compartment, ASAH1
and CTSD have enzymatic functions, and SCARB2 is known to be a lysosomal membrane receptor
(Figure 3C). Supplementary Figure 8 provides an overview of the genes within the KEGG pathway
‘lysosome’. Enrichment analysis identified hallmark pathway ‘glycolysis’ and the top GO terms ‘ion
homeostasis’ and ‘metal ion homeostasis’ in ME purple (Figure 3B). Hubgenes in this module were
ABCB6, CCR2, LPAR6, SDC1 and SLC25A37, associated with metal ion homeostasis and glycolysis
(Figure 3C). Heatmaps for co-expressed genes showed some variation between MS donors within
modules darkmagenta and purple, with three MS donors that showed a more similar expression pattern as in control donors for WM microglia, indicating heterogeneity of MS-related changes between
donors (Figure 3D).
To conclude, co-expression network analysis identified metabolic changes in microglia from
normal-appearing MS tissue. We report co-expression changes of genes associated with glycolysis
and metal ion homeostasis in NAGM MS microglia, pointing to changes in microglial metabolic
state and a response to iron in the NAGM. In contrast, microglia in MS NAWM showed a higher coexpression of genes associated with the lysosomal pathway, lipid catabolism and foam cell differentiation, suggesting early lipid processing.

Homeostatic genes conserved in normal-appearing MS microglia
In mouse models of neurodegenerative disorders, microglia downregulate expression of homeostatic genes, including P2RY12, P2RY13, and ADGRG115. Downregulation of P2RY12 has also been
described in normal-appearing MS tissue45. We identified hardly any changes in the expression of
these homeostatic genes in normal-appearing MS tissue (Figure 4A,B). Expression of the top-25
homeostatic signature genes, except for USP2 in NAGM and ADGRG1 in NAWM, was not affected
in MS (Figure 4C,D). Confirming the significantly lower gene expression of ADGRG1 in MS, GPR56
protein expression was reduced in microglia isolated from MS NAWM compared to non-MS WM
microglia (p=0.003) (Figure 4E). Our data indicate conservation of the microglial homeostatic state in
MS normal-appearing tissue seemingly devoid of MS pathology.

NAWM gene expression differences relate to MS lesion changes
Microglia in MS NAWM showed significantly increased expression of LPL, EEPD1, and CHI3L1
mRNA (Figure 2F), which are implicated in lipid metabolism and therefore possibly involved in
demyelination. To investigate whether these changes in MS NAWM indeed relate to MS lesion
pathology, we also analyzed expression of LPL, EEPD1, and CHI3L1 in mixed active/inactive MS
lesions. Both LPL (p=0.02) and CHI3L1 (p=0.003) were significantly increased in these MS lesions
as compared to NAWM tissue, whereas EEPD1 expression was unaltered (Figure 5A). Moreover,
expression of ADGRG1 was significantly reduced in NAWM microglia (Figure 4D), but did not differ
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Figure 4 |Conservation of homeostatic gene expression in microglia from normal-appearing multiple sclerosis (MS)
tissue. A, B) Venn diagrams show hardly any overlap between homeostatic genes identified in mouse microglia15 and differentially expressed genes for grey matter (GM; n=5) and white matter (WM; n=10) MS microglia. C, D) Expression of 25
homeostatic signature genes is amply changed in human microglia from both MS GM and WM, except for USP2 upregulation
in GM and ADGRG1 downregulation in WM MS microglia. Two-way ANOVA: * adjusted p <0.05. E) Flow cytometric analysis
confirms downregulation of GPR56 protein expression in MS WM microglia (n=6) compared to non-MS WM microglia (n=8).
Mann–Whitney U test: **p < 0.01. Bars show mean with standard deviation.

between NAWM tissue and MS lesions (Figure 5A).
To specifically assess the expression of these genes in MS lesion-associated microglia, we
analyzed nuclear RNA expression from IRF8+ nuclei from the same NAWM and lesion blocks
we used to analyze whole tissue gene expression. IRF8 is a nuclear transcription factor highly
enriched in murine microglia compared to other CNS cells46 and bone marrow-derived myeloid
cells47. To assess if the IRF8 enrichment is conserved in human microglia, we demonstrated that
IRF8+ nuclei from WM indeed show enhanced expression of the microglia genes CX3CR1 (FC 4.1,
p=0.006), P2RY12 (FC 3.6, p=0.03), and CSF1R (FC 7.4, p=0.02) when compared to the whole nuclear
fraction from WM tissue (Supplementary Figure 9). IRF8+ nuclei isolated from MS lesions showed a
significantly higher expression of CHI3L1 (p=0.003) and LPL (p=0.03) when compared to IRF8+ nuclei
from NAWM MS tissue. Thus, the increased expression of lipid metabolism genes in MS lesion tissue
is conserved in the microglial fraction of the same lesions (Figure 5B). Furthermore, expression of
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EEPD1 and ADGRG1 was not changed in IRF8+ nuclei from lesions compared to NAWM (Figure 5B).

Figure 5 | Gene expression differences observed in normal-appearing white matter (NAWM) microglia relate to changes
found in multiple sclerosis (MS) lesions. A) Excised mixed active/inactive MS lesion tissue (n=5) shows increased expression of the differentially expressed genes LPL and CHI3L1 compared to NAWM (n=7) determined by quantitative reverse
transcription polymerase chain reaction (RT-qPCR). EEPD1 and ADGRG1 expression is unaltered. Mann–Whitney U test:
*p< 0.05, **p< 0.01. B) IRF8+ nuclei isolated from the same mixed active/inactive MS lesions demonstrates increased expression of CHI3L1 and LPL, compared to IRF8+ nuclei from NAWM, determined by RT-qPCR. In line with the tissue data, the
expression of EEPD1 and ADGRG1 is not changed in IRF8+ nuclei from MS lesions. Mann–Whitney U one-tailed test: *p< 0.05,
**p< 0.01. Box plot center line shows median; whiskers show minimum–maximum values.

Discussion
The role of microglia in lesion initiation in both WM and GM regions in MS is not clear. To identify the transcriptome of microglia and possible early changes related to MS pathology, we studied
normal-appearing tissue and analyzed the gene expression profile of microglia isolated from
post-mortem GM and WM tissue. We identified transcriptional changes in microglia associated with
known MS pathology, like iron metabolism in GM and lipid processing in WM. In addition, we
confirmed that NAWM transcriptional changes are early signs of MS lesion pathology, by showing similar upregulation in microglia nuclei isolated from active MS lesions. At the same time, the
homeostatic profile of microglia was maintained in normal-appearing MS tissue, and expression
of genes, such as P2RY12 and TMEM119, remained unchanged. In addition, we identified a clear
region-specific profile for microglia in both non-neurological control and MS donors, which
converge on immune regulatory pathways.
Our analysis showed a clear overlap of highly expressed genes in both GM and WM with
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the microglia transcriptomic signature recently identified in mice37,38 and confirmed in humans10,11. In
addition, we found several of these genes to be enriched in microglia, compared to autologous choroid plexus macrophages. Interestingly, the adhesion family GPCR GPR56 (ADGRG1) was distinctly
expressed in both GM and WM microglia, compared to choroid plexus macrophages. This finding
is in line with recent reported expression of Adgrg1 in yolk sac-derived microglia, but not in bone
marrow-derived microglia-like cells in mice, suggesting that GPR56 is a distinctive marker that
allows to distinguish microglia from CNS-infiltrating macrophages under pathological conditions40.
GPR56 is also highly expressed in cytotoxic lymphocytes, where it inhibits effector functions and
keeps the cells in a quiescent state48. The function of GPR56 in microglia is not known yet, but may
revolve around the maintenance of a homeostatic state.
The transcriptome of human microglia showed clear differences between WM and GM
tissue. The tissue environment in the cortical region consists of neuronal cell bodies and low myelin
density, which constitutes a substantially distinct environment for microglia as compared to WM
regions that are rich in lipids and devoid of neuronal ligands that control microglia activity, such as
CX3CL1, CD47, and CD20049. Besides an inherently different transcriptomic profile, cellular numbers
could further dictate differences in microglial response to environmental changes. A higher microglia density, correlating with a higher yield of microglia isolated from post-mortem tissue has been
reported for WM regions29,50. Microglia in the cortex of non-neurological control donors showed a
higher expression of genes related to the complement pathway, in particular high expression of the
hubgene complement receptor 1 (CR1). Co-expression of complement pathway genes might relate
to an essential role for microglia in complement-mediated synapse pruning under homeostatic conditions in the cortex51,52. In control and MS donors, cortical microglia co-expressed genes involved
in the IFN type-I response. This response is important in limiting viral spread in the CNS and is
produced by many cell types, including neurons and microglia53–55. Our dataset showed a clear difference in expression of type-I IFN genes between GM and WM microglia under non-inflammatory
conditions. Specifically, we observed higher expression of the IFN genes STAT2 and IRF9 in cortical
microglia, which can form a complex that translocates to the nucleus and modulates the type-I IFN
response53. High expression of type-I IFN genes might prime cortical microglia to quickly respond to
viral infections and preventing neuronal damage.
Higher expression of genes belonging to the NF-κB pathway was found in WM microglia in
both control and normal-appearing MS tissue. NF-κB is well known for its role in inflammatory responses and is an essential player in MS pathology56. We here studied non-inflammatory conditions
and identified higher expression of NF-κB inhibitor genes and downstream targets IL8 and PTGS2
in WM microglia, compared to GM microglia. Suppression of NF-κB pathway activation under noninflammatory conditions might be essential to keep microglia in a quiescent state and prevent full activation. Indeed, we found no signs of NF-κB pathway activation in GM and WM microglia. Presumably, higher expression of downstream transcripts IL8 and PTGS2 in WM microglia may be related
to other signaling pathways. Our results on microglial GM and WM differences are supported by a
recent transcriptomic study, that reports a region-specific profile of murine microglia by differences
in immune regulatory pathways, like type-I IFN response, between different brain regions57. The
regional microglial differences in immune regulatory pathways are of high importance to under95
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stand their role in GM or WM MS lesion initiation. GM lesions are characterized by lower numbers
of infiltrating leukocytes3,4, which can be explained by the high expression of IFN genes by cortical
microglia to prevent leukocyte infiltration in GM tissue, which was demonstrated by Khorooshi and
Owens58.
Interestingly, DE genes that show higher expression in WM compared to GM control microglia and are associated with the NF-κB pathway, like NFKBIZ and NFKBIA, are not differentially
expressed between GM–WM regions in MS anymore. Moreover, the number of DE genes between
GM–WM regions was remarkably lower in microglia isolated from MS donors, indicating that microglia in MS may start losing their region-specific profile. However, we found that in normalappearing GM and WM MS tissue, expression of homeostatic genes in microglia is preserved, except for ADGRG1 in NAWM and USP2 in NAGM, suggesting a quiescent basal state of microglia
in normal-appearing MS tissue. Our data are in contrast to those of Zrzavy and colleagues, who
report downregulation of P2RY12 and TMEM119, and upregulation of ADGRG1 already in normalappearing MS tissue45. This discrepancy could be due to the fact that normal-appearing regions in
this study were dissected from tissue situated adjacent to active lesions of patients with acute MS,
who died within 4 months after disease onset, suggesting more severe MS pathology than in our
cases.
In addition to the maintained homeostatic signature in normal-appearing MS tissue, we
report clear MS-associated metabolic changes in both normal-appearing GM and WM microglia. We
report lipid processing as a major pathway that was altered in microglia from NAWM MS tissue,
together with the lysosomal and PPAR signaling pathway. The endonuclease-exonuclease-phosphatase family domain containing 1 (EEPD1) gene showed an increased expression in NAWM MS
microglia and was recently identified as new liver X-receptor target to promote cholesterol efflux
in macrophages59. In addition, both lipoprotein lipase (LPL) and peroxisome proliferator-activated
receptor γ (PPARG) were upregulated and are well-studied genes in the atherosclerotic field. LPL
expression is regulated by the transcriptional factor PPARγ and mediates lipid processing and
cholesterol efflux60. Both LPL and PPARG play a role in foam cell formation in the atherosclerotic
plaque61.
To study whether these lipid metabolism changes observed in NAWM MS microglia relate
to MS pathology, we determined the expression of NAWM DE genes in MS lesions, and showed that
LPL and CHI3L1 expression was indeed increased in MS lesions as compared to NAWM tissue. In
order to assess transcript levels specifically in microglia, we developed a sorting strategy to enrich
for microglial nuclei, based on the expression of IRF8. The transcriptional changes in whole tissue
were conserved in the nuclear IRF8+ fraction, isolated from the same MS lesions and NAWM tissue.
In addition, expression of ADGRG1 was not changed in MS lesions, demonstrating that reduced
expression of ADGRG1 in NAWM is not sustained in demyelinating MS lesions. MS lesions selected
for this study contained many active foamy microglia/macrophages in the rim, indicating presence
of demyelinating MS pathology. Therefore, the high expression of lipid metabolism genes by these
foamy cells demonstrates that the microglial transcriptional changes we already observed in NAWM
are likely early signs of MS lesion pathology.
The upregulation of genes involved in lipid metabolism, lysosomal function, and foam cell
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formation in NAWM tissue illustrates that microglia undergo changes due to lipid uptake and processing in tissue without radiological signs of demyelination. Interestingly, we previously reported
that microglia isolated from control donors more efficiently phagocytose MS myelin as compared to
myelin isolated from healthy control brain donors, and a study by Wheeler and colleagues showed
altered lipid composition of myelin in normal-appearing MS tissue24,25. Changes in myelin lipid
composition in NAWM in MS may go unnoticed in conventional immunohistochemistry studies.
However, such small changes may have far-reaching consequences when microglia interact with
and phagocytose myelinated axons. Another sign that supports a microglial response in NAWM is
increased CHI3L1 expression, as CHI3L1 has been identified as early prognostic biomarker in MS
and plays a role in limiting inflammation43,62. Other causes of possible changes in microglia–myelin
interaction in NAWM in MS are related to complement opsonization18,63 or Wallerian degeneration64
in response to MS lesions situated close by, which might attract microglia for targeted myelin removal and contributes to lesion formation.
In contrast, microglia in NAGM MS tissue showed a different transcriptional profile
associated with glycolysis and iron homeostasis. Iron accumulation is well described in brains of MS
patients, and accumulation of iron in microglia is a pathological hallmark of MS65. An MRI study
showed iron depositions in deep GM regions in patients with clinical isolated syndrome, suggesting
iron depositions as early hallmark of MS66. The observed increased expression of iron metabolism
genes in cortical MS microglia indicates a response to iron depositions in the cortex. More specifically, we found increased expression of the mitochondrial importer mittoferin-1 (SLC25A37) and the
mitochondrial transporter ABCB6 in MS NAGM microglia, both involved in maintaining cellular
iron homeostasis67. Disturbed iron homeostasis could be a result of increased iron-rich oligodendrocyte debris in the environment68. Besides disturbed iron homeostasis, increased glycolysis was
observed in NAGM MS microglia and might be due to iron accumulation, which has been shown in
mouse microglia to increase the glycolytic response69.
We here report the first signs of iron or lipid uptake by microglia in normal-appearing MS
tissue, resulting in metabolic changes, but not affecting homeostatic signature genes. The downstream effect of increased iron uptake by microglia has to be studied in more detail, but the detection of increased glycolytic genes may indicate that microglia require a higher energy level for
iron metabolism. In addition, long-term iron uptake, resulting in iron accumulation in microglia,
might trigger the production of reactive oxygen species, dysfunctional mitochondria, and microglial
dysfunction68. In line herewith, increased expression of the DE genes CXCR4, GPNMB, and SPP1 in
NAGM suggests that early microglial changes relate to a neurodegenerative microglia profile, as
upregulation of these genes was earlier observed in experimental mouse models for MS and AD15,16.
Therefore, these microglial changes in NAGM tissue might be early signs of pathology.
In microglia from NAWM tissue, early signs of lipid processing and PPARγ signaling might
induce an anti-inflammatory phenotype, as lipid processing controls the inflammatory response
and involves PPARγ signaling70,71. PPARγ agonists are used to treat patients with atherosclerosis,
and several studies report the beneficial effect of PPARγ agonists as therapeutic target for MS72,73,
providing evidence for a beneficial role of microglia in NAWM. As microglia constantly survey their
environment to maintain brain homeostasis, which includes the targeted removal of apoptotic oligo97
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dendrocytes and myelin debris14, myelin clearance by microglia does not change their homeostatic
profile and raises the question if this will result in MS-lesion initiation. Importantly, in vivo studies
in animal models for MS with disrupted microglial functions have shown that myelin debris clearance is crucial for remyelination and repair5. Based on our findings, we propose that microglia in
normal-appearing tissue need a second hit to become fully activated, to play an initiating role in MS
lesion formation14.
In NAWM, clusters of activated microglia have been described, which respond to axonal
and myelin changes63. Together with the recent findings that only a small subset of microglia show a
disease-related profile in an animal model for AD, based on single-cell sequencing16, this illustrates
that also within normal-appearing MS tissue, a heterogeneous population of microglia can exist. The
microglial changes that we observed in normal-appearing MS tissue are actually diluted by identifying the transcriptome of the bulk of microglial cells. Therefore, a single-cell approach or different
cell purification methods are needed to study specifically these microglial clusters. Future studies
should focus on studying these microglial clusters, as we hypothesize that these clustered microglia
are initiators of lesion formation.
In summary, we identified a region-specific transcriptional profile for human microglia in
GM and WM tissue, which is important for studying their role under healthy and neuroinflammatory conditions. Regional differences in the microglial response to different stimuli are especially
important to consider in the search for novel therapeutic interventions. Furthermore, we identified
microglial changes in normal-appearing MS tissue associated with known MS pathology, pointing towards an important role for microglial metabolic changes in MS pathology. Future studies
should focus on microglia clusters and myelin composition in normal-appearing MS tissue to further
identify molecular changes in normal-appearing MS tissue and to identify initial signs of MS lesion
formation that may be of interest for therapeutic targeting.

Acknowledgements
The authors acknowledge the Netherlands Brain Bank (https://www.brainbank.nl) for providing the
donor material and A. Konstantoulea for performing RT-qPCR experiments. This study was supported by the Dutch MS Research Foundation (grant 13–830 MS), the Thyssen Foundation (2015–00387),
and the German Research Foundation (FOR 2149).

Data availability
The RNA-sequencing dataset is available online in the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov). The GEO accession number is GSE111972. Supplementary Data
files are available online: https://www.nature.com/articles/s41467-019-08976-7#Sec23.

98

Transcriptional changes in grey-white matter and MS human microglia

References
1.

Stadelman, C., Wegner, C. & Bruck, W. Inflammation, demyelination, and degeneration- Recent insights
from MS pathology. Biochim. Biophys. Acta 1812, 275–282 (2011).

2.

Mahad, D. H., Trapp, B. D. & Lassmann, H. Pathological mechanisms in progressive multiple sclerosis.
Lancet Neurol. 14, 183–93 (2015).

3.

Peterson, J. W., Bö, L., Mörk, S., Chang, A. & Trapp, B. D. Transected neurites, apoptotic neurons, and
reduced inflammation in cortical multiple sclerosis lesions. Ann. Neurol. 50, 389–400 (2001).

4.

Bø, L., Vedeler, C. A., Nyland, H., Trapp, B. D. & Mørk, S. J. Intracortical multiple sclerosis lesions are not
associated with increased lymphocyte infiltration. Mult. Scler. 9, 323 (2003).

5.

Lampron, A. et al. Inefficient clearance of myelin debris by microglia impairs remyelinating processes. J.
Exp. Med. 212, 481–495 (2015).

6.

O'Loughlin, E., Madore, C., Lassmann, H. & Butovsky, O. Microglial Phenotypes and Functions in Multiple Sclerosis. Cold Spring Harb. Perspect. Med. 8, 1–22 (2018).

7.

Ginhoux, F. et al. Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages. Science. 330, 841 (2010).

8.

Askew, K. et al. Coupled Proliferation and Apoptosis Maintain the Rapid Turnover of Microglia in the
Adult Brain. Cell Rep. 18, 391–405 (2017).

9.

Crotti, A. & Ransohoff, R. M. Review Microglial Physiology and Pathophysiology : Insights from Genome-wide Transcriptional Profiling. Immunity 44, 505–515 (2016).

10.

Galatro, T. F. et al. Transcriptomic analysis of purified human cortical microglia reveals age-associated
changes. Nat. Neurosci. 20, 1162–1171 (2017).

11.

Gosselin, D. et al. An environment-dependent transcriptional network specifies human microglia identity. Science. 356, eaal3222 (2017).

12.

Li, Q. & Barres, B. A. Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol.
18, 225–242 (2017).

13.

Cunningham, C., Wilcockson, D. C., Campion, S., Lunnon, K. & Perry, V. H. Central and Systemic Endotoxin Challenges Exacerbate the Local Inflammatory Response and Increase Neuronal Death during
Chronic Neurodegeneration. J. Neurosci. 25, 9275–9284 (2005).

14.

Wolf, S. A., Boddeke, H. W. G. M. & Kettenmann, H. Microglia in Physiology and Disease. Annu. Rev.
Physiol. 79, 619-643 (2017).

15.

Krasemann, S. et al. The TREM2-ApoE pathway drives the transcriptional phenotype of dysfunctional
microglia in neurodegenerative diseases. Immunity 47, 566–581 (2017).

16.

Keren-Shaul, H. et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer
’ s Disease. Cell 169, 1276–1290 (2017).

17.

Olah, M. et al. A transcriptomic atlas of aged human microglia. Nat. Commun. 9, 539 (2018).

18.

Ramaglia, V. et al. C3-dependent mechanism of microglial priming relevant to multiple sclerosis. Proc.
Natl. Acad. Sci. 109, 965–970 (2012).

19.

Melief, J. et al. Microglia in normal appearing white matter of multiple sclerosis are alerted but immunosuppressed. Glia 61, 1848–1861 (2013).

20.

Zeis, T., Graumann, U., Reynolds, R. & Schaeren-Wiemers, N. Normal-appearing white matter in multiple sclerosis is in a subtle balance between inflammation and neuroprotection. Brain 131, 288–303 (2008).

21.

Hendrickx, D. A. E. et al. Gene expression profiling of multiple sclerosis pathology identifies early patterns of demyelination surrounding chronic active lesions. Front. Immunol. 8, 1810 (2017).

22.

Hendrickx, D. A. E. et al. Selective upregulation of scavenger receptors in and around demyelinating
areas in multiple sclerosis. J. Neuropathol. Exp. Neurol. 72, 106–18 (2013).

23.

Granberg, T. et al. In vivo characterization of cortical and white matter neuroaxonal pathology in early
multiple sclerosis. Brain 140, 2912–2926 (2017).

24.

Wheeler, D., Bandaru, V. V. R., Calabresi, P. A., Nath, A. & Haughey, N. J. A defect of sphingolipid
metabolism modifies the properties of normal appearing white matter in multiple sclerosis. Brain 131,
3092–3102 (2008).

25.

Hendrickx, D. A. E., Schuurman, K. G., van Draanen, M., Hamann, J. & Huitinga, I. Enhanced uptake of
multiple sclerosis-derived myelin by THP-1 macrophages and primary human microglia. J. Neuroinflammation 11, 64 (2014).

26.

Bö, L., Geurts, J. J. G., Ravid, R. & Barkhof, F. Magnetic resonance imaging as a tool to examine the neu99

5

ropathology of multiple sclerosis. Neuropathol. Appl. Neurobiol. 30, 106–117 (2004).
27.

Hendrickx, D. A. E., Eden, C. G. Van, Schuurman, K. G., Hamann, J. & Huitinga, I. Staining of HLA-DR
, Iba1 and CD68 in human microglia reveals partially overlapping expression depending on cellular
morphology and pathology. J. Neuroimmunol. 309, 12–22 (2017).

28.

Luchetti, S. et al. Progressive multiple sclerosis patients show substantial lesion activity that correlates
with clinical disease severity and sex: a retrospective autopsy cohort analysis. Acta Neuropathol. 135,
511–528 (2018).

29.

Mizee, M. R. et al. Isolation of primary microglia from the human post-mortem brain: effects of ante- and
post-mortem variables. Acta Neuropathol. Commun. 5, 1–14 (2017).

30.

Krishnaswami, S. R. et al. Using single nuclei for RNA-seq to capture the transcriptome of postmortem
neurons. Nat. Protoc. 11, 499–524 (2016).

31.

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol. 15, 1–21 (2014).

32.

Leek, J. T., Johnson, W. E., Parker, H. S., Jaffe, A. E. & Storey, J. D. The sva package for removing batch
effects and other unwanted variation in high-throughput experiments. Bioinformatics 28, 882–883 (2012).

33.

Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 43, e47 (2015).

34.

Yu, G., Wang, L.-G., Han, Y. & He, Q. ClusterProfiler: an R Package for Comparing Biological Themes
Among Gene Clusters. OMICS 16, 284–287 (2012).

35.

Yu, G., Wang, L., Yan, G. & He, Q. Systems biology DOSE: an R/Bioconductor package for disease ontology semantic and enrichment analysis. Bioinformatics 31, 608–609 (2015).

36.

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408 (2001).

37.

Hickman, S. E. et al. The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci. 16, 1896–
905 (2013).

38.

Butovsky, O. et al. Identification of a unique TGF-β dependent molecular and functional signature in
microglia. Nat. Neurosci. 17, 131–143 (2014).

39.

Hamann, J. et al. International Union of Basic and Clinical Pharmacology . XCIV . Adhesion G Protein –
Coupled Receptors. Pharmacol. Rev. 67, 338–367 (2015).

40.

Bennett, F. C. et al. A Combination of Ontogeny and CNS Environment Establishes Microglial Identity.
Neuron 98, 1–14 (2018).

41.

Lin, H. et al. Adhesion GPCRs in regulating immune responses and inflammation. Adv. Immunol. 136,
163–201 (2017).

42.

Peng, Y. et al. Specific expression of GPR56 by human cytotoxic lymphocytes. J. Leukoc. Biol. 90, 735–740
(2011).

43.

Novakova, L. et al. Cerebrospinal fluid biomarkers as a measure of disaese activity and treatment efficacy in relapsing-remitting multiple sclerosis. J. Neurochem. 141, 296–304 (2017).

44.

van Delft, M. A. M., Huitema, L. F. A. & Tas, S. W. The contribution of NF-kB signalling to immune regulation and tolerance. Eur. J. Clin. Invest. 45, 529–539 (2015).

45.

Zrzavy, T. et al. Loss of ‘homeostatic’ microglia and patterns of their activation in active multiple sclerosis. Brain 140, 1900–1913 (2017).

46.

Zhang, Y. et al. Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals
Transcriptional and Functional Differences with Mouse. Neuron 89, 37–53 (2016).

47.

Bennett, M. L. et al. New tools for studying microglia in the mouse and human CNS. Proc. Natl. Acad. Sci.
113, E1738–E1746 (2016).

48.

Chang, G. et al. The Adhesion G Protein-Coupled Receptor GPR56/ADGRG1 Is an Inhibitory Receptor
on Human NK Cells. Cell Rep. 15, 1757–1770 (2016).

49.

Biber, K., Neumann, H., Inoue, K. & Boddeke, H. W. G. M. Neuronal ‘On’ and ‘Off’ signals control microglia. Trends Neurosci. 30, 596–602 (2007).

50.

Mittelbronn, M., Dietz, K., Schluesener, H. J. & Meyermann, R. Local distribution of microglia in the
normal adult human central nervous system differs by up to one order of magnitude. Acta Neuropathol.
101, 249–255 (2001).

51.

Zabel, M. K. & Kirsch, W. M. From development to dysfunction : Microglia and the complement cascade
in CNS homeostasis. Ageing Res. Rev. 12, 749–756 (2013).

52.

Schafer, D. P. et al. Microglia Sculpt Postnatal Neural Circuits in an Activity and Complement-Depen-

100

Transcriptional changes in grey-white matter and MS human microglia
dent Manner. Neuron 74, 691–705 (2012).
53.

Owens, T., Khorooshi, R., Wlodarczyk, A. & Asgari, N. Interferons in the Central Nervous System: A Few
Instruments Play Many Tunes. Glia 62, 339–355 (2014).

54.

Goldmann, T., Blank, T. & Prinz, M. Fine-tuning of type I IFN-signaling in microglia — implications for
homeostasis, CNS autoimmunity and interferonopathies. Curr. Opin. Neurobiol. 36, 38–42 (2016).

55.

Drokhlyansky, E., Göz, D., Soh, T. K., Chrenek, R. & O’Loughlin, E. The brain parenchyma has a type I
interferon response that can limit virus spread. PNAS 114, 95–104 (2017).

56.

McGuire, C., Prinz, M., Beyaert, R. & van Loo, G. Nuclear factor kappa B (NF-kB) in multiple sclerosis
pathology. Trends Mol. Med. 19, 604–613 (2013).

57.

Grabert, K. et al. Microglial brain region-dependent diversity and selective regional sensitivities to aging.
Nat. Neurosci. 19, 504–516 (2016).

58.

Khorooshi, R. & Owens, T. Injury-Induced Type I IFN Signaling Regulates Inflammatory Responses in
the Central Nervous System. J. Immunol. 185, 1258–1264 (2010).

59.

Nelson, J. K. et al. EEPD1 Is a Novel LXR Target Gene in Macrophages Which Regulates ABCA1 Abundance and Cholesterol Efflux. Arterioscler. Thromb. Vasc. Biol. 37, 423–432 (2017).

60.

Li, Y. et al. Lipoprotein lipase: From gene to atherosclerosis. Atherosclerosis 237, 597–608 (2014).

61.

Babaev, V. R. et al. Conditional Knockout of Macrophage PPARy Increases Atherosclerosis in C57BL/6
and Low-Density Lipoprotein Receptor–Deficient Mice. Atheroscler. Thromb. Vasc. Biol. 25, 1647–1653
(2005).

62.

Zhou, Y. et al. Chitinase 3–like 1 Suppresses Injury and Promotes Fibroproliferative Responses in Mammalian Lung Fibrosis. Sci. Transl. Med. 6, 1–28 (2014).

63.

Singh, S. et al. Microglial nodules in early multiple sclerosis white matter are associated with degenerating axons. Acta Neuropathol. 125, 595–608 (2013).

64.

Dziedzic, T. et al. Wallerian Degeneration: A Major Component of Early Axonal Pathology in Multiple
Sclerosis. Brain Pathol. 20, 976–985 (2010).

65.

Popescu, B. F. et al. Pathogenic implications of distinct patterns of iron and zinc in chronic MS lesions.
Acta Neuropathol. 134, 45–64 (2017).

66.

Al-Radaideh, A. M. et al. Increased iron accumulation occurs in the earliest stages of demyelinating disease: an ultra-high field susceptibility mapping study in Clinically Isolated Syndrome. Mult. Scler. J. 19,
896–903 (2012).

67.

Mitsuhashi, N. et al. MTABC3, a Novel Mitochondrial ATP-binding Cassette Protein Involved in Iron
Homeostasis. J. Biol. Chem. 275, 17536–17540 (2000).

68.

Williams, R., Buchheit, C. L., Berman, N. E. J. & LeVine, S. M. Pathogenic implications of iron accumulation in multiple sclerosis. J. Neurochem. 120, 7–25 (2012).

69.

Holland, R. et al. Inflammatory microglia are glycolytic and iron retentive and typify the microglia in
APP/PS1 mice. Brain Behav. Immun. 68, 183–196 (2018).

70.

Jiang, C., Ting, A. T. & Seed, B. PPAR-y agonists inhibit production of monocyte inflammatory cytokines.
Nature 391, 82–85 (1998).

71.

Natrajan, M. S. et al. Pioglitazone regulates myelin phagocytosis and multiple sclerosis monocytes. Ann.
Clin. Transl. Neurol. 2, 1071–1084 (2015).

72.

Pershadsingh, H. A. et al. Effect of pioglitazone treatment in a patient with secondary multiple sclerosis.
J. Neuroinflammation 1, 1–4 (2004).

73.

Shukla, D. K., Kaiser, C. C., Stebbins, G. T. & Feinstein, D. L. Effects of pioglitazone on diffusion tensor
imaging indices in multiple sclerosis patients. Neurosci. Lett. 472, 153–156 (2010).

101

5

Supplemental Material
Supplementary Table 1 | Primer pairs used for RT-qPCR
Gene symbol

Forward sequence (5’–3’)

Reverse sequence (5’–3’)

ADGRG1

CTTCCAGCTTGTCGTCCTCTA

GCATGGACCAGTACCAGATGA

ADGRG1 (exon 15)

CTCTCCTAAGAGGTTCTCTCCA

CTACAACAGGCCAGCAATCTA

CD206

TGCAGAAGCAAACCAAACCTGTAA

CAGGCCTTAAGCCAACGAAACT

CD45

GCAGCTAGCAAGTGGTTTGTTC

AAACAGCATGCGTCCTTTCTC

CHI3L1

TTTGATGGGCTGGACCTTG

GCTGGGCTTCCTTTATAAATTCG

CHI3L1 (exon 10)

GGTCCACAACACACAGATT

AATCCCGAGTCTTACATTGC

CSF1R

GGCCTGCAAGGTTTTAACTG

GAGAGGGTGAAGGTGTGC

CX3CR1

TTGGCCTGGTGGGAAATTTGT

AGGAGGTAAATGTCGGTGACACT

EEF1A

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

EEPD1

TGACACTCCTGGAAAACAGC

TCCACTTGCGGATGTTGG

EEPD1 (exon 8)

GAACCCTTGGATTCCGGATAA

CCTTCTTGCTCCAGTCCTTT

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

GPR34

GCGAACCTGAACTTTAATGCAA

GTCGCAACCTTTCACCGTTT

LPL

ACTTGCCACCTCATTCCC

ACCCAACTCTCATACATTCCTG

LPL (exon 10)

CAGCCCTACCCTTGTTAGTTATT

ACGTTGGAGGATGTGCTATTT

P2RY12

TTCAAACCCTCCAGAATCAACAG

GTGCACAGACTGGTGTTACC

P2RY13

TATCCTCCCAAAGGTGACACTG

TACCAGCTGTACTATCCGAGTG

SLC2A5

CCGTGTCCATGTTTCCATTTG

CGCAGGCACGATAGAAAATATG

SLPI

CTGTGGAAGGCTCTGGAAAG

TGGCACTCAGGTTTCTTGTATC

TMEM119

CCACTCTCGCTCCATTCG

CAGCAACAGAAGGATGAGGA

Supplementary Table 2 | Antibodies used for Western blot analysis
Antibody

Catalogue

Dilution

Company

Beta-actin

SC-47778

1:1,000

Santa Cruz

GPR56

358203

1:100

BioLegend

IkBα

4814

1:500

Cell Signaling

pIkBα

9246

1:500

Cell Signaling

p100/p52

05-361

1:500

Millipore

Supplementary Table 3 | Antibodies and reagents used for flow cytometry
Antibody/
Reagent

Clone

Fluorochrome

Dilution

Company

CD11b

ICRF44

PE

1:200

eBioscience

CD14

MφP9

APC-H7

1:100

BD Biosciences

CD15

HI98

PerCP-Cy5.5

1:20

BD Biosciences

CD45

HI30

BB515

1:200

BD Biosciences

GPR56

CG4

PE-Cy7

1:100

BioLegend

Fixable Viability
Dye eFluorTM 506

-

-

1:500

ThermoFisher
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Supplementary Figure 1 | Experimental workflow for RNA-sequencing analysis of human microglia. Microglia were isolated
from control donors, GM (n=5) and WM (n=11) regions, and from MS donors, GM (n=5) and WM (n=10) regions. RNA-sequencing
was performed and global gene expression was identified by PCA, differentially expressed genes were determined using DESeq2,
and both Venn diagram and Vulcano plots were generated. WGCNA was performed to identify co-expression networks and
shows 21 modules, with enriched pathway analysis and hubgenes. Images of the brain and microglia were adapted from Servier
Medical Art by Servier licensed under a Creative Commons Attribution3.0 Unported License.

Supplementary Figure 2 | Correlations between post-mortem delay and MS-related DE-genes. MS-related DE-genes show no
significant correlation with post-mortem delay (PMD) for PPARG, LPL, EEPD1, CHI3L1, ADGRG1 and MRC1 in 10 MS donors.
Pearson correlation test.
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Supplementary Figure 3 | Myelin integrity and
microglia morphology in control and MS WM
tissue used for RNA-sequencing. No signs of
demyelination in WM tissue of MS (A) and control donors (B) based on myelin proteolipid protein (PLP) staining, scale bar 100 µm. Microglia
show ramified morphology and no difference in
expression of activation markers HLA-DR and
CD68 in both MS (C,E) and control donors (D,
F), scalebar 50 µm. Shown are representative
stainings of a MS (NBB number 12-043) and a
control donor (NBB number 11-044).

Supplementary Figure 4 | Expression of human
microglia signature genes in grey-white matter
microglia. Expression of top 30 human microglia
enriched genes, that overlap in two datasets10,11
is conserved in GM and WM microglia in our
dataset. Bars show mean with standard deviation.
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Supplementary Figure 5 | Flow cytometry gating strategy for human microglia and macrophages. Representative dot plots
showing the gating strategy used for Figure 1E with from left to right: cell gating by forward scatter (FCS) and sideward scatter (SSC), FCS-width/height duplet exclusion, SSC-width/height duplet exclusion, gating of viable cells, gating of CD45+CD15events, gating of CD11b+ events, and gating of CD14dim/high events. Previous study shows high expression of CD14 by choroid
plexus macrophages and CD14dim expression by microglia19. Representative histograms show GPR56 expression in CD14high
CP macrophage and CD14dim microglia.

Supplementary Figure 6 | STAT2 expression by microglia in grey and
white matter control tissue. Immunohistochemical detection of the
expression of STAT2 in WM and GM microglia in control brain tissue,
confirmed in three donors. Scalebar is 20 µm.
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Supplementary Figure 7 | Marked expression of NF-κB subunits in grey and white matter microglia. A) Schematic overview
of canonical and noncanonical NF-κB pathways. B-E) Immunohistochemical detection of the expression of NF-κB subunits p65
(canonical) and RelB (noncanonical) shows no nuclear translocation in major percentage of HLA-positive GM and WM microglia
in control tissue, confirmed in three donors. F) Western blot analysis shows no activation of NF-κB pathways in GM and WM
microglia, as measured by phosphorylation status of IkBα (canonical NF-κB signaling) or processing of p100 to p52 (active noncanonical NF-κB signaling), confirmed in three donors. Monocyte-derived dendritic cells (DC) stimulated with anti-CD40 was
used as positive control for NFκB activation. Nd = not detected, scalebar is 20 µm. Bars show mean with standard deviation.
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Supplementary Figure 8 | KEGG pathway analysis identified lysosomal pathway in MS WM microglia. Coexpression

network

analysis

identified

module

darkmagenta

correlated

with

MS

WM

microglia,

and

shows

‘lysosome’ as enriched KEGG pathway within this module. Genes up- or downregulated are displayed in red or green, based on
fold change, for the comparison MS WM vs control WM.
Supplementary

Figure

9

|

Whole

tissue RNA and IRF8+ nuclear RNA from
NAWM and active MS lesions for gene
expression analysis. A) RNA was isolated from whole tissue and sorted IRF8+
nuclei obtained from NAWM tissue (n=7)
and dissected MS lesions (n=5). B) Representative dot plots showing the gating
strategy for sorting of IRF8+ nuclei from
NAWM or a MS lesion from left to right:
small nuclei selection based on sideward
scatter (SSC) and forward scatter (FSC),
DAPI+ nuclei selection, nuclei negative for
autofluorescence signal in 647 channel,
and selection of IRF8+ nuclei compared to
isotype control. C) IRF8+ nuclei from WM
tissue (n=9) show enriched expression of
microglia genes CX3CR1, P2RY12, and
CSF1R compared to complete DAPI+ fraction (n=9). Wilcoxon test or one-tailed
paired t-test: *p<0.05, **p<0.01. Bars show
mean with standard error.
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Graphic abstract | MS nodules might be first stage of MS lesion formation. Both stroke and MS
microglial nodules express phagocytic (MSR1, CD11c) and lysosomal (CHIT1) proteins, indicative
for demyelination. Furthermore, both stroke and MS nodules contain proliferating microglia (PCNA)
but appear in higher frequency in MS. In particular for MS, we found that nodules are in close contact to proliferating T cells, plasma cells, B cells and identified production of antibodies (IgG) in MS
nodule tissue.

Abstract
Microglia are phagocytic cells of the brain involved in multiple sclerosis (MS) pathology, but their
contribution to lesion formation is not yet defined. Microglia can form small cell clusters, known
as nodules, in MS tissue, which may initiate lesion formation. However, similar nodules are found
also after stroke. To identify characteristics related to MS lesion formation, we here characterized
nodules in post-mortem normal-appearing white matter stroke (n=4) and MS (n=4) tissue by immunohistochemistry. In MS tissue, the number of HLA-DR+ nodules was higher as compared to stroke
tissue, and the majority of nodules contained proliferating microglia. Microglia within nodules in
stroke and MS expressed proteins implicated in phagocytosis (MSR1 and CD11c), lipid metabolism
(CHIT1), or T-cell regulation (CD86), but the frequency of nodules expressing these molecules was
higher in MS. Interestingly, only in MS, proliferating lymphocytes were present in the parenchyma
near some nodules, and expression of genes for antibody production was only found in MS nodule
tissue. Additionally, looking at the pathology of 121 MS donors, cases with nodules had a higher load
of reactive sites and white matter lesions and a higher proportion of active lesions, as compared to
donors without nodules, suggesting an association between the presence of nodules and the initiation of MS lesions. Altogether, molecular and cellular patterns as well as clinical associations suggest
a role for nodules in MS lesion formation.
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Introduction
Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterized by demyelination and
axonal damage that leads to the development of lesions throughout the brain and spinal cord1,2.
Microglia are innate phagocytic immune cells of the brain that play an essential role in brain homeostasis3,4. Moreover, microglia are also key players in MS pathology, as they appear as HLA-DR+ cells
that have phagocytosed myelin in active and mixed active/inactive (mixed) lesions1,5. Despite many
studies focusing on the role of microglia in MS, their exact role in MS lesion development and particularly their role in lesion initiation is not defined yet.
HLA-DR+ ramified microglia can accumulate in MS normal-appearing white matter
(NAWM) tissue, forming clusters or so-called nodules6,7. Recently, we identified subtle transcriptional changes in microglia in normal-appearing tissue, using bulk RNA-sequencing8. These changes were indicative for demyelination by microglia that we also observed in active MS lesions and
are therefore considered early signs of MS pathology. However, since microglia appear as a heterogeneous population in the central nervous system (CNS)9–11, only a subset, presumably those nodules, might contribute to MS pathology in NAWM. Therefore, we here focused on nodule-forming
microglia, to further study microglia activation in NAWM and their contribution to initial events in
MS lesion formation. Previously, expression of both pro- and anti-inflammatory proteins, such as
tumor necrosis factor (TNF), interleukin (IL)-1β, and, IL-10 was found in MS nodules12,13. Moreover,
van Horssen and colleagues also found expression of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases by nodules that promote the production of radical oxygens that can contribute to
axonal damage13. In sum, nodules express molecules involved in immune regulation and oxidative
stress. However, nodules are not restricted to MS, since they are also found in brain donors with
traumatic brain injury, ischemia, or stroke6,14, and line up around complement-opsonized axons7,14,15.
To assess the contribution of nodules to MS lesion formation, we characterized nodules
in progressive MS (n=4) and compared these to nodules in stroke brain donors (n=4) by immunohistochemistry for MS lesion-enriched proteins16, including phagocytic, lysosomal, and T-cell costimulatory proteins. We also determined the number, size, and proliferation state of nodules in
stroke and MS as well as the nearby presence and characteristics of lymphocytes. Finally, we analyzed the relation between nodules and clinical and neuropathological parameters in 121 MS brain
donors, to assess their association with MS pathology.

Materials and methods
Post-mortem brain tissue selection
Post-mortem NAWM tissue from MS and stroke brain donors was provided by the Netherlands
Brain Bank (NBB, Amsterdam, The Netherlands, www.brainbank.nl). Donors gave informed consent
to perform autopsy and for the use of clinical and pathological information by researchers, approved
by the medical ethics committee of the VU medical center (Amsterdam, The Netherlands). The diagnoses were confirmed by a neuropathologist (Supplemental Tables 1-2).
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MS and stroke brain donors with HLA-DR+ nodules in NAWM tissue sections were matched
for age, sex, and post-mortem delay (PMD). Normal appearance of tissue was identified by intact
proteolipid protein (PLP) myelin staining, and nodules were determined as minimally 4 HLA-DR+
accumulating microglia. MS brain donors that had experienced any brain infarct during life were
excluded. The WM tissue of stroke brain donors did not contain infarct region(s). The experimental
design to characterize nodules in stroke and MS is visualized in Supplemental Figure 1.
The number and size of HLA-DR+ nodules was determined in NAWM tissue from matching
stroke and MS brain donors. Stroke cases had an infarct on average 26.2 ± 31.3 months before they
died. All MS cases had progressive MS, 2 with primary progressive (PP) and 7 with secondary progressive (SP) MS. Average disease duration was 35.8 ± 13.9 years (mean ± standard deviation) and
time to EDSS6 (expanded disability status scale score 6.0) was 22.4 ± 16.5 years. Autopsy and disease
parameters are provided in Table 1 and Supplemental Table 1.
For phenotyping of microglial nodules by immunohistochemistry, NAWM tissue was used
from stroke brain donors which had an infarct on average 72.8 months before they died. Matching
progressive MS brain donors, 1 with PPMS and 4 with SPMS, were used. MS cases had an average
disease duration of 38.2 ± 12.7 years, and time to EDSS6 was 32 ± 17.2 years. Clinical and neuropathological data is provided in Table 1 and Supplemental Table 1.
To determine the relation between MS nodules and clinical/neuropathological MS parameters, we analyzed the presence of HLA-DR+ nodules in both NAWM and perilesional tissue in
any WM tissue block dissected at autopsy. For each tissue block, one tissue section was analyzed.
For each MS brain donor, on average 23.5 ± 9.7 tissue blocks were dissected at autopsy. In addition,
we also analyzed the presence of HLA-DR+ nodules at a location that is standardly taken-out during
autopsy; the medulla oblongata in the brain stem, which allowed us to compare the same brain region among donors. Disease parameters are provided in Supplemental Table 2.

Characterization of MS lesions
MS lesions were characterized as described by Luchetti and colleagues5. All tissue blocks (on average
23.5 ± 9.7) that were dissected during autopsy of in total 121 MS brain donors upon magnetic resonance imaging (MRI) or macroscopical appearance of lesions were immunohistochemically stained
for HLA-DR/PLP to assess the MS lesion type. The proportions of active or mixed lesions were defined in all tissue blocks dissected during autopsy. Active lesions were defined by partial loss of myelin staining (PLP) and presence of HLA-DR+ cells throughout the lesion. Mixed lesions were defined
by an inactive demyelinated center with absence of PLP staining and HLA-DR+ cells were present at
the border of the lesion. In addition, since sampling bias may arise when lesions are identified macroscopically or by MRI, we determined lesion load in brainstem tissue blocks as these are dissected
at standard locations, which allowed us to compare the same brain region among donors5. The load
of reactive sites was defined as groups of HLA-DR+ cells in normal-appearing brainstem tissue, and
total lesion load was defined as all active, mixed, inactive, remyelinated but not reactive sites in the
brainstem tissue. Information on reactive sites and lesion load at a standard location in the brainstem,
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together with proportions of lesion subtypes in all tissue blocks dissected during autopsy, for MS
brain donors with/without nodules in the medulla oblongata and for donors with/without nodules
in any WM tissue block, is provided in Supplemental Table 2.

Nodule visualization by immunohistochemistry
NAWM tissue from MS (n=9) and stroke (n=8) brain donors was stained for HLA-DR to visualize
clusters of activated microglia. Sections were cut from paraffin-embedded (8 µm) or frozen tissue (20
µm) blocks. For paraffin tissue, antigen retrieval was performed in Tris-buffered saline, pH 7.6 (TBS)
for 10 min in the microwave at 700 W. Frozen tissue sections were fixed in 4% paraformaldehyde
for 15 min at room temperature (RT). Sections were incubated overnight at 4°C with primary antibodies against HLA-DR (1:100 for paraffin, 1:1,000 for frozen sections; CR3, Dako, Jena, Germany)
or myelin proteolipid protein (PLP, 1:3,000, MCA839G; Serotec, Oxford, UK) diluted in incubation
buffer (for paraffin tissue: 0.5% gelatin and 0.5% Triton X-100 in TBS; for frozen tissue: 1% bovine serum albumin and 0.5% Triton X-100 in Phosphate-buffered saline, pH 7.6). HLA-DR-stained sections
were incubated with secondary biotinylated anti-mouse antibody (1:400; Vector Laboratories, Burlingame, CA, USA) in incubation buffer for 1 hr at RT, followed by incubation with avidin-biotinylated
HRP complex (ABC, 1:800; Dako) in TBS for 45 min at RT. PLP-stained sections were incubated with
HRP-labelled mouse antibody (K5007, Dako Real EnVision detection system; Dako) for 1 hr at RT.
Immunostaining was visualized with 3’3-diaminobenzidine (1:100; Dako) incubation for 10 min at
RT, followed by counterstaining in haematoxylin for 30 sec. Sections were mounted in entellan (Merck, Kenilworth, NJ, USA). HLA-DR+ nodules were visualized with an Axioplan2 microscope (Zeiss,
Oberkochen, Germany). The entire tissue section was scanned to manually count nodule numbers
in each section and corrected for size of the tissue section. To determine the size of nodules, a picture was made of each nodule and a macro to automatically determine nodule size was developed
using Image-Pro software (MediaCybernetics, Bethesda, MD, USA). An outline of each nodule was
drawn manually, and an area mask was placed to capture HLA-DR-stained nodules using a greyscale intensity threshold higher than 50 for HLA-DR/PLP stainings and a threshold higher than 110
for HLA-DR stainings. The total area of HLA-DR-stained nodules was automatically calculated and
expressed as µm2.

Phenotyping of nodules using immunohistochemistry
Paraffin-embedded or frozen NAWM tissue sections from MS and stroke brain donors (Supplemental Table 1), containing nodules, were stained for markers identifying T cells (CD3, CD4, CD8), B
cells (CD20), and plasma cells (CD138) as well as T cell costimulatory molecule (CD86), proliferation
marker (PCNA), lipid metabolism enzyme (CHIT1), and phagocytic/microglial activation receptors
(MSR1, CD11c). Double stainings were performed for HLA-DR or IBA1 to visualize microglial nodules. Triple stainings for PCNA or CD11c were performed with HLA-DR and CD3 to visualize both
nodules and T cells, respectively. Antibodies used for immunohistochemistry are provided in Supplemental Table 3.
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Frozen sections were fixed for 15 min in 4% paraformaldehyde at RT, and for paraffin
sections, antigen-retrieval was performed for 10 min in microwave at 700 W. The antigen-retrieval
method for each primary antibody is indicated in Supplemental Table 3. Primary antibodies were
incubated overnight at 4°C, followed by incubation with secondary biotinylated (1:400; Vector Laboratories) or fluorescent-labelled antibodies (1:400; Jackson ImmunoResearch, West Grove, PA, USA)
in incubation buffer for 1 hr at RT. Antibodies that target CD11c, CD138, CD20, CD4, CD8, CD86,
and MSR1 were incubated with 10% normal-horse serum to block non-specific binding, before primary antibody incubation. Nuclear staining was detected by Hoechst (1:750; Invitrogen, Carlsbad,
CA, USA) and sections were mounted in mowiol (Tris pH 8.5, 25% glycerol and 10% mowiol). Each
antibody was optimized separately and for negative controls the same staining protocol was used
omitting primary antibody incubation.
Immunofluorescent stainings were visualized using a confocal laser-scanning microscope
(SP8; Leica, Wetzlar, Germany) with the software LASX, magniﬁcation 40x. Each tissue section is
scanned for HLA-DR+ or IBA1+ nodules and pictures were made with each nodule present in the
middle to detect immune cells around nodules in a radius of 150-180 µm. Pictures were processed
and analyzed using Fiji plugin for ImageJ1 software.

Tissue collection and RNA isolation
Frozen tissue section (20 µm) was cut from stroke (n=6) and MS (n=6) NAWM tissue containing
nodules and lysed in 800 µl TRisure (Bioline, London, UK). RNA was isolated according to manufacturer’s instructions (Bioline). Briefly, chloroform (1:5) was added to each TRisure sample and after
centrifugation the aqueous phase was collected, followed by incubation with 1 µg glycogen (Roche,
Basel, Switzerland) for 30 min in ice-cold isopropanol at -20˚C. Precipitated RNA was washed in icecold 75% ethanol and diluted in 20 µl deionized water.

cDNA synthesis and RT-qPCR
Synthesis of cDNA was performed according to manufacturer’s instructions, using the Qiantitect Reverse Transcriptation kit (Qiagen, Hilden, Germany). 50 ng RNA was mixed with 1 µl gDNA Whipeout buffer and incubated for 2 min at 42°C, followed by incubation with QuantiTect Buffer, RT Primer Mix, and Quantitect Reverse Transcriptase for 30 min at 42°C and incubation for 3 min at 95°C.
To determine gene expression of immunoglobulin genes, quantitative polymerase chain reaction (qPCR) was performed. Control WM tissue and tissue collected from MS lesions and lymph
node was used as negative and positive control samples, respectively. Primers were designed at
the Integrated DNA Technologies website (eu.ifdna.com). Optimal primers were selected based on
dissociation curve and specificity, examined on cDNA derived from control, MS NAWM and MS lesioned tissue. Gene expression was normalized on the mean of two housekeeping genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and elongation factor-1 alpha (EEF1A1). For each gene,
the relative expression was calculated using the 2-ΔΔCT method. Primers used for reverse transcription
(RT)-qPCR are provided in Supplemental Table 4.
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Table 1 | Characteristics of the studied brain donors with stroke and MS nodules
Analysis

Nodule
number
and size

Nodule
phenotyping by IHC

Diagn.

Age
(yrs)

Sex

PMD
(h:min)

MS type

Disease
duration
(yrs)

Time to
EDSS6
(yrs)

Time of
stroke
(months)

Stroke

78.4 ± 13

4F / 4M

5:30 ± 1

-

-

-

26.2 ± 31.3

MS

65.4 ± 12

5F / 4M

8:18 ± 1:24

2 PP
7 SP

35.8 ± 13.9

22.4 ± 16.5

-

p-value

ns

ns

p=0.0004

-

-

-

-

Stroke

78.3 ± 13.2

3F / 1M

5:46 ± 1:10

-

-

-

72.8 ± 54.7

MS

61 ± 10.5

2F / 3M

8:11 ± 1:42

1 PP
4 SP

38.2 ± 12.7

32 ± 17.2

-

p-value

ns

ns

ns

-

-

-

-

6

Diagn. = diagnosis; EDSS6 = expanded disability status score 6; F = female; IHC = immunohistochemistry; M = male; MS = multiple sclerosis; PMD = post-mortem delay; PP = primary progressive; SP = secondary progressive; Time to EDSS6 = time in years
until patient reached expanded disability score 6.0; Time of stroke = number of months donor had infarct before dead; Yrs = years.
Data is presented as mean with standard deviation. Statistical testing: Age, PMD = unpaired t-test, Sex = Fisher’s exact test, ns =
not significant.

Statistical analysis
Data obtained from immunohistochemistry and RT-qPCR was tested for normality by a Shapiro-Wilk
normality test, followed by parametric or non-parametric tests to define p-values using GraphPad
Prism software version 7.03 (GraphPad Inc., La Jolla, CA, USA). In the figure legends, the statistical
tests performed for each experiment are indicated.

Results
MS NAWM tissue contains more and larger nodules
NAWM tissue of stroke and MS brain donors contained HLA-DR+ microglial nodules (Figure 1A).
We observed a significantly higher number of nodules in MS NAWM tissue sections (18 ± 15.5; mean
± standard error of mean) as compared to stroke (4.8 ± 2.2; Figure 1B). Moreover, several MS brain
donors showed larger nodules as compared to nodules in stroke, although not significant (p=0.09;
Figure 1C and Supplemental Figure 2). The MS and stroke brain donor groups did not differ in age
and gender, but in PMD (Table 1). Since PMD and number or size of nodules did not correlate, differences in PMD did not account for the identified differences (Supplemental Figure 3). Furthermore,
in contrast to stroke NAWM tissue with nodules, the majority of MS NAWM tissue with nodules
showed many HLA-DR+ ramified microglia throughout the whole tissue section. Combined, we detected more nodules in MS NAWM tissue, and some of these nodules were bigger in size, as compared to stroke nodules.
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Figure 1 | MS brain donors with nodules have more reactive sites and WM lesions. A) Representative pictures of NAWM
tissue sections stained for myelin protein PLP or microglial activation marker HLA-DR, and a zoom-in to show HLA-DR+
microglial nodules in tissue of a stroke and MS brain donor. B) Total number of nodules in NAWM tissue sections was determined in stroke (n=8) and MS (n=9) brain donors. Mann-Whitney test, *p<0.05 . C) Size of each nodule (in µm2) present in
NAWM tissue sections was determined in stroke (n=8) for 33 nodules and MS (n=9) for 164 nodules, visualized for stroke and
MS group (median with minimum/maximum) or visualized per donor. Each dot represents a nodule. D) Reactive site load
and total lesion load in standard locations in the brainstem (BRS) dissected during autopsy, proportions of active and mixed
lesions in all tissue blocks dissected during autopsy were determined for MS brain donors without (n=44) and with (n=77)
nodules present in all WM tissue blocks dissected during autopsy. Mann-Whitney test, **p<0.01, ***p<0.001. Data is plotted
as mean with SEM.

MS brain donors with nodules have more reactive sites and WM lesions
To determine if nodules in MS brain tissue are associated with MS disease characteristics, we analyzed HLA-DR-stained WM tissue blocks (on average 23.5 ± 9.7 blocks per donor) dissected during
autopsy on appearance of normal-appearing WM or lesions (referred to as WM tissue blocks in this
article) of in total 121 MS brain donors. Nodules were detected in NAWM and/or perilesional tissue
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in at least one of the WM tissue blocks of 77 MS brain donors, while the remaining 44 MS brain donors did not contain any nodules in the WM tissue blocks. If nodules were observed in one of the
WM tissue blocks, these donors had overall a higher number of reactive sites, a higher total lesion
load, and a higher proportion of active and mixed lesions (Figure 1D and Supplemental Table 2).
No association was observed between disease duration or severity (defined by EDSS6) and nodules
in MS (Supplemental Figure 4A and Supplemental Table 2).
We also analyzed nodules at a standard location at the level of the medulla oblongata in the
brainstem, which allowed us to compare the same brain region among donors. Out of 91 MS brain
donors, 50 donors showed no nodules and 41 MS brain donors showed nodules in the brainstem
blocks. Again, brain donors with nodules had a significantly higher number of reactive sites and
total WM lesions, and a significantly higher proportion of active lesions (Supplemental Figure 4B
and Supplemental Table 2). However, we did not observe an association between nodules and the
proportion of mixed lesions, disease duration, or disease severity (Supplemental Figure 4B and
Supplemental Table 2). Concluding, MS brain donors with nodules in the WM tissue blocks or the
brainstem had a higher number of reactive sites and total WM lesions as well as a higher proportion
of active MS lesions.

Part of nodules contain proliferating microglia and show phagocytic activity
Next to nodule numbers and size, we studied the phenotypic profile of microglia within nodules by
immunohistochemistry. Previous studies identified nodules located near damaged axons6,14, suggesting that the nodules in MS and stroke might respond to axonal injury. Microglia respond to local
tissue damage by increasing their cell numbers17. Therefore, we studied if microglia within nodules
proliferate, by staining for the proliferating cell nuclear antigen (PCNA), and showed the majority
of microglia within nodules to express PCNA in 3 out of 4 stroke donors (51% of all nodules) and in
all 4 MS donors (82% of all nodules) and (Figure 2A-B and Table 2), demonstrating that microglial
nodules in both stroke and MS are proliferating.
Recently, we showed changes in the expression of genes implicated in phagocytosis and lipid metabolism, such as CD11c, MSR1 and CHIT1, around and in the rim of mixed lesions, indicating
demyelinating events16 and a role for these genes in early MS pathology. Here, expression of the lipid
metabolism enzyme CHIT1 was found in a few nodules (10%) in 2 out of 4 stroke donors and in 31%
of all nodules in NAWM found in all 4 MS donors (Figure 2C-D and Table 2).
Besides CHIT1, we stained microglia within nodules in both stroke and MS NAWM tissue
for MSR1 and CD11c, receptors implicated in phagocytosis16,18–20. Figure 2E-F and Table 2 showed
expression of MSR1 by nodules in both stroke and MS tissue, however in MS, the frequency was
higher (61% in all 4 MS donors) as compared to stroke nodules (13% in 2 out of 4 stroke donors).
MSR1 expression was not restricted to microglia within nodules, since a few ramified microglial cells
around nodules also express this receptor. Next to MSR1, CD11c was expressed by the majority of
nodules in MS (53% in 3 out of 4 donors), but by a much smaller fraction of stroke nodules (22% in 1
out of 3 donors) (Figure 2G-H and Table 2).
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Figure 2 | Part of nodules contain proliferating microglia and show phagocytic activity. Immunohistochemical stainings for
PCNA (proliferation marker) (A-B), CHIT1 (lipid metabolism enzyme) (C-D), MSR1 (scavenger receptor) (E-F), and CD11c
(phagocytic and microglial activation marker) (G-H) were performed in stroke (n=4) and in MS (n=4) NAWM tissue containing nodules as identified by IBA1 or HLA-DR staining. Representative pictures for nodules in stroke and MS tissue are shown.
Graphs show total percentage of nodules that are positive for the indicated marker. Each dot represents a donor, number of
nodules that are detected in each group is indicated (n) and data is plotted as mean with SEM. MSR1 is significantly higher
expressed in MS as compared to stroke nodules; Mann-Whitney test p=0.03. Scale bar is 20 µm.

Taken together, microglia in the majority of nodules in both stroke and MS are proliferating,
determined by PCNA expression. Moreover, in both stroke and MS, the phagocytic receptors MSR1
and CD11c, and lipid metabolism enzyme CHIT1, were expressed by microglia within several nodules which are more frequent in MS.
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Parenchymal lymphocytes are present in close proximity to MS nodules
Since several nodules in stroke and MS NAWM tissue contained microglia that express phagocytic
markers, we additionally gained further insight into other cell types near nodules, which might be
linked to MS lesion formation. Since plasma and B cells are implicated in MS pathogenesis2,21,22 and
secrete antibodies, which are detected as oligoclonal bands (OCBs) in the cerebrospinal fluid (CSF) in
95% of MS patient23–25, we performed immunohistochemical stainings to detect CD138+ plasma cells
or CD20+ B cells situated close to nodules in NAWM tissue. An image of each nodule was taken with
the nodule located in the middle, to detect plasma or B cells around a nodule within a radius of 150180 µm. Plasma cells were detected near 7% of the total nodules in 2 out of 4 MS brain donors, often
1 or 2 plasma cells in the parenchyma, whereas we did not encounter plasma cells near nodules in
all 4 stroke donors (Figure 3A-B and Table 2). Next to plasma cells, some CD20+ B cells were found
near several MS nodules (5% in 1 out of 4 donors), but not near any of the nodules in all 4 stroke brain
donors (Figure 3C-D and Table 2), demonstrating that plasma and B cells are only present in close
proximity to nodules in MS.
Next to plasma and B cells, T cells also play an important role in MS pathology21,26,27. Here,
we immunohistochemically stained the NAWM tissue of both stroke and MS for CD3 and HLA-DR,
and made an image of each nodule in the middle, to detect T cells around a nodule within a radius
of 150-180 µm. Interestingly, T cells were identified in close contact to 15% of all nodules in 3 out
of 5 MS brain donors, and only one T cell was found near one nodule (5% of all nodules) in 1 out
of 4 stroke donors (Figure 3E-F and Table 2). Except for one or two nodules per MS donor, where
nearby-present T cells resided in the perivascular space, most T cells that were in close contact to MS
nodules reside in the parenchyma outside the blood vessels. For 3 nodules in 1 MS donor, we found
that T cells were in direct contact with microglial cells in the nodules. Next to expression of HLA-DR,
expression of the co-stimulatory molecule CD86 by antigen-presenting cells is necessary to regulate
T cell activation. The majority of nodules in all 4 stroke donors (64% of all nodules) and in all 4 MS
donors (78% of all nodules) expressed CD86 (Figure 3G-H and Table 2).
Furthermore, since microglia within MS nodules express the phagocytic and activation
marker CD11c (Figure 2H), which is also highly expressed on disease-associated microglia identified
in mice28,29, we examined if microglia within nodules express this receptor when they are in close
proximity to T cells, stained by CD3. However, MS nodules did express CD11c irrespective of CD3
presence near these nodules (Supplemental Figure 5). To conclude, the majority of microglia in both
stroke and MS nodules express CD86. Only in MS and not in stroke, lymphocytes are situated in the
parenchyma in close contact to several nodules. In addition, CD11c is expressed by microglia within
MS nodules irrespective of T-cell presence.

MS nodules reside in an inflammatory environment
To identify the phenotype of T cells found near MS nodules, we stained for CD4 or CD8 together
with HLA-DR in adjacent sections of the 3 MS donors that showed T cells in close contact to nodules,
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Figure 3 | Lymphocytes are present in close proximity to MS nodules. Immunohistochemical stainings for CD138 (plasma
cell marker) (A-B), CD20 (B cell marker) (C-D), CD3 (T cell marker) (E-F), and CD86 (T cell co-stimulatory molecule) (G-H)
were performed in stroke (n=4) and in MS (n=4) NAWM tissue containing nodules as identified by HLA-DR or IBA1 staining.
Representative pictures for nodules in stroke and MS tissue are shown. Arrow indicates presence of lymphocyte. Graphs
show total percentage of nodules that are positive for the indicated marker. Each dot represents a donor, number of nodules
that are detected in each group is indicated (n) and data is plotted as mean with SEM. Scale bar is 20 µm.

displayed in Figure 3E-F. Approximately one third of T cells near MS nodules was CD4-positive
and approximately two thirds were CD8-positive (Figure 4A-B and Table 2), which is in line with
our previous observations of CD4:CD8 T cell ratio in the CNS30. When T cells encounter a non-self
antigen, they proliferate and become activated. Here, PCNA was used to detect activated T cells in close
proximity to stroke and MS nodules. 42% of all T cells that are in close contact to nodules of all 3 MS
donors were PCNA-positive (Figure 4C and Table 2), and are therefore activated. In contrast, the T
cell near one nodule in one stroke donor was PCNA-negative.
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Recently, we found upregulation of immunoglobulin genes in MS NAWM tissue as compared
to control WM tissue31. In line with the presence of B and plasma cells in close proximity to MS but not
near stroke nodules, we found a significant upregulated expression of the immunoglobulin genes
IGKC, IGHG1, IGHG2, and IGKV3-15 in MS nodule tissue as compared to stroke (Figure 4D), showing that immunoglobulin secretion only takes place in nodule MS tissue. The level of immunoglobulin expression highly varied between MS brain donors, with two MS cases showing the highest
expression of these immunoglobulins genes. Control WM tissue without nodules and pooled tissue
from mixed MS lesions and lymph node were used as negative and positive control, respectively
(Supplemental Figure 6). In sum, almost half of the T cells that are in close proximity to nodules in
MS NAWM are proliferating, and the majority of T cells near MS nodules express CD8. Moreover,
immunoglobulin genes were only found in MS nodule-containing tissue.

6

Figure 4 | MS nodules reside in an inflammatory environment. Immunohistochemical stainings for CD4 (T helper cell) (A),
CD8 (cytotoxic T cell) (B) and CD3 (T cell) together with PCNA (proliferation marker) (C) were performed in MS NAWM
tissue (n=3), which contains nodules identified by HLA-DR staining, that are in close contact to T cells (see Figure 2E-F). Representative pictures for nodules in MS NAWM tissue are shown. Arrow indicates CD4 or CD8 positive T cell. Graphs show
total number or percentage of T cells that are positive for indicated marker. Number of nodules that are detected in each group
is indicated (n). Scalebar is 20 µm. D) Gene expression of immunoglobulins IGKC, IGHG1, IGHG2 and IGKV3-15 in stroke
(n=6) and MS (n=6) NAWM tissue, determined by RT-qPCR. Mann-Whitney test, *p<0.05. Each dot represents a donor and
data is plotted as mean with SEM.
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Table 2 | Protein expression by/around nodules in both stroke and MS NAWM tissue
Cell type

Receptor/
molecule

Stroke nodules

Plasma cells

CD138

No

In all 4 donors

Yes

In 2 out of 4 donors (7%)*

B cells

CD20

No

In all 4 donors

Yes

In 1 out of 4 donors (5%)*

CD3

Yes

In 1 out of 4 donors (5%)*

Yes

In 3 out of 5 donors (15%)*

CD4

-

-

Yes

In 3 donors (8%) #

CD8

-

-

Yes

In 3 donors (18%) #

PCNA

No

In 1 donor with T cell around
nodule

Yes

In all 3 donors with T cells
around nodules (42%)*

PCNA

Yes

In 3 out of 4 donors (51%)*

Yes

In all 4 donors (82%)*

CHIT1

Yes

In 2 out of 4 donors (10%)*

Yes

In all 4 donors (31%)*

MSR1

Yes

In 2 out of 4 donors (13%)*

Yes

In all 4 donors (61%)*

CD11c

Yes

In 1 out of 3 donors (22%)*

Yes

In 3 out of 4 donors (53%)*

CD86

Yes

In all 4 donors (64%)*

Yes

In all 4 donors (78%)*

T cells

Microglia

MS nodules

* average percentage of total nodules found in all stroke (n=4) or all multiple sclerosis (MS; n=4/5) brain donors
# average number of total CD4 or CD8 positive cells found closely situated to nodules of 3 MS brain donors

Discussion
Microglial nodules might play an essential role in MS lesion formation, but they are not restricted to
MS, as they are also found after stroke. Here, we characterized nodules in NAWM tissue and showed
that more nodules appear in MS and that the majority of nodules contain proliferating microglia. Microglia within nodules express lesion-enriched proteins CHIT1, MSR1 or CD11c in both stroke and
MS. These proteins are more frequently expressed by MS nodules and are related to myelin uptake
and degradation and may be an early sign of MS pathology. Moreover, microglia within nodules
in both stroke and MS expressed the co-stimulatory molecule CD86, suggesting that these nodules
can regulate T cell activation. Interestingly, only in MS but not in stroke, activated, proliferating
lymphocytes were present in the parenchyma close to several nodules. On top of that, expression of
immunoglobulin genes was only found in MS nodule tissue. Finally, looking at the overall pathology
of 121 MS donors studied, nodule presence correlated with a higher number of reactive sites and total
WM lesions, and a higher proportion of active lesions. Altogether, these findings corroborate the idea
that nodules could be the first stage of MS lesion formation.
Reactive sites have been described to be a first stage of MS lesion formation, as they show
signs of oligodendrocytic stress and accumulating HLA-DR+ microglia32,33. Nodule presence indeed
correlated with more reactive sites, further supporting a role for nodules in MS lesion initiation. In
spite of the fact that a higher number of reactive sites and WM lesions and a higher proportion of
active and mixed lesions were found in MS cases with nodules, the disease course or duration was
similar to MS cases without nodules. This is surprising, since a more severe disease course correlates
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with a higher proportion of mixed lesions or total WM lesions5. Notably, nodules were not detected
in all MS cases, which might be explained by the lower number of active lesions detected in these
donors; therefore, the chance of detecting nodules is reduced when a lower number of lesions were
dissected during autopsy.
Microglia contribute to demyelination in MS1 and upregulate phagocytic receptors in and
around mixed lesions16,34. One of these receptors is MSR1, which is involved in myelin uptake16,18.
Another lesion-enriched gene encodes the lipid metabolism enzyme CHIT116, which is a marker for
lysosomal stress that is high expressed by lipid-laden macrophages in Gaucher disease and atherosclerosis35,36. CHIT1 expression is increased after uptake of MS myelin16 and is also a prognostic
biomarker for MS37. Interestingly, we found expression of both MSR1 and CHIT1 proteins in some
microglial nodules in stroke, but more frequent in MS, suggesting that several nodules contribute to
phagocytosis and degradation of cellular/myelin debris in both stroke and MS. Another phagocytic
marker is CD11c, which is upregulated by activated microglia around amyloid-β plaques in Alzheimer’s disease19 and in the rim of mixed MS lesions16. CD11c is also expressed by the majority of MS
microglial nodules, but hardly on stroke nodules. Together with MSR1, CD11c has been described
as marker for disease-associated microglia in mice28,29 and expression by several nodules might
therefore indicate early microglial activation. MSR1 and CHIT1 are particularly expressed by
nodules in MS NAWM, as ramified microglia in NAWM tissue hardly express these markers16,34.
Importantly, expression of phagocytic markers by some microglial nodules suggests that not all nodules contribute to myelin uptake, and they are likely not all implicated in MS lesion formation, which
is in line with previous studies13,3.
Several MS nodules expressed phagocytic and lysosomal proteins, which are also highly
expressed in and around active MS lesions16, suggesting that these nodules are implicated in demyelination. Since these proteins are also found on stroke nodules, nodules might have a general role
in debris clearing. In MS, we observed more nodules as compared to stroke and the majority of MS
nodules contained proliferating microglia. Since microglial proliferation might start in response to
local tissue damage17, the high percentage of MS nodules that contain proliferating microglia suggests extensive tissue damage in MS, which is in line with the presence of apoptotic neurons/ oligodendrocytes and early myelin damage in normal-appearing MS tissue32,38,39. Moreover, axonal damage was also observed in normal-appearing MS tissue, which might be a consequence of Wallerian
degeneration as a result of lesions located in adjacent brain regions40,41. Similar, several studies have
shown that the presence of nodules is associated with axonal damage, as they appear near damaged
and complement-opsonized axons6,14. Thus, nodules might respond to axonal damage and Wallerian
degeneration in both stroke and MS. However, we here show that in contrast to stroke, nodules in
MS receive additional stimuli, such as immunoglobulins, that might induce MS lesion formation.
A fraction of MS microglial nodules produces pro- and anti-inflammatory cytokines and,
in addition, also viral response proteins12,13,42. This points to a role for MS nodules in immune regulation, which might be necessary for MS lesion formation. Since lymphocytes are implicated in MS
pathogenesis2,21,22,26,27, we focused on the presence of these immune cells near nodules, and strikingly, we found presence of T cells near nodules in 3 out of 5 MS brain donors. Most of these T cells
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appeared in the parenchyma and, surprisingly, a high percentage (42%) was proliferating. Microglial
nodules express CD86, suggesting that they can regulate T cell activation. We detected only one T cell
near one stroke nodule, which is in line with previous studies that also hardly encountered T cells in
or near stroke lesions43,44. T cells in non-MS tissue reside mostly in the perivascular space30 and only
enter the parenchyma in active MS lesions27. It is of high interest to investigate what attracts T cells
to enter the parenchyma already in NAWM tissue containing nodules. One possible explanation
might be that, since the majority of T cells near MS nodules are CD8+, which are implicated in viral
clearance, these T cells might be attracted by a virus. Altogether, we found activated T cells, of which
the majority was CD8+, in the parenchyma in close contact to MS nodules, possibly triggering MS
lesion formation.
Besides T cells, we also encountered plasma and CD20+ B cells near some MS nodules and
found expression of immunoglobulin genes in nodule-containing MS tissue. Notably, neither plasma
nor B cells were detected near stroke nodules, and immunoglobulin gene expression was absent,
which is in line with previous data where CD20+ B cells were absent in or near stroke lesions43,44.
However, in stroke, lymphocytes might infiltrate the CNS by passing a damaged blood-brain
barrier. In our study, stroke donors experienced an infarct on average 72.8 months before they died;
that might explain why lymphocytes are not detected near stroke nodules in post-mortem tissue
anymore and could be key to explain the difference between stroke and MS nodules. In MS, B cells
are associated with pathology45–47 and intrathecal antibodies, detected as OCBs in the CSF, are a key
hallmark for diagnosis23,25. Our data demonstrate plasma and B cells near MS nodules and identified
antibody expression in MS nodule tissue, which could target MS myelin48, induce microglial immune
activation (van der Poel et al, submitted for publication) and demyelination49.
It is important to note that only several MS nodules contained phagocytic active microglia and even a lower fraction is in close proximity to lymphocytes. This might indicate that not all
nodules may give rise to demyelinating lesions, and possibly a process that requires circumstances
present only in MS patients results in lesion formation. In stroke, initial clustering of microglia occurs
as well, but microglia do not encounter lymphocytes or antibodies, which may prevent their development into local inflammatory spots as seen in MS donors.

Conclusions
We here identified traits that suggest a contribution of a majority of microglial cell clusters in MS
CNS in the formation of lesions. MS nodules were phagocytic and lysosomal active, some were situated next to proliferating lymphocytes, and antibody genes were expressed in the surrounding
tissue. Furthermore, the presence of nodules in MS tissue correlated with a higher number of reactive
sites and active lesions. Since nodules were previously associated with axonal damage, and lymphocytes do not appear near stroke nodules, nodule formation is probably not triggered by lymphocytes.
Instead, activated lymphocytes near MS nodules possibly could trigger lesion initiation. Blocking
nodule formation may not be optimal, since phagocytic active microglia within nodules can clear cellular debris to promote tissue repair and remyelination50,51. Rather, future studies should focus on the
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interaction between microglial nodules and lymphocytes with the aim to prevent local inflammation
and the formation of new MS lesions.
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Supplemental Material
Supplemental

Table

1

|

Characteristics

Donor
NBB

Diagn.

Age
(yrs)

Sex

PMD
(h:m)

2007-034

PP MS

76

F

9:45

of

brain

Location stroke

donors
Time of
stroke

with

nodules

–

MS

and

stroke

Duration
(yrs)

Time
EDSS6
(yrs)

Cause of
death

20

6

U

Count

Exp.

2009-076

SP MS

75

M

7:45

55

55

Euthanasia

Count,
IHC

2011-089

SP MS

64

M

7:30

35

35

Euthanasia

Count,
IHC

2012-032

SP MS

80

M

9:45

45

10

Cachexia,
pneumonia
in advanced
MS

Count

2013-019

SP MS

53

F

7:15

17

8

Euthanasia

Count

2014-007

PP MS

51

F

9:45

35

21

Euthanasia

Count,
IHC

2014-058

SP MS

74

F

7:50

49

27

Euthanasia

Count

2015-064

SP MS

50

M

10:50

21

17

Euthanasia

Count,
IHC

2016-030

SP MS

65

F

6:25

45

U

Euthanasia

Count,
IHC

-

Respiratory
insufficiency

Count,
IHC

February
1994;
>9
months

6:40

Right striatum,
left caudate head,
right occipital
and parietal, left
temporoparietal

M

5:30

Right hemisphere
temporo-occipital, occipital
border mediaanterior

November 1994;
<1 month

-

Pneumonia
and respiratory insufficiency

Count,
IHC

56

M

5:00

Thalamus and
cerebellum

U

-

U

Count,
IHC

CON with
ischemic
changes

81

M

4:30

Substantia nigra

February
2004; >6
years

-

Terminal
carcinoma

Count,
IHC

2011-029

CON with
ischemic
changes

86

F

7:05

Basal nuclei and
amygdala infarct
right hemisphere

July
2005; >5
years

-

Heart
failure

Count,
IHC

2011-036

CON with
CVA

88

M

5:40

Pons

January
2011; >3
months

-

Heart
failure

Count,
IHC

2013-022

CON with
ischemic
changes

92

F

4:40

Cerebellum (big
infarct), basal
ganglia, pons

U

-

Palliative
sedation

Count,
IHC

2013-034

CON with
ischemic
changes

89

F

6:30

Parietal right
hemisphere,
caudate, hippocampus

July
2011; >1
year

-

Euthanasia

Count

1994-116

CON with
CVA

1994-124

CON with
vascular
encephalopathy

63

1998-021

CON with
ischemic
changes

2010-008

72

F

CON = control brain donor; Count = quantification of total number of nodules; CVA = cerebrovascular accident; Diagn. = diagnosis; Duration = disease duration; Time EDSS6 = time in years until patient reached expanded disability score 6.0; Exp. = experiment
performed; F = female; IHC = immunohistochemistry; M = male; MS = multiple sclerosis; NBB = Netherlands Brain Bank; PMD =
post-mortem delay in hours:minutes; PP = primary progressive; SP = secondary progressive; U = unknown; Yrs = years.
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Supplemental
Nodules
present

Table

2

|

Characteristics

of

MS

brain

donors

MS
type

8:36 ± 2:17

2 RR
25 PP
3 PR
42 SP
5 NA

29.2 ± 13.6

16.3 ± 12.4

1.8 ± 2.4

8.4 ± 7.2

0.23 ± 0.21

0.31 ± 0.21

22 F
23 M

9:24 ± 5:14

3 RR
15 PP
2 PR
22 SP
2 NA

30.3 ± 13.3

17.1 ± 12.8

0.6 ± 1.3

5.3 ± 8

0.13 ± 0.17

0.22 ± 0.24

ns

ns

-

ns

ns

p<0.001

p<0.001

p<0.01

p<0.01

31.8 ± 13.3

18.8 ± 14

1.7 ± 2.5

8.4 ± 6.9

0.23 ± 0.23

0.27 ± 0.22

Sex

Yes (in
all WM
blocks)

63 ± 14.7

51 F
26 M

No (in
all WM
blocks)

61.1 ±
16.4

p-value

ns

Reactive site
load

nodules

PMD
(h:m)

Age
(yrs)

Time to
EDSS6
(yrs)

with/without

Disease
duration
(yrs)

Lesion
load

Prop.
active
lesions

Prop.
mixed
lesions

Yes (in
BRS)

65.9 ± 13

28 F
13 M

9:18 ± 5:54

2 RR
15 PP
22 SP
2 NA

No (in
BRS)

65 ± 11.1

33 F
17 M

7:39 ± 1:54

7 RR
16 PP
26 PP
1 NA

29.8 ± 15.3

17.4 ± 12.3

0.86 ± 2.1

4.3 ± 5.1

0.18 ± 0.26

0.26 ± 0.29

p-value

ns

ns

ns

-

ns

ns

p<0.05

p<0.001

p<0.05

ns

Provided is the mean ± standard deviation, data is visualized in Figure 1 and Supplemental Figure 4. BRS = brainstem; EDSS6 =
expanded disability status scale score 6; F = female; M = male; NA = not available; ns = not significant; PMD = post-mortem delay;
PP = primary progressive; PR = primary relapsing; Prop. = Proportion; RR = relapsing-remitting; SP = secondary progressive; WM
= white matter.

Supplemental Table 3 | Antibodies used for immunohistochemistry
Antibody

Host

Clone

Dilution

Company

Antigen-retrieval method

CD11c

rabbit

polyclonal

1:250

Invitrogen

TRIS-EDTA buffer pH9

CD138

mouse

B-A38

1:250

Biorad

Citrate buffer pH6

CD20

mouse

L26

1:100

Dako

Citrate buffer pH6

CD3

rabbit

polyclonal

1:100

Dako

Citrate buffer pH6

CD3

rat

CD3-12

1:100

Abcam

Citrate buffer pH6

CD4

rabbit

4B12

1:200

Dako

Citrate buffer pH6

CD8

rabbit

polyclonal

1:100

Abcam

Citrate buffer pH6

CD86

mouse

BU63

1:100

NSJ Bioreagents

-

CHIT1

rabbit

polyclonal

1:20

Novus Biologicals

-

HLA-DR

mouse

CR3

1:100

Dako

Citrate buffer pH6

IBA1

rabbit

polyclonal

1:500

Wako

Citrate buffer pH6

MSR1

mouse

SRA-C6

1:100

Abnova

Citrate buffer pH6

PCNA

mouse

PC10

1:1,000

Santa Cruz

Citrate buffer pH6

Supplemental Table 4 | Primers used for RT-qPCR on nodule tissue
Gene name

Forward sequence (5’-3’)

Reverse sequence (5’-3’)

EEF1A1

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

IGKC

CCATCTGTCTTCATCTTCCCG

ATCCACCTTCCACTGTACTTTG

IGHG1

GGTCAAAGGCTTCTATCCCAG

AGGCGTGGTCTTGTAGTTG

IGHG2

GGAGATGACCAAGAACCAGG

GGAGGTGTGGTCTTGTAGTTG

IGKV3-15

CCTCATCTATGGTGCATCCAC

TGCTGATGGTGAGAGTGAAC
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Supplemental Figure 1 | Experimental design to characterize nodules in stroke and MS. HLA-DR+ nodules in NAWM tissue
of stroke and MS brain donors was analyzed to determine: 1) number and size of nodules in both stroke and MS, 2) relation between nodules in MS brainstem or MS WM tissue blocks dissected during autopsy and clinical/pathological disease parameters,
3) phenotype of nodules in stroke and MS by immunohistochemistry. The figures or tables that display the results are indicated.
Image of the brain was adapted from Servier Medical Art by Servier, licensed under Creative Commons Attribution 3.0 Unported
License.

Supplemental Figure 2 | Some MS brain donors show larger nodules. HLA-DR immunohistochemistry was performed to
visualize nodules and determine their size. Two representative pictures for large nodules in 2 MS brain donors are shown. Scale
bar is 50 µm.

Supplemental Figure 3 | No effect of post-mortem delay on size or number of nodules. Post-mortem delay (in hours:minutes)
for each stroke (n=8) or MS (n=9) brain donor was plotted for total nodule number or average nodule size (in µm2). Pearson correlation test.
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Supplemental Figure 4 | Relation between nodules and clinical/ pathological MS parameters. A) Disease duration or severity
(defined as time to EDSS6 (expanded disability status scale score 6.0)), both in years, were visualized for MS brain donors without
(n=44) and with (n=77) nodules present in all WM tissue blocks dissected during autopsy. B) Reactive site load and total WM
lesion load in a standard location dissected during autopsy (the medulla oblongata in the brainstem (BRS)), proportions of active
and mixed lesions in all tissue blocks dissected during autopsy were determined for MS brain donors without (n=50) and with
(n=41) nodules present in the brainstem. Disease duration or severity (EDSS6), both in years, were visualized for MS brain donors
with and without nodules present in the brainstem. Mann–Whitney test, * p<0.05, ** p<0.01. Data are plotted as mean with SEM.

Supplemental Figure 5 | CD11c is expressed by microglia within nodules irrespective of T cell presence. Immunohistochemical stainings for CD11c (phagocytic and microglial activation marker) and CD3 (T cell marker) on MS NAWM tissue (n=3)
containing nodules, determined by HLA-DR. Representative pictures for CD11c-positive nodules in MS NAWM tissue with or
without T cell presence are shown. Arrow shows CD3-positive cell. Graph shows total percentage of CD11c-positive nodules that
are in close proximity to CD3 or show no CD3 around them. Each dot represents a donor and number of nodules that are detected
in each group is indicated (n). Data is plotted as mean with SEM and scale bar is 20 µm.

132

Microglial nodules characteristics in multiple sclerosis

Supplemental Figure 6 | Immunoglobulin expression determined by RT-qPCR. Gene expression of immunoglobulins IGKC,
IGHG1, IGHG2, and IGKV3-15 in control WM (n=3), stroke (n=6) nodule tissue, MS (n=6) nodule tissue, and pooled tissue from
mixed MS lesions and lymph node (n=1) determined by RT-qPCR. Each dot represents a donor and data is plotted as mean with
SEM.
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Graphic abstract | IgG immune complexes break immune tolerance of primary human microglia.
In healthy individuals, microglia are immune tolerant to viral stimuli. Here, we identified that myelin structures of the majority (8/11) of MS patients is bound by IgG. Moreover, we identified that
the combination of these immune complexes with a viral stimulus breaks the immune tolerance of
primary human microglia.

Abstract
Microglia are phagocytic cells involved in homeostasis of the brain and are key players in the pathogenesis of multiple sclerosis (MS). A hallmark of MS diagnosis is the presence of immunoglobulin G
(IgG) antibodies, which appear as oligoclonal bands in the cerebrospinal fluid. Here, we demonstrate
that myelin obtained post-mortem from 8 out of 11 MS brain donors is bound by IgG antibodies.
Importantly, we show that IgG immune complexes strongly potentiate activation of primary human
microglia by breaking their tolerance for microbial stimuli, such as LPS and Poly I:C, resulting in
increased production of key pro-inflammatory cytokines, such as TNF and IL-1β. We identified FcγRI
and FcγRIIa as the two main responsible IgG receptors for breaking of immune tolerance of microglia. Combined, these data indicate that IgG immune complexes potentiate inflammation by human
microglia, which may play an important role in MS-associated inflammation and the formation of
demyelinating lesions.
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Introduction
Microglia are phagocytic cells of the central nervous system (CNS) that play an important role in
brain homeostasis but also have been implicated in neuroinflammatory diseases1. In the healthy
CNS, microglia are kept in a homeostatic state by their microenvironment, while during inflammation they can be activated to secrete a wide range of cytokines and chemokines1,2.
Microglia are known as central players in multiple sclerosis (MS), since they are involved
in demyelination and may trigger the adaptive immune response by interacting with infiltrating
lymphocytes3. In active and mixed active/inactive MS lesions, microglia highly express HLA-DR
and contain myelin4. We have previously shown that microglia in normal-appearing MS tissue are
in a homeostatic state, identified by RNA-sequencing5. We further demonstrated that microglia
isolated from post-mortem brain tissue do not respond to common TLR ligands, such as lipopolysaccharide (LPS)6,7. This immune tolerance of microglia to microbial stimuli may serve an important
physiological purpose by maintaining homeostasis to prevent collateral neuronal damage caused
by inflammation. Considered the contribution of pro-inflammatory microglia to axonal or myelin
damage in MS8,9, there likely is an additional stimulus that converts microglial cells from immune
tolerant into pro-inflammatory cells. Yet, the nature of this additional stimulus is still undefined for
microglia in MS.
Oligoclonal bands (OCBs) detected in the cerebrospinal fluid (CFS) are a diagnostic
marker for MS10,11. Antibodies isolated from MS serum or CSF have been identified to specifically target myelin lipids12 or myelin proteins13, suggesting the existence of myelin-specific IgG
autoantibodies. Interestingly, microglial cells are equipped with various Fc gamma receptors (FcγRs)
that can recognize IgG6. Therefore, if anti-myelin IgG antibodies are indeed present in the CNS of
MS patients, their binding to myelin and the subsequent formation of large insoluble IgG immune
complexes (IgG-ICs) could promote immune activation of microglial cells and phagocytosis of
myelin through these FcγRs.
In the present study, we have taken into account that in the CNS of MS brain donors,
microglial cells are likely to be exposed to IgG-ICs, which thereby provides an additional stimulus
for microglia activation. We report that myelin obtained from post-mortem tissue of the majority of
MS brain donors is indeed bound by IgG antibodies, while low or no IgG binding was observed in
myelin of controls. Moreover, we demonstrate that exposure of human microglia to IgG-ICs breaks
their immune tolerance for microbial stimuli such as Poly I:C or LPS, leading to high expression of
pro-inflammatory cytokines and chemokines such as TNF, IL-1β, IL-8, and IL-12. Finally, we identified FcγRI and FcγRIIa as the two main responsible IgG receptors for this effect.

Materials and Methods
Human brain tissue
Human brain tissue was provided by the Netherlands Brain Bank (NBB, Amsterdam, The Nether137
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lands, https://www.brainbank.nl). Donors provided informed consent to perform autopsy and to
use tissue, clinical and pathological information for research purposes, approved by the medical
ethics committee of the VU medical center (Amsterdam, The Netherlands). The donor diagnosis was
based on clinical and neuropathological information, which is provided in Supplemental Table 1.
For microglia isolations, we used tissue from subsequent brain autopsies regardless of the diagnosis
(Supplemental Table 1). For myelin isolation, we used tissue from other donors, 9 progressive MS,
1 relapsing-remitting and 1 progressive-relapsing MS brain donors and 11 non-neurological control
donors were included (Supplemental Table 1). MS brain donors had an average disease duration of
29.5 years and average years until expanded disability status scale (EDSS) score 6 was 15 (Table 1).
Control brain donors had an average age of 72 years, which is significant higher that the age of MS
donors (63 years). The average post-mortem delay (PMD) for MS brain donors was also significant
higher (8:37 hrs) as compared with control donors (6 hrs) (Table 1).
Table 1 | Autopsy and clinical parameter statistics for donors used for myelin isolation
Diagnosis

Age

Gender

PMD

MS type

Disease
duration

Time to EDSS6

CON

72.4 ± 10.4

8F
3M

6:04 ± 1:24

-

-

-

MS

62.6 ± 11.1

6F
5M

8:37 ± 1:21

8 SP
1 RR
1 PP
1 PR

29.5 ± 14.9

15 ± 11.7

p-value

p<0.01

n.s.

p<0.001

-

-

-

Age in years; CON = non-neurological control; Disease duration in years; F = female; M = male; MS = multiple sclerosis; PMD =
post-mortem delay in hrs:min; PP = primary progressive; PR = progressive-relapsing; RR = relapsing-remitting; SP = secondary
progressive; Time to EDSS6 = time in years until patient reached expanded disability score 6.0. Data are represented as mean with
SEM. Statistical testing: Gender = Fisher’s exact test; Age and PMD = unpaired t-test; n.s. = not significant.

Myelin isolation
Myelin was isolated from post-mortem normal-appearing white matter (NAWM) tissue of nonneurological control (n=11) and MS (n=11) donors, as previously described by our group. Briefly,
after Percoll (GE Healthcare, Little Chalfont, UK) density centrifugation during the isolation protocol of microglia, the top-layer containing myelin was collected and purified by a sucrose gradient
(Sigma-Aldrich, St. Louis, MO, USA). After centrifugation, myelin was collected from the interface
and washed in water to remove any remaining cells. Purified myelin was labelled with pHrodo dye
(1:100; Invitrogen, Carlsbad, CA, USA). Myelin concentration was measured with the bicinchoninic
acid protein assay kit (Pierce Thermo Scientific, Rockford, IL, USA). Detailed donor information and
lesion loads for MS donors are provided in Table 2 and Supplemental Table 1.
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Microglia isolation
Microglia were isolated from post-mortem subcortical white matter (WM) tissue of brain donors
with different clinical background, as described previously5,14. Briefly, 6-8 gram of tissue was collected during autopsy and stored in Hibernate-A medium (Invitrogen) at 4˚C. After tissue homogenization, Percoll density centrifugation was performed and the middle layer containing glial cells was
collected, followed by magnetic activated cell sorting (MACS, Miltenyi Biotec, Bergisch Gladbach,
Germany) using CD11b beads (Miltenyi Biotec). CD11b-positive cells were collected in beads buffer
(phosphate-buffered saline (PBS) with 0.5% bovine serum albumin (BSA) and 2 mM EDTA) and viable cells were counted. Purity of microglia isolation was assessed by analysing CD45 (1:200, HI30; BD
Bioscience, Franklin Lakes, NJ, USA), CD11b (1:200, ICRF44; eBioscience, Waltham, MA, USA), CD56
(1:100, HCD56; Biolegend, San Diego, CA, USA) and CD66b (1:100, G10F5; Biolegend) expression by
flow cytometry.
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Table 2 | Lesion load of MS brain donors used for myelin isolation
NBB donor

Diagnosis

Proportion active
lesions16

Proportion mixed
active-inactive
lesions16

Lesion load in
BRS16

Reactive lesion
load in BRS16

2010-005

SP MS

0.54

0.104

7

1

2010-045

PR MS

0.07

0.07

1

0

2010-117

SP MS

0.25

0.705

26

2

2011-008

PP MS

0.61

0.35

10

2

2011-035

SP MS

0.37

0.6

9

2

2011-048

SP MS

0.14

0.18

7

0

2011-080

SP MS

0.15

0.68

15

4

2011-089

SP MS

0.73

0.135

11

3

2011-093

RR MS

0.091

0.454

0

0

2011-100

SP MS

0.21

0

3

0

2011-120

SP MS

0.52

0.2

3

2

BRS = brainstem; Lesion load = all WM lesions defined in standard location of brainstem; MS = multiple sclerosis; NBB = Netherlands Brain Bank; PP = primary progressive; Proportion active lesions = number of active lesions/all WM lesions; Proportion
mixed active-inactive lesions = number of mixed active-inactive lesions/all WM lesions; PR = progressive-relapsing; RR = relapsing-remitting; Reactive lesion load = all reactive lesions defined in standard location of brainstem; SP = secondary progressive.

Stimulation
Predestined wells in a 96-wells Maxisorp plate (Nunc, Thermo Fisher Scientific, Waltham, MA, USA)
were coated with 2 µg/ml IgG antibodies (Nanogam, Sanquin, Amsterdam, The Netherlands) for 1 hr
at room temperature (RT), followed by blocking with PBS containing 10% fetal bovine serum (FBS)
for 0.5 hr at 37˚C. Directly after isolation, microglia (40,000-60,000 cells per well) were divided over
wells coated with or without Nanogam, together with or without the TLR ligands LPS (100 ng/ml,
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from E. coli 0111:B4, Sigma-Aldrich) or Poly I:C (20 µg/ml, Sigma-Aldrich), and cultured in medium (RPMI (Invitrogen) supplemented with 10% FBS and 1% penicillin-streptomycin) at 37˚C in an
incubator. After 3, 6, or 24 hrs in culture, microglia were lysed for RNA collection in 800 µl TRisure
(Bioline, Londen, UK) and stored at -80˚C. After 24 hrs, supernatant (200 µl) was collected for ELISA
and stored at -20˚C.

FcγR blocking
Isolated microglia were incubated with 20 µg/ml FcγR antibodies, anti-FcγRI (10.1, BD Biosciences),
anti-FcγRIIa (IV.3, StemCell Technologies, Vancouver, Canada) or anti-FcγRIII (3G8, BD Biosciences),
in culture medium for 30 min at 4°C, followed by adding culture medium resulting in a final antibody concentration of 5 µg/ml. FcγR-blocked microglia (50,000-60,000 cells per well) were divided
over wells coated with or without Nanogam, together with or without Poly I:C. After 6 hrs, cells were
lysed in 800 µl TRisure for RT-qPCR analysis.

RNA isolation
RNA was isolated according to manufacturer’s instructions (Bioline). Briefly, chloroform was added to TRisure samples and after centrifugation, aqueous phase was collected, mixed with ice-cold
isopropanol and incubated with 1 µg glycogen (Roche, Basel, Switzerland) for 30 min at -20˚C.
Precipitated RNA was washed twice in ice-cold 75% ethanol and diluted in 10 µl deionized water.

cDNA synthesis and RT-qPCR
cDNA synthesis was performed according to manufacturer’s instructions (Qiagen, Qiantitect Reverse Transcriptation kit). Purified RNA was incubated with gDNA Whipe-out buffer and subsequently incubated with QuantiTect Buffer, RT Primer Mix, and Quantitect Reverse Transcriptase for
30 min at 42°C, followed by incubation at 95°C for 3 min.
Microglial gene expression levels of cytokines, chemokines and receptors were determined by RT-qPCR. Primer pairs were designed using the Integrated DNA Technologies website
(eu.ifdna.com) and primer specificity was examined using cDNA derived from pooled brain tissue
of MS and control donors. Optimal primers were selected based on dissociation curve and gene
expression was normalized to the mean of housekeeping genes glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and elongation factor-1 alpha (EEF1A1). Gene expression values were
calculated using the 2-ΔΔCT method. Primers used to determine gene expression are listed in
Supplemental Table 2.
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ELISA
To assess the presence of IgG antibodies on myelin, 5 µg/µl myelin isolated from control WM or
normal-appearing MS WM tissue were coated overnight on a 96-well high-affinity Maxisorp plate
(Nunc). Plates were gently washed using PBS 0.05% Tween (PT) and blocked for 1 hr at 37°C with
PT containing 1% BSA (PTB). After removing the block, plates were incubated for 1 hr at RT with
polyclonal rabbit anti-mouse HRP (1:1,500; DAKO, Jena, Germany) to detect a-specific binding, and
with goat anti-human IgG HRP (1:2,500; Jackson Immunoresearch, Cambridge, UK) to detect IgG
present on myelin.
Next, plates were gently washed and incubated with streptavidin Poly-HRP (1:10,000;
Sanquin, Amsterdam, The Netherlands) for 30 min at RT. Again, plates were gently washed and
developed using 1x TMB substrate solution (Invitrogen) and measured by 450nm (Biorad, Hercules,
CA, USA).
Supernatants of stimulated microglia were analysed for TNF (eBioscience) and IL-1β
(U-CyTech Bioscience, Utrecht, The Netherlands) protein expression, using indicated antibody pairs.

Myelin phagocytosis
For phagocytosis experiments, microglia (100,000 cells per well) were stimulated with or without
Poly I:C in a 96-wells Maxisorp plates (Nunc), coated with or without Nanogam and cultured at
37˚C. After culturing for 20 hrs, dead cells and debris were washed away and adhered microglia were
incubated for 24 hrs with pooled pH-rodo labelled myelin (10 µg/ml) from 7 control donors. Information for control donors is provided in Supplemental Table 1. After 24 hrs culturing with myelin,
adhering microglia were de-attached with TrypLE Select (Thermo Fisher Scientific) incubated for 8
min at 37°C and transferred to a 96-wells plate. Uptake of pHrodo labelled myelin by microglia was
measured with flow cytometry.

Flow cytometry
Flow cytometry was performed to determine FcγRI, FcγRIIa, and FcγRIII protein expression on
isolated WM control microglia. Furthermore, microglial CD45 and CD11b expression was determined for each donor we used in this study. Finally, we used flow cytometry to determine pHrodo
labelled myelin uptake by microglia in vitro.
Microglia were incubated for 10 min with FcR Blocking Reagent (Miltenyi Biotec), followed
by incubation with conjugated antibodies for 30 min on ice and measurement on BD Canto II (BD
Biosciences). Viable cells were detected using viability dye eFluor 780 (1:1,500; eBioscience) and
pHrodo conjugated myelin was detected in PE channel.
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Statistical analysis
Statistical analysis was performed on data obtained from ELISA, RT-qPCR, and flow cytometry
measurements. After testing for normality using Shapiro-Wilk normality test, parametric or nonparametric tests were performed to define p-values using GraphPad Prism software version 7.03
(GraphPad Inc., La Jolla, CA, USA). Statistical tests performed for each experiment are indicated in
figure legends.

Results
Myelin of MS donors is bound by IgG antibodies
The presence of OCBs in the CSF is one of the key criteria for MS diagnosis10,11. It has previously been
shown that antibodies derived from the serum or CSF of MS patients specifically target lipids or proteins of MS myelin12,13. Yet, the majority of these studies have only indirectly demonstrated myelin
reactivity by isolating IgG from serum or CSF, and they have not directly assessed whether IgG is
actually bound to myelin of MS patients. Here, we investigated whether myelin of MS brain donors
is indeed bound by IgG through an ELISA-based setup, using post-mortem myelin isolated from
NAWM of MS donors, while using non-neurological donors as controls. Importantly, we found that
myelin from the majority of MS brain donors (8/11) is bound by IgG antibodies (Figure 1A), thereby
corroborating the idea that anti-myelin antibodies are present in the CNS and indeed bind to myelin
structures. In contrast, almost no IgG binding was observed to myelin that was isolated from nonneurological controls (Figure 1A), which is in line with the general absence of OCBs in the CSF of control individuals15. MS brain donors had a significantly lower age (62.6 ± 11.1 years) and higher PMD
(8:37 ± 1:21 hours) as compared to control donors (age: 72.4 ± 10.4 years; PMD: 6:04 ± 1:24 hours)
(Table 1), but when we matched age and PMD for control and MS brain donors, by removing in the
control donor group the two eldest donors or two donors with lowest PMD, and in the MS donor
group the two youngest donors or two donors with highest PMD, the number of donors with IgGbound myelin was still higher in MS brain donors as compared to control brain donors (data not
shown).
Since we did not detect IgG presence on myelin in all MS brain donors, we determined
whether IgG-bound myelin is associated with particular disease characteristics. Interestingly, MS
brain donors that showed IgG bound to myelin displayed a trend towards higher lesion load as
compared to MS brain donors without IgG presence on myelin (Figure 1B). No difference was
observed for reactive lesions (which are characterized by absence of demyelination based on PLP
and accumulation of HLA-DR+ microglia/macrophages, defined by immunohistochemistry16),
disease duration, disease severity (defined as years until patient reached EDSS6), or proportions of
active and mixed active/inactive WM lesions16 (Figure 1B). Combined, these data demonstrate that,
in contrast to control brain donors the myelin of the majority of MS brain donors is bound by IgG,
which correlates with a trend towards higher lesion load.
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Figure 1 | Myelin of MS donors is bound by IgG antibodies. A) Presence of IgG antibodies on myelin isolated from control
WM (n=11) and MS normal-appearing WM tissue (n=11) was detected by ELISA, and visualized per donor or grouped for control and MS donors. Unpaired T-test, *p<0.01. B) Reactive lesion load, total lesion load, proportion of active lesions (defined
as number of active lesions divided by total number of WM lesions)16, proportion of mixed active/inactive lesions (defined as
number of mixed active/inactive lesions divided by total number of WM lesions)16, disease duration in years, and disability
(defined as years until patient reached expanded disability status scale (EDSS) score 6) were compared between MS donors
without or with IgG-bound myelin. Lesion load was examined in a standard location in the brainstem of MS donors. Reactive
lesions were characterized by absence of demyelination and accumulation of HLA-DR+ microglia/ macrophages, defined by
immunohistochemistry16, and lesion load is the total number of lesions determined. Mann-Whitney test. Bars show mean
with SEM.

IgG-ICs break immune tolerance of human microglia for TLR ligands
Previously we showed that human microglia are non-responsive to classic pro-inflammatory stimuli, which includes Toll-like receptor (TLR) ligands such as LPS7. In addition to testing TLR4 ligand
LPS, which enabled the comparison to previous studies, we also used TLR3 ligand Poly I:C as a
viral mimic, since it has been suggested that viruses can play a role in MS aetiology17,18. In addition,
both TLR4 and TLR3 are well-known for recognizing non-microbial endogenous danger signals that
become available during stress, damage, and cell death19 that are also present under neuropathological conditions, including MS. Since OCBs are a hallmark of MS diagnosis, the presence of IgG
antibodies that bind to myelin in MS brain donors may act as an additional danger signal, next to
microbial/endogenous stimuli, to stimulate primary microglia. To test whether IgG antibodies have
an effect on the immune activation profile of microglia, we isolated microglia from post-mortem WM
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tissue, regardless of donor clinical diagnosis, and immediately stimulated them with either platebound IgG-ICs, TLR ligands Poly I:C or LPS, or a combination. Purity of microglia isolations was
defined based on CD45 expression, and negative selection for CD15 (marker for granulocytes). The
cell samples we collected contained on average 94-98% microglial cells (Supplementary Figure 2B).
Confirming previous results7, individual stimulation with Poly I:C or LPS induced very little transcription of pro-inflammatory cytokine and chemokine genes, such as TNF, IL1B, IL6, IL23A, IFNB,
IL12A, and IL8 (encoding the proteins TNF, IL-1β, IL-6, IL-23p19, IFN-β, IL-12 p35, and IL-8, respectively) (Figure 2A and B). Similarly, individual stimulation with IgG-ICs also hardly induced any
cytokine or chemokine production (Figure 2A and B). However, strikingly, the combination of Poly
I:C and IgG-ICs strongly and synergistically amplified transcription of the pro-inflammatory cytokines TNF, IL1B, IL23A, IFNB, IL12A, and the chemokine IL8, while the production of IL6 was hardly
increased (Figure 2A). A similar response was observed upon co-stimulation with LPS and IgG-IC,
although in general the effect was less pronounced and/or the amplification appeared to occur at a
later time point (Figure 2B). To verify that the transcription data correlated with protein secretion, we
determined cytokine levels in the supernatant of cultured human microglia, which showed a similar
pattern for TNF and IL-1β after co-stimulation (Figure 2C-D).
In addition to pro-inflammatory cytokines, we studied the gene expression of additional
chemokines (CCL2, CXCL9), microglia activation markers (ITGAX, SPP1), and T-cell costimulatory molecules (CD40, CD86, CD274) after co-stimulation (Supplementary Figure 1). We observed a
trend towards increased expression of the chemokine CCL2 and a significantly higher expression of
T cell-interacting receptor CD274 upon IgG-IC co-stimulation. Combined, these data indicate that
while microglia are tolerogenic to stimulation with individual TLR ligands, co-stimulation with IgGICs breaks this tolerance by strongly promoting the production of various pro-inflammatory genes.

IgG-IC stimulation of microglia does not affect myelin uptake
Cross-talk between FcγRs and TLRs has recently been established to be important to potentiate
pro- inflammatory cytokine production by myeloid immune cells20, but it is less clear whether FcγRTLR cross-talk also affects other important immune functions, such as phagocytosis. Therefore, we
next set out to investigate whether FcγR-TLR cross-talk also has an impact on the general phagocytic capacity of microglia, determined by uptake of non-opsonized control myelin by microglia.
In MS, microglia play a central role in demyelination by taking up myelin4, which may be affected
by prior FcγR-activation. Therefore, we stimulated microglia with IgG-ICs, Poly I:C, or a combination, and subsequently measured uptake of pHrodo-labelled myelin, isolated from control donors,
in lysosomes by flow cytometry (gating strategy is visualized in Supplementary Figure 2A). We
verified that the microglia that were used for the phagocytosis experiments indeed showed IgG-ICinduced immune activation by measuring increased TNF protein production (Figure 3A). However, while stimulation with Poly I:C reduced the uptake of control myelin by microglia, stimulation with plate-bound IgG-ICs had no effect on phagocytosis, neither alone nor in combination with
Poly I:C (Figure 3B-C). Please note that the decreased uptake upon Poly I:C stimulation may partly be related to cell viability, since the number of viable cells was lower after Poly I:C stimulation
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Figure 2 | IgG-ICs break the tolerance of human microglia for TLR ligands. Microglia were isolated from WM tissue,
regardless of donor clinical diagnosis, and stimulated as indicated with IgG-IC and the TLR ligands Poly I:C (n=4) (A) or LPS
(n=5) (B). Gene expression was determined for the pro-inflammatory cytokines/chemokines TNF, IL1B, IL6, IL8, IL23A, IFNB,
and Il12A by RT-qPCR. Expression of pro-inflammatory cytokines TNF and IL1-β was confirmed at protein level after 24 hrs,
for Poly I:C stimulation (C) and LPS stimulation (D) by ELISA. Two-way ANOVA or one-way ANOVA, *p<0.05, **p<0.01, and
***p<0.001. Bars show mean with SEM.
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(Supplementary Figure 2A). In conclusion, these data indicate that (co-)stimulation of human
microglia with IgG-ICs does not affect uptake of control myelin.

Figure 3 | IgG-IC stimulation of microglia does not affect
myelin uptake. A) Microglial TNF protein expression after
co-stimulation with IgG-ICs and Poly I:C for 20 hrs (n=5)
was measured by ELISA. B-C) Isolated microglia (n=5) were
incubated for 24 hrs with pHrodo-labelled myelin pooled
from 7 control donors after tolerance breakdown by costimulation with IgG-ICs and Poly I:C for 20 hrs. Myelin
uptake (geomean) and number of microglial cells that takeup myelin (%) was measured by flow cytometry. One-way
ANOVA, *p<0.05 and **p<0.01. Each dot represents a donor
and bars show mean with SEM.

Breaking of tolerance by IgG-ICs is dependent on FcγRI and FcγRIIa
Next, we set out to investigate which receptor on human microglia is responsible for IgG-IC-induced
tolerance breakdown. The main receptors for IgG on human myeloid immune cells belong to the
family of FcγRs. As shown in Figure 4A (and previously by our group6), human microglia highly
expressed FcγRIa (encoded by FCGR1A), FcγRIIa (FCGR2A), and FcγRIIIa (FCGR3A). Subsequently,
we confirmed expression of FcγRsI and IIa on protein level using flow cytometry (Figure 4B; gating
strategy in Supplementary Figure 2B).
To determine whether FcγRs are responsible for the synergistic inflammatory response
upon co-stimulation with IgG-ICs, we blocked different FcγRs that are expressed by microglia with
specific antibodies during (co-)stimulation and assessed pro-inflammatory cytokine gene expression.
Blocking of FcγRI and FcγRIIa completely blocked IgG-IC-induced TNF expression, while blocking
of FcγRIII had no effect (Figure 4C). Combined, these data indicate that the binding of IgG is essential
for breaking of immunological tolerance, which is mediated by FcγRI and FcγRIIa.
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Figure 4 | Breaking of tolerance by IgG-ICs is dependent on FcγRI and FcγRIIa. A) Microglia isolated from WM tissue of
control donors (n=11) expressed FcγR genes FCGR1A, FCGR2A, FCGR3A; data is extracted from RNA-sequencing dataset5. B)
Protein expression of FcγRI and FcγRIIa by microglia isolated from control WM tissue (n=4) was determined by flow cytometry. C) Microglial FcγRI, FcγRIIa, or FcγRIII were blocked with specific antibodies, and gene expression of pro-inflammatory
cytokine TNF was determined by RT-qPCR after 6 hrs tolerance breakdown by IgG-ICs and Poly I:C (n=3). As negative control, microglia were stimulated with either IgG-IC or Poly I:C. Each dot represents a donor and bars show mean with SEM.

Discussion
Human microglia are generally non-responsive to microbial stimuli, thereby maintaining brain
homeostasis and preventing neuronal damage by inflammation. Yet, considered their contribution
to axonal or myelin damage in MS, there likely is an additional stimulus that converts tolerogenic microglia into pro-inflammatory cells. Here, we provide evidence that IgG-ICs may act as such
an additional stimulus, which breaks microglial immune tolerance for microbial stimuli, leading
to increased expression of key pro-inflammatory cytokines such as TNF and IL-1β. We identified
FcγRI and FcγRIIa as the two responsible IgG receptors for this effect. Moreover, we identified that
the majority of the MS brain donors displays IgG-bound myelin, which strengthens the concept of
anti-myelin antibody immune complexes as a relevant secondary stimulus that promotes inflammation in MS brain tissue.
In this study, we identified that myelin in 8 out of 11 MS brain donors is bound by IgG
antibodies, while myelin of most control brain donors showed very little IgG binding. Although this
could to some extent be caused by non-specific binding, the observed IgG binding most likely reflects
the presence of antigen-specific interactions of IgG antibodies with myelin lipids or/and proteins
in MS donors12,13. Interestingly, a number of studies have indeed shown a worse disease course for
MS patients with OCBs present in the CSF as compared to MS patients without OCBs11,21,22, thereby
corroborating the idea that clonal IgG antibodies play an important role in MS disease progression.
Our data suggest that IgG antibodies contribute to MS-associated inflammation by breaking
the tolerance of microglia to microbial stimuli. In this study, we used plate-bound IgG as a standardized approach to simulate IgG opsonization. Previously, we and others have extensively compared
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plate-bound IgG immune complexes to IgG-opsonized bacteria23, viruses24, beads24, fibrinogen bound
antibodies25 or heat-aggregated IgG immune complexes26 and have shown that they all elicit a very
similar response by myeloid immune cells. While these data indicate that plate-bound IgG closely
mimics other IgG immune complexes, in future studies it would be valuable to further validate these
findings by testing IgG-opsonized MS myelin. While microglia are generally non-responsive to stimulation with individual TLR ligands, co-stimulation with IgG-ICs strongly potentiated the expression
of various pro-inflammatory genes. These include key pro-inflammatory cytokines and chemokines,
such as TNF, IL-1β, IL-8, IL-12, IL-23, and type I IFNs, several of which have been implicated in MS
pathogenesis. For example, IL-23 is produced in active MS lesions and is elevated in serum and CSF
of relapsing-remitting MS patients27,28. In addition, many of the up-regulated cytokines and chemokines are involved in the activation of CD8+ T cells, which also play an important role in MS pathology, since they are found in higher numbers in active MS lesions29,30. However, surprisingly, IgG-ICs
also strongly amplified the production of IFN-β, which is one of the most commonly used therapies
to treat RRMS by reducing the number of active lesions31,32. Yet, since the majority of the amplified
genes strongly promote inflammation, the net response induced by IgG-ICs will most likely promote
pathology by activating the local tissue and through recruitment of additional immune cells.
For the stimulation of primary human microglia we selected two classical TLR ligands, LPS
(TLR4) and Poly I:C (TLR3). While FcγR stimulation amplified the response to both ligands, the effect
was most pronounced for Poly I:C. Since TLR4 signals through both MyD88 and TRIF, and TLR3
only uses TRIF, these data may indicate that FcγR signaling particularly enables or amplifies the
TRIF pathway in human microglia. In addition to recognizing microbial structures, TLR3 and TLR4
also recognize various non-microbial danger signals19, indicating that FcγR-TLR cross-talk may not
only occur during infection, but also during cell damage and death, as observed under neuropathological conditions including MS. Since Fc receptors have been shown to engage in cross-talk with
various different receptor families present on myeloid cells, including RIG-I-like receptors, NOD-like
receptors and C-type lectin receptors23,26,33, cross-talk with other receptors is also likely to occur in
microglia.
We show that tolerance breakdown by FcγR-TLR cross-talk does not alter the general phagocytic capacity of microglia, as determined by the uptake of non-opsonized control myelin. Yet, FcγRs
are very likely to be involved in the enhanced uptake of IgG-opsonized particles such as IgG-bound
myelin34,35. Previous studies indicate that the two different FcγR effector functions (cytokine production and phagocytosis) are controlled by distinct signaling pathways20,26,36. Nevertheless, when
microglia recognize IgG-bound MS myelin, the two FcγR effector functions will likely be activated
simultaneously, leading to both phagocytosis and cytokine production. Indeed, we have previously
shown that myelin of MS brain donors is phagocytosed more efficiently by microglia than control
myelin37. Notably, in the present study, we used the same control and MS myelin as in the study
by Hendrickx and colleagues37 to determine the presence of bound IgGs. Therefore, retrospectively,
our current finding that MS myelin is IgG-bound, while control myelin is not, may indicate that the
increased uptake of MS myelin in the Hendrickx study was related to IgG opsonization of the myelin,
resulting in increased uptake via FcγRs.
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Since immune-activated microglia contribute to MS pathology by secreting pro-inflammatory mediators and phagocytosing myelin, it would be of high interest to study if microglial tolerance
breakdown also occurs in situ in MS brain tissue and could trigger MS lesion initiation, for instance
by identifying presence of viral genes together with myelin bound IgG-ICs in MS tissue. Activated
microglia can appear in normal-appearing MS tissue as clusters38, and future studies should focus
on the presence of the two activating stimuli near these microglial clusters, since they have been
suggested to be the first stage of lesion formation and microglial immune activation might start here.
The molecular mechanisms underlying microglial activation are poorly understood. Our
data clearly demonstrates that immune activation upon co-stimulation with IgG-ICs is regulated
at the level of gene transcription. Interestingly, IgG-IC induced microglial tolerance breakdown is
reminiscent of previous studies on other tolerogenic immune cells, where immune complexes of
(auto)antibodies have been shown to break the tolerance of intestinal dendritic cells and synovial
‘M2’ macrophages33,39. In this regard, microglia seem to more closely mimic synovial macrophages,
which also show amplification of gene transcription33, than intestinal dendritic cells, in which IgG
or IgA co-stimulation specifically amplifies gene translation39. The cytokine profile of microglia cells
upon IgG co-stimulation partially overlaps with that of the other myeloid immune cells, as illustrated
by increased production of TNF, IL-1β, and IL-23, but also shows microglia-specific responses, such
as the strongly increased production of IFN-β, which (in contrast) is strongly suppressed in human
macrophages, monocytes, dendritic cells, and Langerhans cells24. This supports the concept that Fc
receptor activation by IgG antibodies contributes to the generation of tissue-specific immunity26.
In addition to modulating gene transcription and gene translation, IgG-ICs has also been
shown to activate caspase-1, which is required for the production of IL-1β by cleaving pro-IL-1β
into its functional form23. Interestingly, we observed an increased expression of IL-1β protein (but
not mRNA) upon individual stimulation with IgG-ICs, which may suggest that IgG can also activate
caspase-1 in human microglia. The signalling molecules involved in IgG-induced gene transcription
and/or caspase-1 activation in human microglia will be an important topic for future investigations.
Taken together, these data indicate that the tolerogenic phenotype of primary human microglia is converted into a pro-inflammatory phenotype upon co-stimulation with IgG immune complexes.
While this could serve a physiological purpose during viral infections of the CNS, the presence of IgG
antibodies on myelin of the majority of MS donors suggests that this inflammatory response is activated undesirably in MS patients, thereby promoting chronic inflammation. Interfering with this mechanism may provide new tools to attenuate inflammation and pathology in patients suffering from MS.
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Supplemental Material
Supplemental Table 1 | Characteristics of brain donors
NBB
donor

Diagn.

Age

Gender

PMD

Cause of death

Disease
duration

Time to
EDSS6

Experiment

2010-062

CON

94

F

5:50

Cachexia

-

-

ELISA on myelin

2010-068

CON

85

M

8:35

Cardiac arrest

-

-

ELISA on myelin

-

-

ELISA on myelin

2010-070

CON

60

F

7:30

Infected pneumectomy
cavity

2011-021

CON

85

F

7:05

Terminal renal insufficiency

-

-

ELISA on myelin

2011-039

CON

91

F

4:15

Heart infarction

-

-

ELISA on myelin

2011-046

CON

89

F

4:45

Euthanasia

-

-

ELISA on myelin

2011-049

CON

83

F

4:40

Ileus with pancreatic
cancer

-

-

ELISA on myelin

2011-091

CON

76

M

6:45

Lung cancer

-

-

ELISA on myelin

2012-048

CON

81

M

6:40

Euthanasia

-

-

ELISA on myelin

2012-049

CON

70

F

7:35

Cachexia by endstage
pancreas carcinoma

-

-

ELISA on myelin

2012-052

CON

64

F

5:40

Palliative sedation

-

-

ELISA on myelin

2010-005

SP MS

68

F

10:40

Euthanasia

42

26

ELISA on myelin

2010-045

PR MS

84

F

7:35

Euthanasia

50

10

ELISA on myelin

2010-117

SP MS

60

F

10:40

Euthanasia

7

1

ELISA on myelin

2011-008

PP MS

54

M

8:15

Euthanasia

14

9

ELISA on myelin

2011-035

SP MS

50

F

7:35

Euthanasia

17

7

ELISA on myelin

2011-048

SP MS

53

M

10:00

Euthanasia

25

13

ELISA on myelin

34

2

ELISA on myelin

2011-080

SP MS

56

F

8:25

Respiratory insufficiency
by pneumonia

2011-089

SP MS

64

M

7:30

Euthanasia

35

35

ELISA on myelin

2011-093

RR MS

56

M

10:10

Suicide by medication

16

14

ELISA on myelin

2011-100

SP MS

71

F

7:05

Cachexia with slowly
progressive MS and metastatic breast cancer

34

14

ELISA on myelin

2011-120

SP MS

73

M

8:45

Urosepsis

51

34

ELISA on myelin

2013-016

CON

83

M

5:15

Myocardial infarction
and palliative sedation

-

-

Co-stimulation

2018-112

CON

95

F

4:20

Ileus caused by tumor

-

-

Co-stimulation

-

-

Co-stimulation
Co-stimulation

CON

82

F

6:20

Cachexia and pulmunary hypertension

2018-130

LB

66

M

8:00

Euthanasia

-

-

2018-139

PD

74

F

8:10

Euthanasia

-

-

Co-stimulation

-

-

Co-stimulation +
myelin uptake

2018-123

2019-019

PD

87

F

6:20

Ceased oral intake and
medication

2019-021

ALS

71

M

5:55

ALS

-

-

Co-stimulation +
myelin uptake

2019-023

AD

85

F

7:20

Prerenal insufficiency,
heart failure

-

-

Co-stimulation +
myelin uptake
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NBB
donor

Diagn.

Age

Gender

PMD

Cause of death

Disease
duration

Time to
EDSS6

Experiment

2019-026

PD

55

M

5:05

Euthanasia

-

-

Co-stimulation +
myelin uptake /
FcyR block

2019-035

Autism

60

M

6:15

Euthanasia

-

-

Co-stimulation +
myelin uptake

2019-036

CON

85

F

6:50

Metastatic long cancer

-

-

Co-stimulation +
FcyR block

2019-039

Dep.

61

F

4:45

Euthanasia

-

-

Co-stimulation +
FcyR block

AD = Alzheimer’s disease; Age in years; ALS = amyotrophic lateral sclerosis; CON = non-neurological control; Dep. = depression;
Diagn. = diagnosis; Disease duration in years; F = female; LB = Lewy body dementia; M = male; MS = multiple sclerosis; NBB =
Netherlands Brain Bank; PD = Parkinson’s disease; PMD = post-mortem delay in hours:minutes; PP = primary progressive; PR =
progressive-relapsing, RR = relapsing-remitting; SP = secondary progressive; Time to EDSS6 = time in years until patient reached
expanded disability score 6.0.
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Supplemental Table 2 | Primers used for RT-qPCR on cultured human microglia
Gene symbol

Forward sequence (5’-3’)

Reverse sequence (5’-3’)

CCL2

CAGAAGTGGGTTCAGGATTCC

ATTCTTGGGTTGTGGAGTGAG

CD274 (PDL1)

CAGGGCATTCCAGAAAGATG

GCTACCATACTCTACCACATATAGG

CD40

GGCTTCTTCTCCAATGTGTCA

TAAAGACCAGCACCAAGAGGAT

CD86

AACACAATGGAGAGGGAAGAG

ACTTTTGTCGCATGAAGATGTC

CXCL9

CCCTTCCTGCGAGAAAATTG

TGCTTTTTCTTTTGGCTGACC

EEF1A1

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

IFNB

GAAGGCCAAGGAGTACAGTC

GCTAGGAGATCTTCAGTTTCGG

IL1B

GGCAGGGAACCAGCATCT

CCGACCACCACTACAGCAA

IL6

CAGCCACTCACCTCTTCAGAA

TGCCTCTTTGCTGCTTTCACA

IL8

ACTGAGAGTGATTGAGAGTGGAC

AACCCTCTGCACCCAGTTTTC

IL12A

TGCTGGCAGTTATTGATGAGC

GCCCGAATTCTGAAAGCATGA

IL23A

CGTCTCCTTCTCCGCTTCAAA

CTCAGGGTTGCTGCTCCAT

ITGAX (CD11C)

TGGAGGACTTTGATGCTCTG

TCCTGTGCCATCTCCAATTC

SPP1

AGGCTGATTCTGGAAGTTCTG

CATGGCTTTCGTTGGACTTAC

TNF

GGCGTGGAGCTGAGAGATA

CAGCCTTGGCCCTTGAAGA
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Supplemental Figure 1 | Expression of immune
response genes after microglial co-stimulation. Gene
expression of chemokines (CCL2, CXCL9), microglia
activation markers (ITGAX, SPP1) and T-cell costimulatory molecules (CD40, CD86 and CD274) was determined by RT-qPCR after isolated microglial were
co-stimulated with IgG-IC and Poly I:C for 6 hrs (n=5).
One-way ANOVA, * p<0.05. Bars show mean with SEM.

Supplemental Figure 2 | Flow cytometry gating strategy for human microglia. A) Representative dot plots
showing gating strategy for Figure 3B, based on cell gating by sideward scatter (SSC) and forward scatter (FSC),
single cell gating by FSC and SSC height/width duplet
exclusion and gating on viable microglia cells by live/
dead marker. Viable cells are shown for each condition.
Unstim=unstimulated condition. B) Representative
dot plots showing gating strategy for Figure 4B, based
on cell gating by sideward scatter (SSC) and forward
scatter (FSC), single cell gating by FSC and SSC height/
width duplet exclusion, gating on viable microglial cells
by live/dead marker. After negative selection for CD15,
percentage of CD45+ cells is shown.
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Abstract
In multiple sclerosis (MS), activated microglia and infiltrating macrophages phagocytose myelin focally in (chronic) active lesions. These demyelinating sites expand in time, but at some point turn
inactive into a sclerotic scar. To identify molecular mechanisms underlying lesion activity and halt,
we analyzed genome-wide gene expression in rim and peri-lesional regions of chronic active and
inactive MS lesions, as well as in control tissue. Gene clustering revealed patterns of gene expression
specifically associated with MS and with the presumed, subsequent stages of lesion development.
Next to genes involved in immune functions, we found regulation of novel genes in and around the
rim of chronic active lesions, such as NPY, KANK4, NCAN, TKTL1, and ANO4. Of note, the presence
of many foamy macrophages in active rims was accompanied by a congruent upregulation of genes
related to lipid binding, such as MSR1, CD68, CXCL16, and OLR1, and lipid uptake, such as CHIT1,
GPNMB, and CCL18. Except CCL18, these genes were already upregulated in regions around active
MS lesions, showing that such lesions are indeed expanding. In vitro downregulation of the scavenger receptors MSR1 and CXCL16 reduced myelin uptake. In conclusion, this study provides the gene
expression profile of different aspects of MS pathology and indicates that early demyelination, mediated by scavenger receptors, is already present in regions around active MS lesions. Genes involved
in early demyelination events in regions surrounding chronic active MS lesions might be promising
therapeutic targets to stop lesion expansion.
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Introduction
Multiple sclerosis (MS) is a neurological disease characterized by focal demyelinating lesions in the
central nervous system, leading to a variety of symptoms, including problems with motor control,
numbness or tingling sensation, cognitive problems, depression, and fatigue. Both genetic and environmental factors play a role in the onset and progression of MS [reviewed in Ref.1,2]. Demyelination
in MS is mediated by activated microglia and infiltrating macrophages, and in brains and the spinal
cord of MS patients, both (chronic) active lesions and inactive scars are found. It is not clear why MS
lesions are active demyelinating and which mechanisms contribute to the halt of lesion activity.
Depending on the level of demyelination and microglia/macrophage activation, MS lesions
are characterized as active, chronic active, or inactive3,4. Active lesions contain lipid-laden microglia/
macrophages throughout the lesions, while chronic active MS lesions have a demyelinated sclerotic
core, surrounded by a rim of foamy microglia/macrophages. A recent magnetic resonance imaging
study showed that chronic active lesions expand in time5, and it is thought that at some point, active
lesions turn into inactive sclerotic scars. Moreover, we found that chronic active lesion load correlates
with fast progression of the disease, illustrating the clinical implications of lesion expansion (Luchetti
et al., submitted).
Identification of gene expression in presumed, subsequent stages of MS lesions will increase
insight into the molecular mechanisms related to lesion activity and halt. Gene expression profiling
studies so far, on tissue blocks containing MS lesions from limited numbers (3–5) of MS patients
per study, showed overall upregulation of pro-inflammatory pathways6–10 and oxidative injury11.
One gene expression analysis of normal appearing white matter (NAWM) in MS demonstrated upregulation of genes associated with immunosuppression and protective mechanisms, but also proinflammatory mechanisms, suggesting a state of low-level inflammation and an unsteady balance12,13.
Previously, we analyzed differential gene expression between rims and regions surrounding chronic active and inactive MS lesions in substantial numbers of well-characterized MS
brain donors by quantitative polymerase chain reaction (qPCR) and identified downregulation of
macrophage inhibitory molecules around chronic active lesions13. In this follow-up study, we set
out a hypothesis-free microarray approach to study gene expression in rims and peri-rim regions
of and around chronic active and inactive MS lesions from 15 MS patients and white matter (WM)
of 10 matched control subjects. We identified gene expression specifically related to MS and to the
assumed, subsequent stages of lesion development. Strikingly, genes connected with lipid binding
and uptake were increased in the rim and peri-rim of chronic active lesions.

Materials and Methods
Human tissue
Post-mortem human brain tissue was provided by the Netherlands Brain Bank (NBB, Amsterdam, The Netherlands; www.brainbank.nl). Informed consent was obtained from donors for brain
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autopsy and the use of tissue and clinical information for research purposes. At the time of death, 12
patients had relapsing-remitting course of the disease, 1 had a primary-progressive disease course,
and for 2, the disease course could not be determined. MS diagnosis was confirmed post-mortem by a
neuropathologist. One-way ANOVA analysis (Kruskal–Wallis test) showed no significant difference
in age, post-mortem delay, or pH of cerebrospinal fluid (CSF) between the groups. Detailed donor
characteristics are provided in Table 1; Table S1 in Supplementary Material.

Tissue dissection and RNA isolation
Cryostat sections were stained for myelin proteolipid protein (PLP; Serotec, Oxford, UK) and HLADP/Q/R (DAKO, Glostrup, Denmark) to assess MS lesion activity. Chronic active MS lesions were
characterized by a sclerotic hypocellular demyelinated core, surrounded by a clear distinct rim of
foamy HLA-positive macrophages14. Inactive MS lesions were sclerotic demyelinated lesions without
activated macrophages3. Frozen chronic active and inactive MS lesions were cut in 20 µm sections
using a cryostat and mounted on PALM MembraneSlides (PALM Microlaser Technologies, Munich,
Germany). Every fifth to seventh section was stained with Sudan Black to confirm the lesion was still
present and to facilitate dissection. Furthermore, every first and last section was stained for PLP and
HLA-D/Q/R to assure continuous lesion activity. The rim and peri-lesional (PL)-NAWM were dissected by laser dissection microscopy and stored in ice-cold TRIsure (Bioline, London, UK). Control
tissue was dissected inside the cryostat using a pre-chilled scalpel and also stored in ice-cold TRIsure.
After addition of chloroform and centrifugation, the aqueous phase was removed and mixed with
an equal volume of 70% RNase-free ethanol. Samples were then applied to an RNeasy Mini column
(Qiagen, Valencia, CA, USA) and further processed according to manufacturer’s instructions. RNA
yield was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA), and quality was assessed on a Bioanalyzer 2100 (Agilent Technologies, Palo
Alto, CA, USA). Only samples with RNA integrity number (RIN) values ≥5 were included. In total, 7
chronic active MS lesions, 8 inactive MS lesions, and WM of 10 control donors were included in this
study. RIN values of control donors were significantly higher than of any of the MS lesion subareas.
However, there was no difference in RIN value between the rim of chronic active versus the rim of
inactive MS lesions, or the PL-NAWM of chronic active versus the PL-NAWM of inactive MS lesions.
Table 1 | Donor characteristics per group
Tissue type
Chronic active

Inactive
Control
One-way ANOVA

Lesion area
Rim
PL-NAWM
Rim
PL-NAWM

Sex

Age

pH

PMD

RIN

2M/5F

49.4 ± 8.6

6.42 ± 0.17

8:24 ± 1:55

2M/6F

63.3 ± 11.7

6.43 ± 0.21

9:03 ± 0:45

3M/7F

59.7 ± 10.4

6.67 ± 0.35

8:23 ± 2:51

7.42 ± 0.67

p=0.1351

p=0.3941

p=0.6958

p=0.0003

6.39 ± 0.67
6.43 ± 0.33
5.79 ± 0.62
6.16 ± 0.50

Age = age at death (years); F = female; M = male; pH = pH of CSF; PL-NAWM = perilesional normal-appearing white matter; PMD
= post-mortem delay (h:min); RIN = RNA integrity number. Data are represented as mean ± SD.
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Sample preparation and microarray hybridization
The Low Input Quick Amp Labeling Kit (Agilent Technologies) was used for sample amplification
and fluorescent labeling according to manufacturer’s instructions. Briefly, 100 ng experimental RNA
input and 50 ng reference pool RNA input was used for linear amplification and fluorescent labeling.
The reference pool RNA was extracted from snap-frozen tissue dissected from a diversity of anatomical regions from control and MS brains, including MS lesions and NAWM, as well from tonsil.
Experimental samples were labeled with Cy5-CTP, and the reference pool was labeled with Cy3-CTP
(Perkin Elmer, Waltham, MA, USA). The cRNA samples were purified using RNeasy mini columns
(Qiagen), and quantity and labeling efficiency (specific activity) was determined on a NanoDrop.
Prior to hybridization, 825 ng Cy3- and Cy5-labeled cRNA samples were fragmented by
30 min incubation at 60°C in 1× fragmentation buffer (Agilent Technologies). Each time, one Cy5labeled experimental sample and one Cy3-labeled reference pool sample were hybridized to an
Agilent Human Gene Expression 4×44K v2 Microarray (Part Number G4845A) for 17 h at 65°C
in a rotating hybridization chamber. Arrays were washed in 6× saline sodium phosphate-EDTA
(SSPE)/0.005% N-lauroylsarcosine (Sigma-Aldrich, St. Louis, MO, USA) for 5 min, then in 0.06×
SSPE/0.005% N-lauroylsarcosine for 1 min, and finally in acetonitrile (Sigma-Aldrich) for 30 s. After
drying in a nitrogen flow, arrays were scanned using an Agilent DNA Microarray Scanner at 5 mm
resolution and 100% photomultiplier tube setting. Microarray scans were quantified using Agilent
Feature Extraction software (version 9.5.3.1).

Microarray normalization and single gene analysis
Common reference cRNA was co-hybridized to every microarray slide to allow for accurate
comparison of expression levels across different cDNA microarray experiments. In this way, a ratio
between the experimental and reference material could be calculated for every spot, and expression levels across different hybridizations could be compared. Raw expression data were imported into the R statistical processing environment using the LIMMA package in Bioconductor.2 All
features for which one or more foreground measurements were flagged as saturated or as a nonuniformity outlier by the feature extraction software were excluded from further analysis. As overall background levels were very low, no background correction was performed. Data within an
array were normalized using loess (LIMMA), which was followed by a between-array normalization
using the Gquantile algorithm in LIMMA. Subsequently, for probes that mapped to the same
gene, the average M- and A-value of those probes were used for further analyses. Differential gene
expression was assessed using a single channel analysis on the M-values using Bayesian statistics in
LIMMA. Three contrasts were investigated: (I) chronic active rim vs. inactive rim, (II) chronic active
PL-NAWM vs. inactive PL-NAWM, and (III) chronic active PL-NAWM vs. control. Correction for
multiple testing was performed with the Benjamini–Hochberg algorithm. Genes with a p-value <0.05
were considered significant.
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Cluster analysis of gene expression data in different stages of lesion activity
In order to follow the expression of individual transcripts in different presumed subsequent stages of
lesion activity and demyelination, expression profiles were constructed from regions that represent
no pathology (control NAWM), the early events in demyelination (PL-NAWM around chronic active
MS lesions), fully active demyelination (rim of chronic active MS lesions), halt of demyelination (rim
of inactive MS lesions), and absence or suppression of early demyelination (PL-NAWM of inactive
lesions, Figure 1). The NIA Array Analysis software was used to find these clusters of genes showing
the same expression pattern across the different subareas studied15. The intensity values of all genes
were used as input. The NIA Array Analysis software uses ANOVA (with error variance averaging
and Benjamini correction for false discovery rate) to test statistical significant genes. Only significant
genes were displayed.

Gene ontology overrepresentation analysis
The overrepresentation of specific GO terms within the different clusters was analyzed using GOstat
with the goa_human database (minimum path length of 3 and Benjamini correction for false discovery rate). All statistical significant genes per cluster were used as input, and all genes measured on
the array were used as the background set of genes.

cDNA synthesis and qPCR
Reverse transcription was performed in a reaction mixture of 10 μl containing 100 ng RNA and
gDNA Wipeout Buffer, incubated for 2 min at 42°C, and Quantiscript® Reverse Transcriptase, Quantiscript Buffer, and room temperature (RT) Primer Mix (Qiagen Benelux, Venlo, The Netherlands),
incubated for 15 min at 42°C. RT transcriptase was inactivated by incubation for 3 min at 95°C.
Primer pairs for real-time qPCR were designed using the NCBI primer basic local alignment
search tool; see Table S2 in Supplementary Material for the primer pairs used in this study. Specificity was tested on cDNA derived from brain or laser dissection microscopy-isolated test brain tissue
of MS donors and control donors by assessment of the dissociation curve and PCR product, as determined by size fractionation on an 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel.
Quantitative polymerase chain reaction reactions were performed with SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) with samples containing equal cDNA concentrations of 2–3.5 ng total RNA per reaction. Analysis was performed according to the manufacturer’s protocol and the ABI Prism 7300 Sequence Detection System (Applied Biosystems). Target genes
were normalized to the geometric mean of glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
tubulin α (TUBA1A), or elongation factor 1 alpha (EEF1A1) mRNA expression, which did not differ
significantly between the different groups studied. Fold differences were calculated using the 2−ΔΔCT
method16.
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Immunohistochemistry
Tissue of donors used for detection of protein expression are displayed in Table 1. For CHIT1, frozen
sections (20 µm) of both active and inactive MS lesions and control tissue were fixed for 20 min in
4% paraformaldehyde. For GPNMB, OLR1, and ANO4, paraffin-embedded sections (6 µm) of both
active and inactive MS lesions and control tissue were deparaffinized with xylene and rehydrated,
and antigen retrieval was performed by incubation in tris-buffered saline (TBS) for GPNMB and
OLR1 and in citrate buffer at pH6 for ANO4 (microwave, 10 min at 700 W). Aspecific binding was
blocked by incubation in 10% normal horse serum (NHS) for 30 min at RT, followed by incubation
with primary antibodies directed at CHIT1 (NBP1-84490, 1:20; Novus Biologicals, Abingdon, UK),
GPNMB (MAB15501, 1:200; R&D Systems, Oxon, UK), OLR1 (H00004973-D01, 1:500; Abnova, Taoyuan City, Taiwan), or ANO4 (19488-1-AP, 1:50; Proteintech, Manchester, UK) diluted in incubation
buffer (0.25% gelatin and 0.5% Triton-X in TBS, pH 7.6), for 1 h at RT. Immunoreactivity was visualized by using avidin–biotin complex (Vector PK-6100, Burlingame, CA, USA), followed by diaminobenzidine chromogenic substrate system (EnVision, DAKO) for CHIT1 or immediately by using the
EnVision detection system (Dako) for GPNMB and OLR1. Sections were counterstained by 0.025%
cresyl violet and embedded in Entellan. Immunoreactivity was examined using a Zeiss Axioskop
9801 light microscope (Zeiss, Oberkochen, Germany).

Cell culture and gene silencing
The human monocytic cell line THP-1 was cultured in Roswell Park Memorial Institute (RPMI)
glutaMAX medium containing 10% fetal calf serum and 1% penicillin/streptomycin. For flow
cytometric or PCR analysis, cells were cultured in plates coated with poly(2-hydroxyethyl methacrylate), otherwise known as hydron (Sigma-Aldrich), to prevent adherence. For immunocytochemistry, cells were cultured on glass coverslips. Cells were differentiated into macrophage-like
cells by stimulation with 160 nM phorbol 12-myristate 13-acetate (PMA) for 24 h, followed by another
24 h culture in normal medium. To measure unlabeled myelin uptake over time, cells were stimulated with 8 nM PMA for 48 h, followed by 5 days culture in normal medium.
Gene silencing was performed using locked nucleic acid (LNA) oligonucleotides, designed
using the siDesign center of Thermo Scientific and synthesized by Santaris Pharma A/S (Hørsholm,
Denmark). The following oligonucleotide sequences and concentrations were used: MSR1 (CCCGTGAGACTTTGAG; 2 µM), CXCL16 (AGTGAGCTCTTTGTCC; 5 µM), OLR1 (CTCATTCAGCTTCCGA; 2.5 µM), and CD68 (AACTGAAGCTCTGCCC; 2.5 µM). The 16-mers contained three LNA
moieties at both termini (underlined). Oligonucleotide uptake was achieved without any additives,
through a process called gymnosis17. Differentiated cells were incubated with the oligonucleotides
for 6 days before myelin uptake was tested. For inhibition of a broad spectrum of scavenger receptors, cells were pre-incubated with 100, 500, or 1,000 µg/ml fucoidan (Sigma, Zwijndrecht, The Netherlands) for 45 min before myelin was added.
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Phagocytosis assay
Myelin was isolated from the myelin-containing fraction of post-mortem human brain tissue
collected after Percoll gradient separation. Unlabeled myelin was used to measure myelin uptake
over time, and myelin stained with the pH sensitive dye pHrodo red (Invitrogen) was used for gene
silencing experiments to visualize uptake in the lysosomal compartment, as described recently18.
Free floating THP-1 macrophages were incubated with 12.5 µg pHrodo-labeled MS or
control myelin per 80,000 cells for 24 h. After incubation, the cells were collected and washed in cold
phosphate-buffered saline (PBS) with 1% bovine serum albumin for quantification of myelin uptake by flow cytometry after gene silencing. Expression of CHIT1 and GPNMB was determined after
incubation with unlabeled 12.5 µg MS or control myelin for 1, 2, or 5 days in duplo. After 5 days, the
medium was refreshed and cells were incubated for 80 more hours in normal medium. Harvested
cells were stored in TRisure and gene expression of CHIT1 and GPNMB was analyzed by qRT-PCR.
For flow cytometric analysis, cells were incubated with the viability dye eFluor 780 (eBiosciences; 1:2,000) for 30 min on ice. Uptake of pHrodo-labeled myelin was measured on a FACSCanto
machine (BD Biosciences) and analyzed using FlowJo 7.6 software (Figure S1 in Supplementary Material). Phagocytosis was expressed as percentage of live cells that took up myelin and as geomean
fluorescence intensity of the pHrodo signal indicating the total amount of myelin phagocytosed.
For immunocytochemical analysis, cells on glass coverslips were fixed in 4% paraformaldehyde for 15 min and washed with PBS. Aspecific binding was blocked by incubation in 10% NHS for
30 min at RT, followed by incubation with the primary antibody directed at MSR1 (MAB1716, 1:100;
Abnova), diluted in incubation buffer (0.25% gelatin and 0.5% Triton-X in TBS pH 7.6), O/N at 4°C.
The next day, cells were washed and incubated with the fluorescently labeled secondary antibody
(donkey anti-mouse Cy3 conjugated antibody, 1:1,000; Millipore) in incubation buffer with Hoechst
1:1,000 for nuclear staining for 1 h at RT. Coverslips were then washed in PBS and demineralized water and embedded in mounting medium (0.605 g Tris pH 8.5, 12.5 ml glycerol 100%, and 5 g Mowiol;
EMD Chemicals, Gibbstown, NJ, USA).
Fluorescent images were taken on an Axiovert microscope (Zeiss) with Neoplanfluor
objectives using an Exi Aqua Bioimaging microscopy camera (QImaging, Surray, BC, Canada) and
ImagePro software (MediaCybernetics, Bethesda, MD, USA).

Statistical analysis
Statistical analysis of qPCR validation and cell culture experiments was performed using GraphPad
Prism version 6 software (GraphPad Inc., La Jolla, CA, USA). The non-parametric Kruskal–Wallis
test, followed by post hoc comparisons (Mann– Whitney U test) was performed to assess the regulation of genes of interest and the effect of gene silencing and addition of fucoidan. Differences
between THP-1 cells incubated with MS, control, or no myelin over time were assessed with One-way
ANOVA, followed by Tukey’s multiple comparisons test. P-values <0.05 were considered significant.
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Results
Identification of genes that show significantly altered expression in different MS lesion subregions
Using laser-based microdissection, we isolated the rim and PL region of and around chronic active and inactive MS lesions from 15 MS patients and WM of 10 matched control subjects and analyzed differences in gene expression using Agilent Human Gene Expression 4×44K v2 microarrays.
The following comparisons were made: (I) chronic active rim vs. inactive rim, (II) chronic active
PL-NAWM vs. inactive PL-NAWM, and (III) chronic active PL-NAWM vs. control WM (Figure 1;
Roman numbers). In comparison I, we expected to find genes involved in either active demyelination (upregulated in chronic active rim) or cessation of demyelination (upregulated in inactive rim).
Genes in comparison II were expected to be involved in early demyelination and expansion of lesions
(upregulated in chronic active PL-NAWM) or the prevention and exhaustion of lesion expansion
(upregulated in inactive PL-NAWM). Finally, comparison III was expected to show genes involved
in initial lesion onset (either protective genes that are downregulated or inflammatory or phagocytic
genes that are upregulated in chronic active PL-NAWM). This resulted in a total of 1,251 significantly
regulated genes in comparison I, 587 genes in comparison II, and 3,434 genes in comparison III, with
a p-value< 0.05. For an overview of the top 50 significantly upregulated and downregulated genes per
comparison, see Figure 2; Tables S3A-F in Supplementary Material.
Figure 1 | Schematic overview of the different
microarray analyses done. Roman numbers indicate
direct comparisons. (I) chronic active rim vs. inactive
rim, (II) chronic active peri-lesional (PL)-normal appearing white matter (NAWM) vs. inactive PL-NAWM,
and (III) control vs. chronic active PL-NAWM. Arabic
numbers indicate the sequence used for cluster analysis. (1) Control white matter (WM), (2) chronic active
PL-NAWM, (3) chronic active rim, (4) inactive rim, (5)
inactive PL-NAWM.

Cluster analysis
A cluster analysis was performed using the NIA Microarray Analysis Software to visualize gene
expression during the presumed, subsequent stages of MS lesion activity and halt. The following
sequence was chosen as input: (1) control WM, (2) chronic active PL-NAWM, where initial events
in demyelination may be present in case the chronic active lesion was expanding, (3) chronic active
rim, where active demyelination is ongoing, (4) inactive rim, where earlier demyelination has ceased,
and (5) inactive PL-NAWM, where lesion progression has stopped (Figure 1; Arabic numbers). This
gene cluster analysis revealed six specific patterns of gene expression between the subgroups tested
165

8

(Figure 3). Some genes were generally expressed lower (cluster 1) or higher (cluster 2) in all lesion
subregions, compared to control tissue. The other four patterns followed the presumed sequence
of MS lesion development with a peak of gene expression around chronic active lesions (cluster 3),
a peak of gene expression in the rim of chronic active lesions (cluster 4), low gene activity around
active rims, but high expression in active rims and (peri)-rims of inactive lesions (cluster 5), and high
gene expression in and around inactive lesions, but low activity in active rims (cluster 6).
The GO of the specific gene expression clusters was analyzed by GOstat19 (Table S4 in Supplementary Material). The GO shows which gene functions are overrepresented within the groups
studied, compared to all genes measured on the microarray. The most robust associations (i.e., with
many GO terms changed) were found in cluster 2 and 4. In cluster 2, with overall high expression in
MS, genes involved in immune functions were overrepresented, which is in line with MS being an
inflammatory disease. In cluster 4, with highest expression in the active rim, genes involved in
immune response/antigen presentation and cellular compartmentation, e.g., membrane and lysosome, were overrepresented, corresponding with the process of demyelination. In cluster 1, cluster
5, and cluster 6, associations were less robust. In cluster 1, with overall low expression in MS, various cellular functions linked with homeostasis were overrepresented. In cluster 5, with high expression in active rims and (peri)-rims of inactive lesions, but low activity in peri-rims of chronic active
lesions, genes involved in extracellular matrix and/or collagen synthesis were overrepresented. In
cluster 6, with high expression in and around inactive lesions, but low activity in active rims, sterol
biosynthesis was overrepresented. The number of genes that fell within cluster 3 (n = 3) was too low
for the GO analysis. The GO also showed a shift in the expression location of overrepresented genes
from the plasma membrane to the lysosomal membrane from comparison II to comparison I (data
not shown). Furthermore, processes involved in lipid metabolism were overrepresented in comparison I (data not shown).

Selection of genes of interest
Genes of interest were selected based on their regulation between the subgroups (direct comparisons) and their expression pattern in the cluster analysis, with a specific interest of genes regulated
peri-lesionally around chronic active lesions. CHIT1 (chitinase 1), GPNMB (glycoprotein non-metastatic melanoma protein B), and CCL18 (C–C motif chemokine ligand 18) were the most upregulated
genes in comparison I. CHIT1 showed the highest expression in the rim of chronic active in the rim
of inactive MS lesions (Figure 2). CHIT1 was also slightly upregulated in the PL-NAWM of chronic
active MS MS lesions, with a 10.2-fold change, compared to the expression lesions, compared to the
PL-NAWM of inactive MS lesions (fold change of 2.0). GPNMB and CCL18 showed a peak in expression in the rim of chronic active MS lesions, compared to the rim of inactive MS lesions, with a fold
change of 8.0 and 6.8, respectively (Figure 2). Moreover, GPNMB was most highly induced around
chronic active lesions compared to control tissue (fold change of 7.1) in comparison III.
Myelin recognition and uptake requires the presence of dedicated receptors at the surface
of microglia/macrophages. We previously reported selective upregulation of scavenger receptors in
and around demyelinating areas in MS14. Congruently, genes upregulated in the rim of chronic active
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MS lesions compared to the rim of inactive MS lesions (comparison I) included the scavenger receptors OLR1 [oxidized low-density lipoprotein receptor 1, also known as lectin-type oxidized LDL
receptor 1 (LOX-1)], CD68 (cluster of differentiation 68), MSR1 [macrophage scavenger receptor 1,
also known as scavenger receptor AI/II (SR-AI/II)], and CXCL16 (C-X-C motif chemokine ligand 16)
(fold change of 2.8–1.8) (Figure 2). OLR1, CD68, and MSR1 were also upregulated in the PL-NAWM
of chronic active MS lesions, compared to the PL-NAWM of inactive MS lesions and to control tissue
(comparisons II and III), indicating that these molecules may be involved in initial demyelination. All
scavenger receptors showed the highest expression in the rim of chronic active MS lesions.

8

Figure 2 | Top 50 significantly upregulated and downregulated genes in multiple sclerosis lesion subregions. For a
description of the comparisons, see Figure 1 and text. Upregulated genes are indicated in red and downregulated genes are
indicated in blue. Genes colored and marked in bold have been selected for further investigation. Genes expressed in cluster 3
are marked by an asterisk. Further details on the genes and p-values are provided in Tables S3A–F in Supplementary Material.
FC= fold change.
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Three other molecules of interest were
CXCR4 (C-X-C motif chemokine receptor
4), NPY (neuropeptide Y), and KANK4
(KN motif and ankyrin repeat domains
4). The chemokine receptor CXCR4 was
upregulated in comparison I (fold change
of 4.1) (Figure 2). The neurotransmitter NPY had the highest fold change in
comparison II (fold change of 5.9) (Figure 2). Expression was highest in control
tissue and PL-NAWM of chronic active
MS lesions, lower in the rim of chronic
active MS lesions, and lowest in inactive
MS lesions (data not shown). The cytoplasmic protein KANK4 had the highest
p-value and was downregulated in the
PL-NAWM of chronic active MS lesions
compared to the PL-NAWM inactive
lesions (comparison II; fold change of
0.3) (Figure 2). Expression was highest in
inactive MS lesions and lower in control
tissue and in chronic active MS lesions
(data not shown). Finally, NCAN (neurocan), TKTL1 (transketolase-like 1), and
ANO4 (anoctamin 4) were included because these were the only genes in cluster
3, with a specific peak in expression in the
Figure 3 | Cluster analysis of gene expression in and around
multiple sclerosis (MS) lesions. Analysis was done with the
sequence: (1) control white matter (WM), (2) chronic active peri-

PL-NAWM of chronic active MS lesions
(Figure 3). NCAN and ANO4 are also
upregulated in the PL-NAWM of chron-

lesional (PL)-normal appearing white matter (NAWM), (3) chronic

ic active MS lesions compared to the PL-

active rim, (4) inactive rim, (5) inactive PL-NAWM (also shown in

NAWM of inactive lesions (comparison

Figure 1), which resulted in six different expression patterns, representing overall differences between control and MS (clusters 1 and 2),
specific upregulation around expanding chronic active lesions (clus-

II; fold change of 2.7 and 2.1) (Figure 2).
Immunohistochemical staining showed

ter 3), specific upregulation in active rims (cluster 4), upregulation in

more explicit ANO4 expression in the PL-

active rims and (peri)-rims of inactive lesions (cluster 5), or upreg-

NAWM of chronic active lesion compared

ulation in and around inactive lesions (cluster 6). N indicates the
number of significantly regulated genes within a cluster.

to PL-NAWM of inactive MS lesion (Figure S2 in Supplementary Material).

Validation and further characterization of genes of interest
There was a significant difference of the RIN value of control tissue compared to all MS lesion subareas, which is not unexpected as the control tissue was dissected in the cryostat using a scalpel as
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opposed to laser-based microdissection of the MS tissue. This significant difference did not influence
our conclusions, as microarray data were validated by qPCR (Table 2), which showed no effect of
RIN value on expression levels when normalizing with housekeeping genes20. There was no significant difference in RIN values between the different MS lesion areas.
Table 2 | Selected genes of interest
Comparison II
chronic active PL-NAWM vs
inactive PL-NAWM

Comparison I
chronic active rim vs inactive rim

Microarray

qPCR

Microarray

Comparison III
chronic active PL-NAWM vs control

qPCR

Microarray

qPCR

p-value

Fold
change

p-value

Fold
change

p-value

Fold
change

p-value

Fold
change

p-value

Fold
change

p-value

Fold
change

CHIT1

1.07E-18

10.2

7.00E-03

36.0

4.28E-02

2.0

n.d.

n.d.

n.s.

n.a.

1.20E-03

5.8

GPNMB

3.61E-08

8.0

3.00E-04

12.4

n.s.

n.a.

2.20E-03

8.3

7.40E-06

7.1

3.10E-03

6.7

CCL18

2.13E-15

6.8

4.76E-02

66.7

n.s.

n.a.

n.s.

n.a.

n.s.

n.a.

n.s.

n.a.

OLR1

2.76E-04

2.9

5.90E-03

3.2

4.36E-02

2.1

6.00E-04

7.5

4.86E-06

4.2

2.00E-04

6.0

CD68

1.55E-07

2.8

6.00E-04

5.2

3.15E-02

1.7

3.00E-04

4.8

3.16E-02

2.2

4.00E-04

5.0

MSR1

2.09E-04

2.8

5.90E-03

4.0

4.18E-02

1.8

2.05E-02

5.3

1.64E-04

4.8

7.00E-04

7.3

CXCL16

4.99E-04

1.8

1.75E-02

2.9

n.s.

n.a.

9.30E-03

2.8

n.s.

n.a.

n.s.

n.a.

CXCR4

1.08E-04

4.1

n.s.

n.a.

n.s.

n.a.

n.s.

n.a.

n.s.

n.a.

n.s.

n.a.

NPY

n.s.

n.a.

4.01E-02

6.0

1.15E-03

5.9

4.10E-03

22.9

n.s.

n.a.

n.s.

n.a.

KANK4

7.36E-09

0.4

1.40E-02

0.2

5.65E-06

0.3

n.s.

n.a.

n.s.

n.a.

6.80E-03

0.2

Gene
symbol

8

n.a. = not applicable; n.d. = not determined; n.s. = not significant; PL-NAWM = peri-lesional normal appearing white matter; qPCR
= quantitative polymerase chain reaction.

Significant differences in gene expression were confirmed for CHIT1, GPNMB, CCL18,
KANK4, OLR1, CD68, MSR1, and CXCL16 in comparison I; for NPY, OLR1, CD68, and MSR1 in comparison II; and for GPNMB, OLR1, CD68, and MSR1 in comparison III. Some genes that showed no
significant difference with microarray, did show a significant different with qPCR, e.g., NPY in comparison I, GPNMB and CXCL16 in comparison II, and CHIT1 and KANK4 in comparison III. CXCR4
showed no significant difference when validated with qPCR. The expression pattern for most genes
was similar with qPCR as compared to the microarray. CHIT1, GPNMB, CCL18, CXCR4, OLR1, CD68,
MSR1, and CXCL16 all showed highest expression in the rim of chronic active MS lesions. GPNMB,
OLR1, CD68, and MSR1 were upregulated in comparison II and III, and CXCL16 in comparison II.
Expression of NPY was highest in control tissue and the PL-NAWM of chronic active MS lesions,
lower in the rim of chronic active MS lesions, and lowest in inactive MS lesions. The expression
pattern for KANK4 was different with qPCR. Expression levels for KANK4 peaked in inactive MS
lesions with microarray, but showed a peak in control tissue with qPCR. Within MS subregions,
KANK4 expression was still highest in the rim of inactive MS lesions. Expression of CHIT1, GPNMB,
and OLR1 was further investigated at the protein level by immunohistochemistry (Figure 4). CHIT1,
GPNMB, and OLR1 were not detected in control tissue, but were clearly present in chronic active MS
lesions in the gliotic center, the rim, and also the peri-rim, following the RNA expression pattern.
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In inactive MS lesions, only GPNMB
expression was identified in the center
of the lesion and the lesion rim. Protein expression of CD68, MSR1, and
CXCL16 in and around chronic active
MS lesions has been described previously by us14. Notably, these three
genes have also been linked with Gaucher disease, a lysosomal storage disorder (see Discussion) and may relate
to the process of myelin ingestion by
microglia/macrophages. We next tested whether expression of CHIT1 and
GPNMB is increased upon myelin
uptake, as this has been demonstrated for CCL1821. Differentiated THP-1
macrophages were exposed to myelin
from MS or control donors for 5 days,
followed by 3 days culture in normal
medium (Figure 5). After 8 days in
culture, cells cultured with MS myelin showed a significant increase
in CHIT1 expression (p=0.02) and a
Figure 4 | Expression of CHIT1, GPNMB, and OLR1 in and around

trend toward more GPNMB (p=0.07)

multiple sclerosis (MS) lesions. Protein expression of CHIT1, GPNMB,

expression, compared to no myelin

and OLR1 in control tissue and in the center, rim, and peri-lesional
(PL)-normal appearing white matter (NAWM) of chronic active and inactive MS lesions determined by immunohistochemistry. Scale bar= 100 μm

uptake. Uptake of myelin from control donors and myelin ingestion over
time did not show an altered expres-

sion pattern. To conclude, both CHIT1 and GPNMB are highly expressed in the rim and peri-rim of
chronic active lesions, likely due to the uptake of MS myelin by microglia/macrophages.

Figure 5 | Upregulation of CHIT1
after uptake of multiple sclerosis
(MS) myelin in vitro. At the mRNA
level,

both

CHIT1

(p=0.02)

and

GPNMB (p=0.007) are upregulated in
THP-1 macrophages after incubation
with myelin from MS donors for 5
days, followed by 3 days incubation
in normal medium. Fold change from
macrophages cultured without myelin, n=3, *p < 0.05.
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The effect of scavenger receptor knockdown on myelin phagocytosis in vitro
As this study and our earlier work14 revealed high expression of scavenger receptors in the rim as
well as around chronic active MS lesions, we studied the role of OLR1, CD68, MSR1, and CXCL16
in an in vitro myelin phagocytosis assay (Figure 6). Antisense oligonucleotides were developed that
downregulate expression of these genes in the human macrophage cell line THP-1, confirmed by
qPCR (Figure 6A). Immunocytochemistry confirmed the efficient knockdown of MSR1 (Figure
6B). Knockdown of MSR1 and CXCL16 significantly decreased the percentage of macrophages that
phagocytosed myelin and the total myelin phagocytosed, compared to untreated cells (Figure 6C).
Phagocytosis of myelin derived from control or MS tissue was similarly reduced by MSR1 knockdown (Figure 6D).

Figure 6 | Functional role of
scavenger receptors in myelin
phagocytosis

in

vitro.

MSR1,

CXCL16, OLR1, and CD68 were
downregulated

with

oligonucleotides

in

the

antisense
human

macrophage cell line THP-1. Silencing efficiency was determined
on mRNA level with quantitative
polymerase chain reaction (A) and
on protein level with immunocytochemistry [(B); only shown for
MSR1]. Uptake of pHrodo-labeled myelin was validated by flow
cytometry (C) and compared for
myelin obtained from control and
multiple sclerosis (MS) brain tissue
(D). The number of cells that had
phagocytosed myelin, and the total
amount of myelin phagocytosed
(geomean pHrodo) were calculated. The number of independent
experiments (n) was 6 (MSR1), 4
(CXCL16), 3 (OLR1), and 3 (CD68).
E) Fucoidan was used to inhibit a
broad spectrum of scavenger receptors in THP-1 cells. Provided is
the number of cells that had phagocytosed myelin, the total amount
of myelin phagocytosed (geomean
pHrodo), and the viability of
cells at the time point of analysis
(n = 3). Scale bar in panel (B) = 200 μm
*p < 0.05, **p < 0.01, ***p < 0.005.
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To block scavenger receptor function in a redundant manner, we also applied

a

broad

pharmacological

inhibitor22,23.

Fucoidan

showed

a

non-toxic,

dose-

dependent significant reduction of the percentage of macrophages that phagocytosed myelin
and the total amount of myelin phagocytosed at 1,000 µg/ml (p=0.007; Figure 6E). Upregulation of scavenger receptors in chronic active MS lesions thus likely contributes to demyelination.

Discussion
In this study, we compared gene expression in and around chronic active MS lesions, inactive MS
lesions, and control tissue to identify gene expression related to lesion activity and lesion halt. We
found upregulation of genes involved in immune function, lipid binding, and lipid uptake in the active rim. This confirms the expectation, since in rims of chronic active lesions, inflammatory microglia/macrophage phagocytose myelin. Importantly, around chronic active MS lesions, genes involved
in lipid binding and uptake also showed increased expression. This indicates early demyelination
around chronic active lesions, showing that these lesions are indeed expanding. In addition, genes
with a possible anti-inflammatory and/or neuroprotective function were upregulated in rims and
around chronic active expanding lesions, possibly relating to the induction of endogenous protective
mechanisms. Based on direct comparisons and cluster analysis, and with a specific focus on genes
related to lesion activity and expansion, we identified several genes of interest: CHIT1, GPNMB,
CCL18, OLR1, CD68, MSR1, CXCL16, CXCR4, NPY, KANK4, NCAN, TKTL1, and ANO4.

Altered gene expression in the rim and PL-NAWM of chronic active and inactive MS lesions
To visualize gene expression during MS lesion progression, we used the set-up as shown in Figure 1,
which was thought to best resemble the sequence of events in MS lesion formation and progression.
Cluster analysis (Figure 3) revealed six different expression patterns representing overall differences
between control and MS (clusters 1 and 2), specific upregulation only around expanding, chronic
active lesions (cluster 3), specific upregulation in active rims (cluster 4), upregulation in active rims
and around inactive lesions, but low activity around active rims (cluster 5), or upregulation in and
around inactive lesions, but low activity in active rims (cluster 6). Overrepresented genes within each
cluster were detected by GO analysis (Table S4 in Supplementary Material). Clusters 2 and 4 showed
genes involved in immune functions, which is expected as these genes peak in the rim of chronic
active MS lesions. Not unexpected, genes involved in the lysosomal activity were overrepresented in
cluster 4, corresponding with the process of demyelination. Genes involved in sterol and steroid metabolism were overrepresented in cluster 6, possibly indicating an attempt to repair damaged axons
and myelin after active demyelination has diminished. In cluster 3, only three genes were regulated
(discussed below).
The GO analysis also showed a shift in the expression location of overrepresented genes
from the plasma membrane to the lysosomal membrane from comparison II to comparison I (data not
shown). This is not surprising, as myelin first needs to be recognized and phagocytosed, before it can
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be processed in the lysosomes. Furthermore, processes involved in lipid metabolism were overrepresented in comparison I (data not shown), indicating that phagocytosed myelin is being processed.

Joint upregulation of CHIT1, GPNMB, and CCL18 is mediated by myelin uptake
Our study identified CHIT1, GPNMB, and CCL18 as top-3 upregulated genes in the rim of chronic
active MS lesions, where foamy, myelin-accumulating microglia/macrophages are abundant. Interestingly, also in regions surrounding chronic active lesions, CHIT1 and GPNMB were upregulated.
Enhanced expression of CCL18 in myelin-laden macrophages in vitro and in the rim and center of
active MS lesions has been reported before21. Here, we demonstrate a relation between the regulation of both, CHIT1 and GPNMB, and myelin uptake. Both genes showed an increased expression in
THP-1-derived macrophages after 8 days of incubation with MS myelin, and not with control myelin,
suggesting that specifically myelin derived from MS donors induce CHIT1 and GPNMB expression.
Wheeler and colleagues already reported that the composition of MS myelin in NAWM is altered,
compared to control myelin24, and previously, we described that MS myelin is taken up more efficiently18.

8
Of note, upregulation of CHIT1 and CCL18 in lipid-laden macrophages of Gaucher patients

has long been known25,26. More recently, CHIT1 has been described as a prognostic biomarker for
early MS27,28, and soluble GPNMB, which is secreted from different cell types through a disintegrin
and metalloproteinase 10 sheddase activity, was identified as a further biomarker of Gaucher disease29,30. Co-regulation of CHIT1, GPNMB, and CCL18 strengthens the idea that lipid-accumulating
Gaucher cells and myelin-phagocytosing microglia/macrophages share cellular characteristics21,
possibly related to lysosomal stress, a function overrepresented in active rims (cluster 4). The precise
relationship between the induction of CHIT1, GPNMB, and CCL18, myelin processing, and lysosomal activities of microglia in MS warrants further investigation.
Functional studies have linked CHIT1, GPNMB, and CCL18 primarily with the
suppression of inflammation. Inhibition of CHIT1 in a mouse macrophage cell line induced a proinflammatory phenotype in vitro, caused downregulation of MSR1 and CD68, and decreased
cholesterol uptake31. Notably, CHIT1 levels in the CSF reliably indicate microglial activation in
clinical trials32. GPNMB was upregulated in astrocytes and neurons in an animal model of amyotrophic lateral sclerosis, and secretion of the extracellular fragment by astrocytes had a neuroprotective effect33. Another study showed that GPNMB was mainly expressed by macrophages/microglia
in the rat brain and was upregulated in inflammatory conditions34, acting as a negative regulator to
prevent excessive immune responses35. In line herewith, Gpnmb-deficient mice (DC-HIL−/−) manifested exacerbated autoimmune encephalomyelitis (EAE)36. Finally, CCL18 recruited a subset of
human regulatory T cells in vitro, which suppressed proliferation of effector T cells via interleukin-10 production37. CCL18 is also produced by macrophages that have ingested myelin and show
an immunosuppressive phenotype21. Suppressive effects on inflammation by CHIT1, GPNMB, and
CXCL18 in relation to demyelination in regions surrounding active MS lesions need to be elucidated.
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Scavenger receptors upregulated in and around chronic active MS lesions mediate myelin uptake
Myelin uptake during demyelination likely depends on scavenger receptors. We found OLR1, CD68,
MSR1, and CXCL16 upregulated in all three comparisons (CXCL16 only in comparison I and in comparison II with qPCR). Thus, these scavenger receptors are upregulated in chronic active rims, but
also around chronic active lesions, indicating that they are involved in early demyelination. We cannot fully exclude some contamination of PL regions with rim tissue during laser dissection, but early
demyelination around chronic active lesions is further indicated by immunohistochemistry, showing
upregulation of CHIT1, GPNMB, and OLR1 in and around chronic active MS lesions. These results
extends our earlier work, showing enhanced expression of CD68, MSR1, and CXCL16 in and around
chronic active MS lesions, compared to control tissue14. CD68 is a scavenger receptor predominantly
expressed on the lysosomal membrane, but the small percentage expressed on the plasma membrane
is capable of oxLDL phagocytosis38,39. SA-RI/II, encoded by MSR1, was shown to be directly involved
in myelin uptake in vitro40–42, and Msr1−/− mice showed less severe disease and reduced demyelination in the EAE model43. CXCL16 has a dual function as a scavenger receptor and as a chemokine
in soluble form. Neutralizing antibodies against CXCL16 delayed the onset and reduced the severity
of EAE in mice44. The soluble form is elevated in MS patients, compared to control subjects45. This
indicates that scavenger receptors could be actively involved in demyelination in MS. Furthermore,
their upregulation in the PL-NAWM of chronic active MS lesions, might suggest they are involved in
the initial stages of MS lesion development and progression.
The functional role of OLR1, CD68, MSR1, and CXCL16 was studied in an in vitro myelin phagocytosis assay, using the human macrophage cell line THP-1. All genes were significantly
downregulated, compared to untreated cells. Downregulation of MSR1 and CXCL16 resulted in a
significant decrease in the number of myelin-phagocytosing cells and total myelin uptake. A direct
role of MSR1 in myelin phagocytosis in MS is consistent with earlier research40–42 and supported
by its expression in regions of active demyelination in MS brain tissue. Its upregulation in the PLNAWM of chronic active MS lesions could indicate that phagocytosing cells in yet unaffected areas
are already preparing for demyelination. Notably, pharmacological inhibition of a broad spectrum
of scavenger receptors by fucoidan further reduced the number of phagocytosing macrophages and
the total amount of myelin uptake, indicating that a combination of scavenger receptors contributes
to the uptake of myelin.

Molecules associated with lesion expansion
Our analysis identified many more genes regulated in and around chronic active and inactive MS
lesions, which are potential targets to regulate lesion expansion. NCAN, TKTL1, and ANO4 were of
specific interest because they peaked at the PL-NAWM of chronic active MS lesions (cluster 3). Consistent with our findings, an upregulation of the extracellular matrix component NCAN in the rim
and also slightly in the PL-NAWM of MS lesions has been reported earlier46. Furthermore, NCAN
is expressed by astrocytes and known to be upregulated after brain injury and modulates neuronal
outgrowth47. TKTL1 is a transketolase expressed by mature oligodendrocytes in PL-NAWM of MS
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lesions and by oligodendrocyte precursors, reactive astrocytes, and macrophages in the rim of MS lesions48 that has been postulated to prevent neurodegeneration by reducing the formation of advanced
glycation end products and radicals49. Upregulation of TKTL1 might be an initial protective reaction
to changes taking place in the PL-NAWM of MS lesions. Both NCAN and TKTL1 might be important
regulators in early axonal damage. Finally, the potential role of ANO4, a suggested Ca2+-dependent
lipid scramblase, in MS lesion development is unknown. In contrast to chronic active lesions, the PLNAWM of inactive lesions show overrepresented genes involved in sterol biosynthesis, which might
indicate an attempt to restore damaged tissue and myelin after active demyelination has diminished.
Both KANK4 and NPY are regulated in the RIM and PL-NAWM of chronic active lesion,
where KANK4 was downregulated and NPY showed an upregulation. KANK family proteins are
involved in the inhibition of actin stress fibers formation and cell motility [reviewed in Ref.50], but
the exact function of KANK4 and its role in MS lesions formation needs to be determined. In contrast
to KANK4, the neurotransmitter NPY was upregulated in chronic active lesions. Application of NPY
during EAE induction significantly suppressed clinical signs in DA rats51 and in mice52. NPY also
inhibited disease and reduced inflammation when administered after the onset of EAE symptoms53.
Fc receptor-dependent phagocytosis of opsonized latex beads by lipopolysaccharide-stimulated
microglia was reduced by NPY54. Induction of NPY in and around acute MS lesions, might regulate
myelin phagocytosis and immune suppression during early demyelination events.
Studying gene expression profiles associated with expansion of chronic active MS lesions is
essential, since we recently showed that chronic active lesions highly correlate to disease progression
(Luchetti et al., submitted). Taken together, we found changes in immune activation and lipid uptake
in the rim of chronic active MS lesions. Genes related to lipid phagocytosis were also upregulated
in the PL-NAWM of chronic active MS lesions, showing that chronic active lesions indeed expand.
Importantly, potentially protective, anti-inflammatory genes were also upregulated in the (peri)-rim
of chronic active MS lesions, suggesting a vain attempt to prevent lesion expansion and progression. We functionally confirmed the ability of the scavenger receptors MSR1 and CXCL16 to mediate
myelin uptake. Our results pinpoint scavenger receptors as interesting targets to stop demyelination
around chronic active lesions, which could block lesion expansion.
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Supplemental Material
Supplemental Table 1 | Donor characteristics
NBB no.

Tissue

Age

Sex

Type

Duration

Cause of death

PMD

pH

1995-043

C

75

M

Sepsis, adenocarcinoma

07:20

6.16

1996-014

C

54

F

Renal failure

08:00

6.45

1996-032

C

60

F

Legal euthanasia

08:25

6.6

1996-129

C

70

M

Pancreas carcinoma

07:30

6.4

1997-042

C

65

F

Cardiac arrest

12:50

6.94

2000-025

C

41

F

Bleeding from
adenocarcinoma

13:30

6.23

2000-050

C

52

F

Metastasized
leiomyosarcoma

06:50

7.16

2001-069

C

68

F

Legal euthanasia

07:37

5.45

2008-073

C

50

F

Metastasized bronchocarcinoma

04:10

6.98

2009-003

C

62

M

U

07:20

6.36

1996-121

CA

53

F

RR

18

Pneumonia

07:16

6.54

1997-160

CA

40

F

RR

11

Pneumonia

07:00

6.33

1999-051

CA

45

F

RR

14

Legal euthanasia

10:55

6.62

2001-018

CA

48

F

RR

9

Legal euthanasia

08:10

6.55

IHC

+

+

2001-135

CA

43

M

RR

17

Pneumonia

08:30

6.48

+

2007-085

CA

66

F

RR

23

U

06:00

6.18

+

2010-025

CA

51

M

SP

>20

U

11:00

6.23

+

2001-093

I

66

F

RR

43

Liver failure

06:20

6.44

2002-023

I

75

F

RR

34

Pneumonia

08:00

6.5

2002-063

I

72

F

RR

14

Pneumonia

12:00

6.85

2008-053

I

64

F

RR

39

Urosepsis

10:10

6.3

8

+

+

2008-100

I

77

F

RR

24

Legal euthanasia

10:00

6.5

+

2009-034

I

45

M

RR

19

Pulmonary embolism

07:45

6.22

+

2009-047

I

50

M

PP

24

U

09:30

6.2

2009-067

I

44

M

PP

13

Pneumonia

12:00

6.06

2010-040

I

57

F

U

25

Legal euthanasia

08:40

6.44

+

Age = age at death (years); C = control subject; CA = chronic active MS; Duration = disease duration (years); F = female; I = inactive
MS; IHC = immunohistochemistry; M = male; NBB no. = donor registration number of the Netherlands Brain Bank; pH = pH of
CSF; PMD = post-mortem delay (h:min); PP = primary progressive MS; RR = relapsing-remitting MS; Tissue = tissue type; Type =
clinical subtype of MS; U = unknown.

Supplemental Table 2 | Primer pairs used for qPCR
Gene symbol

Forward sequence (5’–3’)

Reverse sequence (5’–3’)
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CHIT1

TGCGCAAATACAGCTTTGAC

ACCTCGTATCCAGCATCCAC

GPNMB

GCTGACTGTGAGACGAACCT

ACAGAAATCAGGGTGCTCGT

CCL18

CCCAGCTCACTCTGACCACT

GTGGAATCTGCCAGGAGGTA

CXCR4

TTCCCTCTAGTGGGCGGGG

AAAGGGCACTGAGACGCTGA

NPY

CATCACCAGGCAGAGATATGGA

ATCACCACATTGCAGGGTCT

KANK4

GCTCGCCAAGAACCTTCAAC

GGTCTTTCTCTTCATCCCCCT
ATCGTAGAGTTCCTGTGGGTTG

NCAN

AGTCCCGTCCTGGTTGCTATG

TKTL1

GCTCCGGCCACCCTACATC

GCCACATCCACAAACGACAG

ANO4

ATTTTGCCTGGTTGGGCTGG

ACTTCTTTACTGACTTGGCTGTG

MSR1

TTCAAAGCTGCACTGATTGCC

TTCTTCGTTTCCCACTTCAGGA

CD68

ACGCAGCACAGTGGACATTCT

TGATGCTCGAGTTGCTGCA

CXCL16

GCCATCGGTTCAGTTCATGA

AAAGGAGCTGGAACCTCGTGT

OLR1

TTACTCTCCATGGTGGTGCCT

TGCCCAGCACCATAATGGT

GAPDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

CTTTGAGCCAGCCAACCAGA

GTACAACAGGCAGCAAGCCAT

AAGCTGGAAGATGGCCCTAAA

AAGCGACCCAAAGGTGGAT

TUBA1A
EF1α
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Supplemental Table 3A | Top 50 upregulated genes in chronic active rim vs inactive rim (comparison I)
Gene symbol
CHIT1

Gene name

Adjusted
p-value

Fold
change

chitinase 1 (chitotriosidase)

1.07E-18

10.2

glycoprotein (transmembrane) nmb, transcript variant 1

3.61E-08

8.0

CCL18

chemokine (C-C motif) ligand 18 (pulmonary and activation-regulated)

2.13E-15

6.8

ACP5

acid phosphatase 5, tartrate resistant, transcript variant 4

9.86E-15

6.4

GPNMB

PKD2L1

polycystic kidney disease 2-like 1

8.91E-18

5.7

major histocompatibility complex, class II, DQ alpha 1

3.19E-04

4.7

Fc fragment of IgG, low affinity IIb, receptor (CD32), transcript variant 1

8.81E-11

4.6

complement factor D (adipsin)

2.48E-07

4.5

APOC1

apolipoprotein C-I

9.12E-07

4.4

CXCR4

chemokine (C-X-C motif) receptor 4, transcript variant 1

1.08E-04

4.1

PLA2G7

phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma)

4.86E-10

4.0

HS3ST2

heparan sulfate (glucosamine) 3-O-sulfotransferase 2

4.68E-08

4.0

IFI30

interferon, gamma-inducible protein 30

4.54E-08

3.6

CAPG

capping protein (actin filament), gelsolin-like

1.24E-06

3.2

RAB42

RAB42, member RAS oncogene family

2.56E-07

3.0

MS4A7

membrane-spanning 4-domains, subfamily A, member 7, transcript variant 1

1.02E-05

3.0

ITGAX

integrin, alpha X (complement component 3 receptor 4 subunit)

5.41E-05

2.9

adhesion molecule, interacts with CXADR antigen 1, transcript variant 2

2.89E-09

2.9

DENN/MADD domain containing 2D

5.11E-08

2.9

oxidized low density lipoprotein (lectin-like) receptor 1

2.76E-04

2.9

arachidonate 5-lipoxygenase-activating protein

1.51E-05

2.8

FGR

Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene homolog, transcript variant 2

1.34E-05

2.8

CD68

CD68 molecule, transcript variant 1

1.55E-07

2.8

IRF5

interferon regulatory factor 5, transcript variant 1

4.33E-03

2.8

MSR1

macrophage scavenger receptor 1 (MSR1), transcript variant SR-AI

2.17E-04

2.8

ASCL2

achaete-scute complex homolog 2 (Drosophila)

8.53E-08

2.8

major histocompatibility complex, class II, DM beta

1.43E-03

2.8

SLC7A7

solute carrier family 7 (cationic amino acid transporter, y+ system), member 7, transcript
variant 1

1.54E-06

2.8

TNFAIP2

tumor necrosis factor, alpha-induced protein 2

1.30E-06

2.7

BCL2A1

BCL2-related protein A1, transcript variant 1

3.17E-04

2.7

major histocompatibility complex, class II, DR beta 5

2.04E-02

2.7

ADORA3

adenosine A3 receptor, transcript variant 1

5.84E-06

2.7

SLC47A1

solute carrier family 47, member 1

1.60E-13

2.7

myxovirus (influenza virus) resistance 2 (mouse)

2.13E-11

2.7

S100 calcium binding protein A11

2.14E-06

2.6

NCF2

neutrophil cytosolic factor 2, transcript variant 1

1.63E-05

2.6

CD83

CD83 molecule, transcript variant 1

8.82E-05

2.6

Fc fragment of IgG, low affinity IIc, receptor for (CD32)

2.13E-06

2.6

ENST00000424686

Major histocompatibility complex, class II, DQ beta 1

2.83E-03

2.6

HLA-DQA2

major histocompatibility complex, class II, DQ alpha 2

1.28E-04

2.6

sialic acid binding Ig-like lectin 8

4.72E-06

2.6

HLA class II histocompatibility antigen, DQ(2) alpha chain Precursor

3.34E-03

2.6

chemokine (C-C motif) receptor-like 2, transcript variant 1

5.68E-08

2.5

membrane-spanning 4-domains, subfamily A, member 4, transcript variant 1

7.22E-03

2.5

HLA-DQA1
FCGR2B
CFD

AMICA1
DENND2D
OLR1
ALOX5AP

HLA-DMB

HLA-DRB5

MX2
S100A11

FCGR2C

SIGLEC8
ENST00000412049
CCRL2
MS4A4A

8
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Supplemental Table 3A (continued)
Gene symbol
FCER1G
HPSE
LAPTM5
LSP1
HLA-DMA
KLHL6

182

Gene name

Adjusted
p-value

Fold
change

Fc fragment of IgE, high affinity I, receptor for; gamma polypeptide

2.26E-06

2.5

heparanase, transcript variant 1

2.04E-08

2.5

lysosomal protein transmembrane 5

2.32E-03

2.5

lymphocyte-specific protein 1, transcript variant 3

7.54E-03

2.5

major histocompatibility complex, class II, DM alpha

2.44E-04

2.5

kelch-like 6 (Drosophila)

8.32E-08

2.5

Gene expression around active MS lesions
Supplemental Table 3B | Top 50 downregulated genes in chronic active rim vs inactive rim (comparison I)
Gene name

Adjusted
p-value

Fold
change

HBB

hemoglobin, beta

1.44E-02

0.3

HBD

hemoglobin, delta

1.35E-02

0.3

CRLF1

cytokine receptor-like factor 1

2.86E-02

0.3

ABCA6

ATP-binding cassette, sub-family A (ABC1), member 6

1.20E-02

0.3

KANK4

KN motif and ankyrin repeat domains 4

4.88E-08

0.3

RNU2-2

RNA, U2 small nuclear 2, small nuclear RNA

1.30E-03

0.4

DHCR24

24-dehydrocholesterol reductase

1.93E-06

0.4

TSPAN8

tetraspanin 8

1.71E-05

0.4

titin isoform novex-3

4.30E-04

0.4

squalene epoxidase

6.39E-06

0.5

Ankyrin repeat domain-containing protein 18A

3.75E-04

0.5

RBM11

RNA binding motif protein 11

6.49E-06

0.5

RNU1-5

RNA, U1 small nuclear 5, small nuclear RNA

1.15E-03

0.5

FSTL5

follistatin-like 5, transcript variant 1

2.35E-04

0.5

RMRP

RNA component of mitochondrial RNA processing endoribonuclease

5.46E-03

0.5

WIF1

WNT inhibitory factor 1 (WIF1)

3.37E-04

0.5

TTN

titin (TTN), transcript variant N2-A

4.19E-03

0.5

Gene symbol

ENST00000392423
SQLE
ENST00000313339

RELN

reelin, transcript variant 1

2.11E-03

0.5

LOC728449

Putative uncharacterized protein ENSP00000334090

8.82E-05

0.5

TNFRSF21

tumor necrosis factor receptor superfamily, member 21

8.82E-05

0.5

hypothetical LOC100133402

6.36E-03

0.5

chromosome 21 open reading frame 130, non-coding RNA

4.18E-02

0.5

FLJ44107 fis, clone TESTI4044296

3.57E-03

0.5

phosphodiesterase 11A, transcript variant 4

1.45E-04

0.5

small nucleolar RNA, H/ACA box 28, small nucleolar RNA

2.74E-03

0.5

ankyrin repeat domain 20B, non-coding RNA

1.71E-04

0.5

LDLR

low density lipoprotein receptor

1.06E-02

0.5

ALAS2

aminolevulinate, delta-, synthase 2, nuclear gene encoding mitochondrial protein, transcript
variant 1

1.40E-02

0.5

kallikrein-related peptidase 6, transcript variant B

1.97E-04

0.5

Rap guanine nucleotide exchange factor (GEF) 5

8.11E-05

0.5

myelin basic protein, transcript variant 7

6.71E-04

0.5

coagulation factor V (proaccelerin, labile factor)

3.75E-04

0.5

hyaluronan and proteoglycan link protein 2

1.09E-03

0.5

ABCA8

ATP-binding cassette, sub-family A (ABC1), member 8

1.68E-03

0.5

NIPAL4

NIPA-like domain containing 4

2.62E-04

0.5

LOC100133402
C21orf130
LOC100290344
PDE11A
SNORA28
ANKRD20B

KLK6
RAPGEF5
MBP
F5
HAPLN2

CDKN1C

cyclin-dependent kinase inhibitor 1C (p57, Kip2), transcript variant 1

1.69E-05

0.5

GDF10

growth differentiation factor 10

4.17E-03

0.5

MOBP

myelin-associated oligodendrocyte basic protein

5.58E-03

0.5

HN1L

hematological and neurological expressed 1-like

1.76E-04

0.5

ENPP6

ectonucleotide pyrophosphatase/phosphodiesterase 6

5.81E-03

0.5

cDNA FLJ37663 fis, clone BRHIP2011120

3.80E-03

0.5

DPYSL5

dihydropyrimidinase-like 5

1.97E-04

0.5

INSIG1

insulin induced gene 1, transcript variant 1

1.83E-02

0.5

5.8S ribosomal RNA (LOC100008587), ribosomal RNA

2.20E-02

0.6

LOC283713

LOC100008587

8
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Supplemental Table 3B (continued)
Gene name

Adjusted
p-value

Fold
change

TMEM125

transmembrane protein 125

4.85E-02

0.6

TMEM144

transmembrane protein 144

6.17E-03

0.6

SPOCK3

sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 3, transcript variant 2

2.18E-03

0.6

RHBDL2

rhomboid, veinlet-like 2 (Drosophila)

1.10E-03

0.6

ERMN

ermin, ERM-like protein, transcript variant 2

1.26E-02

0.6

DMBT1

deleted in malignant brain tumors 1, transcript variant 2

4.18E-02

0.6

Gene symbol

184

Gene expression around active MS lesions
Supplemental Table 3C | Top 50 upregulated genes in chronic active PL-NAWM vs inactive PL-NAWM
(comparison II)
Gene symbol
NPY

Gene name

Adjusted
p-value

Fold
change

neuropeptide Y

1.15E-03

5.9

gamma-aminobutyric acid (GABA) A receptor, alpha 1, transcript variant 3

5.86E-03

3.9

SYNPR

synaptoporin, transcript variant 2

3.09E-03

3.8

NPTX1

neuronal pentraxin I

4.78E-02

3.7

VSNL1

visinin-like 1

3.72E-02

3.7

oligodendrocytic myelin paranodal and inner loop protein, transcript variant 3

7.36E-04

3.6

synapsin II, transcript variant IIb

3.75E-02

3.5

SNAP25

synaptosomal-associated protein, 25kDa, transcript variant 1

4.47E-02

3.4

CREG2

cellular repressor of E1A-stimulated genes 2

2.12E-03

3.3

GABRA1

OPALIN
SYN2

GABRB2

gamma-aminobutyric acid (GABA) A receptor, beta 2, transcript variant 1

1.36E-02

3.2

SYT4

synaptotagmin IV

1.17E-02

3.1

SYT13

synaptotagmin XIII

2.77E-02

3.1

NCAN

neurocan

1.98E-05

2.7

FGF13

fibroblast growth factor 13, transcript variant 1

2.49E-02

2.6

GDA

guanine deaminase

3.04E-02

2.6

SV2B

synaptic vesicle glycoprotein 2B, transcript variant 1

2.53E-02

2.5

CADPS

Ca++-dependent secretion activator, transcript variant 3

2.98E-03

2.5

BASP1

brain abundant, membrane attached signal protein 1

9.23E-03

2.5

MAL2

mal, T-cell differentiation protein 2

2.84E-02

2.5

GNLY

granulysin, transcript variant NKG5

1.72E-03

2.5

potassium voltage-gated channel, Shaw-related subfamily, member 2, transcript variant 1

4.97E-02

2.5

potassium large conductance calcium-activated channel, subfamily M, alpha member 1, transcript
variant 1

4.47E-02

2.4

cadherin 18, type 2

4.70E-02

2.4

tumor necrosis factor receptor superfamily, member 12A

9.98E-03

2.3

RGS7BP

regulator of G-protein signaling 7 binding protein

3.34E-02

2.3

CBLN2

cerebellin 2 precursor

3.44E-02

2.3

ENC1

ectodermal-neural cortex (with BTB-like domain)

3.03E-02

2.2

prickle homolog 1 (Drosophila), transcript variant 1

1.99E-03

2.2

MRAP2

melanocortin 2 receptor accessory protein 2

1.17E-02

2.2

HOPX

HOP homeobox (HOPX), transcript variant 2

1.37E-02

2.2

KCNC2
KCNMA1
CDH18
TNFRSF12A

PRICKLE1

ELMOD1

ELMO/CED-12 domain containing 1, transcript variant 1

4.36E-02

2.2

FGF12

fibroblast growth factor 12, transcript variant 2

1.92E-02

2.2

CHI3L1

chitinase 3-like 1 (cartilage glycoprotein-39)

3.31E-02

2.1

NCEH1

neutral cholesterol ester hydrolase 1, transcript variant 2

1.20E-02

2.1

GABRB3

gamma-aminobutyric acid (GABA) A receptor, beta 3, transcript variant 1

2.34E-02

2.1

CD83

CD83 molecule, transcript variant 1

9.92E-03

2.1

ISG15

ISG15 ubiquitin-like modifier

2.25E-03

2.1

LRRN3

leucine rich repeat neuronal 3, transcript variant 3

5.48E-03

2.1

ALOX5AP

arachidonate 5-lipoxygenase-activating protein

1.27E-02

2.1

ADORA3

adenosine A3 receptor, transcript variant 1

5.58E-03

2.1

OLR1

oxidized low density lipoprotein (lectin-like) receptor 1 (OLR1)

4.36E-02

2.1

ANO4

anoctamin 4

8.29E-04

2.1

GAP43

growth associated protein 43, transcript variant 2

4.75E-02

2.1

8
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Supplemental Table 3C (continued)
Gene name

Adjusted
p-value

Fold
change

GDNF family receptor alpha 2, transcript variant 1

3.22E-02

2.1

transmembrane protein 233 (TMEM233)

8.27E-03

2.1

MX1

myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse), transcript
variant 2

1.90E-03

2.0

CNR1

cannabinoid receptor 1 (brain), transcript variant 2

1.40E-02

2.0

BEX1

brain expressed, X-linked 1

4.88E-03

2.0

GPR98

G protein-coupled receptor 98, transcript variant 1

1.95E-02

2.0

interferon, gamma-inducible protein 30

2.04E-02

2.0

Gene symbol
GFRA2
TMEM233

IFI30
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Gene expression around active MS lesions
Supplemental Table 3D | Top 50 downregulated genes in chronic active PL-NAWM vs inactive PL-NAWM
(comparison II)
Gene symbol

Gene name

Adjusted
p-value

Fold
change

LOC100289290

PREDICTED: Homo sapiens similar to hCG2042717

4.21E-02

0.3

cytokine receptor-like factor 1

2.88E-02

0.3

immunoglobulin J polypeptide, linker protein for immunoglobulin alpha and mu polypeptides

2.53E-02

0.3

ABCA6

ATP-binding cassette, sub-family A (ABC1), member 6

2.91E-02

0.3

KANK4

KN motif and ankyrin repeat domains 4

5.65E-06

0.3

titin isoform novex-3

1.13E-04

0.4

chromosome 21 open reading frame 130, non-coding RNA

5.99E-03

0.4

arrestin domain containing 4

6.33E-03

0.4

Ankyrin repeat domain-containing protein 18A

3.61E-04

0.4

CRLF1
IGJ

ENST00000392423
C21orf130
ARRDC4
ENST00000313339
TSPAN8

tetraspanin 8

1.24E-04

0.4

titin, transcript variant N2-A

4.23E-03

0.4

ARMC3

armadillo repeat containing 3

4.78E-02

0.4

RBM11

RNA binding motif protein 11

6.76E-05

0.5

FSTL5

follistatin-like 5, transcript variant 1

2.54E-03

0.5

DHCR24

24-dehydrocholesterol reductase

1.34E-03

0.5

C15orf51

chromosome 15 open reading frame 51, non-coding RNA

8.10E-03

0.5

HYDIN

hydrocephalus inducing homolog (mouse), transcript variant 1

5.06E-04

0.5

ankyrin repeat domain 20B, non-coding RNA

9.18E-04

0.5

POU class 2 associating factor 1

1.04E-02

0.5

MTUS1

microtubule associated tumor suppressor 1, transcript variant 2

6.76E-05

0.5

PPEF1

protein phosphatase, EF-hand calcium binding domain 1, transcript variant 1

1.62E-02

0.5

membrane bound O-acyltransferase domain containing 1

3.09E-03

0.5

RELT-like 1, transcript variant 1

6.64E-05

0.5

dihydropyrimidinase-like 5

9.35E-04

0.5

Putative uncharacterized protein ENSP00000334090

7.27E-03

0.5

hematological and neurological expressed 1-like

1.15E-03

0.5

tumor necrosis factor receptor superfamily, member 21

7.39E-03

0.5

TTN

ANKRD20B
POU2AF1

MBOAT1
RELL1
DPYSL5
LOC728449
HN1L
TNFRSF21
ANKRD18A

PREDICTED: Homo sapiens ankyrin repeat domain 18A

1.00E-03

0.5

SNX24

sorting nexin 24

5.52E-04

0.5

SPARC

secreted protein, acidic, cysteine-rich (osteonectin)

4.14E-02

0.6

GOLGA8E

golgi autoantigen, golgin subfamily a, 8E

9.58E-03

0.6

LOC283481

hypothetical protein

7.39E-03

0.6

AK058117

cDNA FLJ25388 fis, clone TST02351

8.65E-03

0.6

Ankyrin repeat domain-containing protein 18B

1.10E-04

0.6

tetratricopeptide repeat domain 25

4.52E-02

0.6

PREDICTED: Homo sapiens hypothetical LOC645321

1.05E-02

0.6

MRO

maestro, transcript variant 1

1.28E-03

0.6

KLK6

kallikrein-related peptidase 6, transcript variant B

8.19E-03

0.6

ankyrin repeat domain 20 family, member A2 pseudogene, non-coding RNA

1.44E-02

0.6

RND2

Rho family GTPase 2

8.65E-03

0.6

LRAT

lecithin retinol acyltransferase (phosphatidylcholine--retinol O-acyltransferase)

3.02E-03

0.6

NIPA-like domain containing 4

9.58E-03

0.6

DnaJ (Hsp40) homolog, subfamily C, member 15

1.07E-02

0.6

ENST00000423618
TTC25
LOC645321

LOC284232

NIPAL4
DNAJC15

8
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Supplemental Table 3D (continued)
Gene name

Adjusted
p-value

Fold
change

CCDC11

coiled-coil domain containing 11

5.52E-03

0.6

HAPLN2

hyaluronan and proteoglycan link protein 2

2.53E-02

0.6

OFD1

oral-facial-digital syndrome 1

2.52E-03

0.6

MAP4

microtubule-associated protein 4, transcript variant 4

1.95E-02

0.6

complement factor H, transcript variant 2

1.72E-03

0.6

DNAH12

dynein, axonemal, heavy chain 12, transcript variant 1

3.34E-02

0.6

MOBKL2B

MOB1, Mps One Binder kinase activator-like 2B (yeast)

3.86E-02

0.6

Gene symbol

CFH
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Gene expression around active MS lesions
Supplemental Table 3E | Top 50 upregulated genes in chronic active PL-NAWM vs control WM
(comparison III)
Gene symbol
GPNMB

Gene name

Adjusted
p-value

Fold
change

glycoprotein (transmembrane) nmb

7.40E-06

7.1

serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3

7.76E-04

7.0

apolipoprotein C-I

3.21E-08

6.3

vimentin

1.07E-06

5.1

MSR1

macrophage scavenger receptor 1

1.64E-04

4.8

CD44

CD44 molecule (Indian blood group)

2.31E-03

4.5

OLR1

oxidized low density lipoprotein (lectin-like) receptor 1

4.86E-06

4.2

PALLD

palladin, cytoskeletal associated protein, transcript variant 2

5.95E-06

4.1

CHI3L1

chitinase 3-like 1 (cartilage glycoprotein-39)

2.63E-03

4.0

SERPINA3
APOC1
VIM

ANXA1

annexin A1

3.34E-02

3.9

epithelial membrane protein 1

9.09E-03

3.8

S100 calcium binding protein A10

1.72E-03

3.8

raftlin, lipid raft linker 1

6.08E-04

3.6

IFI30

interferon, gamma-inducible protein 30

2.08E-03

3.5

ANO6

anoctamin 6

2.46E-05

3.5

ceruloplasmin (ferroxidase)

4.50E-04

3.5

ATP-binding cassette, sub-family A, member 1

5.18E-04

3.4

formyl peptide receptor 3

1.34E-03

3.3

phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma)

6.16E-04

3.3

CD84

CD84 molecule

4.39E-05

3.3

TGFB2

transforming growth factor, beta 2, transcript variant 2

6.46E-05

3.1

FRMD3

FERM domain containing 3

4.76E-04

3.1

S100A6

S100 calcium binding protein A6

3.39E-05

3.1

NSL1, MIND kinetochore complex component, homolog (S. cerevisiae), transcript variant 1

7.01E-11

3.0

LGALS3

lectin, galactoside-binding, soluble, 3, transcript variant 1

7.15E-05

3.0

SAMSN1

SAM domain, SH3 domain and nuclear localization signals 1

2.81E-03

3.0

membrane-spanning 4-domains, subfamily A, member 7, transcript variant 1

4.51E-02

3.0

collectin sub-family member 12

3.71E-04

2.9

DTNA

dystrobrevin, alpha, transcript variant 3

1.26E-04

2.9

FGF2

fibroblast growth factor 2 (basic)

3.16E-05

2.9

NCF2

neutrophil cytosolic factor 2, transcript variant 1

7.06E-03

2.9

SPP1

secreted phosphoprotein 1, transcript variant 1

1.58E-02

2.9

MAFB

v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian)

1.78E-02

2.8

sorbin and SH3 domain containing 1, transcript variant 3

1.75E-05

2.8

dystonin, transcript variant 1eB

8.96E-09

2.8

PTPRC

protein tyrosine phosphatase, receptor type, C, transcript variant 1

3.79E-04

2.8

DAAM1

dishevelled associated activator of morphogenesis 1

2.10E-04

2.8

discoidin domain receptor tyrosine kinase 2, transcript variant 1

6.43E-05

2.8

tripartite motif-containing 34, transcript variant 3

1.10E-05

2.7

sphingosine-1-phosphate receptor 3

1.06E-03

2.7

DENN/MADD domain containing 2D

1.20E-02

2.7

tyrosylprotein sulfotransferase 1

1.80E-04

2.6

mannosidase, alpha, class 2A, member 1

2.32E-03

2.6

EMP1
S100A10
RFTN1

CP
ABCA1
FPR3
PLA2G7

NSL1

MS4A7
COLEC12

SORBS1
DST

DDR2
TRIM34
S1PR3
DENND2D
TPST1
MAN2A1

8
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Supplemental Table 3E (continued)
Gene symbol
CNN3

Gene name

Adjusted
p-value

Fold
change

calponin 3, acidic

2.26E-03

2.6

mannosidase, alpha, class 1C, member 1

2.33E-03

2.6

CCRL2

chemokine (C-C motif) receptor-like 2, transcript variant 1

3.69E-04

2.6

EVI2B

ecotropic viral integration site 2B

1.55E-04

2.5

LIMS1

LIM and senescent cell antigen-like domains 1

5.63E-06

2.5

GPR65

G protein-coupled receptor 65

1.17E-02

2.5

SLC5A3

solute carrier family 5 (sodium/myo-inositol cotransporter), member 3

1.13E-03

2.5

MAN1C1
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Gene expression around active MS lesions
Supplemental Table 3F | Top 50 downregulated genes in chronic active PL-NAWM vs control WM
(comparison III)
Gene name

Adjusted
p-value

Fold
change

cDNA DKFZp586F1123 (from clone DKFZp586F1123)

1.05E-13

0.1

defensin, alpha 3, neutrophil-specific

9.85E-04

0.1

hypothetical LOC100132168

7.01E-12

0.2

myosin, heavy chain 7B, cardiac muscle, beta

4.31E-13

0.2

DNA-directed RNA polymerases I, II, and III subunit

7.85E-16

0.2

C3 and PZP-like, alpha-2-macroglobulin domain containing 8

1.46E-02

0.2

YJEFN3

YjeF N-terminal domain containing 3, nuclear gene encoding mitochondrial protein

2.02E-04

0.3

ATPGD1

ATP-grasp domain containing 1, transcript variant 1

3.26E-07

0.3

CIRBP

cold inducible RNA binding protein, transcript variant 2

3.03E-10

0.3

KCNQ2

potassium voltage-gated channel, KQT-like subfamily, member 2, transcript variant 5

5.84E-03

0.3

Unknown

5.69E-06

0.3

ABCA2

ATP-binding cassette, sub-family A (ABC1), member 2, transcript variant 1

1.51E-11

0.3

CITED4

Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 4

1.67E-08

0.3

UNC84B

unc-84 homolog B (C. elegans)

5.56E-10

0.3

LOC283999

hypothetical protein LOC283999

1.49E-17

0.3

LIPE

lipase, hormone-sensitive (LIPE)

1.97E-07

0.3

Chromosome 6 open reading frame 220 Fragment

1.30E-06

0.3

cerebral endothelial cell adhesion molecule

2.30E-04

0.3

Putative myosin-XVB (Unconventional myosin-15B)(Myosin XVBP)

1.08E-08

0.3

hypothetical LOC349114 (LOC349114), non-coding RNA

1.75E-12

0.3

kinesin light chain 2, transcript variant 2

5.17E-05

0.3

ENST00000405068

Exocyst complex component 7 (Exocyst complex component Exo70)

3.64E-08

0.3

DNAJB2

DnaJ (Hsp40) homolog, subfamily B, member 2, transcript variant 1

5.08E-13

0.3

ADORA1

adenosine A1 receptor, transcript variant 1

2.94E-12

0.3

cDNA FLJ23879 fis, clone LNG13743

4.79E-05

0.3

coiled-coil domain containing 85B

9.80E-09

0.3

Unknown

3.01E-05

0.3

Prostaglandin-H2 D-isomerase Precursor (EC 5.3.99.2)

2.18E-16

0.3

PCBP4

poly(rC) binding protein 4, transcript variant 4

1.53E-17

0.3

STMN4

stathmin-like 4

2.68E-02

0.3

CMTM5

0.3

Gene symbol
AL050203
DEFA3
LOC100132168
MYH7B
ENST00000443002
CPAMD8

A_33_P3253832

ENST00000369123
CERCAM
ENST00000293201
LOC349114
KLC2

LOC340335
CCDC85B
A_33_P3209176
ENST00000371623

CKLF-like MARVEL transmembrane domain containing 5, transcript variant 3

1.02E-08

TMEM63A

transmembrane protein 63A

4.41E-08

0.3

DAO

D-amino-acid oxidase (DAO)

8.86E-03

0.3

H6 family homeobox 1

9.00E-09

0.3

Unknown

1.52E-02

0.3

LTBP3

latent transforming growth factor beta binding protein 3, transcript variant 2

1.57E-10

0.3

DOHH

deoxyhypusine hydroxylase/monooxygenase, transcript variant 2

1.67E-07

0.3

FTCD

formiminotransferase cyclodeaminase, transcript variant A

4.36E-05

0.3

ST3GAL4

ST3 beta-galactoside alpha-2,3-sialyltransferase 4

5.47E-10

0.3

FLJ45445

hypothetical LOC399844, non-coding RNA

1.57E-10

0.3

HMX1
A_33_P3277805

PAQR6

progestin and adipoQ receptor family member VI, transcript variant 1

1.19E-10

0.3

tcag7.907

hypothetical LOC402483 (FLJ45340), non-coding RNA

2.99E-03

0.3

PNPLA7

patatin-like phospholipase domain containing 7, transcript variant 1

6.75E-07

0.3
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Supplemental Table 3F (continued)
Gene symbol
LONP1
SBF1
ENST00000401999
HES6
AGAP3
ATP6V0E2
MVD
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Gene name

Adjusted
p-value

Fold
change

lon peptidase 1, mitochondrial, nuclear gene encoding mitochondrial protein

3.62E-15

0.3

SET binding factor 1

1.30E-10

0.3

hypothetical LOC401357

1.52E-09

0.3

hairy and enhancer of split 6 (Drosophila), transcript variant 1

6.99E-13

0.3

ArfGAP with GTPase domain, ankyrin repeat and PH domain 3, transcript variant 2

9.13E-07

0.3

ATPase, H+ transporting V0 subunit e2, transcript variant 1

1.14E-07

0.3

mevalonate (diphospho) decarboxylase

2.19E-15

0.3

Gene expression around active MS lesions
Supplemental Table 4 | Gene ontology clusters
Term

GO class

Count

Total

p-value

ion transport

GO:0006811

46

732

3.46E-03

cell junction

GO:0030054

28

370

3.46E-03

small GTPase mediated signal transduction

GO:0007264

29

397

3.83E-03

sphingomyelin catabolic process

GO:0006685

3

3

6.40E-03

transport

GO:0006810

109

2317

7.90E-03

localization

GO:0051179

123

2718

1.11E-02

monovalent inorganic cation transport

GO:0015672

22

298

1.19E-02

establishment of localization

GO:0051234

110

2401

1.37E-02

microtubule

GO:0005874

18

203

4.48E-03

anchoring collagen

GO:0030934

4

9

1.19E-02

synaptic vesicle

GO:0008021

8

49

1.38E-02

purine ribonucleotide binding

GO:0032555

82

1580

3.83E-03

ribonucleotide binding

GO:0032553

82

1580

3.83E-03

MAP-kinase scaffold activity

GO:0005078

3

3

6.40E-03

purine nucleotide binding

GO:0017076

83

1650

6.95E-03

passive transmembrane transporter activity

GO:0022803

26

371

1.10E-02

channel activity

GO:0015267

26

371

1.10E-02

GTPase activator activity

GO:0005096

15

168

1.10E-02

ion channel activity

GO:0005216

25

354

1.13E-02

substrate specific channel activity

GO:0022838

25

362

1.38E-02

GTPase activity

GO:0003924

15

175

1.42E-02

immune system process

GO:0002376

50

715

3.39E-09

immune response

GO:0006955

39

544

2.25E-07

cell proliferation

GO:0008283

42

691

4.14E-05

response to external stimulus

GO:0009605

35

571

3.67E-04

developmental process

GO:0032502

118

2889

3.69E-04

hematopoiesis

GO:0030097

17

154

3.69E-04

immune system development

GO:0002520

18

173

3.69E-04

hematopoietic or lymphoid organ development

GO:0048534

17

165

7.32E-04

regulation of cell proliferation

GO:0042127

28

437

7.87E-04

anatomical structure development

GO:0048856

81

1861

1.28E-03

organ development

GO:0048513

53

1090

2.07E-03

response to wounding

GO:0009611

24

381

5.16E-03

regulation of multicellular organismal process

GO:0051239

18

252

5.49E-03

defense response

GO:0006952

29

505

6.36E-03

positive regulation of cell proliferation

GO:0008284

16

216

6.94E-03

system development

GO:0048731

66

1521

7.91E-03

Cluster 1
biological process

cellular component

molecular function

8

Cluster 2
biological process
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immune effector process

GO:0002252

B cell activation

GO:0042113

cell death

GO:0008219

death

GO:0016265

regulation of immune system process

97

7.91E-03

8

54

1.03E-02

38

757

1.03E-02

38

757

1.03E-02

GO:0002682

10

86

1.03E-02

cell activation

GO:0001775

14

186

1.07E-02

inflammatory process

GO:0006954

18

271

1.07E-02

cytoskeletal protein binding

GO:0008092

23

385

1.07E-02

regulation of programmed cell death

GO:0043067

27

482

1.07E-02

programmed cell death

GO:0012501

36

716

1.21E-02

negative regulation of programmed cell death

GO:0043069

15

210

1.24E-02

nucleosome positioning

GO:0016584

3

5

1.29E-02

myeloid cell differentiation

GO:0030099

9

75

1.29E-02

response to stress

GO:0006950

44

940

1.36E-02

chemotaxis

GO:0006935

12

130

1.37E-02

taxis

GO:0042330

12

130

1.37E-02

multicellular organismal development

GO:0007275

82

2068

1.49E-02

apoptosis

GO:0006915

35

710

1.85E-02

regulation of apoptosis

GO:0042981

26

477

1.85E-02

B cell receptor signaling pathway

GO:0050853

3

6

1.98E-02

cell morphogenesis

GO:0000902

23

408

2.13E-02

cellular structure morphogenesis

GO:0032989

23

408

2.13E-02

regulation of immune response

GO:0050776

9

84

2.13E-02

response to virus

GO:0009615

9

84

2.13E-02

adaptive immune response

GO:0002250

8

69

2.48E-02

adaptive immune response based on somatic recombination of immune
receptors built from immunoglobulin superfamily domains

GO:0002460

8

69

2.48E-02

production of molecular mediator of immune response

GO:0002440

5

26

2.58E-02

regulation of binding

GO:0051098

5

26

2.58E-02

regulation of biological process

GO:0050789

141

4043

2.63E-02

cellular developmental process

GO:0048869

65

1598

2.63E-02

cell differentiation

GO:0030154

65

1598

2.63E-02

cell growth

GO:0016049

13

167

2.63E-02

leukocyte mediated immunity

GO:0002443

8

71

2.63E-02

positive regulation of immune response

GO:0050778

8

72

2.76E-02

negative regulation of mast cell cytokine production

GO:0032764

2

2

2.76E-02

regulation of germinal center formation

GO:0002634

2

2

2.76E-02

negative regulation of apoptosis

GO:0043066

14

208

2.81E-02

negative regulation of biological process

GO:0048519

46

1046

2.86E-02

positive regulation of immune system response

GO:0002684

8

73

2.86E-02

cell development

GO:0048468

47

1076

2.87E-02

regulation of cell size

GO:0008361

13

172

2.98E-02

positive regulation of biological process

GO:0048518

43

967

3.01E-02

immunoglobulin production

GO:0002377

4

17

3.01E-02

chitin catabolic process

GO:0006032

3

8

3.01E-02

N-acetylglucosamine catabolic process

GO:0006046

3

8

3.01E-02

regulation of mRNA stability

GO:0043488

3

8

3.01E-02

chitin metabolic process

GO:0006030

3

8

3.01E-02
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chitinase activity

GO:0004568

3

8

3.01E-02

regulation of RNA stability

GO:0043487

3

8

3.01E-02

positive regulation of B cell proliferation

GO:0030890

3

8

3.01E-02

biological regulation

GO:0065007

152

4458

3.01E-02

regulation of cell motility

GO:0051270

7

59

3.07E-02

response to chemical stimulus

GO:0042221

26

506

3.19E-02

anatomical structure morphogenesis

GO:0009653

42

947

3.34E-02

regulation of biological quality

GO:0065008

35

753

3.55E-02

regulation of developmental process

GO:0050793

14

217

3.83E-02

regulation of locomotion

GO:0040012

7

62

3.83E-02

amino sugar catabolic process

GO:0046348

3

9

3.86E-02

glycosamine catabolic process

GO:0006043

3

9

3.86E-02

regulation of B cell proliferation

GO:0030888

3

9

3.86E-02

locomotion

GO:0040011

7

63

3.96E-02

leukocyte activation

GO:0045321

12

164

4.47E-02

erythrocyte differentiation

GO:0030218

5

33

4.57E-02

locomotory behavior

GO:0007626

12

165

4.60E-02

negative regulation of immune system process

GO:0002683

3

10

4.81E-02

regulation of Rho GTPase activity

GO:0032319

3

10

4.81E-02

negative regulation of cytokine production during immune response

GO:0002719

2

3

4.81E-02

negative regulation of production of molecular mediator of immune response

GO:0002701

2

3

4.81E-02

8

cellular component
basement membrane

GO:0005604

9

63

6.94E-03

extracellular matrix part

GO:0044420

10

95

1.49E-02

plasma membrane part

GO:0044459

69

1681

1.71E-02

plasma membrane

GO:0005886

106

2859

2.13E-02

proteinaceous extracellular matrix

GO:0005578

18

304

3.01E-02

cytoplasm

GO:0005737

180

5493

4.81E-02

protein binding

GO:0005515

214

6395

9.65E-03

actin binding

GO:0003779

18

265

9.77E-03

GTPase binding

GO:0051020

9

71

1.07E-02

small GTPase binding

GO:0031267

7

63

3.96E-02

transcription corepressor activity

GO:0003714

9

103

4.78E-02

mannosyl-oligosaccharide mannosidase activity

GO:0015924

3

10

4.81E-02

signal transducer activity

GO:0004871

77

2039

4.81E-02

molecular transducer activity

GO:0060089

77

2039

4.81E-02

lipopolysaccharide binding

GO:0001530

2

3

4.81E-02

antigen processing and presentation of peptide or polysaccharide antigen via
MHC class II

GO:0002504

10

16

2.06E-16

immune response

GO:0006955

27

544

1.25E-15

antigen processing and presentation

GO:0019882

12

53

3.06E-14

immune system response

GO:0002376

28

715

4.07E-14

response to biotic stimulus

GO:0009607

13

242

1.36E-07

defense response

GO:0006952

17

505

3.24E-07

molecular function

Cluster 4
biological process
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response to other organism

GO:0051707

11

177

4.36E-07

multi-organism process

GO:0051704

13

279

5.08E-07

response to virus

GO:0009615

8

84

1.83E-06

inflammatory response

GO:0006954

9

271

1.08E-03

humoral immune response

GO:0006959

5

65

1.42E-03

antigen processing and presentation of peptide antigen via MHC class I

GO:0002474

3

12

1.49E-03

response to wounding

GO:0009611

10

381

2.51E-03

antigen processing and presentation of peptide antigen

GO:0048002

3

15

2.85E-03

response to external stimulus

GO:0009605

11

571

1.34E-02

response to chemical stimulus

GO:0042221

10

506

1.87E-02

response to stress

GO:0006950

13

940

4.02E-02

MHC protein complex

GO:0042611

11

33

6.17E-15

MHC class II protein complex

GO:0042613

9

15

6.17E-15

plasma membrane part

GO:0044459

33

1681

1.35E-12

lysosome

GO:0005764

12

179

5.49E-08

lytic vacuole

GO:0000323

12

179

5.49E-08

vacuole

GO:0005773

12

199

1.51E-07

plasma membrane

GO:0005886

39

2859

1.87E-07

integral to plasma membrane

GO:0005887

20

1152

1.28E-05

intrinsic to plasma membrane

GO:0031226

20

1168

1.75E-05

lysosomal membrane

GO:0005765

5

45

3.10E-04

membrane

GO:0016020

56

6035

4.39E-04

vacuolar membrane

GO:0005774

5

54

7.01E-04

vacuolar part

GO:0044437

5

56

7.46E-04

membrane part

GO:0044425

47

5112

4.80E-03

integral to membrane

GO:0016021

42

4488

9.50E-03

intrinsic to membrane

GO:0031224

42

4509

1.05E-02

pigment granule

GO:0048770

4

83

3.49E-02

melanosome

GO:0042470

4

83

3.49E-02

MHC class II receptor activity

GO:0032395

4

7

2.24E-06

signal transducer activity

GO:0004871

26

2039

7.46E-04

molecular transducer activity

GO:0060089

26

2039

7.46E-04

receptor activity

GO:0004872

21

1607

3.38E-03

IgG binding

GO:0019864

2

6

1.43E-02

tumor necrosis factor binding

GO:0043120

2

9

3.14E-02

C-X-C chemokine binding

GO:0019958

2

10

3.54E-02

MHC class I receptor activity

GO:0032393

2

10

3.54E-02

skeletal development

GO:0001501

3

204

2.81E-02

phosphate transport

GO:0006817

2

87

4.31E-02

collagen type I

GO:0005584

2

3

5.45E-04

fibrillar collagen

GO:0005583

2

11

3.31E-03

cellular component

molecular function

Cluster 5
biological process

cellular component
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extracellular matrix part

GO:0044420

3

95

5.23E-03

collagen

GO:0005581

extracellular region part

GO:0044421

2

34

1.96E-02

5

741

proteinaceous extracellular matrix

1.96E-02

GO:0005578

3

304

4.31E-02

muscle thin filament tropomyosin

GO:0005862

1

4

4.53E-02

microfibril

GO:0001527

1

4

4.53E-02

structural constituent of bone

GO:0008147

2

4

5.45E-04

thyroid hormone transmembrane transporter activity

GO:0015349

1

2

3.51E-02

prothoracicotrophic hormone activity

GO:0018445

1

2

3.51E-02

interleukin-7 binding

GO:0019982

1

2

3.51E-02

interleukin-7 receptor activity

GO:0004917

1

2

3.51E-02

cytokine binding

GO:0019955

2

85

4.31E-02

extracelluar matrix structural constituent

GO:0005201

2

87

4.31E-02

sterol biosynthetic process

GO:0016126

2

32

4.30E-02

plasminogen activation

GO:0031639

1

1

4.65E-02

steroid biosynthetic process

GO:0006694

2

74

4.65E-02

sterol metabolic process

GO:0016125

2

80

4.65E-02

squalene monooxygenase activity

GO:0004506

1

1

4.65E-02

Rap guanyl-nucleotide exchange factor activity

GO:0017034

1

2

4.65E-02

molecular function

Cluster 6
biological process

8

molecular function

Clusters are specified in Figure 2. Count= number of significantly regulated genes within GO class; Total= total number of genes
within GO class.
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Supplemental Figure 2. Expression of ANO4 at the perilesional site of MS lesions. Protein
expression
of ANO4 is Supplemental
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and expression
shows a punctate
Supplemental Figure 1 | Myelin phagocytosis by
the human
Figure 2 | Protein
of staining pattern
macrophage cell line THP-1. A) pHrodo-labeled myelin
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at
the
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of
a
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active
around chronic active MS lesion. Scale bar = 100 μm
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istry, Hoechst was used to stain the nucleus, and phalloidin was
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by flow
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myelin
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Debris
excluded
based
particle
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Supplemental Figure 1. Myelin phagocytosis by the human macrophage cell line THP-1. (A)
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Abstract
Microglia contribute to inflammation and demyelination in the early stages of multiple sclerosis
(MS), but it is still unclear to what extent they or other myeloid cells contribute to active lesion
formation in progressive MS (PMS). Here, we have harnessed the power of single-cell mass cytometry (CyTOF) to compare myeloid cell phenotypes in active lesions of PMS donors with those in
normal-appearing white matter from the same donors and control white matter from non-MS
donors. CyTOF measurements of a total of 74 targeted proteins revealed a decreased abundance of
homeostatic microglia markers, including P2Y12, TMEM119, CX3CR1 and GPR56, and an increase in
highly phagocytic and activation-associated microglia states in active lesions of PMS donors. Interestingly, in contrast to results obtained from studies of the inflammatory early disease stages of MS,
infiltrating monocyte-derived macrophages were scarce in active lesions of PMS, suggesting fundamental differences of myeloid cell phenotypes in advanced stages of PMS.
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Myeloid cell diversity in active MS lesions determined by CyTOF

Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) which
leads to demyelinating lesions and diffuse neurodegeneration spreading throughout the white and
grey matter of the brain and the spinal cord1,2. In most cases (85-90% of patients with MS), the disease
starts with a relapsing-remitting course (RRMS), which may develop into a progressive course (secondary progressive MS, SPMS) with ongoing neuroinflammation3,4. For some MS patients (10-15%
of patients), neurological disability increases progressively over time without relapse or remission
(primary progressive MS, PPMS). From a neuropathological perspective, MS lesions are characterized as active, mixed active/inactive, inactive remyelinated (shadow plaques), or inactive lesions,
based on demyelination and the presence of HLA-DR+ myeloid cells1,5. Both active and mixed active/
inactive lesions are characterized by the loss of myelin and the presence of activated foamy microglia/macrophages containing myelin, indicating that microglia/macrophages play a pathogenic role
in MS1,5. Active lesions are thought to be the earliest stage in MS lesion formation5,6. As the disease
progresses, axonal damage and neurodegeneration become more pronounced. A higher proportion
of mixed active/inactive lesions and a less prominent peripheral immune cell infiltrate are observed
in progressive MS (PMS) as compared to relapsing disease5,7. Unlike RRMS, immunomodulatory
treatments are not effective in patients with PMS3,8, suggesting that different pathological processes
besides classical neuroinflammation may occur in the progressive form of the disease. As well as B
cell-targeted therapies and sphingosine-1-phosphate antagonists, promotion of remyelination and
targeting of myeloid cells are promising strategies for treating PMS9.
Activation of microglia/macrophages is considered a key mechanism which contributes to
inflammation, demyelination and neurodegeneration in MS. Using bulk transcriptomic analysis, we
recently demonstrated subtle changes in expression of microglial genes involved in lipid storage and
metabolism in normal-appearing white matter (NAWM) in late-stage PMS10. These altered microglial
signatures are early signs of MS pathology as a similar transcriptional microglial profile was found
in chronic active lesions10. We have also demonstrated overall preservation of microglial homeostatic
functions in NAWM PMS tissue10. However, the phenotype of microglia, regarding their homeostatic and inflammatory state, remains unknown at the single-cell level and/or at the proteomic level
in PMS active lesions. A landmark study using single-cell RNA-sequencing (scRNA-Seq) showed
unique transcriptomic profiles of microglia in active lesion biopsies from patients in the early disease
stages of MS, compared with microglia isolated from control tissue of non-MS donors11. Further, in
the early disease stages of MS and in a mouse model of demyelination, homeostatic microglial genes
such as P2RY12, TMEM119 and CX3CR1 were downregulated in active lesions, whereas genes associated with microglia activation states SPP1, CD74 and CTSD and the cytokine CCL4 were upregulated11,12. However, it is yet to be investigated whether these MS-lesion associated phenotypic changes
already exist in NAWM, and also whether these changes can be detected in active lesions of PMS at
single-cell protein level. Furthermore, whereas approximately 10% of Iba1+ cells in brain sections of
patients with early MS are infiltrating monocytes11, it is not yet known whether a similar contribution
of monocyte-derived cells to MS lesion initiation and/or maturation can be detected in active lesions
of PMS. Together, microglia show context-dependent signatures in lesions of early MS, but the dif201
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ferent functions of microglia and the involvement of infiltrating monocyte-derived macrophages in
PMS are not clear.
In this study, we have used single-cell mass cytometry by time of flight (CyTOF) to comprehensively characterize the phenotypes of myeloid cells in active lesions and in NAWM from ten PMS
donors. Subsequently, we compared these cells to those isolated from control WM of eight non-MS
donors. The results obtained from this study suggest that active lesions of PMS contain clusters of
highly phagocytic and activated WM microglia with little infiltration of monocyte-derived macrophages.

Methods
Human post-mortem tissue
Post-mortem tissue of brain donors was provided by the Netherlands Brain Bank (NBB, Amsterdam,
The Netherlands, www.brainbank.nl). All brain donors gave informed consent to perform autopsies
and to use tissue, clinical and neuropathological information for research purposes, approved by the
Ethics Committee of VU medical center (Amsterdam, The Netherlands).
Subcortical white matter (WM) tissue was collected from non-MS white matter control donors (n=8), and subcortical NAWM (n=10) and lesions (n=10) were collected from MS donors. NAWM
MS tissue was dissected on post-mortem magnetic resonance imaging (MRI) guidance during autopsy13. In addition, macroscopically visible MS lesions were dissected by a neuropathologist. Neurological diagnoses were confirmed by a neuropathologist. Information on MS diagnosis and disease
duration was obtained from clinical data, showing that all donors were diagnosed with progressive
MS, 3 donors with primary progressive MS and 7 donors with secondary progressive MS. Donor
characteristics and post-mortem variables are displayed in Table 1 and Table S1.

MS lesion characterization
From post-mortem tissue that was taken out for microglia isolation, a small part was snap-frozen
in liquid nitrogen and stored in -80°C until further use. Frozen tissue sections (20 µm) of control
WM, NAWM and MS lesions were cut and dried overnight. For immunohistochemistry, these sections were fixed for 15 min with 4% paraformaldehyde in phosphate buffered saline (PBS) pH 7.6,
followed by endogenous peroxidase blocking in 1% H2O2 in PBS for 20 min. Sections were incubated with primary antibodies human leukocyte antigen (HLA)-DR/DQ/DP (1:1,000, M0775; Dako,
Glostrup, Denmark) or myelin proteolipid protein (PLP, 1:3,000, MCA839G; Serotec, Oxford, UK) in
incubation buffer (0.5% Triton X-100 and 1% bovine serum albumin (BSA) in PBS) overnight at 4°C.
Secondary antibodies were incubated for 1 h at room temperature (RT); for HLA-DR biotinylated anti-mouse (1:400, BA-2001; Vector Laboratories, Burlingame, CA, USA) was diluted in incubation buffer, for PLP the HRP-labeled mouse antibody (K5007, Dako Real EnVision detection system; Dako)
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was used. Next, sections for HLA-DR staining were incubated for 45 min in avidin-biotin complex
(1:800, PK-6100; Vector Laboratories) at RT, followed by 3,3′-diaminobenzidine (DAB) incubation
(1:100, K5007; Dako) for 10 min at RT, for both HLA-DR and PLP stainings. Immunoreactivity was
examined using an Axioskop980 microscope (Zeiss, Oberkochen, Germany) and Photomacroscope
M420 (Wild Heerbrugg, Zwitserland) to characterize lesions based on HLA-DR presence and morphology of HLA-DR+ cells together with myelin intactness based on PLP staining5.

Microglia isolation
Microglia were isolated from post-mortem WM tissue, as described previously10,14. Briefly, postmortem tissue that was collected during autopsy was stored in Hibernate-A medium (Invitrogen,
Carlsbad, CA, USA) at 4°C until further processing. Within 24 h, the tissue was homogenized in
Hibernate-A medium supplemented with DNAseI (10 mg/ml; Roche, Basel, Switzerland), using a
tissue homogenizer (VWR, Radnor, PA, USA). Next, Percoll density centrifugation (GE Healthcare,
Little Chalfont, UK) was performed and the interlayer was collected for magnetic activated cell sorting (MACS; Miltenyi, Bergisch Gladbach, Germany) using CD11b magnetic beads (Miltenyi Biotech).
Viable cells were counted using a hemocytometer (Optic Labor, Friedrichshof, Germany) and collected in beads buffer (0.5% BSA + 2 mM EDTA in PBS, pH 7.6) for flow cytometry analysis. For CyTOF
analysis, CD11b+ cells were incubated for 11 min in fixation/stabilization buffer (Smart Tube Inc., San
Carlos, CA, USA) and stored in -80°C.

IRF8+ nuclei isolation and sorting
IRF8+ nuclei were isolated and sorted as described previously10. Briefly, frozen tissue from MS donors, NAWM tissue (n=7) and tissue containing MS lesions (n=5), matched for age, was provided by
the NBB. For each tissue block, the first and last section were double stained for HLA-DR/PLP to
determine microglia activation and myelin integrity. MS lesions were characterized as previously
described by Luchetti and colleagues5. From each tissue block, 10-12 sections of 50 µm thickness were
cut and homogenized in 1 ml homogenization buffer (1 µm DTT (Thermo Fischer Scientific), 1x protease inhibitor (Roche), 80 U/ml RNAseIN (Promega, Madison, WI, USA) and 1% Triton X-100) with
nuclei isolation medium #1 (NIM #1; 250 mM sucrose, 25 mM KCL, 5 mM MgCl2, 10 mM Tris buffer
pH 8 diluted in nuclease free water) filtered through a 30-µm cell strainer. The amount of nuclei was
counted using a hemocytometer (Optic Labor) and nuclei were incubated with Hoechst (1:1,000; Invitrogen) and IRF8 antibody (PE-labeled, 1:50, clone U31-644; BD Biosciences, San Diego, CA, USA)
in staining buffer (0.5% RNAse free BSA, 1% normal human serum and 0.2 U/µl RNAseIn in RNAsefree PBS, pH 7.4) for 1 h at 4°C. Isotype control antibody IgG-PE (clone P3.6.8.1, 1:25; Invitrogen) was
used to determine background staining. Stained nuclei were sorted using a Sony SH800S cell sorter
(Sony Biotechnology, San Jose, CA, USA). The Hoechst and IRF8 double positive nuclei fractions
were collected and lysed in RNA lysis buffer (RNeasy Isolation mini kit; Qiagen, Hilden, Germany).
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RNA isolation
RNA from sorted IRF8+ nuclei was isolated using the RNeasy Mini kit (Qiagen), according to the
manufacturer’s protocol. Lysed samples were mixed with 70% ethanol and transferred to a mini spin
column. After washing steps, elution was collected in 20 µl deionized water.

cDNA synthesis and quantitative real-time PCR
The Quantitect Reverse Transcription Kit (Qiagen) was used for cDNA synthesis. According to manufacturer’s protocol, isolated RNA (25 ng) from sorted IRF8+ nuclei was mixed with gDNA wipeout
buffer, incubated for 2 min at 42°C and put on ice. Next, Quantiscript RT buffer, RT primer mix and
Quantiscript Reverse Transcriptase were mixed and incubated with RNA sample at 42°C for 30 min,
followed by 3 min incubation at 95°C.
For reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR), 0.6 ng cDNA
was mixed with 17 μl SYBR Green PCR master mix (Applied Biosystems, Foster City, CA, USA) and
2 μl primer pairs. Samples were measured and analyzed using 7300 RT-PCR machine and software
(Applied Biosystems).
Primer pairs were designed at the Integrated DNA Technologies website (eu.ifdna.com),
using the PrimerQuest tool. For primer design the following criteria were used: same Tm, 50% GC
content, amplicon size between 80-140 base pairs and exclude primers that span introns, to detect
unspliced nuclear DNA. Primer pairs were checked for specificity using cDNA derived from pooled
MS and control donor brain tissue. Optimal primers (Table S2) were selected based on dissociation
curve, and 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel was used to detect PCR
product and exclude primer pairs that can form dimers. Gene expression was normalized to the mean
of 2 housekeeping genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and elongation
factor-1 alpha (EEF1A1). Target gene expression values were calculated using the 2-ΔΔCT method15.

Flow cytometric analysis
Isolated microglia from MS donors (n=7) were incubated for 15 min in FcR-blocking buffer (1:5;
Miltenyi Biotec), to block unspecific binding of antibodies to Fc-receptors. Next, microglia were incubated with conjugated primary antibodies (Table S3) diluted in beads buffer (0.5% BSA and 2 mM
EDTA in PBS, pH 7.6) for 30 min at 4°C. To determine viability, cells were incubated with viability
dye efluor506 (Table S3).
To assess minimal phenotyping of isolated microglia, CD45 and CD11b expression was
determined. In addition, expression of homeostatic microglia receptors, P2Y12, CX3CR1 and GPR56
was measured. To exclude infiltrating leukocytes in the samples collected from MS lesion tissue,
CD3, CD19, CD56 and CD66b were included. Surface protein expression was detected on a 3-laser
BD FACSCanto II machine (BD Biosciences) with software BD DIVA version 8.1. FlowJo software
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version 10.1 (Ashland, OR, USA) was used to determine median fluorescence intensity.

Quantification of P2Y12+ cells
Formalin-fixed paraffin-embedded (FFPE) tissue blocks from age-matched control (n=5) and MS
(n=11) donors (Tables S1 and S4) was cut into 8 µm-thick sections. Tissue sections were deparaffinized with xylene and rehydrated in ethanol series, followed by antigen retrieval with citrate buffer
pH 6 for 20 min in a steamer. Sections were blocked in 10% normal horse serum/normal donkey
serum for 30 min and incubated with P2Y12 antibody diluted in incubation buffer (0.5% Triton-X100
and 0.25% gelatin in tris-buffered saline (TBS, pH 7.6)) and incubated overnight at 4°C. After overnight incubation with primary antibody, samples were incubated for 2 h at RT with Alexa Fluor
568-conjugated secondary antibody. Nuclei were stained with DAPI. All images were acquired in a
Leica TCS SP5 microscope (Leica microsystems). P2Y12+ cells were counted using IMARIS software,
as P2Y12+DAPI+ cells. All image processing for visualization was performed with ImageJ software.

Intracellular barcoding for mass cytometry
Percoll-isolated myeloid cells were fixed with fixation/stabilization buffer (SmartTube)16 and frozen
at –80°C until analysis by mass cytometry. Cell were thawed and subsequently stained with premade
combinations of six different palladium isotopes:

102

Pd,

Pd,

104

105

Pd,

106

Pd,

108

Pd and

110

Pd (Cell-ID

20-plex Pd Barcoding Kit, Fluidigm). This multiplexing kit applies a 6-choose-3 barcoding scheme
that results in 20 different combinations of three Pd isotopes. After 30 min staining (at room temperature), individual samples were washed twice with cell staining buffer (0.5% bovine serum albumin
in PBS, containing 2 mM EDTA). All samples were pooled together, washed and further stained with
antibodies.

Antibodies
Anti-human antibodies (Tables S5-7) were purchased either pre-conjugated to metal isotopes
(Fluidigm) or from commercial suppliers in purified form and conjugated in house using the MaxPar
X8 kit (Fluidigm) according to the manufacturer’s protocol. Using different cell types from different
body compartments, each antibody was titrated and validated as into the working panels prior to use
to ensure that the resulted signals were informative16,17.

Cell-surface and intracellular staining
After cell barcoding, washing and pelleting, the combined samples were stained and processed as
described previously16,17. Briefly, cells were re-suspended in 100 µl of antibody cocktail directed
against cell surface markers (Tables S5-7) and incubated for 30 min at 4°C. Then, cells were washed
twice with cell staining buffer (PBS containing 0.5% BSA and 2 mM EDTA). For intracellular staining, the stained (non-stimulated) cells were then incubated in fixation/permeabilization buffer (Fix/
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Perm Buffer, eBioscience) for 60 min at 4°C. Cells were then wash twice with permeabilization buffer
(eBioscience). The samples were then stained with antibody cocktails directed against intracellular
molecules (Tables S5-7) in permeabilization buffer for 1 h at 4°C. Cells were subsequently washed
twice with permeabilization buffer and incubated overnight in 4% methanol-free formaldehyde solution. The fixed cells were then washed and re-suspended in 1 ml iridium intercalator solution (Fluidigm) for 1 h at RT, followed by two washes with cell staining buffer and two washes with ddH2O
(Fluidigm). Finally, cells were pelleted and kept at 4°C until CyTOF measurement.

Bead staining
For the bead-based compensation of the signal spillover, AbC total antibody compensation beads
(Thermo Fisher Scientific) were single stained with each of the antibodies used in all three antibody
panels according to manufacturer’s instructions. Stained beads were then measured with CyTOF and
the compensation matrix was then generated17,18.

CyTOF measurement
Cells were analysed using a CyTOF2 upgraded to Helios specifications, with software version
6.7.101416,17, using a narrow bore injector. The instrument was tuned according to the manufacturer’s
instructions with tuning solution (Fluidigm) and measurement of EQ four element calibration beads
(Fluidigm) containing

140/142

Ce,

151/153

Eu,

165

Ho and

175/176

Lu served as a quality control for sensitivity

and recovery.
Directly prior to analysis cells were re-suspended in ddH2O, filtered through a 20-µm cell
strainer (Celltrics, Sysmex), counted and adjusted to 5-8 x 105 cells/ml. EQ four element calibration
beads were added at a final concentration of 1:10 v/v of the sample volume to be able to normalize
the data to compensate for signal drift and day-to-day changes in instrument sensitivity. Samples
were acquired with a flow rate of 300-400 events/s. The lower convolution threshold was set to 400,
with noise reduction mode turned on and cell definition parameters set at event duration of 10150 pushes (push = 13 µs). The resulting flow cytometry standard (FCS) files were normalized and
randomized using the CyTOF software’s internal FCS-Processing module on the non-randomized
(‘original’) data. The default settings in the software were used with time interval normalization (100
s/minimum of 50 beads) and passport version 2. Intervals with less than 50 beads per 100 s were
excluded from the resulting FCS file.

Mass cytometry data processing and analysis
Following the workflow from our previous study16,17, Cytobank (www.cytobank.org) was used for
initial manual gating on live single cells and Boolean gating for de-barcoding. Nucleated single intact cells were manually gated according to DNA intercalators

Ir/193Ir signals and event length.

191

For de-barcoding, Boolean gating was used to deconvolute individual sample according to the bar206
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code combination. Prior to data analysis, each FCS file was compensated for signal spillover using R
package CATALYST18. For dimensionality reduction, visualization and further exploration, (2D) tSNE
maps were generated according to the expression levels of all markers in each panel. For embedding,
we set hyperparameters to perplexity of 30, theta of 0.5, and iterations of 1,000 per 100,000 analysed
cells. To visualize marker expression arcsinh transformation was applied to the data. All FCS files
were then loaded into R and further data analysis was performed with an in-house written script
based on the workflow proposed by Nowicka and colleages19. Briefly, for unsupervised cell population identification we performed cell clustering with the FlowSOM20 and ConsensusClusterPlus21 packages using all markers in each panel. We then performed visual inspection of cluster-coloured tSNE
plots and phenotypic heatmaps for a more detailed profile of each cluster and determined the number of meta-clusters with consistent phenotypes for statistical test. For detection of differential abundance of clusters between conditions we used generalized linear mixed models (GLMM) performed
with the diffcyt package17, with a false discovery rate (FDR) adjustment (10%, Benjamini-Hochberg
(BH) procedure) for multiple hypothesis testing. A p-value <0.05 (unadjusted) and <0.05 (FDR-BH
adjusted) was considered statistically significant.

Imaging mass cytometry
Paraffin tissue microarray (TMA) blocks containing samples from control, NAWM and lesion were
cut into 5 µm-thick sections. Sections were deparaffinized with xylene and rehydrated in ethanol
series, followed by heat-induced antigen retrieval in Tris-EDTA buffer (pH=9.0) for 20 min at 95°C in
a steamer. The sections were then blocked with 3% purified BSA in 0.1% Triton-X PBS for 1 h at RT.
Sections were incubated overnight at 4°C with anti-P2Y12 conjugated with biotin. After washing, all
sections were incubated with metal-conjugated antibodies (Table S8) overnight at 4°C. Nuclei were
detected using an Ir-Intercalator (1:500). Samples were then dried and stored at RT until measurement.

Imaging mass cytometry acquisition and data analysis
Imaging mass cytometry was performed on a CyTOF2/upgraded to Helios specifications coupled to
a Hyperion Tissue Imager (Fluidigm), using CyTOF software version 6.7.1014. Prior to ablation the
instrument was tuned according to the manufactures instructions, using the 3-Element Full Coverage
Tuning Slide (Fluidigm). The dried slide was loaded into the imaging module and regions of interest were selected for each sample of the TMA on a preview (panorama). Optimal laser power was
determined for each sample to obtain complete ablation of the tissue. Laser ablation was performed
at a resolution of 1 µm and a frequency of 200 Hz. Data were stored as MCD files as well as txt files.
Original files were opened with MCD viewer and single 16-bit images were extracted as .TIFF files.
For visualization only, images were transferred to ImageJ and the different channels were merged. A
Gaussian blurr (kernel width, 0.70 pixels) was used for noise reduction.
For single-cell analysis, we processed images from each sample using Ilastik22, an opensource program that uses interactive machine learning to separate single cells from background. The
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program was trained to identify DNA iridium-intercalator as nuclei and P2Y12-Ho165 as cell membrane, and the pixel classificator was then applied to all images. As a result, a binary mask delimiting
each single-cell was obtained and transferred on to CellProfiler, were run using an in-house written
pipeline to extract the single-cell data for all markers. Each of the .tiff files and single-cell masks were
then transferred to histoCAT23 for further analysis. In histoCAT, we ran a dimensionality reduction
tSNE algorithm to visualize single cell data from all samples. We then ran a Phenograph analysis in
which cells were clustered according to their marker expression (for markers CD11c, CD44, CD45,
CD68, HLA-DR, P2Y12 and TNF, using k=50 nearest neighbours). The mean expression and cell frequencies per sample/cluster where then extracted using R.

Statistical analysis
No randomization and blinding strategies were applied in this study. However, data processing and
analysis, as well as statistical testing were carried out in an unsupervised manner. No priori statistical methods were used to predetermine sample sizes due to sample accessibility and insufficient
previous data to enable this. However, sample sizes were chosen based on estimates of anticipated
variability through previous studies on scRNA-Seq analysis of microglia in acute lesion MS11. Dichotomous variables of the sample cohort were analysed with Fisher’s exact test (GraphPad Prism).
Quantitative data are shown as independent data points with median or Box-Whisker or violin plots.
Unless otherwise stated, analyses of statistical significance were performed by computational analysis using generalized linear mixed-effects model (GLMM) available through R package diffcyt and
FDR adjustment (at 10% using Benjamini-Hochberg procedure) for multiple hypothesis testing. A
p-value <0.05 (adjusted) at 10% FDR was considered statistically significant.

Results
Characterization of MS lesions
This study used post-mortem WM brain tissue from ten MS donors. All donors were diagnosed with
PMS and had a mean disease duration of 24.7 years (sd = 11 years), and an average disease severity
(defined as years until the patients reached an expanded disability status scale (EDSS) score of 6.0) of
13.1 years (sd= 7.8) (Table 1 and Table S1).
For each MS donor, the NAWM tissue was dissected using MRI guidance13 and MS lesions
were dissected by a neuropathologist based on macroscopic appearance. Active MS lesions were
characterized as previously described5,24. For each MS donor, myeloid cells were isolated from a
block of NAWM tissue and a block containing both NAWM and active MS lesion tissue, using an optimized protocol involving density gradient separation and CD11b-magnetic bead sorting (MACS)14.
To confirm the active status of MS lesions, immunohistochemical analysis was retrospectively performed on tissue blocks. Myelin PLP and HLA-DR were used to define myelin integrity and microglia/macrophage activation and morphology, respectively (Figure S1a). PLP staining of NAWM
tissue sections showed intact myelin (Figure S1a). In contrast, loss of PLP expression, which indicates
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demyelination, was used to identify active lesions (Figure S1a). HLA-DR positive cells were present
throughout the entire lesion and the majority of microglia/macrophages in active lesions had amoeboid or foamy morphology (Figure S1a). However, using bulk qPCR analysis of isolated IRF8+ nuclei
(comprising microglia and macrophages) from frozen tissue sections10 we could not detect significant
alterations of heteronuclear RNA expression of homeostatic genes CX3CR1, TMEM119, P2RY12 and
ADGRG1 in active lesions of PMS, compared to NAWM (Table S2 and Figure S1b). Low-dimensional flow cytometric analysis also revealed no significant differences in the expression levels of the
microglial homeostatic proteins CX3CR1, P2Y12 and GPR56 (ADGRG1) in active MS lesions compared to NAWM (Table S3 and Figure S1c). However, immunohistochemical analysis of the tissue
revealed a reduction of P2Y12-expressing cells in active lesions of PMS as compared to NAWM from
MS donors and control WM tissues from non-MS donors (Figure S1d and Table S4). No significant
difference in the number of P2Y12-expressing cells was found between NAWM and non-MS white
matter. These findings imply subtle changes of microglia may characterize active lesions of PMS,
which may have been obscured in bulk analysis and/or in low-dimensional phenotypic profiling.
Table 1 | Summary of donor characteristics
Diagn.

N

F/M

Age (yr)

PMD
(hr:min)

pH CSF

Disease
duration
(yr)

Time to
EDSS 6 (yr)

CON

8

4/4

89.75 ± 10.63

7:40 ± 1:42

6.69 ± 0.19

-

-

MS

10

5/5

63.30 ± 8.23

6:42 ± 1:34

6.65 ± 0.27

24.7 ± 11

13.1 ± 7.8

p-value

-

>0.9999

<0.0001

0.2369

0.7973

-

-
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Diagn. = diagnosis; PMD = post-mortem delay; CSF = cerebrospinal fluid; CON = non-MS control donors; MS = multiple sclerosis
donors; F = female; M = male; N = number of donors; yr = years. Statistical testing: Gender = Fisher’s exact test; age, PMD, and pH
CSF = unpaired t test. Data are represented as mean with SEM.

Majority of active lesion microglia in PMS preserve homeostatic signatures
We next investigated microglia/macrophage phenotypes in PMS at single-cell resolution. Three multiplexed single-cell CyTOF analyses were performed on MACS-sorted CD11b-expressing cells from
active lesions and NAWM (from the same donors), using three different antibody panels (Exp-I, -II
and -III; Tables S5-7). With this experimental design, we aimed to demonstrate the reproducibility
of the obtained results, along with in-depth phenotypic profiling using a total of 74 antibodies. In
Exp-I, the antibody panel (Table S5) was designed to characterize microglia as well as to detect the
major circulating immune cell subsets including monocytes, T, B and natural killer (NK) cells using 36 antibodies recognizing CX3CR1, P2Y12, TMEM119, GPR56, TREM2, EMR1, ApoE, Clec7A,
MS4A4A, CC3, CD45, CD44, CD19, CD3, CD4, CD8a, CD56, CD66b, CD14, IRF4, Clec12A, HLADR, CD11c, CD130, CD86, CD33, CXCR3, Galanin, CD61, CD68, IL-10, IL-6, CCL2, IFN-α, TNF and
cyclin B1. First, we embedded all cells from NAWM (n=8) and active lesion WM tissue (n=7) on a
reduced dimension t-SNE map (Figure 1a; Figure S2). To identify differentially abundant rare cell
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Figure 1 | Comparative phenotypic analysis of the CNS myeloid cells in NAWM and active lesions of PMS. a) The overlaid t-SNE plots of 8 NAWM (grey dot) and 7 active lesions (red dot). The 2D t-SNE maps were generated based on expression levels of all markers of Exp-I (S6 Table). b) The overlaid t-SNE plot of all samples. The coloring indicates 12 clusters
representing diverse myeloid cell phenotypes, defined by the FlowSOM algorithm. c) Heat map cluster demonstrates the
expression levels of all 36 markers used for the cluster analysis. Asterisk indicates differentially abundant clusters. Heat colors
of expression levels have been scaled for each marker individually (to the 1st and 5th quintiles) (red, high expression; blue,
low expression). d) Pie charts showing the proportions of 12 defined clusters in the two groups. Four differentially abundant
clusters (C1, C3, C8, and C11) between active lesions and NAWM were found.		
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Figure 1 | (continued) A p-value < 0.05 at 10% FDR was considered statistically significant, determined using GLMM
(*p < 0.05; **p < 0.01, adjusted). Box-plots show frequencies (%) of all defined clusters. Boxes extend from the 25th to 75th
percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box denotes the median. Each dot
represents the value of each sample. e) Reduced-dimensional single-cell t-SNE maps highlight all four differentially abundant
clusters. In the lower panel t-SNE maps show the expression of TMEM119, TNF, CD14 and P2Y12. Color spectrum indicates
expression levels of the marker (red, high expression; blue, low expression).

populations or different cell states between conditions, we performed an exploratory meta-clustering using the FlowSOM algorithm (FlowSOM/Consensus-ClusterPlus)18–21. Importantly, the number
of clusters defined may not necessarily represent functionally distinct subsets of myeloid cells, as it
could also include transient cell states. Meta-clustering is proven to be useful to study specific cell subsets/states within a cell population in more detail16,17,19. Meta-clustering analysis revealed 12 clusters
with consistently distinct phenotypes (Figure 1b-d and Figure S3a). Overall, 10 of 12 defined clusters (C1-C10) were positive for both P2Y12 and TMEM119, indicating microglial populations (Figure
1b, c). The other two clusters were a cluster of P2Y12dimTMEM119lo/-CD19dimHLA-DR+CXCR3+CD61+
cells, which was enriched in active lesion compared to NAWM (C11, Figure 1b-e), and one P2Y12TMEM119- cluster of mixed CD45hiCD66b+Clec12A+ infiltrating immune cells, which was present at a
comparable frequency in NAWM and active lesions (C12, Figure 1c, d). The homeostatic microglial
cluster (hoMG, C3), which was characterized as P2Y12+TMEM119+CD14loCD68dimHLA-DRdimCD11c, was less abundant in active lesions compared to NAWM tissue (Figure 1c-e). Similarly, we also

dim

detected a lower abundance of a rare cluster of P2Y12+TMEM119dimTNFhi microglia (C8) in active lesions (Figure 1c-e). Furthermore, a cluster of P2Y12+TMEM119dimClec7adimCD14hi activated microglia
(C1) was detected at higher abundance in active lesions of PMS (Figure 1c-e).
Comparing the phenotypes of the three differentially abundant clusters to the homeostatic
microglia cluster (hoMG, C3) revealed significantly lower expression of microglial markers P2Y12,
TMEM119, CX3CR1 and GPR56 in both lesion-enriched clusters C1 and C11 (Figure 2a, b). Significantly higher expression of CD45, HLA-DR, CD44, CD68, CD19, CD33, EMR1, Clec7a, MS4A4A and
CD14 was detected in the activated microglial cluster C1 (Figure 2a, b), whereas only CD19 and
CD61 were higher in another P2Y12dim cluster C11 (Figure 2a, b). Of note, TREM2 expression was
found to be lower in these clusters, compared to the hoMG cluster (Figure 2a, b and Figure S4). In
the less abundant TNFhi microglial cluster C8, only TMEM119 and TNF expression was found to be
different from the hoMG cluster (Figure 2a, b). Interestingly, both of the lesion-enriched clusters
C1 and C11 showed lower expression of microglial homeostatic markers and increased expression
of CD19, a B cell marker which has been previously reported in rare cases of human post-mortem
microglia sample, compared to the homeostatic cluster16. Similar to our previous finding16, these
cells were characterized as CD19+CD45dimP2Y12dimHLA-DRdim, and thus were phenotypically different
from peripheral B cells.
Of note, in contrast to the scRNA-Seq study of small biopsies of MS lesions from patients
with early MS11, this study performed a single-cell protein array of larger brain autopsy tissue
containing an active lesion surrounded by NAWM in PMS. Therefore, the percentage of lesion211
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Figure 2 | Phenotypic diversity of myeloid cells in active lesions. a) Heat map of all markers across all profiling clusters,
in comparison to hoMG cluster C3. Tile size is expression levels (arcsinh) and heat colors show p-value (range from >0.100
(green) to <0.0001 (red)). b) Snail plot shows marker expression levels of each differentially abundant clusters, in comparison
to hoMG cluster C3. The snail shell represents transverse (perpendicular) axis mapping marker expression levels on an exponential scale. Each line denotes each sample (n=15). The bar plot (below) shows mean (Log 2) fold change of each marker
in each differentially abundant cluster, compared to those in hoMG cluster C3. Significantly differential expressed markers are in bold. Two-tailed, unpaired t-test followed a correction for multiple comparisons using the Holm-Šídák method.
p-value < 0.05 is considered statistically significant.

enriched clusters per sample reported here may be lower than the actual proportion in the WM lesion.
To validate whether differentially abundant clusters were indeed located in active lesions, we performed imaging CyTOF (IMC) on FFPE tissue blocks from the same donors (Table S1) that were used
for CyTOF. IMC simultaneously measures up to 37 proteins at subcellular resolution. This approach
allows delineation and quantification of cell heterogeneity in a large area of interest (e.g. 1 mm2)25.
However, due to limitation of commercially available antibodies for IMC and restricted antigen retrieval protocol, we performed the analysis using a panel of 13 antibodies, which were also analyzed
in Exp-I (Table S8, Figure S5a). Tissue microarrays of brain sections (1.5 mm diameter) of all samples
(1-3 sections per sample) were generated and stained. A 1 mm2 image of each section was taken and
analyzed (Figure 3a and Figure S5a). P2Y12 and DNA signals were used to segment individual cells
in each image and the segmented cells were used to further perform unsupervised PhenoGraph analysis26, which partitioned all segmented cells into 17 clusters with distinct phenotypes (Figure 3b and
Figure S5b). Among these clusters, we found five differentially abundant clusters in active lesions,
compared to NAWM tissue (Figure 3c and Figure S5b, c). We could confirm a lower abundance of a
cluster of P2Y12+TNF+/hi cells (similar to C8 identified by CyTOF (Figure 2b)) in lesions compared to
NAWM (Figure 3c-e). We also noted a higher abundance of CD45+/hiCD68+/hi clusters in active lesions
(Figure 3c, d, f), and had a similar phenotype to C1 identified by CyTOF (Figure 2b). Nevertheless,
these lesion-enriched clusters expressed low levels of CD44, CD11c, HLA-DR and CD14, which is
similar to the phenotype of C11 identified by CyTOF (Figure 2b), indicating that these clusters may
contain mixed cells that have similar phenotypes to both C1 and C11 identified by CyTOF (Figure
2b) .

Increased phagocytic phenotypes in lesion-enriched myeloid cells
Microglial activation and phagocytic activity have long been considered key events in MS pathology27–30. In Exp-I, we found increased expression of markers involved in the clearance of apoptotic cells/
bodies including CD6131, along with the increased expression of HLA-DR (major histocompatibility
(MHC)-II) and phagocytosis-associated markers, such as CD44 and CD68, in the lesion-enriched
microglial clusters (Figure 2a, b), compared to the hoMG cluster. In contrast to results obtained
from a mouse model of experimental autoimmune encephalomyelitis (EAE) and from brain biopsies
of patients with early MS11,12, we did not detect a significant increase in myeloid cell infiltration or
strong inflammatory phenotype of microglia in the active lesions of PMS. However, limitations in the
antibody panel used in Exp-I (Figure 1 and 2) may have caused the discrepancy with findings from
EAE or early MS studies using scRNA-Seq11,12. Furthermore, in Exp-I we have also observed highly
213
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Figure 3 | Differentially abundant clusters in active lesions, determined by imaging CyTOF. a) Representative mass
cytometry images of NAWM (n=5 biological replication) and lesion white matter (n=5 biological replication) (scale bar = 100
μm). Microglia/macrophage are stained with P2Y12, CD68, CD45, CD163, CD14 and TNF, and nuclei/DNA are counterstained
with Iridium (grey). Arrow head indicates P2Y12+ microglia, which is positive or negative for TNF. b) The overlaid t-SNE
plot of all segmented cells from all samples. The coloring indicates 19 clusters representing diverse myeloid cell phenotypes
on the analyzed brain tissues, defined by the PhenoGraph algorithm using an input of k-nearest neighbors of 60. c) The Box
plots shows frequency (%) of five differentially abundant clusters (C3, C5, C10, C11 and C17) in lesions, compared to NAWM
samples (black lines show median values of the datasets). Boxes extend from the 25th to 75th percentiles. Whisker plots show
the min (smallest) and max (largest) values. The line in the box denotes the median. Each dot represents the value of each
sample. Two-tailed, unpaired t-test, p-value < 0.05 is considered statistically significant. d) Reduced-dimensional single-cell
t-SNE maps show the expression of TNF, P2Y12, CD68 and CD45. Color spectrum indicates expression levels of the marker
(red, high expression; blue, low expression). e) Dot plot shows the correlation between TNF- and P2Y12-signal intensity of
C5 (lower abundance in lesions), C10 and C17 of all samples measured, which were from 5 biologically replicated NAWM
and 5 biologically replicated lesions. f) Dot plot shows the correlation between CD68- and CD45-signal intensity of C5 (lower
abundance in lesions), C3 and C11 of all samples measured.
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Figure 4 | Confirmation of differentially phenotypic diversity of myeloid cells in active lesions. a, b) The overlaid t-SNE
plot of ten NAWM and eight active lesion samples (a), or of eight NAWM and nine active lesion samples (b). The 2D t-SNE
maps were generated based on expression levels of TYPE markers of Exp-II (S7 Table, a) or of Exp-III (S8 Table, b). The coloring
indicates 12 defined clusters representing diverse myeloid cell phenotypes. Heat map cluster demonstrates the expression
levels of TYPE markers used for t-SNE embedding. Asterisk indicates differentially abundant clusters. c, d) Box-plots show
frequencies (%) of all defined clusters in Exp-II (c) and Exp-III (d). Differentially abundant clusters (C1, C5, and C6, Exp-II; C1,
C3, C6 and C9, Exp-III) between active lesions and NAWM were found. 		

(continued on next page)
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Figure 4 | (continued)

A p-value < 0.05 at 10% FDR was considered statistically significant, determined using GLMM (*p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, adjusted). Boxes extend from the 25th to 75th percentiles. Whisker plots show the
min (smallest) and max (largest) values. The line in the box denotes the median. Each dot represents the value of each sample.
e, f) Reduced-dimensional single-cell t-SNE maps highlight differentially abundant clusters of Exp-II (e) and Exp-III (f). g,
h) Snail plot shows marker expression levels of each differentially abundant clusters, in comparison to hoMG cluster C6 of
Exp-II.

phagocytic clusters C4 and C6 (Figure 2) which were enriched in active lesions but did not reach
significantly difference compared to NAWM (C4: adjusted p-value = 0.0838; C6 = 0.0679). Therefore,
to further investigate the phagocytic and inflammatory phenotypes of myeloid cells in active lesions of PMS, we used two additional antibody panels (Exp-II and Exp-III; Tables S6-S7), including
infiltrating cells. The antibody panels used in Exp-II and Exp-III had some overlap in phenotypicdefining markers (designated as TYPE markers: HLA-DR, CD11c, CCR2, CD172a (SIRPα), CD196,
CD91, CD95 (Fas), CD56, CD54 (ICAM-1), CD116, CD74, CD47, IRF7, CD274, CD35). These TYPE
markers allowed us to compare the cell populations between experiments (Exp-II and -III). In addition, we further phenotypically profiled the defined clusters using STATE markers (Tables S6-S7), a
set of markers characterizing microglia/myeloid cells with particular emphasis on inflammation- and
phagocytosis-associated markers, including MIP-1β (CCL4), TNF, GM-CSF, CD206, Clec7a, AXL,

Figure 5 | Differential phenotypes of myeloid cells in active lesions. a-c) Volcano plots show differential expression (in comparison to hoMG) of STATE markers (S7 and 8 Tables) in significantly enriched microglial clusters, determined using Exp-II
(a, c) and Exp-III (b, d) antibody panels. Black dots indicate significantly expressed markers, whereas the grey dots are nonsignificant markers. Markers labelled in red are determined in both Exp-II and Exp-III. Two-tailed, unpaired t-test followed a
correction for multiple comparisons using the Holm-Šídák method, p-value < 0.05 is considered statistically significant. The X
axis plots the difference in mean expression between the significantly enriched clusters and the hoMG cluster. A dotted grid
line is shown at X = 0, no difference. The Y axis plots the multiplicity adjusted p-value (-log) tested using two-tailed, unpaired
t-test. A dotted grid line is shown at Y = -log (0.05), no statistical significance.

216

Myeloid cell diversity in active MS lesions determined by CyTOF

CD36, CD163, CD14, CD64 (FcγRI), CD32 (FcγRII), TGF-β, IL-1β, IFNγ, IFNα and osteopontin (OPN;
SPP1).
As in Exp-I (Figure 1), we first embedded all analyzed cells on t-SNE maps using the TYPE
markers. Meta-clustering resulted in 12 clusters with consistent phenotypes (Figure 4a-d; Figure
S3b, c and Figures S6-8). As shown in Exp-I (Figure 1c), more than 98% of CD11b-MACS-sorted cells were P2Y12+/dimTMEM119+/dim microglia (Exp-I, Figure 1c). In Exp-I, the hoMG cluster was
characterized as P2Y12+TMEM119+HLA-DRdimCD11cdimCD68dim. In Exp-II and -III (in which P2Y12 and
TMEM119 were not measured, due to limitation of metal channels available), we therefore identified
the HLA-DRdimCD11cdimCCR2lo/- cluster as the hoMG cluster (C6 in Exp-II and C9 in Exp-III). A lower
abundance of HLA-DRdimCD11cdimCCR2lo/- hoMG in active lesions was detected in both Exp-II and
-III, which was similar to results obtained from Exp-I (Figure 4a-f).
Increased abundance of two activated microglial clusters was consistently detected in active
lesions in both experiments (C1 and C5 in Exp-II; C1 and C3 in Exp- III, Figure 4a-f). These clusters
were similarly characterized by higher expression of HLA-DR, CD11c, CD47, CD172a, CD91, CD56,
CCR2, CD116 and CD95, compared to the hoMG cluster (Figure 4g, h). The two activated microglial clusters (C1 and C5 in Exp-II; C1 and C3 in Exp-III) displayed similar phenotypes with varying degrees of activation regarding, in particular, the different expression level of HLA-DR, CD11c,
CD172a, CD91 and CD47 (Figure 4g, h).
In-depth phenotypic profiling using STATE markers revealed significantly increased expression of inflammation- and phagocytosis-associated markers, including NFAT1, MIP-1β (CCL4),
CD36, CD44, CD14, CD64 (FcγRI), CD32 (FcγRII), IFNα, AXL, ABCA7, CD115, Toll-like receptors
(TLRs), Galanin and GLUT5 in highly activated microglial clusters in active lesions (C1 in Exp-II and
C1 in Exp-III, Figure 5a, b). The clusters with a less activated phenotypes (C5 in Exp-II and C3 in ExpIII, Figure 5c, d) displayed fewer phenotypic differences in active lesions. We did not detect increased
infiltration of CCR2hi/+ myeloid cells in active lesions of PMS (Figure 4a-f; C2 and C9 in Exp-II; C4
and C5 in Exp-III), which was in line with the result from Exp-I showing no different abundance of
Clec12A+ myeloid cells in active lesions of PMS (C12; Figure 1c, d).

NAWM microglial phenotypes are comparable to the control aged microglia
Disease onset of PPMS and SPMS is generally around 10 years later than RRMS32. In addition, the
incidence of irreversible disability in PPMS and SPMS follows a similar pattern32, which suggests
that aging could be an important risk factor for MS progression. During normal aging, microglia
undergo phenotypic and functional changes, resulting in reduced ability to repair CNS damage,
which may result in more vulnerable axons and neurons33. Furthermore, aged microglia have been
observed to display an activated phenotype characterized by increased expression of MHC class
II, CD68 and pro-inflammatory cytokines such as IL-1, IL-6 and TNF16,34. This activation is associated with increased expression of TLRs and other pattern recognition receptors, as well as decreased
expression of immune-suppressive factors, such as CD200-CD200R and fractalkine-CX3CR1 interac217
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Figure 6 | Age-related phenotypic changes of microglia in active lesions. a-j) Linear regression analysis and Box plots comparing age with the cluster abundance (frequency, %) of the
hoMG clusters and significantly enriched clusters, identified
using antibody panels Exp-I (a-d), Exp-II (e-g) and Exp-III (h-j).
Boxes extend from the 25th to 75th percentiles. Whisker plots
show the min (smallest) and max (largest) values. A p-value <
0.05 was considered statistically significant, determined using
two-tailed, unpaired t-test.

tions. Consequently, the active lesion-associated phenotypic changes described above (Figures 1-5)
could resemble those observed with aging. In addition, our previous study using bulk transcriptomic
analysis revealed subtle changes of the microglial signature in NAWM of PMS donors compared
to age-matched non-MS control donors10, so it is interesting to test whether the phenotypic alterations identified in active lesions (in a comparison to NAWM) can also be detected in non-MS aged
microglia. Myeloid cells were isolated and MACS-sorted from white matter of non-MS aged donors
as described above, and were characterized using the antibody panels from Exp-I, -II and -III. In
comparison to NAWM, we did not detect differentially abundant clusters in control aged microglia
(CON) in either experiment (Figure 6a-j), which was similar to our results obtained from our previous study comparing microglia isolated from NAWM and age-matched control WM10. Furthermore,
the lesion-enriched clusters, which were identified in Exp-I, -II and -III (Figure 4), were not correlated
with age in all three studied groups, except TNFhi C8 (Exp-I, Figure 6b) and CD19loP2Y12dim C11 clusters (Exp-I, Figure 6d).
218

Myeloid cell diversity in active MS lesions determined by CyTOF

Discussion
In this study, we characterized and compared WM myeloid cells isolated from active lesions and
NAWM of PMS donors, using single-cell mass cytometry to analyse three different antibody panels
(a total of 74 markers). We consistently detected a lower abundance of a cluster of P2Y12+TMEM119+
and/or HLA-DRdimCD11cdim hoMG in active lesions and significantly enriched clusters of highly
phagocytic and activated microglia. These clusters were mainly characterized by lower expression
of homeostatic markers CX3CR1, P2Y12, TMEM119, GPR56, and/or increased expression of proteins
involved in phagocytic activity and microglial activation including CD45, HLA-DR, CD44, CD14,
CD11c, CD68, Clec7a, MS4A4A, CCR2, CD64, CD32, CD47, CD91, CD95, NFAT1, AXL, ABCA7 and/
or cytokine MIP-1β (CCL4) and osteopontin (OPN, or SPP1). Our findings support results of previous transcriptomic studies in EAE and early MS at the level of single-cell proteomics11,12. Importantly,
the abundance of infiltrating myeloid cells was not increased in active lesions of PMS in all three
experiments.
In contrast to scRNA-Seq, a single-cell protein array using CyTOF is often limited to a maximum of 40 markers per measurement, and thus it is challenging to comprehensively characterize
a targeted cell population with only one antibody panel. We applied three different antibody panels to increase the capacity for in-depth phenotypic profiling. We demonstrated the use of TYPE
markers to compare differentially abundant clusters between measurements. Moreover, this study
underscored the feasibility of performing single-cell phenotypic screening of small microglia/macrophage samples (3 measurements of 105 cells), as we have demonstrated previously16. To identify
differentially abundant clusters between conditions, we applied meta-clustering analysis (the FlowSOM algorithm: FlowSOM/Consensus-ClusterPlus)17, a powerful tool to explore cellular heterogeneity.
However, the identified clusters are descriptive and could be interpreted as distinct cell subsets and/
or transient cell states. Further functional analysis of each identified cluster remains to-date exceedingly challenging but essential.
Myeloid cells, including microglia, are emerging as key players in neuroinflammatory diseases like MS35–37. Numerous findings in rodent models such as EAE highlight the importance of
myeloid cells including microglia, monocyte-derived macrophages and dendritic cells in neuroinflammation36,38. However, these models only partially replicate the complexity of human MS and
thus, our understanding of how myeloid cells either respond or contribute to MS pathogenesis is still
limited. This is particularly true for the advanced stages of MS where progressive neurodegeneration predominates39. The present study nicely complements the single-nuclei RNA-sequencing study
from WM in SPMS40 and other studies using bulk and single-cell/nuclei transcriptomic analysis in
early and PMS as well as the EAE model11,12,38,41–44, in which microglia show an increased gene expression of MHC class II-related molecules such as HLA-DR, CD74 and molecules involved in phagocytosis and/or myelin uptake including GPNMB, SPP1 and CD68 in MS. Using CyTOF, we detected
decreased abundance of the homeostatic microglial cluster in lesion-enriched microglia populations,
which consistently coincided with increased expression of the antigen-processing and phagocytosis-related markers HLA-DR, CD11c, AXL, CD45, CD68, ATP-binding cassette (ABC) transporter A7
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(ABCA7)45 and CD44 (a receptor of GPNMB)46, as well as the molecules involved in the inflammatory
process in microglia such as CD14, Clec7a (dectin-1) and its co-activator MS4A4A47. Nevertheless,
a lesion-enriched cluster identified by Exp-I showed downregulation of these markers (C11, Figure
2b), suggesting a cluster of microglial dysfunction in active lesions. Similarly, expanding the analyzed markers with Exp-II and -III revealed active lesion-enriched clusters of cells with higher expression of phagocytosis-related and inflammatory molecules such as inflammatory cytokines MIP-1β
(CCL4) and OPN, the receptor tyrosine kinase AXL, the myeloid inhibitory immunoreceptor SIRPα
(CD172a) and its co-activator CD4748, ABCA7, CD91 (LRP1 or ApoE receptor) and Fcγ receptors
(CD64 and CD32). Furthermore, the expression of molecules involved in apoptosis-regulation CD95
(Fas) and immune regulatory function NFAT1 (a transcription factor regulating T-cell function) and
galanin49,50 were also found to be increased in lesion-enriched clusters. Even though our results lack
functional investigation, it is tempting to speculate that, at this late disease stage of PMS, microglia
are multi-functional in NAWM and active lesions. On the one hand, microglia attempt to maintain
brain homeostasis by up-regulating expression of molecules involved in clearance of apoptotic cells
and myelin debris such as AXL51, phospholipid transporter ABCA745, HLA-DR, CD45 and CD68, as
well as the neuropeptide galanin, which provides neuroprotective effect in EAE mouse model50. On
the other hand, microglia become activated and up-regulate the expression of inflammatory mediators MIP-1β and OPN. An expansion of MIP-1β (CCL4)-expressing microglia subset has been
detected in EAE12 and WM active lesions of MS patients11, as well as in an Alzheimer´s disease
model53. It has also been demonstrated in an EAE mouse model that OPN exacerbated disease
progression, promoted worsening paralysis and induced neurological deficits54. Furthermore, the
increased expression of the immune regulator NFAT1 in microglia in active lesions may be linked to
chronic activation and neuroinflammation of these cells49,55.
During early MS or EAE, monocyte-derived macrophages can enter the CNS11,38. However,
it has been challenging to distinguish microglia from infiltrating macrophages in human brain and
thus recognize their contribution to MS lesion formation and pathology. In this study, to distinguish
microglia from infiltrating macrophages in active MS lesions, we used either microglia signature
markers P2Y12, TMEM119 and GRP56, together with Clec12A, a marker for hematogenic macrophages (Exp-I) or CD206 and CCR2 for monocytes and/or monocyte-derived macrophages (Exp-II
and -III)56. Interestingly, the cluster with high Clec12A expression and low P2Y12, TMEM119 and
GPR56 expression was not significantly enriched in active MS lesions. Similarly, the abundance of
CCR2hi/+ cells was comparable between NAWM and active lesions, corroborating the idea that infiltrating monocyte-derived macrophages are hardly present in the CNS of PMS7,57.
We detected a distinct cluster of P2Y12+ microglia that highly expressed TNF (Figure 1e).
Interestingly, a lower abundance of this TNFhi microglial cluster was found in active lesions of PMS,
compared to NAWM. TNF has long been recognized as an immune modulator58. During neuroinflammation, TNF is mainly expressed by myeloid cells59,60, and provides neuroprotective effects, possibly by limiting the extent and severity of autoimmune pathology58–61. TNF deficiency is related to
disturbed microglial homeostasis59, suggesting an important role of TNF in microglia function. This
concept is supported by the results obtained from the EAE model, indicating that impairment of TNF
signaling is associated with the induction of demyelination and less removal of T lymphocytes from
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the lesion area62. Moreover, monoclonal antibody therapies targeting TNF and its receptors have
been associated with demyelinating disorders in human63. It has been also demonstrated that myelin
uptake by microglia induced an anti-inflammatory phenotype by downregulating TNF expression64.
Thus, TNF-expressing myeloid cells, which likely play a neuroprotective role, are reduced in active
lesions of PMS, possibly by prolonged uptake of myelin. However, it is technically impossible to
selectively sort this rare population, thus their precise function in PMS remains to be investigated.
In conclusion, we demonstrate herein the power of multi-dimensional single-cell phenotyping to unravel the diversity of myeloid cells in PMS post-mortem brain tissue. Our results underscore
the heterogeneity and complexity of myeloid cell phenotypes in active lesions in PMS, and suggest
potential differences of pathogenesis between early MS and PMS. Active lesions of PMS contain
highly phagocytic and activated microglia, pointing towards their role in clearing up myelin/cellular
debris without causing local immune activation. This may explain why anti-inflammatory therapies
that are highly effective in early MS are less effective in PMS. It will be important to consider the
heterogeneity of myeloid cell phenotypes when designing novel treatment interventions for PMS.
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Supplementary Figure 1 | MS lesion characterization. a) Representative brain sections of control white matter (CON, upper
image; scale bar = 1 mm) and normal appearing white matter (NAWM) as well as lesion enriched white matter (Lesion) of donors
with MS pathology (lower image; scale bar = 1 mm). NAWM tissue shows ramified microglia and intact myelin, based on HLADR and PLP staining, respectively. In active lesion, demyelinated center and active microglia/macrophages could be detected
throughout the whole lesion. The majority of HLA-DR+ cells in active lesions are foamy microglia/macrophages. Scale bar of
high resolution pictures is 50 µm. Eight control, ten NAWM and nine active lesion white matter were analyzed. b) Isolated IRF8+
nuclei, enriched for microglia genes show conserved expression of homeostatic genes CX3CR1, TMEM119, P2RY12 and ADGRG1
in active MS lesions (n=5) as compared to NAWM (n=7), detected by RT-qPCR. c) Microglial expression of CX3CR1, P2Y12 and
GPR56 is also not changed at protein level in active MS lesions (n=4-8) compared to NAWM (n=4-8), detected by flow cytometry.
Statistical testing: Mann Whitney test and Wilcoxon paired t-test. d) Representative laser confocal microscopic images of CON,
NAWM and lesion WM tissues showing microglia as P2Y12+ cells (green), and nuclei are counterstained with DAPI (blue). The
graph shows the quantification of P2Y12+ cells in CON, NAWM and lesion WM tissues.
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Supplementary Figure 2 | Marker expression - Exp-I. The overlaid t-SNE plot of 8 NAWM and 7 lesion white matter samples.
The 2D t-SNE maps were generated based on expression levels of all markers of Exp-I (S6 Table), each dot represents a cell and
the color denotes the expression level of each targeted protein.
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Supplementary Figure 3 | Delta area analysis. The graphs show correlation between changes in area under cumulative distribution function (CDF) curve and k value of the clustering analysis in Exp-I (a), Exp-II (b) or Exp-III (c).

Supplementary Figure 4 | TREM2 expression.
Dot plot graph show TREM2 expression of
hoMG C3 cluster compared to the lower abundant C8 and enriched clusters C1 and C11 in
active lesions.
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Supplementary Figure 5 | Analysis of myeloid cell heterogeneity using imaging CyTOF. a) Representative IMC images of
normal-appearing white matter (NAWM) and Lesion WM show expression of 13 markers analyzed. b) The overlaid t-SNE
plots of 5 NAWM (red) and 5 lesions (black). Heat map demonstrates the phenotypic diversity of all clusters characterized
using PhenoGraph. The heat color shows expression levels of all markers used for the analysis. c) Representative IMC images
of five differentially abundant clusters detected in lesion WM.
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Supplementary Figure 6 | Marker expression - Exp-II. The overlaid t-SNE plot of 10 NAWM and 8 lesion white matter samples. The 2D t-SNE maps were generated based on expression levels of all markers of Exp-II (S7 Table), each dot represents a
cell and the color denotes the expression level of each targeted protein.
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Supplementary Figure 7 | Marker expression - Exp-III. The overlaid t-SNE plot of 8 NAWM and 9 lesion white matter samples. The 2D t-SNE maps were generated based on expression levels of all markers of Exp-III (S8 Table), each dot represents a
cell and the color denotes the expression level of each targeted protein.
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Supplementary Figure 8 | FlowSOM phenotypic heat maps - Exp-II and -III. Heat map cluster demonstrates the expression
levels of all markers used for the cluster analysis in Exp-II (a) and Exp-III (b). Heat colors of expression levels have been scaled
for each marker individually (to the 1st and 5th quintiles) (red, high expression; blue, low expression).
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The scope of this thesis is to identify changes in microglia reflecting neuropathological changes in the
human brain (part 1) and to study the contribution of microglia to MS lesion initiation (part 2) and
development (part 3).
The effect of ante- and post-mortem variables on microglia characteristics isolated from
post-mortem human brain tissue is assessed in Chapter 2. We optimized a protocol to rapidly isolate human microglia within 4 hours with an average yield of 450.000 (white matter) and 150.000
(grey matter) viable cells per gram of post-mortem brain tissue, with a short post-mortem delay
(on average 6 hours). We compared over 100 microglia isolations to assess the impact of clinical and
autopsy parameters on cell viability and microglial CD45/CD11b expression. Except for pH of the
cerebrospinal fluid (CSF), reflecting brain acidity, age, post-mortem delay, total time until isolation
and donor diagnosis did not correlate with microglia yield. Donor parameters (other than neurological diagnosis), including age, brain acidity, total time until isolation and post-mortem delay had no
effect on microglial CD45/CD11b expression. Furthermore, we demonstrated that microglia can be
distinguished from autologous choroid plexus macrophages based on size, granularity and CD45/
CD11b expression using flow cytometry. Finally, we showed that microglial gene expression is drastically changed within hours upon culture conditions and provided evidence that microglia can be
cryostored for brain bank purposes while retaining high RNA quality and microglial phenotyping is
still possible, allowing researchers to collect cells for later analyses. Combined, we showed that human microglia isolated from post-mortem brain tissue retain their viability and phenotype, allowing
to reliably relate microglial changes, such as CD45 expression, to the neuropathological status of for
instance MS donors.
Chapter 3 describes cell isolation protocols and analytic techniques, such as multiomics, flow cytometry and functional assays, to phenotype primary human glial cells isolated from
post-mortem brain tissue. Main focus is on previously published isolation techniques to obtain glial
cell populations from human brain tissue with short post mortem delay (on average 6 hours), including the rapid isolation protocol that we developed in our group to obtain viable microglial cells
within 4 hours from post-mortem tissue. Furthermore, downstream applications to profile primary
human glial cells in order to identify changes related to neurological or psychiatric diseases are reviewed.
BAI1 is a phagocytic receptor that mediates the uptake of apoptotic cells and is involved
in neural development and angiogenesis. Several studies reported on the role of this receptor in
primary cells and cell lines of monocyte and/or macrophage origin. In Chapter 4, we tested various
data sets of gene expression in monocytes, monocyte-derived macrophages and tissue macrophages,
including microglia, from human, mouse, and zebrafish, but failed to find evidence for expression of
BAI1 at mRNA and protein level. This brief report does not question the role of BAI1 as phagocytic
receptor, but challenges the expression of BAI1 on monocytes and macrophages demonstrated by
previous studies.
In Chapter 5, we identified the transcriptional profile of human microglia, which were isolated from post-mortem normal-appearing white matter (NAWM) and normal-appearing cortical
grey matter (NAGM) MS tissue as well as control white matter (WM) and cortical grey matter (GM).
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First, we showed a conserved expression of top enriched mouse microglia signature genes in human microglia. Next to the well-known signature genes P2RY12 and TMEM119, ADGRG1 (encoding
GPR56) was identified as a marker highly expressed on microglia and nearly absent on macrophages.
Second, we demonstrated profound microglial differences between GM and WM regions in both the
control (453 differentially expressed (DE) genes) and MS groups (124 DE genes), related to immune
regulatory pathways. Microglia isolated from NAGM MS tissue highly expressed genes involved
in glycolysis and iron homeostasis, indicative for iron accumulation in microglia, which is an early
pathological hallmark for MS. In contrast, microglia from NAWM MS tissue showed increased expression of genes implicated in lipid metabolism and lysosomal functioning, suggesting early signs
of demyelination. We confirmed that increased expression of lipid metabolism and lysosomal genes
are early signs of MS pathology, since IRF8-nuclei in MS lesions showed similar upregulation of these
genes. Except for ADGRG1, the microglial homeostatic signature was highly conserved in normalappearing MS tissue, demonstrating that early pathological alterations in normal-appearing microglia do not affect their homeostatic state. To conclude, we demonstrated a region-specific transcriptional profile for microglia across GM and WM brain regions in both control and MS. Moreover,
microglial changes in normal-appearing MS tissue are related to early MS pathology, but does not
change their homeostatic state.
The phenotype of microglial clusters, so-called nodules, in both stroke and MS postmortem NAWM tissue was examined in Chapter 6, to assess their putative contribution to MS lesion
formation. We observed a higher number of HLA-DR+ nodules in MS NAWM tissue as compared to
stroke nodules, and the majority of MS nodules contained microglia that are proliferating. Furthermore, proteins implicated in lipid metabolism and phagocytosis, such as MSR1, CHIT1 and CD11c,
were expressed by microglial nodules in both stroke and MS, suggesting uptake and degradation
of myelin debris, indicative for demyelination. Microglia within nodules in both stroke and MS also
expressed the co-stimulatory molecule CD86, indicating that nodules can regulate T-cell activation.
Indeed, only in MS, some nodules were in close contact to parenchymal lymphocytes, and a high
percentage of T cells were proliferating. Besides plasma and B cells, we found expression of antibody
genes only in MS nodule tissue. Finally, MS brain donors with nodules had a higher number of reactive sites and total WM lesions, as well as a higher proportion of active MS lesions, as compared
to stroke nodules. Altogether, phagocytic active nodules, indicative for demyelination, reside in an
inflammatory environment, suggesting a role for these nodules in MS lesion formation.
In Chapter 7, we showed that tolerance of primary human microglia can be broken by
co-stimulation with immunoglobulin (Ig)G-immune complexes and Toll-like receptor (TLR)-ligands.
Intrathecal antibodies, detected as oligoclonal bands in the CSF of MS patients, are a hallmark for
MS diagnosis. First, we demonstrated that myelin obtained from 8 out of 11 MS brain donors was
bound by IgG antibodies. Importantly, these antibodies could form immune complexes and break
microglial tolerance for microbial stimuli, such as LPS and Poly I:C, causing increased production of
pro-inflammatory cytokines, such as TNF, IL-1β and IL-8. In addition, IgG receptors FcγRI and FcγRIIa were responsible for breaking of microglial immune tolerance. Concluding, these data showed
that antibody complexes bound to MS myelin potentiate microglial inflammation, by increased expression of pro-inflammatory cytokines and chemokines, which might contribute to the formation of
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MS lesions.
The molecular mechanisms implicated in MS lesion activity were assessed by whole tissue
gene-expression profiling of the rim and peri-rim of chronic (mixed) active and inactive MS lesions
and compared to control WM tissue (Chapter 8). Cluster analysis revealed three genes that were specifically upregulated around chronic active lesions: NCAN, TKTL and ANO4. Furthermore, genes related to phagocytosis and lipid processing, including MSR1, CD68, CXCL16, OLR1, CHIT1, GPNMB
and CCL18, were highly expressed in the rim of chronic active lesions, which contain many foamy
microglia/macrophages. Interestingly, some of these genes were already highly expressed around
chronic active lesions, indicating that these lesions are expanding. Furthermore, we demonstrated
that CHIT1 and GPNMB are implicated in uptake and processing of MS myelin by macrophages and
showed that scavenger receptors MSR1 and CXCL16 reduce uptake of myelin in vitro. Combined,
genes associated with lipid uptake and processing are already present around chronic active MS
lesions, indicative for early demyelination and demonstrate that these lesions are expanding.
The contribution of microglia and macrophages to active lesion formation in progressive
MS is still unclear. To assess their phenotype in active lesions, we isolated myeloid cells from ten
progressive MS cases and compared their phenotype between active lesions and normal-appearing white matter tissue (from the same donors), determined by single cell multiplex mass cytometry (CyTOF) in Chapter 9. We used 74 markers to phenotype myeloid cell clusters in active MS
lesions, which showed a decreased expression of homeostatic proteins, including TMEM119, P2RY12
and GPR56. Furthermore, lesion-enriched myeloid cells demonstrated a phagocytic and activationassociated phenotype, but lack expression of pro-inflammatory cytokines. The phenotype of
normal-appearing myeloid cells is comparable to control myeloid cells. Interestingly, hardly any
infiltrating monocyte-derived macrophages were found in active lesions of progressive MS donors.
Concluding, in progressive MS, active lesions contained myeloid cell clusters with an activated,
phagocytic phenotype, but they are noninflammatory and infiltrating monocyte-derived macrophages were hardly present.
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Microglia are recognized for their role in demyelination and inflammation and appear as foamy cells
in active MS lesions1,2. Therefore, they play an essential role in MS pathology; however, the questions
remain how microglia do become activated, whether they can start MS lesion formation and what is
their contribution to MS lesion development and expansion. Answering these questions will expand
our knowledge on the role of microglia in MS pathology and will provide information on the potential use of microglia as therapeutic target to successfully treat progressive MS. The proposed view on
microglia activation and their contribution to MS lesion initiation and development, according to the
results presented in this thesis, is displayed in Figure 1.

11.1 Research using primary human microglia
The use of primary human microglia will provide valuable information on their role in neurological
and psychiatric diseases. Here, we optimized a protocol to rapidly isolate primary microglia within
a few hours from post-mortem human brain tissue (with an average post-mortem delay of 6 hours),
while retaining their viability and phenotype. We assessed the impact of ante- and post-mortem
variables on the yield and phenotype of isolated microglia and showed that only the pH of the cerebrospinal fluid (CSF), reflecting brain acidity, impacts on the yield of microglia. However, brain
acidity, post-mortem delay, total time until isolation and age did not impact on the expression of
CD45 and CD11b on primary microglia. Therefore, changes observed in the profile of isolated human
microglia reflect neuropathological differences, such as higher expression of CD45 on microglia in
normal-appearing white matter MS as compared to control, indicating an alerted state of MS microglia (Chapter 2). It is important to note that primary microglia lose their signature gene profile,
including P2RY12 and CX3CR1, very rapidly during culturing conditions, indicating that downstream applications such as gene or protein profiling should be performed acutely after isolation in
order to relate microglial changes to neuropathology. However, cultured primary human microglia
can still be used to perform functional assays, including phagocytosis experiments (Chapters 2-3).
To conclude, the profile of acutely isolated human microglia can reliably be studied in order to identify microglia specific characteristics, and their profile in relation with neuropathology, such as MSrelated changes.

11.2 Microglia core signature
The microglia core signature3–6 allows to distinguish between microglia and infiltrating monocytederived macrophages, which constitute the environment in active lesions and might contribute to MS
lesion formation7,8. In Chapter 5, we performed RNA-sequencing analysis and observed a high expression of adhesion GPCRs by microglia in grey matter (GM) and white matter (WM) tissue, among
them ADGRG1 (encoding GPR56), which is one of the most abundantly expressed adhesion GPCRs
on GM and WM microglia. Interestingly, this gene is not expressed by monocyte-derived macrophages that repopulate the CNS after BBB impairment9. Furthermore, we confirmed expression of
GPR56 on microglia at protein level, and showed nearly absence of GPR56 expression on choroid
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plexus macrophages, which makes it a relevant marker to distinguish microglia from macrophages
under pathological conditions whereby monocytes/macrophages can enter the CNS.
Besides identifying microglia, GPR56 is used to identify homeostatic microglia, since the
expression of GPR56 is reduced under neurodegenerative conditions in animal models10,11. Remarkably, we demonstrate that GPR56 is the only signature gene with reduced expression on microglia in
NAWM (Chapter 5) and its expression is further reduced, together with P2RY12 and TMEM119, in a
subset of microglia enriched in active MS lesions (Chapter 9). In line with the reduced expression of
GPR56 on activated microglia, we propose a role for GPR56 in maintaining microglia homeostasis,
which is in line with our previous data that demonstrates a role for GPR56 as effector molecule in
preventing cytotoxic lymphocyte activation12. Still, more research is required to examine the microglial function of GRP56 and to confirm its microglial specificity by demonstrating absence of GRP56
on monocyte-derived macrophages that infiltrate the CNS under neurodegenerative conditions in
humans.

11.3 Microglia heterogeneity
GM and WM brain regions differ in their cellular composition, as GM regions mainly contain neuronal cell bodies and WM regions mainly consist of myelinated axons, suggesting that the microglial profile might differ among brain regions. Moreover, the cellular composition of the microglial environment impacts on their signature, as we noticed drastic reduction of human microglia
signature genes when microglia are removed from their environment and kept for 4 days in
culture (Chapter 2). Indeed, in Chapter 5, we described profound changes in the transcriptional profile of human microglia between GM and WM brain regions. Pathway analysis revealed differences in
immune response genes, whereby microglia in GM highly express interferon response genes and WM
microglia highly express inhibitor genes associated with NF-κB response. High expression of interferon genes by control and MS GM microglia, might be related to the presence of neuronal cell
bodies. Activation of the interferon pathway may play an essential role in the protection of neurons
by limiting viral spread in the CNS13–15. Our data is in line with previous studies on mouse, rat and
human microglia, showing heterogeneity of microglia across GM and WM brain regions16–19. Furthermore, distinct expression of immune response genes by microglia across GM and WM brain regions
may have implications for their response to different immune stimuli in the CNS. Similar, we found
a higher expression of CD45 protein on WM microglia as compared to GM microglia, suggesting
diversity in immune activation between control WM and GM microglia (Chapter 2). Interestingly,
the region-specific profile of microglia in both control and MS points to their potential distinct role
in inflammation and might contribute to differences in MS lesion formation across GM and WM
regions. Although we have shown that the profile of human microglia is environment-dependent,
the functional properties of microglial subpopulations across brain regions and their implications in
neurodegenerative diseases remains to be investigated.
Besides regional diversity, subpopulations of microglia may also appear within a brain
region, for instance in response to CNS pathology, thereby reflecting diverse activation states of
241

11

microglia. In Chapter 6 we identified heterogeneous populations of microglial nodules within a MS
brain region of NAWM tissue, determined by immunohistochemical staining for phagocytic and
lysosomal proteins. Expression of these markers, including MSR1 and CD11c, but also the lysosomal stress enzyme CHIT1, were expressed by several nodules, indicative for demyelination in
some nodules which may contribute to MS lesion formation. Similar to microglia heterogeneity in
NAWM MS tissue, we identified microglia subpopulations in active MS lesions, determined by single
cell mass cytometry (Chapter 9). This study showed that subsets of microglia emerge in active MS
lesions, which differ in their homeostatic profile, based on P2RY12, TMEM119 and GPR56 expression,
indicating that microglial subsets differ in their activation state in response to MS pathology. Summarizing, microglia heterogeneity was defined among brain regions, but also within brain regions,
as subsets with diverse activation profiles appear in NAWM tissue and active MS lesions. However,
the question remains which triggers are responsible for the emergence of diverse microglial subsets
among and within brain regions.

11.4 Changed myelin composition in MS
Most studies described in this thesis were performed on normal-appearing MS tissue to define early
MS-pathological changes. Normal-appearing tissue is histopathological characterized as a region
with intact myelin, detected by immunohistochemical staining for myelin protein PLP, and expression of some HLA-DR+ ramified cells. Interestingly, we identified: 1) early signs of MS pathology
related to increased expression of lipid metabolism and lysosomal genes by microglia in NAWM MS
tissue (Chapter 5); 2) increased expression of scavenger receptor and lipid metabolism genes around
mixed MS lesions (Chapter 8); 3) plasma and B cells together with genes for immunoglobulins
appear in MS NAWM tissue that contains microglial nodules (Chapter 6); and 4) IgG-immune
complexes bound to myelin that was isolated from NAWM MS tissue (Chapter 7). One of the genes
that is highly upregulated in MS NAWM microglia is LPL, which facilitates myelin-derived lipid
uptake by macrophages and microglia20,21. Furthermore, lipid metabolism genes CHIT1 and CHI3L1 are
high expressed in NAWM tissue (Chapter 5 and 8) and several studies have highlighted these markers
as important biomarkers for MS progression22–24. Together, these data provide evidence for early MSrelated changes in NAWM tissue by increased uptake and processing of myelin-derived lipids, but
also identified antibodies bound to myelin in NAWM MS tissue. Alterations in MS myelin might
impact on lipid metabolism of microglia that take up MS myelin. In line with this, our group has
previously shown that microglia take up MS myelin more efficiently than control myelin25, which
might be related to the observed IgG-opsonisation of MS myelin shown in Chapter 7, since we detected IgG bound to MS myelin on the same myelin samples that were used for in vitro experiments by
Hendrickx and colleagues25. Moreover, interestingly, other studies have shown alterations in myelin lipid composition that results in myelin destabilization26–28 and could even promote demyelination29. Moreover, Romanelli and colleagues provide evidence that myelin alterations were induced
by antibody opsonization in cuprizone animal models30. Changes in myelin lipid composition also
illustrates why NAWM is characterized as tissue with intact myelin by immunohistochemical stainings, since this method does not detect lipids but only myelin proteins, which are potentially not al242
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tered yet in NAWM MS tissue. To further elucidate myelin-specific alterations in NAWM MS tissue,
follow-up studies should focus on characterizing MS myelin modifications, such as myelin outfoldings (bulb-like structures of the myelin sheath)30 and g-ratio (ratio between axonal diameter
and outer diameter of myelin), which serves as a measure to define myelin intactness. Both myelin
out-foldings and thickness can be visualized at an ultrastructural level using high-pressure freezing
techniques and subsequent electron microscopy31,32, and could serve as a feature to visualize first
signs of MS pathology. Besides myelin alterations at an ultrastructural level, lipidomic analysis of
NAWM MS myelin will also provide additional information on MS myelin-lipid changes that might
contribute to the start of demyelination.
In Chapter 7, we showed that MS myelin is bound by antibodies, which may target myelin
lipids33 or proteins34. However, the antigen that is targeted by these antibodies is not known yet. The
cells responsible for antibody secretion are plasma and B cells, which are indeed found in NAWM MS
tissue, in regions containing nodules (Chapter 6). The question still remains why plasma and B cells
are present in NAWM tissue in MS and what triggers them to secrete, potentially, MS myelin-specific
antibodies. Furthermore, it would be very interesting to study the effect of IgG-opsonisation on MS
myelin, which, together with complement, might promote or even start demyelination35–37. Moreover,
investigating the process of myelin-lipid degradation by microglia after uptake of IgG-opsonized MS
myelin in comparison to control myelin is of high interest. To conclude, MS myelin lipid alterations
are observed already in NAWM tissue and may precede demyelination. When MS myelin is taken up
by microglia its altered composition may increase lipid metabolism and might hamper myelin degradation, which could lead to insufficient clearance of MS myelin. Prolonged uptake of MS myelin may
eventually lead to lysosomal accumulation and development of foamy microglia.

11

11.5 Breaking microglial tolerance in MS
For a long time, there is an ongoing debate on how microglia become activated and start to secrete
pro-inflammatory cytokines in MS. In normal-appearing MS tissue, the homeostatic profile of microglia is mainly conserved (Chapter 5) and we and others showed that primary human microglia are tolerogenic to classic immune stimuli, such as the TLR4-ligand LPS38,39. Another TLR-ligand,
Poly I:C, that mimics a viral stimulus, also does not activate primary human microglia (Chapter 7).
Therefore, human microglia might need an additional stimulus to break their tolerance and become
immune activated. Previous studies have shown that co-stimulation with TLR- ligands and antibody
immune complexes can break tolerance for immune stimuli in other myeloid cells, by promoting
expression of pro-inflammatory mediators40–42. This mechanism of tolerance breakdown depends on
cross-talk between Fcγ- receptors (FcγRs) and TLR-receptors and might also be an important mechanism implicated in tolerance breakdown of primary human microglia. Indeed, in Chapter 7 we
showed that microglial tolerance was broken by a combination of two stimuli, namely TLR-ligands
LPS or Poly I:C combined with IgG-immune complexes, which have been identified to bound MS
myelin. After tolerance breakdown, microglia secrete pro-inflammatory cytokines and chemokines
such as TNF, IL-1β and IL-8. Interestingly, the most pronounced effect was observed by stimulation
with IgG-immune complexes and the viral mimicking stimulus Poly I:C. Since many studies suggest
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that viruses are implicated in MS pathology, either as a primary cause or as a trigger of relapses
during the relapsing-remitting phase43,44, they are an interesting topic to be studied in more detail,
since neurotrophic viruses might activate microglia but might also activate T cells present in the CNS
and could trigger MS lesion formation.
FcγRI and FcγRIIa are the two main responsible IgG receptors for microglial tolerance
breakdown. However, whether TLR ligands and IgG-immune complexes are both present in MS
and could break microglial tolerance to start MS lesion formation needs to be further elucidated.
For this reason, we focussed on microglial nodules, which emerge in NAWM tissue (Chapter 6) and
might be the start of an MS lesion45–47. In line with this hypothesis, we found more active lesions and
a higher number of reactive sites in MS brain donors with nodules as compared to donors without
nodules. Since reactive sites contain accumulating HLA-DR+ microglia and are thought to be the
first stage of MS lesion formation, a positive correlation between the number of reactive sites and
the presence of nodules suggests that nodules are implicated in MS lesion initiation and microglia
immune activation may start here. Interestingly, the majority of microglial nodules is phagocytic and
lysosomal active, defined by expression of lesion-enriched proteins (Chapter 7) MSR1, CD11c and
CHIT1, showing early signs of demyelination and lysosomal stress. Furthermore, some nodules were
found in close contact to proliferating T cells, plasma and B cells, and genes for antibody production
were found in nodule-containing MS tissue. These antibodies may form immune complexes on myelin and together with TLR-ligands or cytokines secreted by proliferating T cells, they could break
microglial tolerance, corroborating the idea that MS lesion formation may start here. Importantly,
only several MS nodules contained phagocytic active microglia and even a lower fraction is in close
proximity to lymphocytes, indicating that not all nodules may start the formation of a demyelinated
MS lesion. However, more in-depth analysis is required, for instance by RNA-sequencing and multiplex imaging CyTOF, to elucidate if microglial nodules that are in close contact to parenchymal
lymphocytes are immune activated and contribute to MS lesion formation.

11.6 Microglial contribution to MS lesion initiation
Microglia are implicated in MS pathology by contributing to demyelination. The role of microglia
in MS lesion formation has been widely studied in mice, in the experimental autoimmune encephalomyelitis (EAE) model and in models for demyelination based on cuprizone or viral infection2,48,49.
In EAE lesions, the majority of myeloid cells consist of infiltrating monocytes/macrophages, showing a key role for circulating myeloid cells, next to microglia, in EAE progression2,50,51. In addition,
lesion-associated microglia/macrophages in animal models highly express pro-inflammatory mediators, such as chemokines, radical oxygens and pro-inflammatory cytokines2,52. An important drawback of these animal models is the lack of mimicking all aspects of MS pathology, including the
heterogeneous aspect of MS regarding pathology and clinical course, and the high amount of CD4+
T cells present in EAE lesions, whereas in MS lesions the majority of T cells are CD8+ 53,54. For this
reason, post-mortem brain tissue of MS donors provides us the unique opportunity to study the
microglial profile in context of progressive MS pathology.
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When microglia become activated, they can secrete pro-inflammatory mediators that may
contribute to or even start demyelination by promoting oligodendrocyte death and myelin damage55,56. In NAWM MS tissue, we found early signs of demyelination events identified by upregulation of lipid metabolism and lysosomal genes by homeostatic microglia, implicating that myelin
degradation by microglia might precede microglial activation (Chapter 5). The question still remains
if microglia start demyelination or if alterations in MS myelin occur before microglia start to demyelinate, since myelin lipid alterations and antibody-opsonization were already assessed in NAWM
MS tissue (Chapter 7)26–28,30.

11.7 Microglial contribution to MS lesion expansion
Microglia become foamy-like cells after prolonged uptake of myelin debris and they make up the
majority of HLA-DR+ cells in active MS lesions1,57. It has been suggested that cholesterol efflux deficiency is one of the mechanisms that might lead to impaired myelin clearance and lysosomal dysfunction, and finally leads to accumulation of myelin in microglia58,59,52. Interestingly, in Chapter 9
we show that these myelin-containing microglia in active MS lesions are noninflammatory, as they
do not produce pro-inflammatory cytokines such as IL-1β and TNF. Their homeostatic profile is reduced, defined by decreased expression of P2RY12, TMEM119 and GPR56, and increased expression
of so called disease-associated proteins10,11, including CLEC7a, SPP1 and AXL. Furthermore, several
microglia highly express TNF in NAWM tissue, but these cells were absent in active lesions. TNF
plays a role in immune modulation, they might have a neuroprotective function60–64, and expression
is reduced after lipid uptake58,65, indicating that TNF expression by microglia in NAWM MS tissue
might promote neuroprotection which might be impaired in active lesions after prolonged myelin
uptake. Furthermore, expression of phagocytic receptors is increased in active MS lesions, such as
scavenger and Fcγ-receptors, implicated in uptake of myelin (Chapter 9). Similar, genes highly expressed in and around mixed lesions, containing many foamy, lipid-laden microglia/macrophages,
are implicated in myelin uptake/degradation and suppression of inflammation, including scavenger
receptors and lipid metabolism genes CHIT1 and GPNMB (Chapter 8). Prolonged uptake of myelin
by microglia or macrophages promotes an anti-inflammatory phenotype, defined by increased expression of CCL18 and IL-10, and reduced TNF and iNOS expression in vitro65,66. Moreover, uptake
of myelin debris is crucial to promote axonal repair and eventually promotes remyelination58,67. To
conclude, myelin uptake by microglia in active lesions of progressive MS cases alters their homeostatic profile and suppresses inflammation, which might be an attempt to promote remyelination.

11.8 Infiltrating macrophages are hardly present in active MS lesions
GPR56 is highly expressed by microglia and is nearly absent on macrophages, therefore GPR56 can
be used to distinguish microglia from infiltrating macrophages under neuropathological conditions.
For this reason, we used GPR56 in our mass cytometry study to the profile of microglia isolated from
NAWM and active lesions from progressive MS brain donors (Chapter 9). Interestingly, expression
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of the macrophage markers CLEC12A, CD206 and CCR29,18, were not significantly increased in active
MS lesions, indicating that hardly any monocyte-derived macrophages are present in active lesions
in progressive MS, probably due to an intact BBB. Contrary, other studies have shown that, next to
TMEM119+HLA-DR+ cells, TMEM119-HLA-DR+ cells appear in active MS lesions in RRMS7,8, indicating that monocyte-derived macrophages invade MS lesions. However, importantly, the use of
brain tissue derived from relapsing-remitting MS donors might explain the detection of infiltrated
macrophages in these studies, highlighting that an impaired BBB in RRMS can facilitate entry of
macrophages into the CNS. Therefore, microglia, and not infiltrating macrophages, are key players
in de- and re-myelination events in active lesions of progressive, advanced MS.

11.9 New therapeutic approaches to treat MS
In this thesis, we have shown that microglia are not a uniform population and they can be both
detrimental as protective, depending on environmental factors. In addition, probably not all microglia that encounter MS-specific triggers, such as myelin-bound antibodies, become activated.
Therefore, instead of targeting all microglia, focussing on a specific microglial subset, which is proinflammatory, may have more promising therapeutic efficacy. Targeting microglial subsets, such as
nodules, which show early signs of demyelination and activation, could be an interesting approach.
Ample evidence shows that the phagocytic capacity of microglia is important to clear myelin debris,
which facilitates axonal repair and remyelination58,67,68. Therefore, therapeutic strategies should focus
on promoting efficient clearance of myelin, stimulate pro-regenerative capacities of microglia and, in
addition, block full activation of microglia. The transcription factor IRF5 is an interesting candidate
to mediate microglial activation; this transcription factor regulates amplification of pro-inflammatory factors in human monocytes, macrophages and dendritic cells69. Interestingly, IRF5 is also a risk
gene for MS70 and is high expressed by microglia, but not by other CNS cells4. Inhibiting IRAK4, a
kinase that blocks IRF5 translocation to the nucleus thereby blocking pro-inflammatory cytokine
production71,72, might be an interesting target for pharmacological intervention. However, the question still remains if blocking microglial immune activation in vivo does not interfere with the production of trophic factors and microglial phagocytic capacity, whereby it may inhibit debris clearance
and remyelination.
Besides targeting microglia for the treatment of MS, further elucidating the cause of MS
myelin alterations will provide information on its potential contribution to demyelination. Since
antibodies can target MS myelin and might lead to myelin alterations, blocking antibody secretion
by plasma and B cells could be one promising therapeutic approach to block, partly, demyelination.
Taken together, preventing myelin alterations and instability could serve as a promising therapeutic
approach to prevent further demyelination. Furthermore, targeting microglia for therapeutic strategies should focus on both their pro-inflammatory, phagocytic and regenerative capacities to stop
demyelination and promote regeneration, thereby preventing formation of new MS lesions.
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11.10 Concluding remarks
MS is one of the most common neurological diseases amongst young adults and affects 108 out of
100,000 people in Europe73. Despite the many available therapeutic drugs, therapies to treat this complex disease have not been successful yet. Microglia are recognised as key players in MS pathology
and multiple therapeutic drugs to treat MS have shown to indirectly also target inflammatory or
remyelination properties of microglia67,74,75. However, these disease-modifying therapies show limited
success in patients with progressive MS. Keeping this in mind, it is important to distinguish between
the role of microglia in RRMS and progressive advanced MS, since the inflammatory environment
for microglia in RRMS may be different than in progressive MS, caused by absence of infiltrating immune cells form the circulation into the CNS in progressive MS76–78. Indeed, we hardly encountered
monocyte-derived macrophages in active lesions of progressive MS brains and together with the
absence of peripheral lymphocytes54, this corroborates the idea that monocytes, macrophages and T
cells infiltrating from the circulation into the CNS play a less prominent role in progressive advanced
MS as compared to RRMS. For this reason, microglia play a key role in de- and re-myelination in progressive MS and are interesting candidates in the search for novel therapies to treat progressive MS.
Several questions still remain to be answered to completely understand the role of microglia
in MS lesion formation. First, it is still unclear what exactly triggers demyelination, but both inflammation and alterations of MS myelin might contribute to or even initiate demyelination. Second,
the antigen(s) that might be present on MS myelin and evoke(s) an immune response still needs to
be identified. Third, aside from functional studies that can demonstrate how microglial activation
can be regulated, the potential interaction between microglia and tissue-resident lymphocytes in
progressive MS that might result in microglia activation, or contrary might activate lymphocytes,
needs to be further elucidated. The use of post-mortem human brain tissue will provide essential
information on new approaches to target microglia and successfully treat progressive MS.
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Figure 1 | Proposed view on microglial contribution to MS lesion initiation and development. A) Microglia in normal-appearing MS tissue show early changes related to MS pathology,

such as increased expression of lipid metabolism genes LPL and CHI3L1. Except for ADGRG1 (encoding GPR56), their homeostatic profile is conserved (Chapter 5). B) Antibodies bound to

myelin are found in normal-appearing MS tissue (Chapter 7), together with plasma cells, B cells and proliferating T cells (PCNA) that appear in nodule-containing tissue (Chapter 6). To break

microglial tolerance for microbial stimuli, we identified that primary human microglia need two stimuli: IgG-immune complexes (present on MS myelin) and TLR-ligand Poly I:C (mimics

a viral response), which results in production of pro-inflammatory cytokines and chemokines (TNF, IL-8, IL-1β) (Chapter 7). These two stimuli might be present in normal-appearing MS

tissue near nodules and could activate microglia within nodules that can lead to MS lesion formation. Microglia within nodules are phagocytic and lysosomal active (MSR1, CD11c, CHIT1),

indicative for demyelination. Furthermore, nodules contain many proliferating microglia (PCNA), suggesting local tissue damage (Chapter 6). The expression of signature genes (P2RY12,

TMEM119, ADGRG1/GRP56; displayed between brackets) by microglia within nodules, still needs to be confirmed. C) Foamy microglia in active and mixed MS lesions show high expression

of phagocytic receptors (FcγRI, FcγRII, CD11c, MSR1) and lipid metabolism gene (CHIT1) but are noninflammatory and their homeostatic profile is partly conserved (P2RY12, TMEM119,

GPR56). Notably, infiltrating macrophages were hardly present in active lesions of progressive MS cases (Chapter 9). Cell images were adapted from Servier Medical Art by Servier licensed
under a Creative Commons Attribution3.0 Unported License.

248

General discussion

References
1.

Lucchinetti, C. et al. Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of
demyelination. Ann. Neurol. 47, 707–717 (2000).

2.

O’Loughlin, E., Madore, C., Lassmann, H. & Butovsky, O. Microglial Phenotypes and Functions in Multiple Sclerosis. Cold Spring Harb. Perspect. Med. 8, 1–22 (2018).

3.

Butovsky, O. et al. Identification of a unique TGF-β dependent molecular and functional signature in
microglia. Nat. Neurosci. 17, 131–143 (2014).

4.

Zhang, Y. et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular
cells of the cerebral cortex. J. Neurosci. 34, 11929–11947 (2014).

5.

Galatro, T. F. et al. Transcriptomic analysis of purified human cortical microglia reveals age-associated
changes. Nat. Neurosci. 20, 1162–1171 (2017).

6.

Gosselin, D. et al. An environment-dependent transcriptional network specifies human microglia identity. Science. 356, eaal3222 (2017).

7.

Zrzavy, T. et al. Loss of ‘homeostatic’ microglia and patterns of their activation in active multiple sclerosis. Brain 140, 1900–1913 (2017).

8.

Ramaglia, V. et al. Multiplexed imaging of immune cells in staged multiple sclerosis lesions by mass
cytometry. Elife 8, 1–29 (2019).

9.

Bennett, F. C. et al. A Combination of Ontogeny and CNS Environment Establishes Microglial Identity.
Neuron 98, 1–14 (2018).

10.

Keren-Shaul, H. et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s
Disease. Cell 169, 1276–1290 (2017).

11.

Krasemann, S. et al. The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional
Microglia in Neurodegenerative Diseases. Immunity 47, 566–581 (2017).

12.

Chang, G. et al. The Adhesion G Protein-Coupled Receptor GPR56/ADGRG1 Is an Inhibitory Receptor
on Human NK Cells. Cell Rep. 15, 1757–1770 (2016).

13.

Owens, T., Khorooshi, R., Wlodarczyk, A. & Asgari, N. Interferons in the Central Nervous System: A Few
Instruments Play Many Tunes. Glia 62, 339–355 (2014).

14.

Goldmann, T., Blank, T. & Prinz, M. Fine-tuning of type I IFN-signaling in microglia-implications for
homeostasis, CNS autoimmunity and interferonopathies. Curr. Opin. Neurol. 36, 38–42 (2016).

15.

Drokhlyansky, E., Göz, D., Soh, T. K., Chrenek, R. & O’Loughlin, E. The brain parenchyma has a type I
interferon response that can limit virus spread. PNAS 114, 95–104 (2017).

16.

Doorn, K. J. et al. Brain region-specific gene expression profiles in freshly isolated rat microglia. Front.
Cell. Neurosci. 9, 1–11 (2015).

17.

Grabert, K. et al. Microglial brain region-dependent diversity and selective regional sensitivities to aging.
Nat. Neurosci. 19, 504–516 (2016).

18.

Böttcher, C. et al. Human microglia regional heterogeneity and phenotypes determined by multiplexed
single-cell mass cytometry. Nat. Neurosci. 22, 78–90 (2019).

19.

Tan, Y.-L., Yuan, Y. & Tian, L. Microglial regional heterogeneity and its role in the brain. Mol. Psychiatry
25, 351–367 (2020).

20.

Preiss-Landl, K., Zimmerman, R., Hämmerle, G. & Zechner, R. Lipoprotein lipase: the regulation of
tissue specific expression and its role in lipid and energy metabolism. Curr. Opin. Lipidol. 13, 471–481
(2002).

21.

Bruce, K. D. et al. Lipoprotein Lipase Is a Feature of Alternatively-Activated Microglia and May Facilitate
Lipid Uptake in the CNS During Demyelination. Front. Mol. Neurosci. 11, 1–13 (2018).

22.

Møllgaard, M., Degn, M., Sellebjerg, F., Frederiksen, J. L. & Modvig, S. Cerebrospinal fluid chitinase-3like 2 and chitotriosidase are potential prognostic biomarkers in early multiple sclerosis. Eur. J. Neurol.
249

11

23, 898–905 (2016).
23.

Novakova, L. et al. Cerebrospinal fluid biomarkers as a measure of disaese activity and treatment efficacy in relapsing-remitting multiple sclerosis. J. Neurochem. 141, 296–304 (2017).

24.

Oldoni, E. et al. CHIT1 at Diagnosis Reflects Long-Term Multiple Sclerosis Disease Activity. Ann. Neurol.
87, 633–645 (2020).

25.

Hendrickx, D. A. E., Schuurman, K. G., van Draanen, M., Hamann, J. & Huitinga, I. Enhanced uptake of
multiple sclerosis-derived myelin by THP-1 macrophages and primary human microglia. J. Neuroinflammation 11, 64 (2014).

26.

Wheeler, D., Bandaru, V. V. R., Calabresi, P. A., Nath, A. & Haughey, N. J. A defect of sphingolipid
metabolism modifies the properties of normal appearing white matter in multiple sclerosis. Brain 131,
3092–3102 (2008).

27.

Poon, K. W. C. et al. Lipid biochemical changes detected in normal appearing white matter of chronic
multiple sclerosis by spectral coherent Raman imaging. Chem. Sci. 9, 1586 (2018).

28.

Podbielska, M. & Hogan, E. L. Molecular and immunogenic features of myelin lipids: incitants or modulators of Multiple Sclerosis? Mult. Scler. 15, 1011 (2009).

29.

Caprariello, A. V et al. Biochemically altered myelin triggers autoimmune demyelination. Proc. Natl.
Acad. Sci. 115, 5528–5533 (2018).

30.

Romanelli, E. et al. Myelinosome formation represents an early stage of oligodendrocyte damage in
multiple sclerosis and its animal model. Nat. Commun. 7, 13275 (2016).

31.

Möbius, W., Nave, K. & Hauke, B. Electron microscopy of myelin: structure preservation by high-pressure freezing. Brain Res. 1641, 92–100 (2016).

32.

Snaidero, N. et al. Myelin membrane wrapping of CNS axons by PI(3, 4, 5)P3- dependent polarized
growth at the inner tongue. Cell 156, 277–290 (2016).

33.

Jurewicz, A., Domowicz, M., Galazka, G., Raine, C. S. & Selmaj, K. Multiple sclerosis: Presence of Serum
Antibodies to Lipids and Predominance of Cholesterol Recognition. J. Neurosci. Res. 95, 1984–1992 (2017).

34.

Xiao, B. G., Linington, C. & Link, H. Antibodies to myelin-oligodendrocyte glycoprotein in cerebrospinal
fluid from patients with multiple sclerosis and controls. J. Neuroimmunol. 31, 91–96 (1991).

35.

Liu, Y. et al. Myelin-specific multiple sclerosis antibodies cause complement-dependent oligodendrocyte
loss and demyelination. Acta Neuropathol. Commun. 5, 1–13 (2017).

36.

Barnett, M. H., Parratt, J. D. E., Cho, E.-S. & Prineas, J. W. Immunoglobulins and complement in postmortem multiple sclerosis tissue. Ann. Neurol. 65, 32–46 (2009).

37.

Prineas, J. W. et al. Immunopathology of Secondary-Progressive Multiple Sclerosis. Ann. Neurol. 50, 646–
657 (2001).

38.

Melief, J. et al. Phenotyping primary human microglia: Tight regulation of LPS responsiveness. Glia 60,
1506–1517 (2012).

39.

Melief, J. et al. Characterizing Primary Human Microglia: A Comparative Study with Myeloid Subsets
and Culture Models. Glia 64, 1857–68 (2016).

40.

den Dunnen, J. et al. IgG opsonization of bacteria promotes Th17 responses via synergy between TLRs
and FcγRIIa in human dendritic cells. Blood 120, 112–122 (2012).

41.

Vogelpoel, L. T. C. et al. Fc gamma receptor-TLR cross-talk elicits pro-inflammatory cytokine production
by human M2 macrophages. Nat. Commun. 5, 1–8 (2014).

42.

Hansen, I. S. et al. FcalphaRI co-stimulation converts human intestinal CD103+ dendritic cells into
pro-inflammatory cells through glycolytic reprogramming. Nat. Commun. 9, 863–875 (2018).

43.

Tarlinton, R. E. et al. The interaction between viral and environmental risk factors in the pathogenesis of
multiple sclerosis. Int. J. Mol. Sci. 20, 303–318 (2019).

44.

Delbue, S., Carluccio, S. & Pasquale, F. The long and evolving relationship between viruses and multiple
sclerosis. Future Virol. 7, 871–884 (2012).

250

General discussion
45.

Barnett, M. H. & Prineas, J. W. Relapsing and remitting multiple sclerosis: pathology of the newly forming lesion. Ann. Neurol. 55, 458–468 (2004).

46.

Haider, L. et al. Oxidative damage in multiple sclerosis lesions. Brain 134, 1914–1924 (2011).

47.

van Noort, J. M. et al. Preactive Multiple Sclerosis Lesions Offer Novel Clues for Neuroprotective Therapeutic Strategies. CNS Neurol. Disord. Targets 10, 68–81 (2011).

48.

Ransohoff, R. M. Animal models of multiple sclerosis: the good, the bad and the bottom line. Nat. Neurosci. 15, 1074–1077 (2012).

49.

Lassmann, H. & Bradl, M. Multiple sclerosis: experimental models and reality. Acta Neuropathol. 133,
223–244 (2017).

50.

Ajami, B., Bennett, J. L., Krieger, C., Mcnagny, K. M. & Rossi, F. M. V. Infiltrating monocytes trigger EAE
progression, but do not contribute to the resident microglia pool. Nat. Neurosci. 14, 1142–1148 (2011).

51.

Huitinga, I., van Rooijen, N., de Groot, C. J. A., Uitdehaag, B. M. J. & Dijkstra, C. D. Suppression of Experimental Allergic Encephalomyelitis in Lewis Rats After Elimination of Macrophages. J. Exp. Med. 172,
1025–1033 (1990).

52.

Bogie, J. F. J., Stinissen, P. & Hendriks, J. J. A. Macrophage subsets and microglia in multiple sclerosis.
Acta Neuropathol. 128, 191–213 (2014).

53.

Fransen, N. L. et al. Tissue-resident memory T cells invade the brain parenchyma in multiple sclerosis
white matter lesions. Brain 143, 174-1730 (2020).

54.

Machado-Santos, J. et al. The compartmentalized inflammatory response in the multiple sclerosis brain
is composed of tissue-resident CD8+ T lymphocytes and B cells. Brain 141, 2066–2082 (2018).

55.

Fischer, M. T. et al. NADPH oxidase expression in active multiple sclerosis lesions in relation to oxidative
tissue damage and mitochondrial injury. Brain 135, 886–899 (2012).

56.

di Penta, A. et al. Oxidative Stress and Proinflammatory Cytokines Contribute to Demyelination and
Axonal Damage in a Cerebellar Culture Model of Neuroinflammation. PlosOne 8, 1–13 (2013).

57.

Luchetti, S. et al. Progressive multiple sclerosis patients show substantial lesion activity that correlates
with clinical disease severity and sex: a retrospective autopsy cohort analysis. Acta Neuropathol. 135,
511–528 (2018).

58.

Grajchen, E., Hendriks, J. J. A. & Bogie, J. F. J. The physiology of foamy phagocytes in multiple sclerosis.
Acta Neuropathol. Commun. 6, 124 (2018).

59.

Loving, B. A. et al. Lipid and Lipoprotein Metabolism in Microglia. Front. Physiol. 11, 1–20 (2020).

60.

McCoy, M. K. & Tansey, M. G. TNF signaling inhibition in the CNS: implications for normal brain function and neurodegenerative disease. J. Neuroinflammation 5, 1–13 (2008).

61.

Lambertsen, K. L. et al. Microglia Protect Neurons against Ischemia by Synthesis of Tumor Necrosis
Factor. J. Neurosci. 29, 1319–1330 (2009).

62.

Morganti-Kossman, M. C. & Lenzlinger, P. M. Production of cytokines following brain injury: beneficial
and deleterious for the damaged tissue. Mol. Psychiatry 2, 133–136 (1997).

63.

Probert, L. TNF and its receptors in the CNS: the essential, the desirable and the deleterious effects.
Neuroscience 302, 2–22 (2015).

64.

Pegoretti, V. et al. Selective Modulation of TNF–TNFRs Signaling: Insights for Multiple Sclerosis Treatment. Front. Immunol. 9, 925 (2018).

65.

Kroner, A. et al. TNF and Increased Intracellular Iron Alter Macrophage Polarization to a Detrimental
M1 Phenotype in the Injured Spinal Cord. Neuron 83, 1098–1116 (2014).

66.

Boven, L. A. et al. Myelin-laden macrophages are anti-inflammatory, consistent with foam cells in multiple sclerosis. Brain 129, 517–526 (2006).

67.

Lloyd, A. F. & Miron, V. E. The pro-remyelination properties of microglia in the central nervous system.
Nat. Rev. Neurol. 15, 447–458 (2019).
251

11

68.

Lampron, A. et al. Inefficient clearance of myelin debris by microglia impairs remyelinating processes. J.
Exp. Med. 212, 481–495 (2015).

69.

Hoepel, W. et al. FcγR-TLR cross-talk enhances TNF production by human monocyte-derived DCS via
IRF5-dependent gene transcription and glycolytic reprogramming. Front. Immunol. 10, 1–11 (2019).

70.

Kristjansdottir, G. et al. Interferon regulatory factor 5 (IRF5) gene variants are associated with multiple
sclerosis in three distinct populations. J. Med. Genet. 5, 362–369 (2008).

71.

Almuttaqi, H. & Udalova, I. A. Advances and challenges in targeting IRF5, a key regulator of inflammation. FEBS J. 286, 1624–1637 (2019).

72.

Cushing, L. et al. IRAK4 kinase activity controls Toll-like receptor – induced inflammation through the
transcription factor IRF5 in primary human monocytes. J. Biol. Chem. 292, 18689–18698 (2017).

73.

Multiple Sclerosis International Federation. Atlas of MS. (2013). http://www.msif.org/wp-content/uploads/2014/09/Atlas-of-MS.pd

74.

Koning, N., Uitdehaag, B. M. J., Huitinga, I. & Hoek, R. M. Progress in Neurobiology Restoring immune
suppression in the multiple sclerosis brain. Prog. Neurobiol. 89, 359–368 (2009).

75.

Dong, Y. & Yong, V. W. When encephalitogenic T cells collaborate with microglia in multiple sclerosis.
Nat. Rev. Neurol. 15, 704–717 (2019).

76.

Spencer, J. I., Bell, J. S. & Deluca, G. C. Vascular pathology in multiple sclerosis: reframing pathogenesis
around the blood-brain barrier. J. Neurol. Neurosurg. Psychiatry 89, 1–11 (2017).

77.

Lassmann, H. Pathogenic mechanisms associated with different clinical courses of multiple sclerosis.
Front. Immunol. 9, 1–14 (2019).

78.

Smolders, J., Fransen, N. L., Hsiao, C., Hamann, J. & Huitinga, I. Perivascular tissue resident memory T
cells as therapeutic target in multiple sclerosis. Expert Rev. Neurother. (2020). doi:10.1080/14737175.2020.
1776609

252

253

254

Appendices

255

256

Appendices

Nederlandse samenvatting
Multiple sclerosis (MS) is een chronische aandoening van het centrale zenuwstelsel waarbij de bescherm- en isolatielaag rondom zenuwcellen (de myeline) verdwijnt. Dit leidt tot celschade en uiteindelijk resulteert dit in de vorming van littekens, zogenoemde laesies. Het grotendeel van de patiënten
krijgt de diagnose MS in de leeftijd van 20-40 jaar, en de meeste patiënten (85%) krijgen de diagnose
‘relapsing-remitting’ MS, gekenmerkt door aanvallen die van tijdelijke duur zijn en ook wel relapses
worden genoemd. De aanvallen kenmerken zich door onder andere vermoeidheid, problemen met
zicht of lopen. Het merendeel van de patiënten met relapsing-remitting MS ontwikkelt na ongeveer
20 jaar de secundair progressieve vorm van MS, waarbij er geleidelijk achteruitgang optreedt zonder
perioden van herstel. Ongeveer 15% van de patiënten met MS krijgt de diagnose primair progressief,
wat betekent dat ze gelijk in de progressieve fase komen en geen tijdelijke aanvallen krijgen. De
meeste therapieën die ontwikkelt zijn voor MS zijn alleen (deels) effectief in het verminderen van de
symptomen bij de relapsing-remitting vorm van MS. Voor de progressieve vorm van MS zijn helaas
nog geen effectieve therapieën beschikbaar die de ziekte kunnen afremmen of zelfs stoppen.
Bij MS spelen de cellen van het afweersysteem, zoals T cellen, B cellen en macrofagen (waaronder microglia), een belangrijke rol in het ontstaan van laesies. Microglia spelen een belangrijke
rol in het gezonde brein, namelijk bij de ontwikkeling van zenuwcellen, de vorming van myeline
rondom zenuwcellen en het opruimen van afvalstoffen. Hiernaast kunnen microglia een belangrijke
bijdrage leveren aan ontstekingsreacties. In MS laesies is met immunohistochemische kleuringen
(zie foto’s in Figuur 1) aangetoond dat microglia betrokken zijn bij de opname van myeline en dat
ze dan veranderen in grote ronde cellen vol met myeline, die ‘foam cellen’ worden genoemd. Naast
microglia kunnen macrofagen afkomstig uit het bloed ook het brein binnendringen en bijdragen aan
de vorming van MS laesies. Deze macrofagen lijken qua uiterlijk en eiwit/RNA profiel op microglia
en zijn dus moeilijk van deze te onderscheiden. Recent is aangetoond dat microglia bepaalde eiwitten
tot expressie brengen die niet aanwezig zijn op de macrofagen afkomstig uit het bloed. Met behulp
van deze eiwitten kunnen microglia dus worden onderscheiden van macrofagen die infiltreren in
het brein, waardoor de specifieke bijdrage van microglia in de vorming van MS laesies kan worden
onderzocht.
Naast laesies bevat het brein van MS patiënten ook veel gebieden die er normaal uit lijken
te zien, en deze gebieden worden daarom het normaal-ogende hersenweefsel genoemd. Dit weefsel
wordt gekenmerkt door intacte myeline en afwezigheid van grote ronde ‘foamy’ microglia, zichtbaar
gemaakt doormiddel van immunohistochemische kleuringen. Maar dit weefsel kan al eerste tekenen
van MS pathologie vertonen, daarom is het interessant om de microglia in dit weefsel te bestuderen.
De veranderingen die microglia in dit normaal-ogende weefsel laten zien kunnen het begin zijn van
het ontstaan van een MS laesie.
Ondanks dat de rol van microglia in MS in vele onderzoeken al is bestudeerd, is de exacte
bijdrage van microglia aan het ontstaan en de verdere ontwikkeling van MS laesies, voornamelijk bij
de progressieve vorm van MS, nog niet bekend. Verder is ook nog onbekend hoe microglia precies
worden geactiveerd. Microglia kunnen een bijdrage leveren aan het onstekingsproces in MS, maar ze
kunnen ook de beschadigde zenuwcellen repareren. Hierdoor zijn microglia een interessante target
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voor MS therapie; door ze op de juiste manier te activeren kan mogelijk de vorming van MS laesies
worden gestopt. Voor het onderzoek in dit proefschrift hebben we gebruik gemaakt van post-mortem hersenweefsel van donoren die hun hersenen aan de Nederlandse Hersenbank hebben gedoneerd. Dit heeft ons de unieke mogelijkheid geboden om de rol van microglia in het ontstaan en de
verdere ontwikkeling van MS laesies te bestuderen. Voor de isolatie van microglia uit post-mortem
humaan hersenweefsel is het belangrijk om te weten of de geïsoleerde microglia ook echt veranderingen laten zien die gerelateerd zijn aan de neuropathologische veranderingen in MS. In hoofdstuk
2 en 3 laten we zien dat verschillende variabelen, zoals leeftijd, zuurgraad van de hersenen en tijd
tussen overlijden-uitname van de hersenen geen effect hebben op het profiel van microglia. We konden zo aantonen dat de veranderingen die we in microglia geïsoleerd uit post-mortem humaan hersenweefsel zagen direct kunnen worden gerelateerd aan MS pathologie. In dit proefschrift hebben
we microglia geïsoleerd uit post-mortem humaan hersenweefsel om te onderzoeken wat hun rol is
in het ontstaan van MS laesies.
In de laatste jaren zijn er veel studies die het genexpressie profiel van macrofagen, waaronder microglia, in kaart hebben gebracht. In hoofdstuk 4 maken we gebruik van deze datasets
en tonen we aan dat de fagocyterende receptor BAI1, in tegenstelling tot wat is beweerd in eerdere
studies, niet tot expressie komt op macrofagen, waaronder microglia.
In dit proefschrift hebben we onderzocht welke rol microglia spelen in het ontstaan van
laesies in progressieve MS (hoofdstuk 5 en 6; Figuur 1). Hiervoor hebben we gebruik gemaakt van
grijze en witte stof hersengebieden van controle en MS donoren. Grijze stof hersenweefsel bevat
voornamelijk cellichamen van zenuwcellen en witte stof bevat voornamelijk de uitlopers van zenuwcellen met daaromheen myeline en een hogere dichtheid microglia dan in grijze stof gebieden. In
hoofdstuk 5 tonen we aan dat het gen expressie profiel van microglia erg verschillend is tussen grijze
en witte stof gebieden, met name genen betrokken bij een ontstekingsreactie komen verschillend tot
expressie in microglia uit witte en grijze stof gebieden. Dit suggereert dat microglia een verschillende rol kunnen spelen in het ontstaan van MS laesies in grijze of in witte hersenstofgebieden. Verder
laten microglia in MS normaal-ogend hersenweefsel al eerste tekenen van MS pathologie zien, maar
ze produceren nog geen ontstekingsfactoren. Dit geeft aan dat microglia al in een vroeg stadium betrokken zijn bij de vorming van MS laesies, nog voordat er een ontstekingsreactie ontstaat. In hoofdstuk 6 zoomen we in op clusters van microglia (een ophoping van minimaal 4 microglia cellen), in
het normaal-ogende MS hersenweefsel. We laten zien dat een aantal van deze microglia clusters al
eerste tekenen laten zien van myeline opname en dat er rondom deze clusters antilichamen en T en B
afweercellen aanwezig zijn, waarvan een gedeelte geactiveerd is. We tonen aan dat een groter aantal
MS laesies aanwezig is als er microglia clusters bij MS patiënten worden aangetroffen, dit in tegenstelling tot MS patiënten die deze clusters niet vertonen waarbij ook een kleiner aantal MS laesies is
aangetroffen. Dit duidt op een rol van microglia clusters in de vorming van MS laesies. Concluderend bevindt een deel van de microglia clusters zich in een inflammatoire omgeving en spelen deze
clusters, die aanwezig zijn in MS normaal-ogend hersenweefsel, een mogelijke rol in het ontstaan
van MS laesies.
Verder hebben we ook onderzocht welke stimuli microglia nodig hebben om geactiveerd te
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raken en zo een bijdrage kunnen leveren aan het onstekingsproces bij de vorming van een MS laesie
(hoofdstuk 7; Figuur 1). We laten zien dat microglia tolerant zijn voor één immuun stimulus, bijvoorbeeld als een virus aanwezig is, en geen ontstekingsfactoren produceren. Echter, met twee stimuli,
waarbij naast een virale stimulus ook antilichamen aanwezig zijn, raken microglia geactiveerd. Verder tonen we aan dat antilichamen aanwezig zijn op myeline van MS donoren en niet op de myeline
van gezonde, controle donoren. Concluderend laten we zien dat de antilichamen die aanwezig zijn
in het brein van MS donoren de microglia kunnen activeren, die hierdoor ontstekingsfactoren gaan
produceren en een bijdrage kunnen leveren aan een ontstekingsreactie. In hoofdstuk 8 vergelijken
we het gen expressie profiel tussen actieve en inactieve MS laesies, waarbij we kijken naar alle cellen
die aanwezig zijn in deze laesies. We zien dat rondom actieve MS laesies al tekenen van myeline
opname te vinden zijn wat erop duidt dat deze laesies aan het uitbreiden zijn, waarbij ‘scavenger
receptoren’, een categorie van receptoren die betrokken zijn bij opname van afvalstoffen, een belangrijke rol spelen in de verwijdering van myeline. In het laatste experimentele hoofdstuk van dit
proefschrift (hoofdstuk 9; Figuur 1) is het eiwitprofiel van microglia onderzocht, waarbij microglia
uit actieve MS laesies werden vergeleken met microglia uit normaal-ogend MS hersenweefsel. Een
eel van de microglia in actieve MS laesies is geactiveerd en betrokken bij het opruimen van myeline,
maar ze produceren geen ontstekingsfactoren. Met behulp van microglia specifieke markers hebben
we aangetoond dat MS laesies geen infiltrerende macrofagen afkomstig het bloed bevatten, wat erop
duidt dat alleen microglia een rol spelen in het opruimen van myeline in actieve MS laesies.
Er is tot nu toe nog geen effectieve therapie beschikbaar voor de progressieve vorm van MS.
In dit proefschrift is aangetoond dat microglia al in een vroeg stadium betrokken zijn bij de vorming
van MS laesies doormiddel van het verwijderen van myeline in normaal-ogend hersenweefsel, maar
ze hebben twee stimuli nodig om volledig geactiveerd te raken en daarbij ontstekingsfactoren uit
kunnen scheiden. Een belangrijke stimulus voor de activatie van microglia zijn antilichamen, die zich
bevinden in normaal-ogend MS hersenweefsel waarin microglia clusters zich bevinden. Deze clusters kunnen het startpunt zijn voor het ontstaan van MS laesies en kunnen als target voor therapie
dienen. Therapieën gericht op microglia kunnen de ontwikkeling van MS laesies mogelijk blokkeren,
waarbij het belangrijk is om de activatie (en productie van ontstekingsfactoren) van microglia te
remmen en de bijdrage van microglia aan de reparatie van zenuwcellen te bevorderen. Verder is het
interessant om te kijken of de interactie tussen microglia en andere afweercellen in normaal-ogend
MS hersenweefsel kan worden geblokkeerd om op deze manier de ontstekingsreactie en daarmee
MS te remmen.
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Figuur 1: Samenvatting van de bevindingen uit dit proefschrift. Rustende microglia in normaal-ogend MS hersenweefsel nemen al myeline op,

maar zijn nog niet geactiveerd. Na twee stimuli; mogelijk een virus en antilichamen aanwezig op myeline, kunnen microglia geactiveerd raken en

ontstekingsfactoren uitscheiden. Mogelijk gebeurt dit in microglia die clusters vormen in normaal-ogend MS hersenweefsel. In actieve MS laesies

bevinden zich grote ronde, ‘foamy’ microglia die myeline opnemen maar geen ontstekingsfactoren produceren. Microglia clusters kunnen het startpunt zijn van MS laesie vorming en kunnen als mogelijke target voor therapie dienen.
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