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Propositions
Accompanying the doctoral thesis

Exploring the VISTA of glial cells
Astrocytes and microglia from development to disease

1. Enhancing VISTA signaling amplifies inhibitory signals in 
neuroinflammation and alleviates multiple sclerosis burden (this thesis).

2. VISTA has important functions in peripheral immunity, but also in the 
healthy central nervous system, hence modulating its function should be 
done with great caution as side effects are difficult to predict (this thesis).

3. Microglia maturation during early development renders the fetal central 
nervous system vulnerable towards perturbations (this thesis).

4. Over-categorizing cellular heterogeneity is obstructive in finding 
meaningful cellular mechanisms (this thesis).

5. Data sets from omics studies must be more readily accessible for their use 
in future studies (this thesis).

6. Isolating astrocytes and microglia using (surface) markers poses the risk 
of bias for functional subtypes (this thesis). 

7. True biological mechanisms can most reliably be identified by integrated 
use of tissue culture, animal models, and intact human tissues.

8. The rise of science deniers illustrates a severe gap between scientists and 
society, a gap that can only be bridged by researchers engaging with the 
public and politicians standing up for science.

9. The SARS-CoV-2 pandemic highlights that unconditional data sharing 
and open science is key to accelerate lifesaving scientific discoveries.

10. Academia suffers from a mental health crisis, and universities are 
responsible to enforce environments with fair hours, acceptable pressure, 
and better support.

11. Science is a public good and thus it must be open and free.
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Chapter 1

Preface
Multiple sclerosis (MS) is a chronic, demyelinating, autoimmune disease of the central 
nervous system (CNS), which manifests at a young age (usually <40 years). The cause of MS 
is unknown and in combination with a highly individual disease course, this heterogeneous 
disease is difficult to study and to treat. MS treatment has improved dramatically over 
the past 25 years but does not fully arrest the disease. Current treatments focus on 
limiting inflammatory responses, which can alleviate symptoms and aid in resolving CNS 
inflammation. However, as MS course is different in each patient, these treatments are not 
always beneficial and can have severe side effects, since physiological immune responses can 
become impaired. Immune checkpoints are receptor/co-receptor pairs that provide a balance 
between maintaining a properly functioning immune system, while inhibiting aberrant 
inflammation or autoimmunity. These immune checkpoints can be targeted therapeutically 
to modulate the immune response, e.g. to induce immunity against tumors, or by reducing 
immunity during inflammation or autoimmune diseases. V-type immunoglobulin domain-
containing suppressor of T-cell activation (VISTA) is a negative checkpoint regulator 
(NCR) that provides inhibitory signals to T cells in order to reduce immunity. Modulating 
VISTA in MS may offer a novel strategy to limit autoimmunity and alleviate symptoms. This 
thesis will shed light on the function and expression of VISTA in the CNS and how it is 
deregulated in MS.

The three types of CNS glial cells are oligodendrocyte, microglia and astrocytes, which are 
involved in maintaining CNS homeostasis and are directly implicated in MS and other CNS 
disease. Microglia and astrocytes contribute to the neuroinflammatory cascade in MS but 
can also be beneficial as they aid in resolving inflammation and promoting tissue repair. In 
MS, there is an intricate interaction of different cell types including glial cells and infiltrating 
immune cells such as T cells and monocytes. Receptors such as NCR and VISTA are 
essential molecules for cell-to-cell communication and regulating immune responses during 
MS; however, these mechanisms are not well understood. In this thesis, transcriptional 
profiles and heterogeneity of astrocytes during homeostasis and experimental autoimmune 
encephalomyelitis (EAE), a mouse model for MS, are characterized. Furthermore, the function 
and expression of VISTA in the CNS and microglia during health and neuroinflammation 
(especially MS) are delineated. Together, these data will help to understand the function of 
glial cells and their communication with distinct infiltrating immune cell types during MS 
and extend the rationale for novel immunotherapy targeting VISTA.

From development in utero to disease in adulthood, microglia are essential for resolving 
perturbations in order to maintain CNS homeostasis. Microglia are already present in the 
developing CNS before neurogenesis, astrogenesis, and myelination occur, but their role in 
CNS development in humans remains largely unexplored. CNS development is a dynamic and 
intricate process, and microglia dysfunction has directly been coupled to neurodevelopmental 
disorders and neurological complications later in life. This thesis will provide insights into 
human microglia development and how they might be involved in neurodevelopmental 
disorders.
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Glial cells: more than neurons little helper
Neurons are the CNS cell type that conducts electrical impulses, resulting in sensation, muscle 
contraction, memory formation, learning, and more. Neurons signal via a dense network 
using specialized connections of axons and synapses. However, neurons are dependent on 
glial cells for their survival and proper functioning.

The role of glial cells in the CNS

Glial cells (also called neuroglia), named after initial theories that these cells merely act as 
“nerve glue”, were discovered by Rudolf Virchow (Virchow, 1858), and further characterized 
by Santiago Ramon y Cajal, Pio del Rio-Hortega, and others in the 19th and early 20th century 
(Del Rio-Hortega, 1919; Cajal, 1995). It is now appreciated that glial cells are essential for 
healthy brain homeostasis, propagation of neuronal signaling, and directly involved in ageing 
and virtually all CNS diseases including neurodegenerative diseases (NDD; e.g. Alzheimer’s 
disease (AD), Parkinson’s disease (PD), fronto-temporal dementia (FTD)), MS, CNS-
associated tumors, and psychiatric diseases (e.g. depression, schizophrenia).

The three main types of glial cells in the CNS are astrocytes, microglia, and oligodendrocytes.

Astrocytes are star-shaped cells with hundreds of thousands of processes that are involved in 
synaptic transmission, blood-brain barrier (BBB) function, and have many more functions 
(see “Focus on astrocytes”). 

Microglia are the tissue macrophages of the CNS parenchyma and have immune functions 
such as antigen presentation, cytokine production, and phagocytosis. In addition to functions 
similar to other tissue macrophages, microglia have CNS-specific abilities that are essential for 
synapse maintenance and neuronal functions. Microglia origin, development, and function 
during homeostasis and disease are reviewed below (see “Microglia in the spotlight”).

Oligodendrocytes are the myelinating cells of the CNS. When oligodendrocyte progenitor 
cells (OPC) differentiate into oligodendrocytes, they will form sheaths of myelin that wrap 
around axons in order to provide insulation, which is essential for saltatory action potential 
conduction (Bradl and Lassmann, 2010). Furthermore, oligodendrocytes provide trophic 
support to neurons by producing neurotrophic factors and metabolites. In the autoimmune 
disease MS, the immune system attacks myelin sheaths and oligodendrocytes, which results 
in death of these cells and damaged axons (Bradl and Lassmann, 2010) (see “A brief guide to 
multiple sclerosis”). Myelination mainly occurs during development, but OPC also exist in 
adult brains and can differentiate into oligodendrocytes to form new myelin sheath. Therefore, 
regeneration of myelin e.g. during MS is possible, albeit less effective compared to the original 
myelination (Franklin and Ffrench-Constant, 2017).

Focus on astrocytes

Astrocytes are involved in multiple functions of the CNS including synaptic transmission 
and plasticity, myelination, BBB, structural-, and trophic support. The star-shaped cells 
have a complex morphology with millions of thin processes that extend through the CNS 
parenchyma and are in contact with other CNS-resident cells. In the human brain, an 
individual astrocyte is in contact with up to two million neuronal synapses (Oberheim et al., 
2009), which is essential for proper signal transduction.
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Astrocytes are part of the tripartite synapse where they regulate synaptic transmission 
by releasing and sequestering ions and metabolites. Activity of synapses triggers a Ca2+-
dependent response in astrocytes leading to the secretion of neuroactive compounds called 
glia transmitters (Allen and Eroglu, 2017; Xin and Bonci, 2018). Astrocytes express a range 
of receptors for neurotransmitter such as glutamate, ATP, and GABA rendering them capable 
of directly responding to synaptic signaling (Allen and Eroglu, 2017). Synaptic transmission 
requires a fine balance of ions and neurotransmitters and astrocytes are involved in keeping 
this balance by sequestering potassium and glutamate released by neurons (Kuffler, 1967; 
Allen and Eroglu, 2017). An accumulation of potassium due to, for example, improper uptake 
by astrocytes can lead to epileptic neuronal activity (Tanaka et al., 1997; Allen and Eroglu, 
2017).

Neurons also depend on astrocytes for their energy supply since astrocytes provide lactate 
that neurons are unable to produce on their own. Astrocytes metabolize glycogen to generate 
lactate which is secreted and can be taken up by neurons when they need additional energy 
(Tsacopoulos and Magistretti, 1996; Xin and Bonci, 2018). This mechanism is important for 
learning and synaptic plasticity. Astrocytes are also the main cholesterol producer which 
is required by neurons and oligodendrocytes. Oligodendrocytes need cholesterol and 
other lipids provided by astrocytes for proper myelination, especially during development 
(Camargo et al., 2017).

Astrocytes are part of the BBB providing structural support and regulating ion, protein, and 
water homeostasis (C. Y. Liu et al., 2018). The BBB is a tissue barrier that controls the influx 
of solutes from blood and consists of endothelial cells and astrocytes (Bechmann et al., 2007). 
Astrocytes cover the endothelial layer with projections called astrocytic end feet and form the 
glia limitans. Therefore, astrocytes are essential in bridging the communication between the 
periphery and the CNS.

During CNS disease and ageing, astrocytes can lose their aforementioned homeostatic 
functions and acquire a reactive phenotype. A reactive astrocyte phenotype can contribute 
to CNS dysfunction (Pekny et al., 2016), but may also be beneficial by containing local 
damage and supporting tissue regeneration (Alilain et al., 2011; Liddelow and Barres, 2017). 
Astrocytes can acquire at least two different reactive phenotypes, detrimental and beneficial, 
sometimes also referred to as “A1/A2” reactive astrocytes, respectively (Zamanian et al., 2012). 
A beneficial reactive astrocyte phenotype was observed in transient middle cerebral artery 
occlusion (tMCAO) in mice (Zamanian et al., 2012), suggesting astrocytes may promote 
regeneration after stroke. A detrimental reactive astrocyte phenotype was characterized 
after lipopolysaccharide (LPS) administration in mice, mimicking and inflammatory insult 
(Zamanian et al., 2012). This reactive phenotype is induced by microglia through secretion 
of IL1a, TNF, and C1q (Liddelow et al., 2017). Markers of this detrimental phenotype are 
also expressed by astrocytes during ageing, in NDD (AD, PD), and MS, suggesting that an 
astrocyte phenotype consistent with LPS-stimulated neurotoxic astrocytes can occur in 
human disease and that reactive astrogliosis may contribute to CNS dysfunction in ageing 
and during disease.

Reactive astrocytes upregulate a variety of proteins and genes involved in immune response, 
neurotoxic factors, and cytokines. For example, reactive astrocytes induce expression of MHC-
II (Zamanian et al., 2012), suggesting that they are able to stimulate T-cell activation. Mouse 
astrocytes are capable of inducing antigen-specific CD4pos and CD8pos T-cell proliferation 
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in vitro after induction of MHC-II and B7 co-stimulatory molecules by IFNg (Cornet et 
al., 2000). Human astrocytes also upregulated MHC-II after IFNg and TNF stimulation in 
vitro; however, they do not induce T-cell proliferation, likely due to a lack of expression of 
co-stimulatory receptors (Weber et al., 1994). In contrast, in vitro stimulation of human 
astrocytes with phosphorylated alpha synuclein, a protein that accumulates in PD, induces 
co-stimulatory and co-inhibitory receptor expression (PDL1, CD80/CD86, CD40) (Rostami 
et al., 2020). Hence, whether astrocytes can act as antigen-presenting cells (APC) to induce 
T-cell activation remains controversial.

Glial cell heterogeneity

The division of glial cells into the major cell types (oligodendrocytes, microglia, astrocytes) 
is based on functionality and morphological observations. Since multiple functions are 
attributed to each of these glial cell types, it is conceivable that different subtypes within these 
compartments exist. Rapid technological advances in recent years enabled further dissection 
and refinement of cellular subpopulations. Cellular heterogeneity can be examined using 
single cell approaches such as single cell mRNA sequencing (scRNAseq) or mass cytometry 
time-of-flight (CyTOF). These technologies are now widely accessible, and their increasingly 
high throughput allows detection of low-frequency cellular subtypes. Single cell approaches 
are extensively used in glial cell research and it is now appreciated that within each glial cell 
type population there is considerable and dynamic cellular heterogeneity (Zeisel et al., 2015), 
which depends on anatomical region, contact to other cell types, and disease condition. 
Crudely dividing glial cell types into major classes (oligodendrocytes, astrocytes, microglia) 
and regarding these cell types as homogeneous populations is obsolete. It is clear that glial 
cells are highly heterogeneous and are able to rapidly adjust to their environment.

Astrocyte heterogeneity was already observed several decades ago, where astrocytes based 
on GFAP immunohistochemical staining were divided into fibrous and protoplasmic types, 
associated with white matter (WM) and grey matter (GM), respectively (Miller and Raff, 1984). 
Interregional heterogeneity of astrocytes is well-described and changes in transcriptomic 
profiles follow the dorsoventral axis from cortex to thalamus (Morel et al., 2017). Furthermore, 
ion channel expression is different in astrocytes across different anatomical regions (Zhang 
and Barres, 2010). Commonly used astrocyte markers such as GFAP and GLT1/SLC1A2, 
which were initially regarded as pan-astrocyte markers, only label subsets of astrocytes 
and can distinguish astrocyte subtypes (Zhang and Barres, 2010; Morel et al., 2019). More 
extensive flow cytometry analysis of multiple surface markers revealed that astrocytes can be 
further divided into five subtypes with varying frequency based on anatomical region (John 
Lin et al., 2017). It is likely that using different or larger panels of surface markers, many more 
astrocyte subtypes can be detected. ScRNAseq offers a more unbiased approach to define 
cellular subtypes as it does not depend on specific surface markers. However, to enrich for a 
specific cell population such as astrocytes, widely expressed markers (e.g. ALD1L1 or ACSA-
2 /ATP1B2 for astrocytes) are still frequently used. Examining 1800 individual ACSA-2pos 

astrocytes in mouse cortex and hippocampus identified five subtypes that differ in expression 
of genes involved in synapse function, neurotransmission, ion transport, immune functions, 
and more (Batiuk et al., 2020). Including more cells in scRNAseq analyses will allow detection 
of even smaller subsets of glial cells that may have unique functions in the CNS. As described 
above, reactive astrocytes subtypes also exist and can be divided into at least two subtypes with 
distinct functions (Zamanian et al., 2012; Liddelow and Barres, 2017; Liddelow et al., 2017), 
suggesting that distinct astrocyte subtypes differentially contribute during CNS disease. 
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A similar cellular heterogeneity is attributed to microglia, since they are highly dynamic 
and dependent on local environmental cues provided, for example, by different anatomical 
regions or contact to different cell types. Microglia from different regions exhibit distinct 
transcriptional profiles and varying phagocytic capacity (Grabert et al., 2016; Ayata et al., 
2018). Recent scRNAseq studies described a more homogeneous population of microglia in 
healthy adult mouse and human brain (Krasemann et al., 2017; Hammond et al., 2019; Li et 
al., 2019; Masuda et al., 2019), leaving the issue of regional diversity of microglia contentious. 
During CNS development and disease in mice, however, microglia heterogeneity is apparent 
and subtypes likely differentially contribute to various biological processes (Matcovitch-
Natan et al., 2016; Keren-Shaul et al., 2017; Krasemann et al., 2017; Hammond et al., 2019; 
Li et al., 2019) (see “Microglia development follows pathway distinct from macrophages” and 
“Microglia during CNS disease”).

Single nuclear mRNA sequencing (snRNAseq) emerged as an alternative approach to 
scRNAseq to capture CNS cell heterogeneity during health and disease using nuclei instead 
of whole cells (Lake et al., 2016; Hu et al., 2017; Mathys et al., 2019). Advantages of snRNAseq 
are that it can be done on frozen tissue without the use of cell surface markers and cell sorting. 
Although expression profiles of microglia nuclei and cells are very similar (Gerrits et al., 
2020), expression of specific sets of genes might not be captured properly in microglia nuclei 
(Thrupp et al., 2020). Additionally, efficiency of nuclei isolation may be different for nuclei 
from distinct cell subsets, potentially resulting in biased data. 

Future technological advances allowing more detailed tracking of even larger numbers of cells/
nuclei over time will likely reveal that glial cells cannot be separated into discrete subtypes 
but rather are highly dynamic and plastic. Thus, compartmentalization of cell populations 
should be done with great caution, especially when studying highly complex and dynamic 
environments, which are present, for example, in CNS development and disease. 

Microglia in the spotlight
Microglia are the resident immune cells of the CNS and possess similar functions as tissue 
macrophages such as antigen presentation, phagocytosis, respiratory burst, and release 
of cytokines and chemokines (Colonna and Butovsky, 2017). In contrast to other tissue-
macrophages, microglia exhibit a range of CNS-specific functions including synaptic pruning 
(the elimination of unused synapses), and the release of neurotrophic as well as neurotoxic 
factors (Colonna and Butovsky, 2017). Microglia are evenly dispersed throughout the CNS 
parenchyma and once every few hours scan the entire parenchyma for damage or intruders 
(Colonna and Butovsky, 2017). Scanning of the parenchyma is facilitated by dynamically 
moving processes which give microglia a typical homeostasis-associated ramified morphology 
(Glenn et al., 1992). Since microglia are constantly scanning their environment under 
homeostasis, and are highly sensitive and responsive towards any perturbations, the notion of 
viewing resting microglia as inactive tissue macrophages has become obsolete. 

Ontogeny and maintenance of microglia

Microglia are CNS-resident tissue macrophages with unique functions and origin. Whereas 
most tissue macrophages are constantly renewed by monocytes derived from bone marrow 
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hematopoiesis, microglia colonize the CNS early during embryonic development and are a 
largely self-maintaining population under homeostatic conditions.

During embryonic development, there are three waves of hematopoiesis: primitive 
hematopoiesis occurring in the extra-embryonic yolk sac, a transient wave where 
erythromyeloid progenitor cells migrate from yolk sac to fetal liver, and definitive 
hematopoiesis resulting in hematopoietic stem cells and occurring throughout human life 
(Bennett and Bennett, 2020). Microglia originate from primitive hematopoiesis in the yolk 
sac and colonize the CNS at embryonic day 9.5 (E9.5) in mice (Ginhoux et al., 2013; Ginhoux 
and Prinz, 2015; Hoeffel et al., 2015). However, a subset of microglia may also derive from 
erythromyeloid progenitor cells in the fetal liver during the transient wave and seed the CNS 
at E12.5 (De et al., 2018; Bennett and Bennett, 2020).

Insights into the origin of microglia is mainly based on genetic fate mapping experiments 
conducted in mice and it is difficult to assess whether a similar ontogeny can be attributed to 
microglia in humans. During human development, amoeboid microglia can be detected at the 
edge of the CNS in the leptomeninges, the ventricular edge, and the choroid plexus as early as 
gestational week 4.5 (GW4.5) (Monier et al., 2007; Menassa and Gomez-Nicola, 2018), which 
overlaps with yolk sac-derived hematopoiesis in humans (Tavian et al., 1999). Microglia 
enter the CNS from these sites and appear in the parenchyma at GW9-12, depending on the 
anatomical region (Monier et al., 2006, 2007; Menassa and Gomez-Nicola, 2018). 

After local proliferation during development, microglia are a self-maintaining population 
that does not depend on hematopoiesis-derived turnover like most other tissue macrophages. 
Microglia are long-lived cells with a lifespan of several months up to years in mice (Füger et 
al., 2017; Tay et al., 2017). In humans, it has been predicted that some microglia can live up to 
20 years (Réu et al., 2017), however, much higher turn-over rates of less than a year were also 
proposed (Askew et al., 2017). The lifespan of human microglia is therefore not completely 
resolved and requires further research. Ablating microglia in mice using a CSF1R inhibitor 
revealed that microglia renewal is dependent on resident cells rather than on infiltrating 
monocytes (Ajami et al., 2007). After CSF1R inhibition, a small proportion (approximately 
1%) of microglia survives which proliferates and replenishes the microglia population 
following withdrawal of the inhibitor (Huang et al., 2018; Najafi et al., 2018).

Microglia development follows pathway distinct from macrophages

The appearance of microglia in the CNS at E9.5 in mice and GW4.5 in humans precedes 
neurogenesis, astrogliogenesis, oligodendrogenesis, and myelination (Fig. 1) (Menassa and 
Gomez-Nicola, 2018); hence, microglia may be involved in these developmental processes. 

In mice, microglia development is driven by transcriptional and epigenetic changes. Early 
during development (E10.5-12.5), transcriptional programs responsible for microglia 
proliferation are active (Matcovitch-Natan et al., 2016; Hammond et al., 2019; Li et al., 2019), 
whereas programs for support of neuronal development (e.g. synaptic pruning) are active 
in later embryonic stages (E14.5-16.5) (Matcovitch-Natan et al., 2016). At early postnatal 
stages, mouse microglia acquire a homeostatic and immune-surveillance phenotype 
(Matcovitch-Natan et al., 2016; Hammond et al., 2019; Li et al., 2019) (see “Microglia roles in 
development and homeostasis”) and deletion of the transcriptional regulator MAFB disrupts 
this homeostasis (Matcovitch-Natan et al., 2016). Heterogeneity of microglia is much higher 
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during mouse development compared to adult CNS (Hammond et al., 2019; Li et al., 2019). 
One microglia subtype that features a proliferative and phagocytic phenotype is associated 
with WM tracts (Hammond et al., 2019; Li et al., 2019) and might be involved in phagocytosis 
of newly formed oligodendrocytes. This phagocytic developmental microglia subtype shares 
similarities with an immune-activated/phagocytic microglia phenotype observed in NDD 
(Keren-Shaul et al., 2017) (see “Microglia during CNS disease”). During neurogenesis, 
uptake of newly formed and apoptotic cells is essential to allow proper neuronal development 
(Marín-Teva et al., 2004; Wakselman et al., 2008; Sierra et al., 2010; Cunningham et al., 2013). 
Especially in postnatal development, synaptic pruning is essential for learning and formation 
of memory and is performed by microglia (Paolicelli et al., 2011; Zhan et al., 2014) (see 
“Microglia roles in development and homeostasis”).

Microglia development in humans is not characterized in detail to date. Most observations 
of human microglia development are based on immunohistochemical studies (Monier et 
al., 2006, 2007; Menassa and Gomez-Nicola, 2018), likely due to unavailability of fresh post-
mortem fetal and embryonic CNS tissue. One study investigated gene expression profiles of 
microglia in bulk from GW14-23 fetuses which suggested most overlap with mouse E16.5 
microglia (Thion et al., 2018). These GW14-23 microglia already express markers associated 
with an immune-surveillance microglia phenotype (Thion et al., 2018). However, investigating 
a bulk microglia population cannot capture cellular heterogeneity and shifts in microglia 
subtypes. Since mouse microglia are highly heterogeneous during development and specific 
subtypes are associated with developmental functions, a single cell approach will be necessary 
to dissect human microglia development in detail.

Microglia roles in development and homeostasis

Like other tissue macrophages, microglia exhibit classical innate immune functions such as 
phagocytosis, antigen presentation, cytokine production, and chemotaxis. They will respond 
to infiltrating viruses and bacteria by eliciting an immune response and promoting tissue 
regeneration after the infection is cleared. Tissue regeneration is achieved by phagocytosing 
apoptotic cells (efferocytosis), clearing waste, and releasing anti-inflammatory factors. It is 
important to note that microglia are distinct from other tissue macrophages not only due 
to their unique origin and self-maintenance capacity (see “Ontogeny and maintenance of 
microglia”), but also due to their specialized CNS-associated functions. These functions 
include synapse maintenance through pruning and modulation, and release of neurotrophic 
factors, which is essential for proper CNS functioning and homeostasis (Li and Barres, 2017). 

Microglia are crucial for neurogenesis and synapse modulation, which is particularly 
relevant for CNS development (Cheadle et al., 2020; Diaz-Aparicio et al., 2020). The P2Y12 
receptor (P2RY12) expressed on microglia senses neuronal-derived ATP which acts as a 
chemoattractant (Dissing-Olesen et al., 2014; Li and Barres, 2017). Through the classical 
complement cascade (CR3 and C3) (Stevens et al., 2007; Schafer et al., 2012), microglia 
eliminate unused synapses, a process called synaptic pruning. Synaptic pruning is essential 
for developing and maintaining a properly functioning neuronal network (Paolicelli et al., 
2011). As such, synaptic pruning is particularly important during development and early 
childhood, but also occurs later in life, where it is involved in disease-associated synapse 
loss (Stephan et al., 2012). Synaptic pruning depends on neuronal-microglia interaction via 
CX3CR1 (Reshef et al., 2017). Depleting or reducing microglia numbers impairs synaptic 
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pruning, leading to weak synaptic transmission and impaired circuitry, which is associated 
with autism-like behavior in mice (Paolicelli et al., 2011; Squarzoni et al., 2014; Zhan et al., 
2014). Microglia also support neurons by releasing BDNF (Coull JA et al., 2005) and taking 
up apoptotic cells, especially in neurogenic zones (Marín-Teva et al., 2004; Wakselman et al., 
2008; Sierra et al., 2010; Cunningham et al., 2013). Phagocytosis of apoptotic cells supports 
tissue homeostasis and is facilitated by microglia TAM receptors TYRO3, AXL, and MER 
(Fourgeaud et al., 2016).

During homeostasis, human and mouse microglia exhibit a characteristic gene expression 
profile, with low expression of immune-related genes and high expression of homeostatic 
genes such as CX3CR1, P2RY12/13, and TMEM119 (Hickman et al., 2013; Galatro et al., 2017; 
Gosselin et al., 2017; Dubbelaar et al., 2018). Approximately 100 of these homeostatic genes 
encode for receptors that are involved in environmental sensing, called the sensome, which 
are downregulated during ageing and disease (Hickman et al., 2013, 2018; Keren-Shaul et al., 
2017) (see “Microglia during CNS disease”). Interestingly, a sexual dimorphism was observed 
in microglia transcriptomes. Female microglia exhibit higher expression of immune-related 
genes than males at steady-state, and sex differences influence the morphology and response 
of microglia towards environmental perturbations such as infection (Hanamsagar et al., 2017; 
Thion et al., 2018).

In conclusion, microglia exhibit multiple CNS-specific functions that are important for 
neurogenesis, maintenance of neuronal circuitries, and homeostasis. Disruption of proper 
microglia function is therefore associated with neurodevelopmental disorders such as autism, 
neurodegeneration, and neuroinflammation in adulthood.

Microglia during CNS disease

Microglia are highly dynamic cells that respond quickly to environmental perturbations 
in an effort to restore homeostasis. Genome-wide association studies (GWAS) have placed 
microglia in focus of CNS-associated disease research, since many disease risk genes, for 
example for AD and MS, are predominantly expressed by microglia in the CNS (Marioni et 
al., 2018; McQuade and Blurton-Jones, 2019; Nott et al., 2019). As knowledge on microglia in 
neurological disease expands, it is now appreciated that microglia are involved in ageing and 
most CNS diseases including neurodevelopmental disorders (autism, intellectual disabilities), 
psychiatric disorders (schizophrenia, depression), CNS inflammation (infections, MS), and 
NDD (AD, PD, FTD, Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS)) (Li 
and Barres, 2017; Mondelli et al., 2017; Dubbelaar et al., 2018; Voet et al., 2019; Masuda et al., 
2020).

The microglia disease phenotype deviates from the homeostatic phenotype and is highly 
dependent on the local microenvironment such as disease condition, anatomical region, and 
contact with other cell types. Activated microglia during disease can thus acquire a range 
of phenotypes with different functions including antigen presentation, phagocytosis, and 
release of pro- and anti-inflammatory cytokines. According to macrophage nomenclature, 
this activated microglia phenotype was initially defined in the M1-M2 continuum; however, 
the wide range of their activation phenotypes rendered this definition unproductive and 
contentious for microglia biology (Ransohoff, 2016).
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During ageing and CNS disease, microglia can acquire different morphologies, pointing 
towards a deviation from the homeostatic phenotype. The homeostatic ramified microglia 
morphology can change towards a more amoeboid morphology, which is often associated 
with neuroinflammation and an activated/phagocytic microglia phenotype (Nimmerjahn 
et al., 2005; Tremblay et al., 2011; Dubbelaar et al., 2018). During ageing, microglia can 
acquire dystrophic morphology, characterized by de-ramification, spheroid formation, and 
fragmentation of processes (Streit et al., 2004). Furthermore, a hyper-ramification of microglia 
is present during accelerated ageing and priming (Raj et al., 2014), where microglia are 
impaired in homeostatic and tolerogenic functions such as clearance of debris and neuronal 
support.

During NDD, microglia acquire an activated phenotype which is also called disease-associated 
microglia (DAM) or microglia neurodegenerative phenotype (MGnD) (Holtman et al., 2015; 
Keren-Shaul et al., 2017; Krasemann et al., 2017). In mouse models for AD (and ALS), a 
subtype of microglia expands which exhibits this phagocytic (Keren-Shaul et al., 2017) and 
potentially synaptotoxic phenotype (Frigerio et al., 2019). DAM/MGnD are induced after 
phagocytosis of apoptotic neurons, which sets off a TREM2-APOE dependent pathway 
(Keren-Shaul et al., 2017; Krasemann et al., 2017). Blocking APOE inhibits the development 
of this phenotype (Krasemann et al., 2017; Frigerio et al., 2019). Hallmarks of DAM/MGnD 
are a downregulation of homeostatic microglia genes (e.g. Cx3cr1, P2ry12, Tmem119) and an 
upregulation of immune-activation/phagocytosis genes (e.g. Apoe, Axl, Trem2, Lpl) (Chiu et 
al., 2013; Holtman et al., 2015; Srinivasan et al., 2016; Keren-Shaul et al., 2017; Krasemann et 
al., 2017; Mathys et al., 2017). In human AD, a subset of microglia exhibits gene expression 
profiles similar to DAM/MGnD in mice (Grubman et al., 2019; Mathys et al., 2019).

Research on microglia in NDD greatly enhances the understanding of microglia in other CNS 
diseases, since neuroinflammatory processes are often (partly) overlapping (Holtman et al., 
2015). For example, in MS and mouse models for MS, subsets of microglia exist which share 
transcriptional features with DAM/MGnD (Hammond et al., 2019; Masuda et al., 2019). More 
detail on microglia and astrocytes in MS is provided below (see “Microglia and astrocytes in 
MS”).

A brief guide to multiple sclerosis
MS is a chronic, inflammatory, demyelinating disease of the CNS characterized by the 
formation of demyelinated areas called lesions that contain peripheral immune cell infiltrates 
dominated by macrophages (Compston and Coles, 2008; Dendrou et al., 2015; Thompson 
et al., 2018). MS is most likely of autoimmune origin, although no CNS antigens driving 
disease have been established unequivocally. The heterogeneous nature of MS manifests in 
highly individual disease courses, a diversity of clinical symptoms, and the emergence of 
different types of lesions. These lesions can be staged based on variations of neuropathological 
assessments, such as the degree of demyelination and inflammation as used in this thesis (Fig. 
2) (Van Der Valk and De Groot, 2000; Van Der Valk and Amor, 2009; Kuhlmann et al., 2017).
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The complex disease MS

MS is characterized by chronic inflammation of the CNS and the development of lesions 
which are demyelinated areas of WM and GM. In addition to oligodendrocyte death and 
resulting demyelination, neurodegeneration is another characteristic of MS.

MS is a chronic disease and usually presents in a relapsing-remitting pattern (RRMS), in 
which periods of symptoms are alternating with symptom-free periods (Compston and Coles, 
2008; Thompson et al., 2018). However, during RRMS there is also a worsening of disability 
that is independent of relapses (Kappos et al., 2020). The relapsing phase is usually followed 
by a phase of progressive increase in disability called secondary-progressive MS (SPMS). 
A low number of patients (10-20%) presents without a relapsing phase but experiences an 
uninterrupted progression of disease called primary-progressive MS (PPMS) (Compston and 
Coles, 2008; Thompson et al., 2018). Neurological symptoms include movement disability 
and paralysis, vision impairment, fatigue, numbness, and abnormal sensation.

The cause of MS is unknown, but many risk factors have been identified. The prevalence of 
MS in families and monozygotic twins suggests that the a priori risk of developing MS is 
partly (up to 25%) caused by genetic factors (Willer et al., 2003; Dendrou et al., 2015). GWAS 
identified 233 single-nucleotide polymorphisms (SNP) associated with MS, 32 of which were 
associated with MHC genes (Patsopoulos et al., 2019). This high number of MHC-associated 
SNP already suggests a strong involvement of antigen-presentation and T-cell activation in 
MS. The majority of the non-MHC SNP are also associated with immune functions including 
adaptive immunity (CD4pos and CD8pos T-cells, B cells, APC), microglia functions, and 
TNF and IFN pathways (Patsopoulos et al., 2019). Environmental factors associated with 
MS include smoking, obesity in early life, vitamin D deficiency, and infections (Dendrou 
et al., 2015; Thompson et al., 2018). Epstein-Barr virus (EBV) infection with occurrence of 
mononucleosis is strongly associated with MS, possibly contributing via molecular mimicry 
on the B-cell level (Thompson et al., 2018). 
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Heterogeneous pathology of MS

Pathological hallmarks of MS are inflammation, demyelination, axonal and neuronal damage/
loss, and atrophy; however, the sequence of these processes is still unknown. Demyelination 
and resulting lesions in MS are caused by infiltrating immune cells that set off a cascade of 
acute inflammation, which is further exacerbated by CNS resident glial cell types astrocytes 
and microglia (see “Microglia and astrocytes in MS”). Infiltrating immune cell subsets include 
T cells, B cells, monocytes (Dendrou et al., 2015), and more recently neutrophils were also 
associated with MS lesion pathology (Pierson et al., 2018). Early during lesion formation, 
microglia activation and infiltration of CD8pos T cells is observed. During this stage, T cells 
become (re)activated in the parenchyma and an autoimmune reaction towards myelin is 
initiated (Goverman, 2009; Lassmann et al., 2012; Dendrou et al., 2015; Thompson et al., 
2018). Subsequently, more immune cells (B cells, T cells, neutrophils, and predominantly 
macrophages) are recruited which results in continuation and amplification of myelin 
destruction (Lassmann et al., 2012; Thompson et al., 2018). This destruction of myelin is 
facilitated by autoreactive cytotoxic T cells and cytotoxic cytokines, excitotoxins, and 
reactive oxygen species (ROS) and nitric oxide (NO) released by microglia and macrophages 
(Lassmann et al., 2012; Dendrou et al., 2015). Enhanced permeability or leakiness of the 
BBB further facilitates immune cell infiltration to the CNS parenchyma. Lesions with active 
inflammation are present in all types of MS and at all stages of the disease, including in 
patients deceased after living with MS for up to three decades (Luchetti et al., 2018). 

Over the course of the disease, axonal loss and neurodegeneration become more extensive, 
possibly exacerbated by inflammatory processes (Lassmann et al., 2012; Dendrou et al., 
2015). Demyelination and loss of oligodendrocytes promotes axonal damage including 
transection, resulting in neuronal death. Axonal damage as well as oxidative stress caused 
by microglia and macrophages can cause mitochondrial dysfunction in neurons, eventually 
leading to neurodegeneration (Lassmann et al., 2012; Dendrou et al., 2015). Furthermore, 
oligodendrocytes release iron upon death, which amplifies oxidative stress (Lassmann et al., 
2012).

MS lesions can be divided into different types based on the occurrence of demyelination 
(Luxol Fast Blue staining or PLP) and inflammation (MHC-II) (Fig. 2) (Van Der Valk and De 
Groot, 2000; Van Der Valk and Amor, 2009). Preactive lesions are defined by a lack of immune 
cell infiltrates and demyelination and the presence of immune-activated microglia. Active 
lesions feature immune cell infiltrates, immune-activated microglia, and demyelination, 
whereas inactive lesions are demyelinated but lack aberrant inflammation. Mixed active/
inactive lesions, also called chronic lesions, contain an inactive core and an active rim. After 
demyelination occurred and inflammation is resolved, remyelination occurs, albeit with 
lower efficiency than the original myelin ensheathment. These remyelinated lesions are also 
called shadow-plaques.

Mouse models mimicking individual aspects of MS biology

The exact cause of MS is unknown, and MS naturally only occurs in humans, hence the 
development of valid animal models has proven difficult. Animal models of MS are commonly 
used to mimic certain aspects or pathological hallmarks such as CNS autoimmunity, acute CNS 
inflammation, and de-/remyelination, but no single model captures the entire pathological 
spectrum of MS. A detailed comparison of the broad variety of these models is beyond the 
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scope of this general introduction, and is available in comprehensive reviews (Steinman and 
Zamvil, 2006; Mix et al., 2010; Ransohoff, 2012; Lassmann and Bradl, 2017). In this thesis, 
MOG35-55 induced EAE in C57Bl/6 mice was employed.

EAE is one of the most commonly used animal models for MS and can be elicited in many 
species including rodents and non-human primates. Initially, EAE was induced in animals 
by injecting brain tissue emulsions, which caused MS-like symptoms in a fraction of animals 
(Ransohoff, 2012; Lassmann and Bradl, 2017). EAE induction was further refined by using 
complete Freund’s adjuvant (CFA) as an immune booster to break self-tolerance. Furthermore, 
the antigens that cause EAE were identified, purified, and used for immunization to further 
increase reproducibility. Nowadays, EAE in mice is induced by myelin-autoreactive CD4pos 
T cells either by using transgenic T-cell receptors (TCR), passive transfer of autoreactive T 
cells, or by active immunization with myelin-components such as PLP or MOG (Lassmann 
and Bradl, 2017). Active sensitization EAE is mostly induced by immunization with MOG 
peptides in addition to CFA and pertussis toxin (PTX) to increase permeability of the 
BBB and promote development of T helper 1 (Th1) and Th17 cells (Agarwal et al., 2012). 
Immunization leads to activation and expansion of autoreactive CD4pos T cells which infiltrate 
the spinal cord and initiate an acute myelin-directed inflammation (Lassmann and Bradl, 
2017). Hallmarks of active sensitization EAE are monocyte infiltration, microglia activation, 
and active demyelination leading to paralysis within 10 days of immunization. Although EAE 
covers multiple aspects of MS, many pathological components are not present, depending on 
the species. In mice, EAE only results in WM lesions of the spinal cord, but does not cause 
iron accumulation and demyelination of brain and GM (Lassmann and Bradl, 2017), which 
is observed in MS. The rapid and acute development of EAE does not match the chronic and 
progressive disease pathology of MS either. Nevertheless, well-selected state of the art EAE 
models can mimic several of the autoimmune and acute inflammatory and demyelinating 
aspects of MS and have been indispensable in elucidating MS pathogenesis and development 
of novel treatments, such as natalizumab (anti-VLA4).

Microglia and astrocytes in MS

Both microglia and astrocytes are involved in inflammatory processes in MS by antigen 
presentation, secretion of bioactive compounds such as cytokines, ROS, NO, and other 
inflammatory mediators, and glial scar formation.

Based on studies using a wide variety of EAE models, microglia are thought to be beneficial 
during initial disease responses in order to resolve inflammation and promote tissue 
regeneration, which was reviewed previously (Voet et al., 2019). In later stages of disease, 
microglia may contribute to chronic neuroinflammation and neurodegeneration. In active 
MS lesions, microglia lose some of their homeostatic markers such as P2RY12 and upregulate 
pro-inflammatory and phagocytic genes, whereas a shift towards a more homeostatic and 
anti-inflammatory microglia phenotype is observed in inactive lesions (Zrzavy et al., 2017; 
Guerrero and Sicotte, 2020). In several mouse models recapitulating aspects of MS pathology 
(EAE, cuprizone, and lysolecithin), microglia subsets are present that exhibit an immune-
activated/phagocytic phenotype characterized by downregulation of homeostatic markers 
and upregulation of immune-related and phagocytosis genes (Hammond et al., 2019; Jordão 
et al., 2019; Masuda et al., 2019). Of note, these activated phenotypes differ between models, 
likely due to different disease mechanisms (Masuda et al., 2020). Microglia subsets similar 



23

1

General introduction and outline of the thesis

to the immune-activated/phagocytic phenotype observed in mouse MS models were also 
identified in MS patients (Masuda et al., 2019). Uptake of MS myelin might be the driver for 
a phagocytic microglia phenotype (Hendrickx et al., 2014) and promotes more regenerative, 
anti-inflammatory functions (Boven et al., 2006; Guerrero and Sicotte, 2020). Furthermore, 
microglia from MS WM upregulate genes involved in lipid handling and iron homeostasis 
(van der Poel et al., 2019), potentially reflecting their response to myelin damage and iron 
deposition. 

Astrocytes are important players in MS since they are involved in many mechanisms that 
are impaired in MS such as BBB maintenance, oligodendrocyte function, and myelination. 
Reactive astrocytes undergo astrogliosis, an abnormal increase in astrocytes, thereby forming 
a glial scar during later stages of inflammation in MS lesions. A glial scar is beneficial as it 
shields healthy CNS tissue from spreading inflammation and supports tissue regeneration 
(Ponath et al., 2018). However, glial scars can also inhibit regeneration and hence should not 
be viewed as only beneficial or detrimental (Bradbury and Burnside, 2019).

Early in lesion formation, astrocytes acquire a hypertrophic morphology and express MHC-II 
components, suggesting they are able to (re)activate infiltrating T cells by presenting myelin 
components (Ponath et al., 2018). In EAE and MS, subtypes of astrocytes upregulate genes 
involved in neuroinflammation, mitochondrial dysfunction, and oxidative stress, which is 
induced by the transcription factor MAFG (Wheeler et al., 2020). These findings are in line 
with previous observations that a neurotoxic (LPS-stimulated) reactive astrocyte subtype is 
present in MS lesions (Liddelow et al., 2017; Schirmer et al., 2019). In chronic stages of EAE, 
astrocytes downregulate cholesterol synthesis genes (Itoh et al., 2017), which is important 
for oligodendrocyte function. A decrease in cholesterol availability may further impair 
myelination, since restoring cholesterol synthesis in astrocytes alleviates EAE symptoms (Itoh 
et al., 2017).

The multifaceted molecule VISTA
Immune checkpoints are important receptors that provide stimulatory or inhibitory signals 
to keep the immune system in balance between protection and autoimmunity (Fig. 3). NCR 
are inhibitory receptors that can be modulated to regulate immunity. VISTA is a unique NCR 
as it has many other functions in addition to inhibiting T-cell activation. In myeloid cells, 
VISTA acts not only as a ligand but also as a receptor and is involved in phagocytosis, cytokine 
response, and chemotaxis. Multiple NCR are expressed in the CNS; however, expression and 
function of VISTA remains unknown.

Immune checkpoints: essential regulators of immunity

Immune checkpoints are critical in maintaining the balance between protective immune 
responses of appropriate magnitude versus excessive inflammation with undue tissue damage 
and autoimmune disease. Co-stimulatory and co-inhibitory receptors provide T cells with 
activating or suppressing signals, respectively, and a disruption of this balance can lead to 
autoimmunity or prevent specific immune responses (Fig. 3). NCR are receptors that provide 
co-inhibitory signals to T cells, which leads to inhibition of T-cell activation. Immune 
checkpoints and particularly NCR are intensely pursued as therapeutic targets for cancer 
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and autoimmunity. Blocking NCR enhances anti-tumor immunity, whereas enhancing NCR 
signaling offers a strategy to alleviate autoimmunity (Fig. 3). Studies mainly focus on NCR 
biology in cancer and peripheral immunity; however, multiple NCR are also expressed by 
CNS-resident cell types including neurons, oligodendrocytes, astrocytes, and microglia 
(Yshii et al., 2017). Expression of most NCR in the CNS is upregulated or induced during 
inflammation (Yshii et al., 2017). A subset of cancer patients develops neurological adverse 
effects after NCR treatment including encephalitis and MS (Cuzzubbo et al., 2017; Yshii et 
al., 2017), demonstrating that NCR modulation can affect the CNS. Inhibition of NCR has 
proven to mount an anti-tumor response in certain types of CNS-associated human tumors 
(Kamath and Kumthekar, 2018; Ratnam et al., 2019). Furthermore, modulating NCR activity 
affects CNS autoimmunity such as EAE (Latchman et al., 2004; Carter et al., 2007; Joller et 
al., 2012; Aarts et al., 2017) (Fig. 3). Detailed clinical studies assessing the effectiveness of 
modulating NCR in CNS inflammation, ageing, and neurodegeneration are lacking.

Immune checkpoints in the CNS

Expression and function of NCR in peripheral immunity especially during cancer and 
autoimmunity are extensively studied and are beginning to be understood. In contrast, the 
physiological and pathological functions of NCR in the CNS are in its infancy, although NCR 
are involved in a variety of CNS functions including communication with peripheral immune 
cells. 

Multiple inhibitory immune checkpoints are expressed by mouse and human CNS-resident 
cells at least on mRNA level with varying abundancies including A2AR, B7H3, BTLA, CTLA4, 
LAG3, NOX2, PD1, PDL1, PDL2, and TIM3 (Fig. 4). Every major CNS cell type (neurons, 
oligodendrocytes, microglia, astrocytes, endothelial cells) expresses inhibitory immune 
checkpoints, but microglia express the largest diversity (Fig. 4). Expression of many of these 
inhibitory immune checkpoints is induced or upregulated during inflammatory conditions 
including PD1, PDL1, PDL2, and TIM3 (Yshii et al., 2017).

Function and in-depth expression dynamics of the majority of immune checkpoints has not 
been studied in detail in the CNS. The best studied NCR in the CNS is PDL1 (also known 
as CD274 and B7H1), which is predominantly expressed by microglia and neurons (Fig. 4). 
During inflammation, PDL1 expression is induced in astrocytes, oligodendrocytes (Phares et 
al., 2009) and endothelial cells (Pittet et al., 2011), and upregulated in microglia and neurons. 
Upregulation or induction of PDL1 in microglia and astrocytes during inflammation limits 
CNS inflammation and pathology by inhibition of T-cell activation (Schachtele et al., 2014; 
Chauhan and Lokensgard, 2019). In EAE, for example, responses of infiltrating PD1-
expressing T cells are suppressed by microglia PDL1 expression (Schreiner et al., 2008). 
Conversely, deletion of PDL1 or PDL2 in mice reduces the infarct volume after tMCAO, 
due to reduction of immune-activated microglia and infiltrating peripheral immune cells 
(Bodhankar et al., 2013). Hence, it is possible that expression of PDL1 has different functional 
consequences for different cell types (T cells versus myeloid cells). In PDL1 deficient mice, 
PD1 and PDL2 expression is increased (Bodhankar et al., 2013), suggesting a compensatory 
mechanism. Therefore, genetic depletion of one NCR can likely be balanced by upregulation 
of functionally similar NCR.

TIM3 is a co-inhibitory receptor that suppresses T-cell activation. In microglia, TIM3 
regulates inflammatory responses such as inducible nitric oxide synthase (iNOS) production 
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Figure 3. Immune checkpoints regulate T-cell responses and are involved in EAE development. 
Immune checkpoints and their counterreceptors are depicted, which provide stimulatory and inhibitory 
signals to T cells in order to regulate their responses. Knockout of immune checkpoints and activation 
or inhibition using antibodies affect EAE disease progression (Latchman et al., 2004; Carter et al., 2007; 
Joller et al., 2012; Aarts et al., 2017). Inhibiting the activity of negative checkpoint regulators PD1, PDL1, 
and CTLA4 using monoclonal antibodies is used in clinics to treat cancer (Murciano-Goroff et al., 
2020). Additional immune checkpoints are currently under investigation in (pre)clinical trials for their 
therapeutic potential in cancer and autoimmunity (Paluch et al., 2018; Murciano-Goroff et al., 2020).
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after exposure to glioma-conditioned medium (Kim et al., 2020), suggesting that NCR have 
intrinsic functions in microglia biology. In melanoma brain metastases, microglia are the 
principal IDO-expressing cell type compared to infiltrating immune cells (Herrera-Rios et 
al., 2020). IDO is an immunomodulatory enzyme that facilitates conversion of tryptophan to 
kynurenine, resulting in antimicrobial and immunosuppressive environments (Frumento et 
al., 2002). This high expression of IDO indicates that microglia are potent immunomodulatory 
cells especially during CNS diseases that include immune cell infiltration, such as MS.

VISTA structure and binding partners

VISTA (also known as PD1H (Flies et al., 2011), DD1a (Yoon et al., 2015), DIES1 (Aloia et al., 
2010), GI24 (Sakr et al., 2010), C10orf54, VSIR, B7H5, and 4632428N05Rik) is an NCR that is 
expressed in multiple tissues at varying levels. Multiple counterreceptors have been proposed, 
but not proven beyond doubt. 

VISTA is a transmembrane protein that contains an immunoglobulin variable (IgV)-like fold 
and shares similarities with B7 family members PD1, PDL1, CD28, and CTLA4 (Mehta et 
al., 2019). The extracellular domain of VISTA contains four conserved cysteines that are not 
present in other B7 family members (Mehta et al., 2019). Across species, VISTA is highly 
conserved with 96% identical protein sequence comparing human to other primates (rhesus 
macaque, cynomolgus monkey, common marmoset) and 77% between human and mouse 
(unpublished). The VISTA gene is located on chromosome 10 within the intronic region of 
Cadherin23 (CDH23).
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Figure 4. Expression of inhibitory immune checkpoints in mouse and human CNS during 
homeostasis. Heatmap illustrates mRNA levels as log2(FPKM) in different types of CNS cells, derived 
from published mRNA sequencing data (Zhang et al., 2014, 2016).
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Although the counterreceptor of VISTA remains elusive, multiple candidate binding partners 
have been proposed: VSIG3/IGSF11 (Mehta et al., 2019; Wang et al., 2019), VISTA itself 
through homophilic interaction (Yoon et al., 2015), and PSGL1 (Johnston et al., 2019). 
VSIG3 binds to VISTA in ELISA assays (Mehta et al., 2019; Wang et al., 2019), and plate-
bound VSIG3 inhibits anti-CD3-induced cytokine secretion by T cells (Wang et al., 2019). 
However, evidence for functional cellular interactions through VISTA and VSIG3 in vitro 
and particularly in vivo is lacking. A homophilic VISTA interaction between apoptotic cells 
and macrophages has been suggested to be necessary for facilitating uptake of apoptotic cells 
(Yoon et al., 2015). However, this homotypic binding could not be replicated in another study 
(Johnston et al., 2019). In this study, PSGL1 was proposed as a binding partner via histidine 
residues within the extracellular domain of VISTA (Johnston et al., 2019). Binding of PSGL1 
and VISTA leads to inhibition of T-cell activation and only occurs at acidic pH in vitro and 
in vivo (pH 6.0) (Johnston et al., 2019). Hence, binding of VISTA to PSGL1 selectively occurs 
in acidic environments, e.g. theoretically provided by tumors and inflammation (Johnston et 
al., 2019).

It is possible that VISTA has multiple binding partners, but additional evidence and replication 
studies will be necessary to unequivocally demonstrate functional binding of VISTA to one or 
more of these potential counterreceptors.

VISTA expression across cell types and tissues

VISTA mRNA is expressed in multiple organs and tissues including thymus, spleen, 
heart, kidney, lung, bone marrow, and the brain (Wang et al., 2011). Predominantly the 
hematopoietic compartment expresses VISTA with highest levels in myeloid cells (monocytes, 
macrophages, dendritic cells), neutrophils, followed by naïve CD4pos and CD8pos T cells, as 
well as regulatory Foxp3pos T cells (Flies et al., 2011; Wang et al., 2011; ElTanbouly et al., 2019). 
Whereas expression of other NCR is increased upon T-cell activation, VISTA is constitutively 
expressed on resting T cells. VISTA expression in other hematopoietic cell types is detectable 
but low, including natural killer (NK) cells, thymocytes, and plasma cells, whereas no VISTA 
expression is observed in B cells (Flies et al., 2011; Wang et al., 2011; ElTanbouly et al., 2019). 

Of note, VISTA expression is not restricted to the cell surface, but is also observed in high 
levels intracellularly in myeloid cells (ElTanbouly et al., 2019). Here, it colocalizes with 
markers for early endosomes (EEA1) and recycling endosomes (RAB11) (ElTanbouly et al., 
2019), suggesting that VISTA is actively recycled and/or has other functions in the cytoplasm.

Several studies demonstrated expression of VISTA in various types of cancer including gastric 
carcinoma (Böger et al., 2017), colorectal carcinoma (Xie et al., 2018; Deng et al., 2019), 
hepatocellular carcinoma (Zhang et al., 2018), ovarian and endometrial cancer (Mulati et 
al., 2019), prostate cancer (Gao et al., 2017), pancreatic cancer, and melanoma (Blando et 
al., 2019). In some types of cancer, VISTA is expressed by cancer cells themselves, including 
gastric, ovarian, and endometrial tumors (Böger et al., 2017; Mulati et al., 2019). However, 
VISTA expression is predominantly found on myeloid-derived suppressor cells (MDSC) in 
the tumor microenvironment (Green et al., 2015; Wu et al., 2017; Latta-Mahieu et al., 2018; 
Xu et al., 2019). In MDSC, VISTA expression is induced by hypoxic tumor environments 
via HIF1a (Deng et al., 2019). Moreover, VISTA expression is induced in apoptotic cells 
as a downstream target of p53 and is required for engulfment by phagocytes (Yoon et al., 
2015). VISTA is also involved in differentiation as reducing VISTA expression using siRNA 
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or miRNA-125b inhibits the differentiation of mouse embryonic stem cells (Aloia et al., 2010; 
Battista et al., 2013) and preadipocytes (Ren et al., 2013).

VISTA as a negative checkpoint regulator

Multiple studies have demonstrated that VISTA inhibits T-cell activation and therefore 
functions as an NCR. VISTA-Ig fusion protein or VISTA-overexpressing A20 cells both reduce 
proliferation and cytokine production (IL2 and IFNg) in ovalbumin (OVA) or anti-CD3-
stimulated T cells in vitro (Wang et al., 2011). Furthermore, blocking VISTA in mice using an 
antagonistic anti-VISTA antibody (clone 13F3) increases T-cell proliferation in response to 
OVA and exacerbates the development of EAE (Wang et al., 2011). Concomitantly, targeting 
VISTA on T cells in mice using an agonistic anti-VISTA antibodies (clone MH5A or 8G8) 
protects mice from graft-versus-host disease (GvHD) (Flies et al., 2011), hepatitis (Flies et al., 
2014), lupus (Han et al., 2019; ElTanbouly, Zhao, et al., 2020), psoriasis (ElTanbouly, Zhao, 
et al., 2020), and arthritis (ElTanbouly, Zhao, et al., 2020). This protection from GvHD is 
independent of host cells (Flies et al., 2011), but is due to engagement of VISTA on donor T 
cells, inhibiting their activation (Flies et al., 2015; ElTanbouly, Zhao, et al., 2020). 

In addition to inhibition of T-cell activation, VISTA is also involved in T-cell differentiation 
and expansion. In GvHD, for example, activation of VISTA on donor T cells expands 
regulatory T cells (Tregs) (Flies et al., 2011). Concordantly, T cells in generic VISTA knockout 
(KO) mice exhibit a reduced ability to form iTregs (Wang et al., 2017). The generation of 
natural Tregs, however, is not impaired (Wang et al., 2017). The iTregs of generic VISTA KO 
mice are more prone to conversion into Th17 and Th1 cells during inflammation compared to 
wildtype iTregs (Wang et al., 2017). This overall reduction in iTreg formation and induction 
of Th1 and Th17 cells supports the notion of a more reactive T-cell compartment in VISTA 
KO mice. It is likely that this reactivity is caused by both intrinsic effects of VISTA deficiency 
in T cells, and indirect effects of an altered cytokine profile and depletion of VISTA in other 
cell types (e.g. dendritic cells, DC). Consistent with this argument, DC in VISTA KO mice 
produce more IL23, leading to augmented IL17a production by Th17 and γδ T cells, resulting 
in the exacerbation of psoriasiform plaques in mice induced by imiquimod (Li et al., 2017).

In contrast to other NCR, which are expressed upon T-cell activation, VISTA is constitutively 
expressed on resting T cells, suggesting distinct functionalities. Underscoring this non-
redundant role of VISTA, double KO of VISTA and PD1 significantly increases T-cell responses 
to foreign antigens and exacerbates EAE compared to VISTA or PD1 single KO mice (Liu et 
al., 2015). Detailed analysis of the T-cell compartment in VISTA KO mice using single cell 
transcriptomic and epigenetic approaches demonstrate that VISTA is crucial for maintaining 
naïve T cell quiescence (ElTanbouly, Zhao, et al., 2020). Therefore, VISTA regulates T-cell 
tolerance before activation occurs, whereas other NCR such as CTLA4 and PD1 only act after 
T-cell activation to inhibit priming and effector functions. VISTA is the first known NCR 
that acts at such an early stage in the T-cell activation cascade and hence offers a novel, non-
redundant target for therapeutic interventions (ElTanbouly, Zhao, et al., 2020).

Function of VISTA in myeloid cell biology

VISTA was initially discovered as an NCR, but since then a role for VISTA in a variety of other 
processes in myeloid cells has been proposed, including cytokine response, chemotaxis, and 
efferocytosis (Fig. 5).
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In multiple mouse models of inflammation, VISTA KO is associated with an increase in pro-
inflammatory cytokines (Ceeraz, Eszterhas, et al., 2017; Ceeraz, Sergent, et al., 2017; Li et 
al., 2017; H. Liu et al., 2018). These cytokines derive from T cells and myeloid cells. In a 
psoriasis mouse model, for example, VISTA KO enhances the production of IL23 by DC (Li 
et al., 2017). Surprisingly, overexpression of VISTA in human monocytes in vitro leads to 
spontaneous cytokine production (TNF, IL1b) on mRNA (Bharaj et al., 2018) and protein 
level (Bharaj et al., 2014). It is unclear whether these opposing findings are due to differences 
between species (human versus mouse), or because of distinct approaches of studying VISTA 
(KO versus overexpression). Nonetheless, these studies demonstrate that VISTA is involved 
in the cytokine response of myeloid cells (Fig. 5).

Emerging evidence suggests that VISTA is involved in chemotaxis and migration through 
direct and indirect signaling in myeloid cells (Fig. 5). In VISTA KO mice, elevated levels of 
inflammatory cytokines and chemokines such as CCL2 (MCP1) are observed in the lung, 
which is associated with the development of experimental asthma (H. Liu et al., 2018). CCL2 
is a chemoattractant for monocytes and thus VISTA may indirectly regulate the recruitment 
of monocytes. VISTA also directly regulates monocyte chemotaxis, since blocking VISTA 
on monocytes using an antagonistic antibody (clone 13F3) enhances their migration ability 
(Sergent et al., 2018). Concordantly, expression of the CCL2 receptor CCR2 was increased in 
13F3-treated mice (Sergent et al., 2018).

In macrophages, expression of VISTA is required for the engulfment and uptake of apoptotic 
cells (Yoon et al., 2015; Cohen et al., 2016). VISTA is upregulated in a p53-dependent manner 
in apoptotic cells and a homophilic interaction with VISTA on macrophages facilitates 
efferocytosis (Yoon et al., 2015) (Fig. 5). A lack of VISTA on either phagocytes or apoptotic 
cells impairs dead cell clearance (Yoon et al., 2015). However, as mentioned, a homophilic 
interaction of VISTA could not be replicated to date (Johnston et al., 2019). Concordantly, 
blocking VISTA on macrophages using a neutralizing antibody also reduces the uptake of 
neutrophils in vitro (Cohen et al., 2016).

Activating VISTA enhances endotoxin tolerance and decreases the septic shock lethality in 
mice (ElTanbouly, Schaafsma, et al., 2020). Endotoxin tolerance describes a mechanism of 
innate immune memory, in which innate immune cells are less sensitive towards an immune 
stimulus such as LPS, if they have been stimulated with LPS previously. Using an agonistic 
anti-VISTA antibody (clone 8G8) leads to epigenetic reprogramming of macrophages, which 
results in an anti-inflammatory profile and increases endotoxin tolerance (ElTanbouly, 
Schaafsma, et al., 2020).

Many of the presented experiments are based on a generic VISTA KO mouse model or 
systemically administered VISTA-modulating antibodies. Therefore, it cannot be excluded 
that some of the observed changes in myeloid cells are due to a lack of VISTA on other cell 
types as opposed to a cell-intrinsic role of VISTA. However, most studies additionally used 
cell-specific in vitro assays to verify their results, suggesting a cell-intrinsic function. Using 
conditional depletion of VISTA in a cell-type specific manner will be important to further 
dissect the function of VISTA in myeloid cells in vivo. 

Summarized, VISTA functions beyond being an NCR and is involved in multiple aspects of 
the innate immune response of myeloid cells.
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Dual role of VISTA as receptor and ligand

VISTA has a large spectrum of expression and functions across multiple tissues and cell types. 
This diverse function and expression may in part be attributed to the dual role of VISTA as a 
receptor and a ligand (Fig. 5). 

Regarding the function of VISTA as an NCR, both ligand and receptor activities on APC 
and T cells can lead to T-cell inhibition. VISTA-Ig fusion proteins and VISTA-overexpressing 
A20 cells both reduce proliferation of anti-CD3-stimulated T cells (Wang et al., 2011; Lines 
et al., 2014). Therefore, VISTA expressed on APC can act as a ligand and upon binding to 
a counterreceptor on T cells this leads to T-cell inhibition. Conversely, engaging VISTA 
expressed on naïve T cells can also inhibit T-cell activation (Fig. 5), which has been shown in 
the context of hepatitis (Flies et al., 2014) and GvHD in mice (Flies et al., 2011; ElTanbouly, 
Zhao, et al., 2020). As mentioned, treatment of mice with agonistic anti-VISTA antibody (clone 
MH5A) activating VISTA signaling protects mice against GvHD (Flies et al., 2011). Passive 
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transfer of wildtype T cells into VISTA KO mice and subsequent anti-VISTA treatment also 
reduced GvHD, demonstrating that host cells are not involved in this protective effect (Flies 
et al., 2011). Thus, VISTA as a receptor on T cells and as a ligand on T cells as well as APC 
inhibits T-cell activation and thereby exerts its role as an NCR.

In myeloid cells, VISTA also acts as a receptor thereby exerting functions beyond inhibition 
of T-cell activation (Fig. 5). Overexpression of VISTA in human monocytes/macrophages 
leads to spontaneous inflammatory cytokine secretion, which is abrogated after deleting the 
cytoplasmic domain (Bharaj et al., 2014). Although the cytoplasmic domain of VISTA does 
not contain any immunoreceptor tyrosine-based signaling motifs, multiple casein kinase 
2 and phosphokinase C phosphorylation sites are present (Mehta et al., 2019). These data 
demonstrate that engagement of VISTA on myeloid cells results in downstream cellular 
signaling through the cytoplasmic tail, which has functional ramifications for the cell such as 
cytokine production (Bharaj et al., 2014).

This dual role of VISTA as a receptor and ligand has important consequences for studying 
its function and the therapeutic potential of anti-VISTA antibodies. The effect of VISTA KO 
and VISTA-targeted treatment must be studied for individual cell types and with regard to 
VISTAs broad functions. 

A VISTA on MS treatments

There is currently no cure for MS, only limited treatment options for RRMS, and no treatment 
for progressive MS. Thus, there is a high need in developing novel treatment strategies.

Currently, there are more than 10 FDA-approved immunomodulatory therapies for MS 
(Baecher-Allan et al., 2018). These drugs interfere with peripheral immune cell trafficking to 
the CNS (e.g. Natalizumab; anti-VLA4), deplete subsets of immune cells (e.g. ocrelizumab; 
anti-CD20), or modulate immune signaling pathways (e.g. IFNb, cladribine, dimethyl 
fumarate); however, immune checkpoints are not used as a target for MS immunotherapy yet 
(Baecher-Allan et al., 2018; Thompson et al., 2018). 

Immunotherapy using immune checkpoint inhibitors is already established as an effective 
treatment against several cancer types, and more recently against autoimmune diseases such 
as rheumatoid arthritis. Studies mainly focus on the effects of immunotherapy on peripheral 
immunity, but evidence strongly suggests that immune checkpoint inhibitors affect the CNS 
as well, since neurological side effects are observed after immunotherapy treatment of cancer 
(Cuzzubbo et al., 2017; Yshii et al., 2017).

Targeting NCR using monoclonal antibodies may offer novel therapeutic strategies to limit 
autoimmunity while retaining a beneficial immune response. PDL1 KO exacerbates passive 
transfer EAE due to an increase in T cell infiltration (Latchman et al., 2004). Similarly, 
VISTA KO also exacerbates passive transfer EAE (Wang et al., 2014). Agonistic antibodies 
that activate NCR signaling may enhance immune inhibition signals and therefore present 
an effective treatment strategy for MS. The functions of VISTA in the CNS during health and 
disease are currently unknown. As VISTA can be exploited as a therapeutic target for cancer 
and autoimmune diseases, it is conceivable that VISTA may offer a novel therapeutic target 
for MS.
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Outline of the thesis
MS is a chronic, demyelinating autoimmune disease of the CNS and treatment options are 
limited. Targeting NCR may offer novel strategies to modulate inflammatory responses during 
MS, while maintaining a properly functioning immune system. Treatment of cancer using 
currently approved immune checkpoint inhibitors can affect the CNS and lead to various 
neurological symptoms, suggesting that monoclonal antibodies have direct effects on CNS-
resident cell types and hence on CNS function. VISTA is a more recently discovered NCR 
and is involved in controlling T-cell quiescence and the development of autoimmune disease. 
Modulating VISTA in MS may offer a novel tool of modulating the autoimmune response 
and alleviate symptoms. However, the role of VISTA in the CNS is unknown. Furthermore, 
in MS there is an intricate interplay of multiple cell types including CNS-resident cells such 
as astrocytes and microglia, and the infiltrating immune cell subsets. The exact functions of 
microglia and astrocytes in MS and how they communicate with other CNS-resident cells and 
infiltrating immune cells are not well understood.

The main research questions of this thesis are: (i) how do human microglia develop with 
regard to transcriptional- and chromatin accessibility profiles, immune competence 
including antigen recognition and NCR such as VISTA, and how do they contribute to CNS 
development, (ii) what is the transcriptional response of different astrocyte subtypes in EAE, 
and (iii) how does VISTA contribute to neuroinflammation (especially in MS/EAE), what is 
the function of VISTA in the CNS and microglia, and what are the potential implications for 
immunotherapy.

Chapter 1 provides a general introduction and outline to astrocytes and microglia in the CNS 
during health and disease, MS, and the function and role of VISTA is provided.

Chapter 2 characterizes microglia during human fetal development using a combination of 
single cell gene expression profiles and chromatin accessibility assays. Microglia acquire an 
immune-sensing, homeostatic phenotype early during fetal development, which may partly 
explain the vulnerability of the developing CNS towards fever and infections.

Chapter 3 delineates astrocyte heterogeneity based on surface molecules ACSA-2/ATP1B2 
and GLAST/SLC1A3 during homeostasis and characterizes the phenotype of astrocytes 
during EAE. To dissect the role of astrocytes in MS, gene expression profiles of astrocyte 
subtypes at different stages of EAE are characterized. GLAST surface expression distinguishes 
transcriptional distinct astrocyte subtypes and spinal cord astrocytes are highly reactive 
during acute stages of EAE, whereas they switch to a more proliferative phenotype in chronic 
stages.

Chapter 4 describes VISTA expression in the CNS during health and disease with focus 
on microglia VISTA expression and changes of expression during MS. Microglia are the 
principal VISTA-expressing CNS-resident cell type and their VISTA expression decreases 
during innate immune receptor ligation in vitro, in mouse models of microglia activation and 
neuroinflammation, and in chronic MS lesions.

Chapter 5 assesses VISTA expression in multiple human CNS inflammatory and 
neurodegenerative diseases and respective animal models using published mRNA sequencing 
datasets. In almost all investigated CNS diseases, microglia VISTA expression is decreased. 
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Chapter 6 characterizes VISTA function in microglia and investigates expression of VISTA 
in different MS lesion stages. VISTA is differentially expressed in distinct MS lesions and 
correlates mainly with other microglia markers and not inflammatory markers. The role of 
VISTA in microglia during health and disease is delineated using microglia-specific VISTA 
KO mice and different models of acute peripheral inflammation (LPS) affecting the CNS 
versus autoimmune disease (EAE). VISTA KO does not affect microglia transcriptional 
responses after LPS or during EAE and does not alter EAE progression. However, VISTA 
regulates myelin phagocytosis and induces a more regulatory transcriptional microglia profile 
in naïve mice.

Chapter 7 summarizes all experimental findings, discussing them in the context of recent 
literature and future perspectives on VISTA-directed therapy and differential contributions of 
glia subsets to MS pathology and progression.
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Abstract
Microglia, immune cells of the central nervous system (CNS), are important for tissue 
development and maintenance, and are implicated in CNS disease, but we lack understanding 
of human fetal microglia development. Here, single cell gene expression and bulk chromatin 
profiles of microglia at 9-18 gestational weeks (GWs) of human fetal development were 
generated. Microglia are heterogeneous at all studied GWs and exhibit transcriptional 
profiles reminiscent of activated/phagocytic microglia. Microglia start to mature during 
this developmental period and increasingly resemble adult microglia with CNS-surveilling 
properties. Chromatin accessibility increases during development with associated 
transcriptional networks reflective of adult microglia. Thus, during early fetal development, 
microglia progress towards a more mature, immune-sensing competent phenotype, which 
might render the developing human CNS vulnerable to environmental perturbations during 
early pregnancy.

Graphical abstract
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Human fetal microglia development

Introduction
Microglia are the resident myeloid cells of the CNS contributing to tissue homeostasis and 
pathology. Under homeostasis, microglia survey the CNS parenchyma and express receptors 
involved in monitoring and immune-sensing functions, the sensome (Hickman et al., 2013). 
Microglia colonize the brain prior to neurogenesis, myelination, and blood-brain barrier 
formation and are a largely self-maintaining and long-lived population in healthy CNS (Füger 
et al., 2017; Tay et al., 2017). Environmental perturbations during pregnancy affect microglia 
functioning (Matcovitch-Natan et al., 2016; Thion et al., 2018), and can be associated with 
epigenetic reprogramming (Ayata et al., 2018; Wendeln et al., 2018). Microglia are important 
for CNS development and in view of their longevity and epigenetic memory, early perturbations 
in microglia might have long-lasting effects that could impact CNS development and function 
(Prinz and Priller, 2014; Tay et al., 2018).

In mice, microglia emerge from early erythromyeloid progenitors (EMPs) in the extra-
embryonic yolk sac at embryonic day 7.5 (E7.5) and subsequently colonize the developing 
brain rudiment at E9.5 (Hoeffel et al., 2015). Mouse microglia development is accompanied by 
changes in gene expression and epigenetic profiles (Matcovitch-Natan et al., 2016). Microglia 
proliferate and differentiate in early embryonic stages and support neuronal development 
(synaptic pruning) in late embryonic and early postnatal stages. They acquire their homeostatic 
and immune surveillance profile at late postnatal and adult stages (Matcovitch-Natan et al., 
2016; Thion et al., 2018). During embryonic development and early postnatal stages, mouse 
microglia are heterogeneous (Hammond et al., 2019; Li et al., 2019; Masuda et al., 2019). 

In human embryos, shortly after the closure of the neural tube, amoeboid IBA1pos microglia 
appear at GW4.5 in the leptomeninges, the ventricular edge and the choroid plexus of 
the brain (Menassa and Gomez-Nicola, 2018). From these sites, microglia colonize the 
telencephalon and diencephalon. During this process, microglia transform to ramified cells 
that are recognizable as early as GW12 (Monier et al., 2006, 2007).

To date, limited bulk RNA sequencing data of human midgestation fetal microglia indicate 
that mouse and human microglia share developmental gene expression signatures (Thion et 
al., 2018). However, an in-depth understanding of cellular development and heterogeneity of 
microglia during human fetal development is lacking. Here, 15,782 microglia were analyzed 
with single cell RNA sequencing (scRNAseq) and underlying gene regulatory mechanisms 
were observed by assay for transposase-accessible chromatin using sequencing (ATACseq) in 
23 human fetuses ranging from GW9 to 18.

Results

Isolation and characterization of microglia from human fetal CNS tissue

Single cell transcriptional profiles (n=20 fetuses) and chromatin accessibility (n=8 fetuses) 
were generated from viable (DAPInegDRAQ5pos) human fetal microglia (CD11BposCD45int) 
that were FACS-isolated from CNS tissue of 23 early to midgestation (GW9-18) fetuses 
after elective pregnancy termination (Fig. 1A-B and Table S1). Using a modified Smart-seq2 
scRNAseq protocol, 15,782 microglia and 781 non-microglia CNS cells were sequenced with 
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a median number of 22,330 unique molecular identifiers (UMIs) and 977 unique genes per 
cell after filtering. The number of UMIs, and percentages of ribosomal and mitochondrial 
RNA were similar across all samples and ages (Fig. S1A-B). To verify that the CD11BposCD45int 
population were microglia, the transcription profile was compared to CNS cell type-specific 
gene sets from two independent human datasets (Lake et al., 2018; Zhong et al., 2018) (Table 
S2). Expression of microglia genes was enriched in CD11BposCD45int microglia, but not in 
other (CD11BnegCD45neg) CNS cells (Fig. 1C). IBA1 immunoreactivity was detected in fetal 
CNS tissue at all gestational ages, and a typical ramified microglia morphology was observed 
in most tissues, confirming the presence of microglia (Fig. 1D).
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Figure 1. Study design and isolation of microglia from fetal CNS tissue. (A) CNS tissue from fetuses 
of GW9-18 was processed on ice with mechanical dissociation and Percoll gradient centrifugation 
(GW>12). Individual microglia and other CNS cells were sorted into 384-well plates for scRNAseq 
(n=20). Bulk microglia were collected for ATACseq (n=8). (B) Representative FACS plots of the gating 
strategy for isolation of microglia and other CNS cells (n=23). (C) Heatmap depicting expression of 
CNS cell type-specific gene sets from two different datasets (Lake et al., 2018; Zhong et al., 2018) (Table 
S2) in FACS-isolated microglia and other CNS cells as AUC values. (D) IBA1 immunoreactivity in CNS 
tissue of GW9-17 fetuses. Insets depict 2x magnifications of the indicated areas. AUC = area under 
curve; OPC = oligodendrocyte progenitor cell; GW = gestational week
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Microglia are heterogeneous during human fetal development and 
exhibit an activated/phagocytic gene expression profile

To determine transcriptional microglia heterogeneity during development, unsupervised 
clustering analysis was performed, resulting in 16 distinct clusters (Fig. 2A); present at all 
GWs (Fig. 2B). All clusters exhibited similar levels of mitochondrial and ribosomal RNA 
and UMIs per cell (Fig. S1C); hence cluster formation was not caused by differences in cell 
quality. Variation between samples was minor and sample bias did not affect clustering (Fig. 
S2A). Although sex did not affect cluster distribution (Fig. S2B), male/female differences 
were difficult to assess, due to unequal male/female sample numbers per GW (Table S1). 
Clusters were annotated on the basis of cluster-enriched genes (Fig. S2C-D and Table S3) 
which were determined by differential gene expression analysis of one cluster compared to 
all other clusters.

Cells in myeloid clusters 9 and 10 expressed the non-microglia myeloid cell markers LYVE1 
and S100A9, respectively (Fig. S2C-D). These clusters also expressed genes of the MS4A family, 
which have been associated with a microglia-brain border macrophage intermediate during 
mouse development (Hammond et al., 2019). Microglia clusters 11-16 were characterized by 
unique expression of cluster-enriched genes MRPL23, PARP4, MTX1, HBA/HBG, ZP3, and 
NAMPT (Fig. S2C-D).

All microglia clusters expressed canonical microglia markers CSF1R and CX3CR1 (Fig. 2C). 
Expression of homeostatic microglia genes P2RY12 (Fig. 2C), P2RY13, and TMEM119 (Fig. 
S3A) was less frequent but present and validated in situ for TMEM119 (Fig. S3B-C). Microglia 
of all clusters expressed multiple genes previously associated with an activated/phagocytic 
microglia phenotype identified in aging and neurodegenerative diseases (also called DAMs/
MGnD) (Holtman et al., 2015; Keren-Shaul et al., 2017; Krasemann et al., 2017) such as SPP1, 
AXL, APOE (Fig. 2C), TREM2, and ITGAX (Fig. S3A). AXL, APOE, and CD68, markers for 
activated/phagocytic microglia, co-localized with IBA1 in fetal CNS tissue, confirming their 
expression by microglia (Figs. 2D-E and S3D).

Microglia clusters are associated with GW and exhibit distinct 
functional profiles

In view of the GW-dependent distribution of cells on the uniform manifold approximation 
and projection (UMAP) (Fig. 3A) and the differential contribution to clusters (Fig. 2B), GW-
associated clusters were characterized.

The percentage of cells in cluster 5 increased from GW9-18 and showed distinct expression 
of immediate early genes (IEGs) such as JUN and DUSP1 (Fig. 3B). cJUN protein was also 
detected in IBA1pos microglia in situ (Fig. 3C), making artefactual induction of IEGs exclusively 
by the microglia isolation procedure unlikely. Gene ontology (GO) terms associated with the 
cluster-enriched genes were mainly immune- and inflammation-related (Fig. 3D and Table 
S4). 

Microglia from all gestational ages contributed to cluster 6, but it was enriched for cells from 
GW10-13 (Fig. 3E). Cells of cluster 6 uniquely expressed the cell cycle genes MKI67 and 
SPC24 (Fig. 3E), were annotated to G2/M- and S-phase on the basis of conserved cell cycle 
genes (Fig. S2B), and GO terms were associated with cell division (Fig. 3D and Table S4). 
Immunostaining confirmed expression of MKI67 in IBA1pos microglia across multiple GWs 
(Fig. 3F), indicating the presence of proliferating microglia.
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Clusters 7 and 8 had a strong bias for GW9-10 microglia, whereas these clusters had little 
contribution of cells from GW>15 (Fig. 3G). Cluster-enriched genes included neuronal genes 
such as MAP1B and phagocytosis genes CLEC7A and AXL (Fig. 3G-H). Phagocytosis of other 
cells or debris may explain the presence of these neuronal transcripts.

More than 40% of microglia in clusters 2 and 3 derived from GW11-12 samples (Fig. 3H). 
Although microglia of all clusters expressed genes associated with microglia activation (Fig. 
2C-E), some of these genes were more enriched in GW11-12 MG such as AXL and APOE 
(Fig. 3H). GO terms associated with GW11-12 MG cluster-enriched genes were related to 
phagocytosis and brain development (Fig. 3D and Table S4).

Clusters 1 and 4 exhibited higher expression of homeostatic microglia markers such as 
CX3CR1 and VISTA (VSIR) (Borggrewe et al., 2018) and primarily contained cells from 
GW15-17 (Fig. 3I). Homeostatic markers CX3CR1 and VISTA co-localized with IBA1 in situ 
(Fig. S3E-F), demonstrating their expression by microglia (Borggrewe et al., 2018). Enriched 
genes of GW15-17 MG were annotated with GO terms for cytokine and immune system 
processes (Fig. 3D and Table S4).

Microglia undergo developmental transition towards adult, 
homeostatic microglia

To further delineate the observed developmental progression (Fig. 3) we performed pseudotime 
analysis (Qiu et al., 2017). Microglia were ordered along a machine learning pseudotime 
trajectory that represents a biological process defined by changes in gene expression (Qiu 
et al., 2017). Assigned pseudotimes (Fig. 4A) corresponded with the gestational ages (Fig. 
4B), suggesting a GW-dependent trajectory. This trajectory contained 7 segments, or states, 
which are separated by branching points (Fig. 4A-C), and differential gene expression analysis 
was performed to identify state-enriched genes (Table S5). State formation was not driven by 
individual samples (Fig. S4A).

State-enriched genes of side-branches (states 2, 4 and 6) were associated with oxidative 
phosphorylation, cell cycle and the immediate early response (Table S5). Whether these side-
branches represent distinct cell fates or transient transcriptional divergences from the main 
trajectory is not clear.

State 1 contained mainly GW9-11 microglia, whereas state 7 largely consisted of GW12-18 
microglia (Fig. 4D), which is consistent with the GW-associated clusters (Fig. S4B). State 1 
enriched genes were associated with microglia development(SOX4, SOX11) (Parakalan et al., 
2012), microglia activation/phagocytosis (ITGAX, AXL, CLEC7A, CD47) (Keren-Shaul et al., 
2017; Krasemann et al., 2017), and glycolysis (PKM, GPI) (Ghosh et al., 2018; Hammond et 
al., 2019) (Figs. 4E and S4C). Over the pseudotime trajectory, expression of homeostatic/
sensome markers (P2RY12, CX3CR1, IBA1) and a different set of microglia activation markers 
(TYROBP, C3, B2M, SPP1, C1QA) increased, which was most pronounced in state 7 (Figs. 4F 
and S4D). 

To confirm the developmental progression of fetal microglia, their transcriptional profiles 
were compared to profiles of mouse developmental microglia (Matcovitch-Natan et al., 2016), 
mouse sensome (Hickman et al., 2013), and juvenile (Gosselin et al., 2017) and adult human 
microglia (Galatro, Holtman, et al., 2017) (Fig. 4G-H and Table S2). The overlap with juvenile/
adult microglia genes increased from approximately 2-3% of state 1 genes to 10-18% of state 
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7 genes (Fig. 4G), suggesting developmental progression of human microglia from GW9-
11 (state 1) to GW12-18 (state 7). Progressive enrichment of mouse and human microglia 
gene sets in GW9-18 fetal microglia was determined using area under curve analysis (Fig. 
4H). Microglia younger than GW13 were enriched for genes from yolk sac and early mouse 
microglia (E10-16.5), and microglia older than GW13 were enriched for genes from pre 
and adult microglia (P3-56), with the exception of GW18 microglia that were enriched for 
genes at all developmental stages (Fig. 4H). An increasing overlap with mouse sensome genes 
was observed with progressing fetal GWs (Fig. 4H). Also, enrichment of human juvenile/
adult microglia genes gradually increased in fetal microglia with increasing GW (Fig. 4H). 
Together, these data suggest that microglia progress towards a homeostatic state during early 
human fetal development.

Distinct gene regulatory networks are active in early and 
midgestational microglia

Mouse microglia development is orchestrated by distinct transcription factors (Matcovitch-
Natan et al., 2016). To unravel putative gene regulatory mechanisms underlying the 
transcriptional changes in developing human fetal microglia, single cell regulatory network 
inference and clustering (SCENIC) (Aibar et al., 2017) was used. SCENIC uses scRNAseq 
data to determine gene regulatory networks, called regulons, by analyzing gene co-expression 
and the presence of transcription factor (TF) motifs.

Sixty-six gene regulatory networks were identified that segregated into two main hubs after 
unsupervised clustering associated with older and younger GWs (Fig. 5A). Regulons that 
associated with younger GWs were enriched for diverse general cellular functions including 
cell cycle (E2F2), morphogenesis (SOX4/11), and differentiation and chromatin remodeling 
(SP1) (Marin et al., 1997) (Fig. 5A). The activity of the regulons SP1 and E2F2 was highest 
in GW9-10 MG and the cell cycle MG clusters, respectively (Fig. 5B). Regulons associated 
with older GWs were more microglia-specific, including many ETS TF family members such 
as ETS1-2, ELF1, ELK3, and SPI1 (PU.1) (Fig. 5A and C), which are crucial for microglia 
development and function (Kierdorf et al., 2013; Smith et al., 2013). Furthermore, gene 
regulatory networks associated with IEGs were identified in older GWs (Fig. 5A), and JUN 
activity overlapped with the IEG MG cluster (Fig. 5C). These data show that gene regulatory 
networks progress from more general cellular functions in young GWs to microglia-specific 
properties in older GWs.

Figure 3 (previous page). GW-associated microglia clusters have diverse functional profiles. (A) 
UMAP depicting GWs (20 fetal samples; n=1-4 per GW). (B,E,G-I) UMAPs highlighting specific 
clusters, bar plots indicate the percentage of cells in respective clusters across GWs, and violin plots 
depict log expression of cluster-enriched genes for IEG MG (B), cell cycle MG (E), GW9-10 MG (G), 
GW11-12 MG (H), and GW15-17 MG (I). Significantly enriched genes per cluster compared to all other 
clusters are indicated; MAST test, *: p.adjusted < 0.05. (C,F) cJUN and IBA1 (C), and MKI67 and IBA1 
(F) co-expression in CNS tissue of GW10-18 fetuses. White arrowheads indicate co-localization. Insets 
depict 2x magnifications of the indicated areas. (D) Alluvial plot depicting the top 5 gene ontology (GO) 
terms per cluster plotted for all clusters. Ribbon thickness reflects the number of genes in GO terms. 
GW = gestational week; IEG = immediate early genes; MG = microglia; UMAP = uniform manifold 
approximation and projection
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To verify scRNAseq data-derived differences in gene regulatory network activity between 
microglia from young and old GWs, chromatin accessibility was assessed with ATACseq 
(Fig. 5D-E). An example of ATAC tracks and peaks in microglia genes CX3CR1 and APOE 
is depicted in figure S5. The DNA sequences underlying peaks were analyzed for enrichment 
of putative TF binding motifs with HOMER (Heinz et al., 2010). In the combined peaks of 
all samples, putative binding motifs of essential microglia TFs were enriched (Table S7). 
Differential peak analysis indicated that more peaks were associated with older (GW>13; 1338 
peaks) than with younger developmental stages (GW<13; 33 peaks) (Fig. 5D and Table S8). 
In peaks that were enriched in GW<13 microglia, the SP1 TF motif was present, which was 
also detected by SCENIC (Fig. 5A-B and E). DNA sequences underlying peaks enriched in 
GW>13 microglia contained many ETS TF family motifs, including PU.1 (Fig. 5E), which was 
validated at the protein level (Fig. 5F), in agreement with the SCENIC results (Fig. 5A and C). 
These findings indicate that increased chromatin accessibility during microglia development 
is accompanied by the activation of gene networks driving microglia-specific functions.

Discussion
Microglia are the CNS resident myeloid cells and critical for brain development and later tissue 
homeostasis (Matcovitch-Natan et al., 2016; Thion et al., 2018). After seeding the developing 
CNS from the yolk sac, and closure of the blood-brain barrier, microglia form a self-sustained 
population with highly variable turnover, and with negligible contribution from peripheral 
immune cells (Réu et al., 2017). Studies in mice revealed that during development, different 
gene regulatory networks drive microglia proliferation, differentiation, and maturation, and 
that perturbances have long-lasting functional consequences (Matcovitch-Natan et al., 2016; 
Thion et al., 2018). Here, the transcriptomic profile and chromatin organization of human 
fetal microglia during early to midgestation (GW9-18) development is presented. In contrast 
to microglia in the healthy adult CNS (Masuda et al., 2020), we find that fetal microglia are 
highly heterogeneous. They progressively mature from GW13 onwards, which is regulated by 
the activity of increasingly complex gene regulatory networks, and already display functional 
properties characteristic of mature human microglia at midgestation.

Human fetal microglia share extensive transcriptional similarities with microglia during 
mouse development, with analogous proliferative, glycolytic, and activated/phagocytic 
capacities (Thion et al., 2018; Hammond et al., 2019; Li et al., 2019). The presence of glycolysis-
related genes in GW9-10 microglia underscores their undifferentiated and activated state, 
since immune-activated mouse and human microglia (Ghosh et al., 2018; van der Poel et 
al., 2019) as well as undifferentiated cells such as stem cells (Moussaieff et al., 2015) and 
embryonic cells (Hammond et al., 2019) use glycolysis as an energy source.

Early to midgestation microglia share transcriptional features with a phagocytic microglia 
population, transiently present during postnatal mouse development and associated with 
myelinating brain regions (Hammond et al., 2019; Li et al., 2019). In mice, microglia support 
myelination, neurogenesis (Wlodarczyk et al., 2017), and oligodendrogenesis (Hagemeyer 
et al., 2017). Human microglia may play similar roles, as the gestational period GW9-18 
coincides with oligodendrocyte (Jakovcevski et al., 2009) and neuronal (Kostović et al., 2018) 
development. These human fetal phagocytic microglia express genes detected in DAM/
MGnD microglia that are observed in neurodegenerative mouse models (Holtman et al., 2015; 
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Figure 5. Transition of gene regulatory networks and chromatin landscape in microglia during 
development. (A) Heatmap with unsupervised clustering of gene regulatory network activity in GW9-
18 microglia visualized as row z-scores of mean AUC values per GW (20 fetal samples; n=1-4 per 
GW). (B,C) UMAPs of gene regulatory network activity visualized as AUC values. (D) Volcano plot of 
differential ATAC peaks between GW>13 and GW<13 microglia (Table S8) (n=4 in each group). (E) 
Transcription factor motif enrichment of sequences underlying differential ATAC peaks. (F) PU.1 and 
IBA1 co-expression in fetal CNS tissue. White arrowheads indicate co-localization. Insets depict 2x 
magnifications of the indicated areas. AUC = area under curve; FC = fold change; FDR = false discovery 
rate, GW = gestational week
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Keren-Shaul et al., 2017; Krasemann et al., 2017). The similarities between developmental 
human microglia subtypes and DAM/MGnD microglia in mice suggests that developmental 
transcriptional programs are reactivated in neurodegenerative diseases (Hammond et al., 
2019; Li et al., 2019), in which microglia are increasingly implicated.

At later GWs, the frequency of IEG-expressing microglia increases. Expression of IEGs in 
microglia was previously attributed to ex vivo activation (Ayata et al., 2018; Li et al., 2019). 
However, we detected cJUN in fetal CNS tissue prior to microglia isolation, indicating IEGs 
were not (exclusively) induced by the isolation procedure or the collection and experimental 
methods used here. IEG expression might reflect a necessary responsiveness of microglia to 
local environmental cues of the developing CNS. Alternatively, these microglia may have 
become activated during the pregnancy termination procedure, a possibility we cannot 
exclude.

In all investigated GWs, small microglia clusters were present (clusters 11-16), for which we 
could not assign specific functional properties due to a low number of cluster-enriched genes. 
In situ validation of these minor clusters was further hampered by the limited number of cells 
in these respective clusters and by the small size of early fetal brain tissues.

With increasing GWs, human microglia acquire a more homeostatic phenotype, reflected 
by an increasing overlap between genes expressed in fetal, especially GW>13, and juvenile/
adult human microglia. This overlap is likely underestimated as juvenile and adult human 
microglia were analyzed by bulk sequencing and may include less abundantly expressed genes 
not detected in single cell sequencing. Moreover, expression of microglia sensome genes 
(Hickman et al., 2013), encoding receptors important in environmental sensing, increased at 
later gestational ages, pointing to the emergence of immune-sensing microglia during early 
fetal development. Microglia maturation early in human fetal development is also detected 
at the chromatin level, with microglia from older fetuses exhibiting increased chromatin 
accessibility. DNA sequences underlying accessible chromatin and gene regulatory networks 
enriched in older fetal microglia (GW>13) are mostly associated with TFs from the ETS 
family such as PU.1, a transcription factor crucial for microglia homeostasis (Smith et al., 
2013) and active in adult mouse and human microglia (Gosselin et al., 2017). The increase 
in chromatin accessibility and associated gene regulatory networks in fetal microglia from 
older GWs allows for the activation of more complex gene programs that are required for the 
immune sensing, synaptic pruning, phagocytic, and tissue-supportive functions of microglia.

Genes encoding for receptors important in environmental sensing by microglia (sensome) 
(Hickman et al., 2013) (e.g. CX3CR1, P2RY12, and P2RY13) were increasingly expressed 
at later gestational ages, pointing to the emergence of immune-sensing microglia during 
early fetal development. The emergence of immune-sensing microglia is highly relevant 
in view of environmental perturbations during pregnancy that disturb mouse microglia 
development (Matcovitch-Natan et al., 2016; Thion et al., 2018) and impair CNS functions in 
adult mice (Mattei et al., 2017). Perturbed microglia development has been linked to human 
neurodevelopmental and psychiatric disorders (Prinz and Priller, 2014; Tay et al., 2018). A 
higher risk for the development of autism is associated with feverish infections; particularly in 
the second trimester (Hornig et al., 2018; Croen et al., 2019). Since microglia express receptors 
involved in environmental sensing at this gestational period, they may contribute to fetal CNS 
sensitivity to the environment during early pregnancy.
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Together, we demonstrate that microglia are heterogeneous during early human fetal 
development and mature already at midgestation. This might render the developing human 
CNS vulnerable towards environmental perturbations especially at this developmental period 
during pregnancy with potentially long-lasting consequences.
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Materials and Methods

Ethics statement and sample collection

The collection and use of fetal material have been approved by the Medical Ethical Committee 
of the Leiden University Medical Centre (P08.087) and the Groningen University Medical 
Centre (2017/040). Tissue from human fetuses was obtained from elective abortion procedures 
(without medical indication) and was donated for research purposes with informed 
consent. The gestational age (in weeks and days) was established prior to the procedure by 
obstetric ultrasonography by measurement of the crown-rump length. Sample information 
is summarized in table S1. CNS tissue from 23 human fetuses (GW9-18) contained spinal 
cord as well as brain parenchyma from unknown regions. The tissue was collected in HBSS 
(Gibco, 14170-088) containing 15 mM HEPES (Lonza, BE17-737E) and 0.6% glucose (Sigma-
Aldrich, G8769) (= Medium A) at 4°C and was processed within 6 h.

Microglia isolation

Microglia were isolated as described previously with minor modifications (Galatro, 
Vainchtein, et al., 2017). In short, the tissue was mechanically dissociated at 4°C and filtered 
through a 70 µm cell strainer (Falcon, 352350). For GW13 and older, myelin was removed 
using Percoll gradient centrifugation at 950 g for 20 min with brakes off. The use of Percoll 
does not influence microglia expression profiles (Hammond et al., 2019). Percoll diluted 9:10 
in 10x HBSS (Gibco, 14180-046) was regarded as 100% Percoll, which was further diluted in 
Medium A to 24.4% Percoll. Next, potential unspecific binding was blocked with anti-human 
Fc receptor (0.005 µg/ml, eBioscience, 14-9161-73) in colorless Medium A (HBSS (Gibco, 
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14170-053) containing 15 mM HEPES, 0.6% glucose, and 1 mM EDTA (Invitrogen, 15575-
038) for 15 min and stained for 30 min with anti-human CD11B-PE (3.75 µg/ml, BioLegend, 
301306) and anti-human CD45-FITC (5 µg/ml, BioLegend, 304006) at 4°C. DAPI (0.15 µg/
ml, Biolegend, 422801) and DRAQ5 (2 µM, Thermo Scientific, 62251) were added to select 
viable, nucleated cells. Microglia or CNS cells were single cell sorted into 384-well plates 
containing lysis buffer (0.01% Triton (Sigma-Aldrich, T9284), 2 U RNase inhibitor (Takara, 
2313A), 2.5 mM dNTPs (Thermo Scientific, #R0193), and 2.5 µM barcoded oligo-dT primer), 
or bulk sorted in siliconized tubes containing Medium A on a Beckman Coulter MoFlo XDP 
or Sony SH600. Filled 384-well plates were stored at -80°C until further processing. Bulk-
sorted cells were centrifuged at 500 g for 10 min, and immediately processed for ATACseq 
(see below). Flow cytometry data was analysed using Kaluza Analysis Software (v1.5).

RNA and ATAC sequencing library preparation

Single cell mRNAseq

The single cell mRNA library preparation is based on the SmartSeq2 protocol (Picelli et al., 
2014), with modifications to obtain 3’ instead of full-length RNA/cDNA libraries (Uniken 
Venema et al., 2019). After cell lysis and barcoded poly-dT primer annealing (73°C, 3 min), 
RNA was reverse-transcribed (RT) based on the template switching oligo mechanism using 
0.1 µM biotinylated barcoded template switching oligo (BC-TSO), 25 U SmartScribe reverse 
transcriptase, first-strand buffer and 2mM DTT (Takara, 639538), 1 U RNase inhibitor (Takara, 
2313A) and 1M betaine (Sigma-Aldrich, B0300-5VL) with the following PCR program: 1) 
42°C 90 min, 2) 11 cycles of 50°C 2 min, 42°C 2 min, 3) 70°C 15 min. Primer sequences are 
given in table S9. To account for amplification bias and to allow multiplexing of cells and 
samples, the barcoded poly-dT contains a cell-specific barcode, a unique molecular identifier 
(UMI), and a sequence that is used as a primer binding site during the first amplification step. 
This same primer binding site is attached to the BC-TSO, enabling the use of one primer 
pair (custom primer) during the first amplification. After the RT reaction, primer-dimers and 
small fragments were removed by 0.5 U exonuclease (GE Healthcare, E70073Z) treatment 
for 1 h at 42°C. cDNA libraries were amplified using KAPA Hifi HotStart ReadyMix (KAPA 
Biosystems, KK2602) and custom PCR primer with the following PCR program: 1) 98°C 
3 min, 24 cycles of 98°C 20 s, 67°C 15 s 72°C 6 min, 3) 72°C 5 min. cDNA libraries of 84 
cells were multiplexed and short fragments were eliminated using Agencourt Ampure XP 
beads (Beckman Coulter, A63880) in a 0.8:1 ratio. Quality of multiplexed cDNA libraries 
was examined with a High Sensitivity dsDNA kit (Agilent, 067-4626) on a 2100 Bioanalyzer 
(Agilent) according to the manufacturer’s protocol. When cDNA libraries showed an average 
size of 1.5-2 kb, libraries were tagmented and indexed during a second PCR amplification step 
with the Illumina Nextera XT DNA preparation kit (Illumina, FC-131-1024). Tagmentation 
was performed according to the manufacturer’s protocol with an input of 500 pg cDNA and 
amplicon tagment mix for 5 min at 55°C. The tagmentation reaction was stopped using NT 
buffer. Next, tagmented cDNA was amplified with Nextera PCR master mix, the Nextera 
indices (12 pool-specific indices, Illumina, FC-131-2001) and 10 µM P5-TSO hybrid primer 
with the following PCR program: 1) 72°C 3 min, 2) 95°C 30 s, 3) 10 cycles of 95°C 10 s, 55°C 
30 s, 72°C 30 s, 4) 72°C 5 min). Tagmented cDNA libraries were purified using Agencourt 
Ampure XP beads in a 0.6:1 ratio. The quality and concentration of tagmented cDNA libraries 
were examined with a 2100 Bioanalyzer. cDNA pools with an average size of 300-600 bp were 
multiplexed. For sequencing, superpools were prepared using a balanced design with pools 
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from 10 different samples (in total 840 cells), i.e. cells from each sample were distributed 
over several sequencing runs to avoid potential batch effects. To eliminate short fragments, 
final superpools were gel-purified from 2% E-gel (Thermo Fisher Scientific, G521802) with 
the Zymoclean Gel DNA Recovery kit (Zymo Research, D4007). The concentration was 
determined using a 2100 Bioanalyzer and Qubit 3.0 (ThermoFisher Scientific) according to 
the manufacturers protocol. 2 pM superpool and 7% spike in of phiX DNA were loaded on an 
Ilumina NextSeq 500 for a 75 bp paired-end sequencing run with 0.3 µM BC read 1 primer.

ATACseq

Bulk sorted microglia (20,000 - 80,000 cells) were centrifuged at 500 g for 5 min at 4°C, and 
supernatant was removed. The pellet was resuspended in 50 µl of cold lysis buffer (10 mM 
Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630) and centrifuged at 500 
g for 10 min at 4°C. ATAC-sequencing libraries were generated using Nextera DNA Sample 
Preparation Kit (Illumina, FC-121-1030) as previously described (Buenrostro et al., 2013, 
2015). Per 80,000 cells, 50 µl tagmentation mix was added (25 µl tagment DNA buffer, 2.5 µl 
tagment DNA enzyme I, 22.5 µl nuclease free H2O) for 30 min at 37°C, and DNA was purified 
using a Qiagen MinElute PCR purification kit (Qiagen, 28004) according to manufacturer’s 
instructions, and eluted in 10 µl elution buffer. All DNA was incubated with 34.25 µl PCR 
amplification mix (6.25 µl 10 µM Nextera Primer Ad1, 3 µl 10x SYBR green, 25 µl NEBNext 
High-Fidelity 2x PCR mix) and 6.25 µl 10 µM Nextera Primer barcodes in a thermal cycler 
with the following PCR program: 1) 72°C 5 min, 2) 98°C 30 sec, 3) repeat 4x: 98°C 10 sec, 
63°C 30 sec, 72°C 1 min. To avoid over-amplification and artefacts, the optimal number of 
cycles for remaining PCR amplification was determined using quantitative PCR. After PCR 
amplification, DNA was purified as before using the Qiagen MinElute kit, and run on a 2% 
E-gel agarose gel (Thermo Fisher Scientific, G521802) to gel-purify 150-600 bp fragments 
using a Zymoclean Gel DNA Recovery Kit (Zymo, D4007). Concentration of libraries was 
determined using Qubit (ThermoFisher Scientific) and 2100 Bioanalyzer (Agilent), and all 
samples were pooled for sequencing to a final concentration of 1.6 pM and 5% spike in of 
phiX DNA were loaded on an Illumina NextSeq 500 using 75 bp paired-end reads.

Bioinformatic analysis

Single cell mRNAseq

Reads without cell barcode or UMIs were removed and remaining raw reads were aligned to 
the human genome (GrCh38) using HiSat2 (v.2.1.0) (Kim et al., 2019). After demultiplexing, 
alignment and cell filtering (>10% mitochondrial, reads/cell, +/-3*MAD log10(reads)/
cell, 16,563 cells (15,782 microglia and 781 CD11Bneg, CD45neg) were used for downstream 
analysis. Data analysis was done using Seurat R package (v.3.1.0) (Stuart et al., 2019). The 
data was regressed for mitochondrial, ribosomal gene content, and library size using the 
ScaleData function. These cells had a median library size of 22,330 reads (UMI counts) and 
977 median number of genes detected. Elbow plots and Jack Straw analyses were used to 
determine number of principal components (PC) to use for UMAP dimensionality reduction. 
Graph-based clustering was performed with 22 PCs and a resolution of 1.2. Cluster-enriched 
genes were identified with MAST which is a statistical test specifically developed for analysis 
of scRNAseq data (Finak et al., 2015) and implemented in the FindAllMarkers function.
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Pseudotime analysis was performed using the Monocle R package (v.2.12.0) (Qiu et al., 2017) 
and the highly variable genes identified in Seurat were used as input for the pseudotime 
trajectory analysis.

Regulatory gene network (regulon) analysis was performed using the SCENIC R package 
(v.1.1.2-2) (Aibar et al., 2017) and Seurat normalized log counts were used as input. Only 
genes with more than 3 counts and present in at least 0.5% of all cells were retained. GENIE3 
(runGENIE3) and SCENIC (coexNetwork2modules, createRegulons, and scoreCells) were 
used with default settings.

Enrichment of gene sets and regulons in our scRNAseq data was quantified by calculating 
the area under curve (AUC) using the AUCell R package (v.1.6.1). Genes in each cell of 
our dataset were ranked from highest to lowest expression. At each rank, the number of 
overlapping genes with the gene set of interest was determined and the resulting AUC was 
calculated from the top 5% of ranked genes. AUC values are plotted per cell or as an average 
per group as indicated in the figures. Regulons with a median AUC<0.01 were excluded in the 
downstream analysis.

ATACseq

Raw reads were aligned to the human genome (GrCh38) using bowtie2 (v.2.3.4.3) (Langmead 
and Salzberg, 2012) in paired-end mode. Samtools (v.1.9) (Li et al., 2009) was used to remove 
duplicated reads (rmdup), filter reads that mapped to mitochondrial genome or blacklisted 
regions, and sort the reads. Reads longer than 100 bp were removed, and reads were 
normalized and scaled to the effective genome size using reads per genomic content (RPGC) 
with deeptools (v.3.3.0) (Ramírez et al., 2016). Peak calling was performed using JetBrains 
SPAN peak analyzer (v.0.11.0.4882) with an FDR threshold of 1E-6 and a gap of 2. Differential 
peak analysis was done using the DiffBind R package (v.2.12.0) (Ross-Innes et al., 2012) with 
default settings using TMM normalized counts. Peaks were annotated with ChIPseeker R 
package (v.1.20.0) (Yu et al., 2015) and transcription factor motif enrichment was done using 
HOMER (findMotifsGenome) (v.4.10.4) (Heinz et al., 2010). To identify motifs in all ATAC 
samples, peak files were merged using HOMER (mergePeaks) before performing motif 
enrichment.

Sex determination

Fetal sex was determined by genomic PCR for SRY and ATL1. Genomic DNA was extracted 
from snap frozen or PFA-fixed fetal tissue using MyTaq Extract-PCR kit (Bioline, BIO-21127) 
according to the manufacturer’s instructions. Genes of interest (SRY, ATL1, GAPDH) were 
amplified using 25 U MyTaq HS Red Mix (Bioline, BIO-25047) and 0.6 µM primer with the 
following PCR program: 1) 95°C 3 min, 2) repeat 30x: 95°C 15 sec, 60°C 15 sec, 72°C 20 sec 
and analyzed on 2% agarose gels. Primer sequences are provided in table S10.

Immunohistochemistry

Fetal CNS tissue was fixed 48 h in 4% paraformaldehyde (PFA) and cryoprotected in 30% 
sucrose for 24 h before freezing at -80°C. For immunohistochemical staining, 16 µm sections 
were cut on a cryostat and fixed for 10 min in 4% PFA. Heat-induced epitope retrieval was 
performed using 10 mM sodium citrate pH 6.0 for 10 min. To block endogenous peroxidase 



52

Chapter 2

activity, slides were incubated for 30 min in 0.3% hydrogen peroxide. Tissue was blocked 
in 2% normal serum appropriate to the host of the secondary antibody and 2% bovine 
serum albumin for 1 h at room temperature. Primary antibodies were diluted in 1% normal 
serum and applied overnight at 4°C. The following antibodies were used: anti-IBA1 (WAKO, 
019-19741, AB_839504, 1:1000 and Abcam, ab5076, AB_2224402 1:500), anti-TMEM119 
(Atlas antibodies, HPA051870, 1:500), anti-APOE (Abcam, ab183597, 1:1000), anti-AXL 
(Cell Signaling Technology, 8661S, AB_11217435, 1:200), anti-MKI67 (BD Pharmingen, 
556003, AB_396287, 1:400), anti-cJUN (Santa Cruz Biotechnology, sc-1694, AB_631263, 
1:100), anti-VISTA (Cell Signaling Technology, #64953, AB_2799671, 1:100), anti-PU.1 
(Thermo Fisher Scientific, Ma5-15064, AB_1098694, 1:100), anti-CX3CR1 (Thermo Fisher 
Scientific, 14-6093-81, AB_467880, 1:200), and anti-CD68 (Agilent, M0876, AB_2074844, 
1:200). Tissue was incubated with the appropriate secondary antibody conjugated with biotin 
(Vector Laboratories, BA2001 and BA1000, 1:400), AF488 (Invitrogen, A21206 or A21202, 
1:300), or AF568 (Invitrogen, A11057, 1:300) for 1.5 h at room temperature. For fluorescence 
immunostaining, tissue was incubated 10 min in Hoechst imaged on a Leica SP8 confocal 
microscope and analyzed with ImageJ (v.52p). For enzymatic immunostaining, tissue 
was incubated 30 min in Vectastain Elite ABC HRP (Vector Laboratories, PK-6100) and 
immunoreactivity was revealed using 3,3’-diaminobenzidine and 0.03% hydrogen peroxide.

Data and code availability

All next-generation sequencing data can be viewed at NCBI GEO under accession number 
GSE141862. Code used for data analysis is deposited at doi: 10.5281/zenodo.3835875.

Supplementary materials
Excel file containing Tables S1 to S10 can be accessed at doi: 10.1126/science.aba5906

Table S1. Sample information

Table S2. Lists of genes from published studies used for comparison (related to Fig. 1 and 4)

Table S3. Cluster-enriched genes determined by differential gene expression comparing each 
cluster to all other clusters (related to Fig. 2)

Table S4. Gene ontology terms associated with clusters 1-8 (related to Fig. 3)

Table S5. Pseudotime state-enriched genes identified by differential gene expression analysis 
of microglia from one state to all other states (related to Fig. 4)

Table S6. Pseudotime state 1 and 7 enriched genes identified by differential gene expression 
analysis between state 1 and 7 microglia (related to Fig. 4)

Table S7. HOMER transcription factor binding motif enrichment analysis for peaks found in 
all samples combined (related to Fig. 5)

Table S8. Differential ATAC peaks comparing GW<13 to GW>13 samples (related to Fig. 5)

Table S9. Primer sequences for single cell library preparation primer sequences

Table S10. PCR primer sequences for sex determination
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Figure S1. Number of UMIs, mitochondrial, and ribosomal reads are similar across samples, 
gestational ages, and clusters (related to Fig. 1 and 2). Violin plots of number of UMIs, mitochondrial, 
and ribosomal reads across samples (A), gestational ages (B), and clusters (C). UMI = unique molecular 
identifier
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Figure S2. Contribution to clustering by individual samples, sex, and cell cycle state and expression 
of cluster enriched genes (related to Fig. 2 and Fig. 3). (A) Bar plot illustrating frequency (%) of cells in 
individual samples across all clusters. (B) UMAPs of fetal sex determined by genotyping and expression 
of X and Y-specific genes (top) and of cell cycle state determined by expression of highly conserved cell 
cycle genes (bottom). (C) Heatmap depicting the expression of top 5 cluster-enriched genes (or less 
if clusters contained fewer than 5 cluster-enriched genes) per cluster across all clusters. (D) UMAPs 
displaying expression of cluster 9-16 enriched genes in log counts.
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Figure S3. Expression of microglia markers (related to Fig. 2). (A) UMAPs displaying expression of 
homeostatic and activated/phagocytic microglia genes in log counts. (B) TMEM119 immunoreactivity 
in GW9-17 fetal CNS tissue. Boxes 1-3 show 2x magnification of areas as indicated. (C-F) TMEM119 
and IBA1 (C), CD68 and IBA1 (D), CX3CR1 and IBA1 (E), and VISTA and IBA1 (F) co-expression in 
CNS tissue of GW10-18 fetuses. Lower images show single channels. White arrowheads indicate co-
localization. Insets depict 2x magnifications of the indicated areas. GW= gestational week
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Figure S4. Contribution of individual samples and clusters to pseudotime states, and related state-
enriched genes (related to Fig. 4). (A-B) Bar plots illustrating percentage of cells in individual samples 
(A) or clusters (B) across all pseudotime states. (C-D) Violin plots of log expression of state-enriched 
genes for state 1 (C) and state 7 (D). Significantly enriched genes per state compared to all other states 
are indicated; MAST test, *: p.adjusted < 0.05.
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Abstract
Astrocytes fulfil many functions in the central nervous system (CNS), including contribution 
to the blood brain barrier, synapse formation, and trophic support. In addition, they can 
mount an inflammatory response and are heterogeneous in morphology and function. To 
extensively characterize astrocyte subtypes, we FACS-isolated and gene expression profiled 
distinct astrocyte subtypes from three central nervous system regions: forebrain, hindbrain and 
spinal cord. Astrocyte subpopulations were separated based on GLAST/SLC1A3 and ACSA-
2/ATP1B2 cell surface expression. The local brain environment proved key in establishing 
different transcriptional programs in astrocyte subtypes. Transcriptional differences 
between subtypes were also apparent in experimental autoimmune encephalomyelitis (EAE) 
mice, where these astrocyte subtypes showed distinct responses. While gene expression 
signatures associated with blood-brain barrier maintenance were lost, signatures involved 
in neuroinflammation and neurotoxicity were increased in spinal cord astrocytes, especially 
during acute disease stages. In chronic stages of EAE, this reactive astrocyte signature was 
slightly decreased, while obtaining a more proliferative profile, which might be relevant 
for glia scar formation and tissue regeneration. Morphological heterogeneity of astrocytes 
previously indicated the presence of astrocyte subtypes, and here we show diversity based 
on transcriptome variation associated with brain regions and differential responsiveness to a 
neuroinflammatory insult (EAE).

Graphical abstract
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Introduction
Astrocytes fulfil numerous essential functions in the central nervous system (CNS), including 
structural and metabolic support that shape myelination, blood brain barrier (BBB) formation, 
and synaptic transmission (Pekny et al., 2016; Xin and Bonci, 2018). Consistent with this wide 
range of features, astrocytes exhibit considerable functional and molecular heterogeneity 
(Matyash and Kettenmann, 2010; Zhang and Barres, 2010; Boisvert et al., 2018; Xin and 
Bonci, 2018). Regional differences include distinct expression and activity of potassium 
channels, transporters and gap junctions (Lee et al., 1994; Xin and Bonci, 2018), morphology 
(Chai et al., 2017), and cellular functions such as proliferative capacity (Emsley and Macklis, 
2006). Furthermore, the astrocyte marker GFAP displays region-dependent differences in 
expression (Zhang and Barres, 2010), and gene expression patterns in astrocytes follow the 
dorsoventral axis (Morel et al., 2017). Hence, astrocytes feature molecular and functional 
heterogeneity that is shaped by local environmental cues of different anatomical regions.

In addition to interregional differences, astrocytes also display intraregional heterogeneity 
(Zeisel et al., 2015; Farmer and Murai, 2017; John Lin et al., 2017; Morel et al., 2019). Differential 
expression of GLT1/SLC1A2 defines astrocyte subtypes which are transcriptionally distinct 
(Morel et al., 2019). In addition, astrocyte subtypes found across anatomical regions exhibit 
functional differences in synaptogenesis support (John Lin et al., 2017). These subtypes 
are also associated with glioma disease symptoms, suggesting differential contribution of 
astrocyte subtypes to CNS disease (John Lin et al., 2017).

During disease and aging, homeostatic astrocyte functions can get impaired, thereby 
contributing to CNS dysfunction (Pekny et al., 2016). Conversely, reactive astrocytes can also 
provide protective signals to contain local damage and to support regeneration (Alilain et al., 
2011; Liddelow and Barres, 2017). Following lipopolysaccharide (LPS) or middle cerebral 
artery occlusion (MCAO), mouse astrocytes adopt two transcriptionally distinct reactive 
phenotypes (Zamanian et al., 2012). LPS induces genes associated with neurotoxic effects 
(known as A1 astrocytes), whereas astrocytes after MCAO predominantly express protective 
and to a lesser extent neurotoxic genes (known as A2 astrocytes) (Zamanian et al., 2012; 
Rakers et al., 2019). The LPS-reactive astrocyte phenotype is induced by activated microglia 
and markers of this phenotype are expressed as a result of aging and in Alzheimer’s-, 
Huntington’s-, Parkinson’s-disease, and multiple sclerosis (MS) (Orre et al., 2014; Liddelow 
et al., 2017; Boisvert et al., 2018; Clarke et al., 2018). A1 astrocytes share similarities with 
an astrocyte subpopulation that expands in Alzheimer’s disease, called disease-associated 
astrocytes (Habib et al., 2020).

In experimental autoimmune encephalomyelitis (EAE), a widely used mouse model for 
MS, astrocytes are implicated in disease development, inflammatory response, immune cell 
recruitment, and remyelination (Wang et al., 2013; Brambilla et al., 2014; Itoh et al., 2017; 
Rothhammer et al., 2018). Astrocytes undergo reactive gliosis and upregulate immune-
related genes (Wheeler et al., 2020), whereas the expression of cholesterol synthesis genes 
is decreased (Itoh et al., 2017). Spinal cord astrocytes are affected most by EAE compared 
to other anatomical regions, highlighting interregional heterogeneity also in diseased states 
(Itoh et al., 2017). A detailed genome-wide characterization of transcriptional changes in 
astrocytes is lacking and the role of astrocyte subtypes in EAE is presently unknown.
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Here, we assessed gene expression profiles of astrocyte subtypes defined by anatomical 
regions and surface expression of astrocyte markers GLAST/SLC1A3 and ACSA-2/ATP1B2. 
We delineated differential contribution of these astrocyte subtypes in EAE and generated a 
transcriptional blueprint of spinal cord and hindbrain astrocytes during the progression of 
disease.

Results

FACS-isolation of astrocyte subpopulations from distinct regions 
reveals transcriptional heterogeneity

Methods to isolate astrocytes by FACS without the use of fluorescently tagged transgenes 
are limited. We developed an antibody-based approach to isolate pure and intact astrocytes 
from different brain regions. The mouse CNS was dissected in forebrain (including olfactory 
bulbs), hindbrain (cerebellum and brain stem), and spinal cord (cervical and thoracic parts) 
(Fig. 1A). CNS cells were labelled using antibodies targeting CD11B, CD45, GLAST/SLC1A3 
and ACSA-2/ATP1B2 (Batiuk et al., 2017; Kantzer et al., 2017) (referred to as ACSA) (Fig. 
1A). GLAST and ACSA are expressed by astrocytes (Schreiner et al., 2014; Batiuk et al., 
2017; Kantzer et al., 2017). After selecting DAPIneg live cells, myeloid cells were excluded 
based on CD11B and CD45 expression (Fig. S1A). In both forebrain and hindbrain, ACSApos 
astrocytes were fractionated based on expression of GLAST (GLASTpos and GLASTneg); in 
spinal cord, only GLASTneg (ACSApos) astrocytes were isolated (Fig. 1B). Of note, we observed 
GLASTpos astrocytes in spinal cord (less than 1% of ACSApos astrocytes), but the numbers were 
insufficient to perform downstream analysis. Acsa is abundantly expressed in all brain regions 
and the spinal cord as evident from in situ hybridization and spatial transcriptomics, whereas 
Glast expression is regionally diverse in brain, and very low in spinal cord (Fig. S1B-C) 
(Allen Institute, 2004, 2008; Lein et al., 2007; 10x Genomics, 2019; Maniatis et al., 2019). All 
astrocyte populations abundantly expressed established astrocyte markers Glt1/Slc1a2, S100b, 
Fgfr3, Sox9, and Aqp4 (Fig. 1C). Expression of markers for microglia, oligodendrocytes, 
neurons, neural stem cells, radial glia cells, ependymal cells, and endothelial cells was low or 
not detected, indicating that the obtained astrocyte populations were not contaminated by 
other CNS cell types. These results demonstrate that pure, distinct astrocyte populations were 
isolated from non-transgenic mice. 

Several studies suggest heterogeneity among astrocytes within and between different regions 
exists (Chai et al., 2017; John Lin et al., 2017; Morel et al., 2019); hence, we performed RNA-
seq on all astrocyte populations from different anatomical regions. Principal component 
analysis (PCA) indicated clear segregation of astrocytes based on their anatomical origin 
(forebrain, hindbrain, spinal cord) (Fig. 1D). We determined genes that were specifically 
enriched in astrocytes from distinct anatomical regions, compared to all other regions (Fig. 
S2A). Genes that exhibit highest enrichment in forebrain astrocytes (logFC>6, padj<0.001) 
were Dmrta2, Chrdl1, Prss5, and Crym, while in hindbrain Mybpc1 and Wif1 were most 
enriched (Fig. S2A). In spinal cord astrocytes, several homeobox (Hox) genes were highly 
enriched including Hoxc6, Hoxc8-9, Hoxa7, and Hoxa9 (Fig. S2A). In situ hybridization 
and spatial transcriptomics data verified that Hoxa7, Hoxa9, and Hoxc9 are predominantly 
expressed in spinal cord, but absent in brain (Fig. S2B-C) (Allen Institute, 2004, 2008; Lein 
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et al., 2007; 10x Genomics, 2019; Maniatis et al., 2019). Most differentially expressed genes 
(DEGs) between anatomical regions were detected in spinal cord astrocytes compared to 
hindbrain and forebrain astrocytes (Fig. S2D), suggesting they are transcriptionally most 
distinct from other regions. Furthermore, we compared the gene expression of astrocytes 
from different regions to primary neonatal astrocytes after 14 days of in vitro culture, which 
exhibited extensive differences in their transcriptional profile (Fig. S3A-B). Genes involved in 
‘wound healing’ and ‘actin filament organization’ were enriched in cultured astrocytes, while 
genes associated with ‘synapse organization’ and ‘axon development’ were depleted (Fig. S3C).
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Figure 1. GLAST surface expression and anatomical regions distinguish astrocyte subtypes. (A) 
Schematic overview of the FACS-based astrocyte isolation procedure. Astrocytes were isolated from 
forebrain, hindbrain, and spinal cord. Astrocyte subtypes were selected as CD11BnegCD45negACSApos 
events and based on GLAST expression. (B) Representative FACS dot plots of ACSA and GLAST 
expression in each CNS region (left panel). For complete gating strategies see Figure S1A. Frequency 
of astrocyte subtypes in different anatomical regions (right panel) as percentages (n=7). Bars indicate 
mean ± s.d. (C) Mean expression of the different CNS cell type markers in astrocyte subtypes depicted 
as column z-scores. (D) Principal component analysis of astrocyte subtypes in forebrain, hindbrain, 
and spinal cord. (E) Upset diagram depicting the number and overlap of DEGs comparing all astrocyte 
subtype to all other subtypes. Bars show the number of enriched and depleted genes (bottom-left). 
Overlapping DEGs are illustrated by interconnected dots between groups (bottom-right), and the 
number of DEGs are plotted in the bar graph (top).
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We next investigated potential intraregional differences in astrocyte subtypes and observed 
segregation of GLASTpos and GLASTneg astrocytes in forebrain and hindbrain, which was 
more pronounced in hindbrain. Comparison of astrocyte populations revealed distinct 
transcriptomes with a number of enriched and depleted genes per population (Fig. 1E). 
Myelination-associated GO terms were annotated for genes enriched in spinal cord and genes 
depleted in hindbrain GLASTpos (Fig. S2E). Genes enriched in both forebrain populations 
were associated with ‘forebrain development’, and genes enriched in hindbrain GLASTpos 

astrocytes were annotated with ‘extracellular matrix (ECM) organization’ and ‘cell-substrate 
adhesion’ (Fig. S2E).

Together these data support pronounced interregional and intraregional heterogeneity in 
the transcriptomes of astrocytes and suggest that GLAST expression distinguishes distinct 
astrocyte subtypes. 

GLASTpos and GLASTneg astrocytes are transcriptionally distinct

To delineate the differences between GLASTpos and GLASTneg astrocytes, we further assessed 
their transcriptional profiles and compared their gene signatures with published astrocyte 
mRNA profiles.

Hierarchical clustering was performed on all DEGs (genes enriched and depleted in astrocyte 
subtypes; Fig. 1E), which resulted in seven gene clusters of genes based on their expression in 
astrocyte populations (Fig. 2A). Clusters 4 and 6 contained genes that were highly expressed in 
spinal cord and moderately in hindbrain GLASTneg astrocytes (Fig. 2A). Genes in cluster 4 were 
associated with ‘axon ensheathment’, based on GO analysis (Fig. 2B). Genes in clusters 5 and 
1 were enriched for ‘ECM organization’ and ‘hormone metabolism’ and were predominantly 
expressed in hindbrain GLASTpos astrocytes (Fig. 2A-B). GLASTpos and GLASTneg astrocytes 
in forebrain exhibited similar expression of DEGs that related to clusters 2 and 3 (Fig. 2A). 
These clusters contained genes associated with ‘cortex/forebrain development’ and ‘neuron 
proliferation’ (Fig. 2B). 

Next, we investigated the expression of genes involved in biological processes associated with 
astrocytes, i.e. lactate metabolism, myelination, the BBB, and cholesterol synthesis (Fig. 2C 
and Supplemental file Table S1). Genes involved in lactate metabolism were more highly 
expressed in both forebrain subtypes and in hindbrain GLASTneg astrocytes compared to 
the other populations (Fig. 2C). Myelination and cholesterol synthesis genes were highest 
expressed in spinal cord and forebrain GLASTpos astrocytes (Fig. 2C). In all populations BBB 
genes were expressed at similar levels, except for GLASTpos hindbrain astrocytes in which 
expression was much lower (Fig. 2C). Cholesterol synthesis genes showed highest expression 
in all forebrain and spinal cord populations (Fig. 2C). Of note, hindbrain GLASTpos exhibited 
higher number of DEGS and lowest expression of all of these gene sets (Fig. 1E and 2C), 
suggesting they are most distinct from other astrocyte subtypes. Dissecting the differences 
between hindbrain subtypes further, we found that genes enriched in GLASTneg compared to 
GLASTpos astrocytes were associated with ‘myelination’ and ‘oligodendrocyte differentiation’ 
(Fig. 2D and Supplemental file Table S2). Of note, there were no DEGs detected when directly 
comparing GLASTpos and GLASTneg forebrain populations (Supplemental file Table S3).

The top 500 expressed genes among all astrocyte populations, representing the core astrocyte 
transcriptional profile in our data, are listed in supplemental file Table S4. This core astrocyte 
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Figure 2. Astrocyte subtypes are transcriptionally distinct. (A) Unsupervised clustering of all genes 
differentially expressed in each subtype per region compared to all other groups, illustrated as row 
z-scores of normalized counts. (B) GO terms enriched in gene clusters from (C). Top five enriched 
GO terms per cluster are plotted against enrichment of these GO terms in all clusters. Only clusters 
with significantly enriched GO terms are shown. (C) Mean expression of genes involved in lactate 
metabolism, myelination, blood brain barrier, and cholesterol synthesis illustrated as z-scores per group 
(n=3). For lists of genes see Table S1. (D) GO terms associated with genes enriched in hindbrain (HB) 
GLASTneg compared to HB GLASTpos. Numbers behind bars indicate number of genes per GO category. 
(E) Percentage overlap of top 500 astrocyte core genes with published astrocyte gene sets (Zhang et 
al., 2014, 2016; Zeisel et al., 2015; Batiuk et al., 2020). (F) Overlap of top 500 astrocyte core genes with 
published mouse astrocyte gene sets (Zhang et al., 2014; Zeisel et al., 2015; Batiuk et al., 2020) visualized 
in a Venn diagram. Genes overlapping in all four datasets are indicated. (G) Mean expression of genes 
associated with astrocyte subtypes of published datasets (Chai et al., 2017; John Lin et al., 2017; Batiuk 
et al., 2020) illustrated as z-score per group (n=3).
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profile was compared to other published astrocyte profiles (Zhang et al., 2014, 2016; Zeisel et 
al., 2015; Batiuk et al., 2020), and the overlap with mouse and human astrocyte gene sets was 
20-50% (Fig. 2E). Highest overlap was observed with mouse astrocyte profiles of Zhang et al. 
and Batiuk et al., and we identified 15 genes overlapping with all investigated mouse astrocyte 
gene sets (Fig. 2F). In addition, expression of genes enriched in astrocyte subtypes identified 
in other studies (Zhang et al., 2014; Zeisel et al., 2015; Batiuk et al., 2020) was analyzed in 
our astrocyte subtypes (Fig. 2G). Genes enriched in the mature astrocyte subtype “AST1”, 
identified by Batiuk et al. (Batiuk et al., 2020) using single-cell RNA-seq and associated with 
subpial and hippocampal regions, were expressed highest in both hindbrain populations. 
Genes of mature subtypes “AST2-3”, associated with cortical layers, were highest expressed 
by both forebrain populations in our dataset (Fig. 2G). Astrocyte population “AST4” may 
represent a progenitor population (Batiuk et al., 2020), and genes enriched in this subtype 
were highest expressed by GLASTneg hindbrain astrocytes (Fig. 2G). “AST5” is annotated as 
an intermediate progenitor astrocyte subtype (Batiuk et al., 2020), and was more associated 
with both forebrain and GLASTneg hindbrain astrocytes (Fig. 2G). Lin et al. identified five 
distinct subtypes based on surface protein expression (John Lin et al., 2017). Enriched genes 
of populations B and C were predominantly expressed by forebrain astrocytes (Fig. 2G). 
Population C is strongly associated with synapse organization and is more proliferative than 
other astrocytes (John Lin et al., 2017). Astrocytes from population C have higher migratory 
potential than other astrocytes (John Lin et al., 2017), and are more related to both hindbrain 
and GLASTneg forebrain subtypes (Fig. 2G). Genes enriched in population D and E were 
expressed highest in both hindbrain populations (Fig. 2G). Genes differentially expressed 
in striatal compared to hippocampal astrocytes (Chai et al., 2017) were predominantly 
expressed by GLASTpos hindbrain astrocytes (Fig. 2G). Striatum-enriched astrocyte genes 
were also associated with spinal cord astrocytes, whereas hippocampus-enriched genes 
were also associated with GLASTpos forebrain astrocytes (Fig. 2G). These studies focused on 
astrocytes from the brain, explaining the low correlation of these subpopulations with spinal 
cord astrocytes (Fig. 2G).

Summarizing, our findings demonstrate that GLASTpos and GLASTneg astrocytes are 
transcriptionally distinct and partially overlap with subtypes identified in other studies, 
indicating that GLAST expression distinguishes distinct astrocyte subtypes.

Transcriptional profiles of astrocyte subtypes differ during EAE

Astrocytes play a major role in EAE development (Brambilla et al., 2014) and transcriptomic 
changes during EAE are specific to particular regions (Itoh et al., 2017), but subtypes have 
been poorly explored. To address differences between astrocyte subtypes during EAE, we 
investigated their gene expression profiles over the course of EAE. Hindbrain and spinal 
cord astrocytes (GLASTpos and GLASTneg) were isolated from unimmunized control animals 
(C), and during EAE at score 1 (E1: mild clinical signs), score 4 (E4: severe clinical signs), 
and chronic (Ech: chronic clinical signs) and profiled with RNA-seq (Fig. 3A). Since EAE 
only affects the forebrain only to a minor extent (Constantinescu et al., 2011), we excluded 
forebrain astrocytes from our analyses.

In line with our previous results, GLASTpos and GLASTneg astrocytes segregated clearly 
in control animals and during EAE based on PCA (Figs. 3B and S4). Most variance over 
the course of disease was observed in spinal cord astrocytes, whereas segregation in both 
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Figure 3. Distinct transcriptional responses of astrocyte subtypes during EAE. (A) Schematic 
overview of EAE timeline starting with immunization at day 0 (top) and the EAE disease progression 
from 7-26 days post immunization (p.i.; bottom). Mice were sacrificed at score 1 (E1), score 4 (E4), and 
chronic (Ech) as indicated with red dotted squares. Unimmunized mice served as control (C). Points 
indicate mean ± s.d. (B) Principal component analysis of hindbrain and spinal cord astrocyte subtypes 
at different EAE stages. (C) Unsupervised clustering of all genes differentially expressed between 
different conditions within astrocyte populations, illustrated as row z-scores of normalized counts. (D) 
GO terms enriched in gene clusters from (C). Top five enriched GO terms per cluster are plotted against 
enrichment of these GO terms in all clusters. (E) Comparison of upregulated genes among astrocyte 
subtypes in different EAE stages compared to unimmunized mice.
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hindbrain subtypes in different EAE stages was less pronounced (Fig. S4). Hierarchical 
clustering of all DEGs between subtypes and different EAE stages revealed three gene clusters 
(4, 5, and 8) associated with EAE progression (Fig. 3C). Genes in clusters 5 and 8 were 
upregulated in all EAE stages and in all subtypes and were associated with ‘T-cell activation’, 
‘leukocyte migration’, and other immune-related processes (Fig. 3D). Cluster 4 was specifically 
upregulated in spinal cord astrocytes during EAE and contained genes involved in ‘response 
to virus’, ‘response to interferon-gamma’, and ‘antigen-presentation’ (Fig. 3C-D). These results 
show that all astrocyte subtypes acquire an immune-activated phenotype during EAE.

To further assess differences between astrocyte subtypes during EAE, we investigated the 
upregulated genes in each subtype per EAE stage, compared to astrocytes from unimmunized 
control mice (Fig. 3E). Spinal cord astrocytes had markedly more upregulated genes in every 
condition compared to both hindbrain populations, and the number of upregulated genes was 
lowest in hindbrain GLASTneg astrocytes (Fig. 3E). The overlap of upregulated genes among 
all populations was markedly low, suggesting distinct transcriptional responses at different 
stages of EAE (Fig. 3E).

Our comparisons show that astrocyte subtypes exhibit distinct gene expression profiles 
over the course of EAE, and that transcriptional changes in spinal cord astrocytes are most 
pronounced. 

Spinal cord astrocytes exhibit a reactive transcriptional profile 
especially during acute EAE stages

Most EAE-associated transcriptional changes were detected in spinal cord astrocytes, which 
is in line with previous observations (Itoh et al., 2017) and EAE pathology, since most lesions 
occur in the spinal cord (Constantinescu et al., 2011); hence, we focused on this population 
to further dissect astrocyte changes during EAE in more detail.

We found most DEGs in E4 and Ech stages compared to unimmunized controls (Fig. 4A). 
Interestingly, a considerable number of upregulated (93) and downregulated (30) genes 
were shared across all EAE stages indicating a partial overlap in transcriptional programs 
between stages. By clustering all DEGs between EAE stages, we found one main cluster 
for unimmunized mice, and one main cluster for EAE (Fig. S5A). Cluster 1 genes were 
predominantly expressed in astrocytes from unimmunized mice and were associated with 
‘synapse organization’ and ‘cell chemotaxis’ (Fig. S5A-B). In all stages of EAE, cluster 2 was 
highly expressed and genes were enriched for ‘response to virus’ and ‘response to interferon-
gamma’ (Fig. S5A-B). Genes that were upregulated in all disease stages and specifically in E4 
were associated with immune-related GO terms such as ‘Tnf production’, ‘myeloid leukocyte 
activation’, and ‘response to virus’ (Fig. 4B). Genes upregulated in Ech were involved in 
‘mitotic nuclear division’ and ‘DNA replication’, indicating a proliferative astrocyte phenotype 
in this stage (Fig. 4B). Downregulated genes in predominantly E4 and Ech were associated 
with ‘synapse organization’, ‘hormone secretion’, and ‘blood circulation’ (Fig. 4B). The core 
astrocyte EAE profile with all up- and downregulated genes in all disease stages is listed in 
supplemental file Table S5.

We determined the expression of reported reactive astrocyte genes (Zamanian et al., 2012; 
Liddelow et al., 2017) and genes involved in known astrocyte functions (Fig. 4C and Table S1). 
Pan-reactive and LPS-reactive (also known as A1) astrocyte genes were upregulated during all 
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stages of EAE, whereas MCAO-reactive (also known as A2) astrocyte genes remained lowly 
expressed (Fig. 4C). This LPS-reactive astrocyte signature is associated with neurotoxicity 
(Liddelow et al., 2017), suggesting that astrocytes during EAE acquire a gene signature in line 
with a more detrimental phenotype. However, further work is required to delineate the exact 
function of this reactive astrocyte signature in vivo.

Genes involved in lactate metabolism and myelination did not change dramatically in EAE, 
whereas the expression of BBB and cholesterol synthesis genes decreased during disease 
progression (Fig. 4C). Common astrocyte markers such as Aldh1l1, Slc1a2, Cnx43, Aqp4, 
Fgfr3 and the previously described (Zhang et al., 2014) but not well-known astrocyte gene 
Btbd17 were downregulated in most EAE stages in spinal cord astrocytes, but not hindbrain 
astrocytes (Fig. 4D and Fig. S5C). Other markers that increased during EAE were mostly 
immune-related and MHC-II components (C4b, H2-Aa, Cd274), which were also increased 
in hindbrain astrocytes, albeit less pronounced (Fig. 4D and Fig. S5C). To verify that MHC-
II is expressed by astrocytes and upregulated during acute EAE, we co-labelled spinal cord 
tissue for MHC-II and GFAP (Fig. 4E). We observed low MHC-II expression in astrocytes 
in unimmunized mice, whereas MHC-II expression was increased during EAE progression 
especially at score 4 (Figs. 4E and S5D).

These data demonstrate that astrocytes acquire a highly reactive transcriptional profile 
particularly during acute stages of disease, highlighted by upregulation of inflammation and 
neurotoxic markers, while downregulating genes involved in homeostatic functions.

Astrocytes acquire a more proliferative profile in chronic EAE

To unbiasedly determine gene modules associated with distinct EAE disease stages, we used 
weighted gene co-expression network analysis (WGCNA). Based on a consensus network, 
genes were clustered in 28 modules (Fig. 5A). Expression of the module eigengenes (ME), or 
first principal component, of the blue, yellow, and turquoise modules correlated significantly 
with EAE progression (Fig. 5A). All GO terms associated with genes in these modules are 
listed in supplemental file Table S6. MEblue was highest expressed in E4 and moderately in 
other EAE stages, whereas it was depleted in astrocytes from unimmunized control mice 
(Fig. 5B). Genes in this module were involved in ‘transcriptional and translation processes’, 
‘autophagy’, and ‘innate immune response’ (Fig. 5B), which is in line with our previous 
observations. In astrocytes of unimmunized mice, MEturquoise was highest expressed and 
genes were annotated with ‘synapse organisation’, ‘axon/neuron development’, and ‘learning/
memory’ (Fig. 5B). MEyellow was mainly expressed in Ech and genes in this module were 
associated with ‘mitosis’ and ‘cell cycle’ (Fig. 5B). Concordantly, genes associated with ‘DNA 
replication’, ‘mitosis’, and ‘nuclear division’ were also present in spinal cord astrocytes in Ech 
compared to all other stages (Fig. 4B). To determine if astrocytes are proliferating in chronic 
EAE, we analyzed co-expression of KI67 and GFAP in mouse spinal cord. The overall number 
of KI67 positive cells strongly increased during EAE progression, and also the number of 
KI67 positive GFAP-expressing cells increased, especially in chronic EAE (Figs. 5C-D and 
S5D).

In summary, these results suggest that astrocytes acquired a more proliferative profile, which 
may promote tissue regeneration by glial scar formation.
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Discussion
Here, we demonstrate transcriptional heterogeneity of astrocytes within and across 
anatomical regions, and that astrocyte subtypes have distinct gene expression profiles during 
the course of EAE, with most pronounced changes in the spinal cord. Detailed transcriptional 
characterization of astrocyte subtypes and their differential contribution to disease are largely 
lacking, and we provide an extensive transcriptional analysis of astrocyte subtypes during 
EAE progression. Our main findings are that (i) astrocytes in forebrain and hindbrain consist 
of two transcriptionally distinct subtypes based on GLAST expression (only GLASTneg 
astrocytes in spinal cord). (ii) Astrocytes exhibit substantial regional heterogeneity based on 
gene expression. (iii) Astrocyte subtypes display a differential transcriptional response during 
EAE, and spinal cord astrocytes show most pronounced changes. (iv) Spinal cord astrocytes 
are highly reactive during acute EAE, downregulate myelination and BBB support genes, and 
switch to a more proliferative phenotype during chronic EAE.

We identified distinct transcriptional profiles comparing GLASTpos and GLASTneg astrocytes, 
suggesting they represent distinct astrocyte subtypes. Differences are more pronounced in 
hindbrain compared to forebrain, and we mainly detected GLASTneg astrocytes in spinal 
cord. The most significantly enriched gene in hindbrain GLASTpos astrocytes compared to 
GLASTneg astrocytes is Growth differentiation factor 10 (Gdf10). GDF10, a member of the 
TGF-beta family, is expressed by Bergmann glia, which are unipolar astrocytes in the Purkinje 
layer of the cerebellum (Koirala and Corfas, 2010). Bergmann glia are essential for neuronal 
migration during development and are involved in the regulation of synaptic transmission 
during adulthood. Interestingly, knockout of Glast impairs synaptic wrapping by Bergmann 
glia (Miyazaki et al., 2017), underlining the importance of GLAST for these cells. The 
population of hindbrain GLASTpos astrocytes appears to be enriched for Bergmann glia, hence 
our protocol may offer a novel isolation strategy for this astrocyte subtype.

To integrate our findings with previous observations, we compared our identified astrocyte 
subtypes with published datasets on astrocyte heterogeneity. For example, both forebrain and 
hindbrain GLASTneg astrocyte transcriptional profiles overlapped with profiles of intermediate 
progenitor cells (Batiuk et al., 2020); however, this overlap was less pronounced compared to a 
proliferative astrocyte subtype observed in a different study (John Lin et al., 2017). Integration 

Figure 4 (previous page). Reactivity of spinal cord astrocytes is most pronounced during acute stage 
of EAE. (A) Upset diagram depicting the number and overlap of DEGs comparing each EAE stage to 
unimmunized control. Bars show number of enriched and depleted genes (bottom-left). Overlapping 
DEGs are illustrated by interconnected dots between groups (bottom-right) and the number of 
DEGs are depicted in in bar graph (top). (B) Circos plot depicting GO annotations of up- and down-
regulated genes per EAE stage compared to astrocytes from unimmunized control mice. (C) Mean log 
expression of pan-reactive, LPS-reactive, and MCAO-reactive astrocyte markers, and genes involved in 
lactate metabolism, myelination, blood brain barrier, and cholesterol synthesis. For a list of genes see 
supplemental file Table S1 (n=4-6). (D) Normalized expression of selected reactive astrocyte markers 
Serpina3n, H2-D1, and Lcn2 and of C4b, Cxn43, and Btbd17. Significantly different expression compared 
to unimmunized control is indicated (#). Boxes show 25th to 75th percentiles and median, and whiskers 
indicate min/max (n=4-6). (E) Representative images of MHC-II (green) and GFAP (magenta) co-
expression in mouse spinal cord during EAE disease progression. Yellow arrows indicate co-expression; 
white arrows indicated MHC-II expression in GFAPneg structures (n=3).
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Figure 5. Astrocytes express proliferation markers in chronic EAE. (A) Correlation of module 
eigengenes with EAE disease progression from unimmunized control to chronic EAE. Numbers 
indicate Pearson r and p value in brackets. Significant modules are labelled in bold. (B) Mean expression 
of eigengenes from the blue, yellow, and turquoise modules in different conditions, depicted as row 
z-scores (top), and selected enriched GO terms associated with each module (bottom). For a complete 
list of GO terms per module see supplemental file Table S6. (C-D) Representative images of KI67 (green) 
and GFAP (magenta) co-expression in mouse spinal cord during EAE disease progression (C). Enlarged 
image shows co-expression in spinal cord of chronic EAE mice (D) (n=3).
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of findings with multiple studies remains a difficult task due to differences in technology (bulk- 
vs single cell mRNA sequencing), isolation methods, mouse strains, anatomical regions, and 
availability of data. Yet, detailed comparison with previous findings is essential to advance our 
understanding and uniform the field of astrocyte heterogeneity.

Our FACS data shows that the frequency of GLASTpos astrocytes decreases from ~40% 
in forebrain, to ~20% in hindbrain, to less than 1% in spinal cord. Different local CNS 
environments require distinct support by astrocytes, hence varying frequencies across regions 
indicate functional differences of astrocyte subtypes. Additionally, this difference in subtype 
frequencies also demonstrates regional heterogeneity. Regional heterogeneity of astrocytes 
has been shown previously (Lee et al., 1994; Yeh et al., 2009; Simpson et al., 2011; Chai et 
al., 2017; Itoh et al., 2017; John Lin et al., 2017) and expression follows the dorsoventral axis 
(Morel et al., 2017). Expanding these observations, our findings suggest that transcription 
follows the rostrocaudal axis from forebrain to spinal cord. We find Hox genes to be expressed 
in a region-dependent manner, especially in spinal cord astrocytes, where Hoxc genes are 
enriched. Hox genes are involved in embryonic development, where they specify regions 
in form of segments along the rostrocaudal axis (Pearson et al., 2005). These genes are 
also involved in positioning of spinal cord astrocytes (Hochstim et al., 2008). Hence, Hox 
genes appear to not only define astrocyte positioning during development, but also shape 
transcriptional differences across anatomical regions in adulthood.

Delineating astrocyte heterogeneity is of particular importance to understand pathogenic 
processes, since cell subsets may differentially contribute to disease, as previously established 
for astrocytes in glioma (John Lin et al., 2017). We found non-overlapping DEGs and 
differences in the number of DEGs in GLASTpos and GLASTneg astrocytes in hindbrain, 
indicating subtype specific transcriptional responses during EAE. Many studies isolate 
astrocytes using one specific marker (e.g. ACSA, GLAST, GFAP, or ALDH1L1), and since 
these markers may not be present on the surface of all astrocytes, it is important to consider 
that a selection for a particular subtype can occur, which will likely skew the results obtained. 

One previous study analyzed astrocyte transcriptomes during EAE (Itoh et al., 2017), focusing 
on one disease stage that is most similar to our chronic stage. Itoh et al. described that most 
changes occur in spinal cord astrocytes, and that a hallmark of astrocytes during EAE is a 
reduced expression of cholesterol synthesis genes. Increasing expression of these genes in 
astrocytes alleviated EAE symptoms (Itoh et al., 2017), indicating a role for astrocyte-derived 
cholesterol in EAE severity. We also detected most transcriptional changes in spinal cord 
astrocytes, which is likely because most lesions occur in this area (Constantinescu et al., 
2011). In our study, expression of cholesterol synthesis genes was also decreased, which was 
most pronounced in the chronic stage.

In the acute stage (E4), we observed a stark increase in neuroinflammatory and LPS-reactive 
astrocyte genes, whereas expression of MCAO-reactive genes was low. These findings are in 
line with recent observations that a pro-inflammatory and neurotoxic astrocyte subpopulation 
expanded during EAE (Wheeler et al., 2020). This reactive astrocyte phenotype is also observed 
in active MS lesions, reflected by co-expression of C3 and GFAP, and to a lesser extent also 
in chronic active and inactive lesions (Liddelow et al., 2017), suggesting this phenotype is 
mostly present during earlier phases of lesion pathology. Concurrently, astrocytes express 
MHC-II around lesions, suggesting they are able to stimulate T-cell (re)activation. Supporting 
that hypothesis, other studies demonstrated that astrocytes play a role in the recruitment 
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of peripheral immune cells in EAE (Wang et al., 2013; Brambilla et al., 2014). Astrocytes 
in active MS lesions contain myelin debris, which they take up through receptor-mediated 
endocytosis potentially using lipoprotein receptor-related protein 1 (LRP1) leading to NFkB 
activation (Ponath et al., 2017). Thus, astrocytes may present myelin antigens to infiltrating 
lymphocytes to stimulate (re)activation early during lesion formation.

Our data furthermore indicate increased proliferation of astrocytes in chronic EAE, which may 
be relevant for glial scar formation. Glial scar formation, which occurs after demyelination 
predominantly in chronic MS lesions, can support regeneration of tissue, i.e. restoration of 
BBB function, remyelination, and shielding intact tissue from spreading damages (Ponath et 
al., 2018). Concomitantly, reactive astrocyte gene expression decreased in the chronic stage of 
EAE, which might indicate that astrocytes lost their detrimental signature and acquired more 
beneficial/regenerative properties. 

Overall, astrocytes seemed to lose their homeostatic function in EAE, as was evident from 
reduced expression of genes involved in lactate metabolism, BBB function, and cholesterol 
synthesis. We also observed that many common astrocyte markers were decreased in EAE 
including Cnx43, Btbd17, Apoe, Aldh1l1, Slc1a2, Slc1a3, Aqp4, and Fgfr3. We propose that 
in addition to an upregulation of reactive genes, a loss of homeostatic signature genes is a 
hallmark of reactive astrocytes and should be considered when studying astrocyte reactivity. In 
summary, we provide evidence that astrocytes are highly reactive and potentially detrimental 
during acute EAE, whereas they may promote regeneration during recovery.

Interestingly, astrocytes expressed moderate levels of some oligodendrocyte and 
oligodendrocyte precursor cell (OPC) genes, which were increased during EAE. Expressed 
genes include Plp1, Mbp, Olig1, and Olig2, but not markers such as Mog, Ndrg1, or Pdgfra. 
This ambiguous expression pattern makes it unlikely that our astrocytes are substantially 
contaminated by oligodendrocytes/OPCs. In microglia, phagocytosis of myelin can lead 
to the detection of oligodendrocyte-derived mRNA molecules (Schirmer et al., 2019), and 
since reactive astrocytes are able to phagocytose (Morizawa et al., 2017), this could provide 
an explanation for our findings. To further investigate the presence of oligodendrocyte/OPC 
transcripts in astrocytes, we employed an available astrocyte gene expression dataset that was 
obtained through RiboTag technology (Itoh et al., 2017). In this dataset, we found similar 
expression patterns, where genes thought to be specific for the oligodendrocyte lineage are 
expressed by astrocytes. These data indicate that it is unlikely that phagocytosis is a significant 
source of oligodendrocyte/OPC transcripts in astrocytes. Overall, this may indicate that 
expression of oligodendrocyte/OPC genes in astrocytes is a biological phenomenon. 
Supporting this notion, a subset of astrocytes derives from OLIG2-expressing progenitors 
(Tatsumi et al., 2018), suggesting that oligodendrocytes and astrocytes share a common 
lineage. Furthermore, astrocytes can transdifferentiate into oligodendrocytes by expression 
of the transcription factors SOX10 (Khanghahi et al., 2018) or SOX2 (Farhangi et al., 2019), 
which might be an important mechanism to enhance remyelination after damage. Together, 
our findings support the emerging concept that astrocytes can obtain oligodendrocyte 
characteristics, while maintaining a core astrocyte profile. 

Our data provides evidence that astrocyte subtypes show a heterogeneous response to EAE, 
and that particularly spinal cord astrocytes are highly reactive during acute EAE but switch 
to a more protective role in the chronic stage. In conclusion, we generated a comprehensive 
transcriptional blueprint of inter- and intraregional astrocyte subtypes in homeostatic 
conditions and during EAE. 
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Materials & Methods

Animals

All animal experiments were approved by the Netherlands Central Committee for Animal 
Experiments and the University of Groningen. For experiments related to astrocyte 
heterogeneity, FVB/N wildtype were used, whereas C57BL/6 mice were used for EAE 
experiments. Mice were housed SPF in groups in makrolon cages with ad libitum access to 
water and food, and a 12 h light – dark cycle (8 p.m. lights off, 8 a.m. lights on).

EAE induction and scoring

For induction of EAE, ten-week old female C57BL/6 mice (Harlan, The Netherlands) were 
immunized with MOG35-55 in complete Freund’s adjuvant (CFA) (Hooke, EK-2110). Mice 
were injected with pertussis toxin on the day of immunization and 24 h later. Animals were 
monitored daily for development of EAE and sacrificed at score 1 (limp tail), score 4 (complete 
hind leg paralysis) and chronic disease.

Astrocyte isolation

Mice were perfused with 0.9% saline under isoflurane anesthesia. Brains and spinal cords were 
isolated and collected in HBSS (Gibco, 14170) supplemented with 15 mM HEPES (Lonza, 
BE17-737E) and 0.6% glucose (Sigma-Aldrich, G8769) (= Medium A). Tissues were sliced and 
incubated at 37 °C for 60 min in medium A containing 0.25% Trypsin/EDTA (Lonza, BE02-
007E) and 0.5 mg/ml DNase (Roche, 10104159001). Enzymatic reactions were neutralized 
by addition of 10% fetal bovine serum (FBS) (Bovogen Biologicals, SFBS). Subsequently, the 
suspension was gently triturated, followed by filtration over a 100 µm strainer (Falcon, 352360) 
to obtain a single cell suspension. Cells were centrifuged at 300 g for 10 min at 4 °C. After 
removal of the supernatant, the pellet was resuspended in 24.5 % percoll (GE Healthcare, 17-
0891-01), 40 mM NaCl and 77% myelin gradient buffer (5.6 mM NaH2-PO4·H2O, 20 mM 
Na2HPO4·2H2O, 140 mM NaCl, 5.4 mM KCl, 11 mM glucose, pH 7.4). A layer of PBS (Lonza, 
BE17-512F) was added on top, after which the gradient was centrifuged at 800 g for 20 min 
at 4 °C with breaks off. The supernatant was removed, and the pellet resuspended in medium 
A without phenol red supplemented with 1 mM EDTA (Invitrogen, 15575-038). After Fc 
receptors were blocked using anti-mouse CD16/CD32 (1:100, eBioscience, 14-0160-82) for 10 
min, cells were incubated for 30 min on ice with GLAST-APC (1:10, Miltenyi, 130-095-814), 
ACSA-2-PE (1:10, Miltenyi, 130-102-365), CD11B-PE-Cy7 (1:150, eBioscience, 25-0112-81), 
and CD45-FITC (1:200, eBioscience, 11-0451-85) antibodies. Next, cells were washed and 
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collected in round bottom tubes, after passing over a 35 µm strainer (Falcon, 352235). Cells 
were sorted using a Beckman Coulter MoFlo Astrios cell sorter or a Beckman Coulter MoFlo 
XDP cell sorter. For subtype experiments, DAPI (Biolegend, 422801) was added to select for 
viable cells. For EAE experiments, DAPI and DRAQ5 (Thermo Scientific, 62251) were added 
to select for viable cells. Cells were sorted in RNAlater (Qiagen, 76104), centrifuged 5000 g 
for 10 min, and lysed in RLT+ lysis buffer (Qiagen, 74034). Flow cytometry data was analyzed 
using Kaluza Analysis (v1.5).

Primary neonatal astrocyte culture

Primary neonatal microglia cultures were prepared as described previously (Schaafsma et al., 
2015), which were used to obtain astrocyte cultures. Briefly, cerebrum from postnatal day 0-2 
C57BL/6 mice was minced and incubated in trypsin-containing medium. After trituration and 
centrifugation of tissue, cells were plated in flasks and medium (DMEM (Gibco, 11500416), 
supplemented with 1 mM sodium pyruvate (Lonza, BE13-115E), 1x GlutaMAX (Gibco, 
35050038), 1% Pen/strep (Sigma, P4333) and 10% FBS) was replaced 24 h later. Medium 
was replaced on day 4, and on day 7 medium supplemented with 33% L929 cell-conditioned 
medium (LCCM) was added. Three days after LCCM addition, microglia were harvested 
through mitotic shake. Astrocytes remained in the flask and were used for experiments.

RNA isolation and RNA sequencing

RNA was extracted from acutely FACS-isolated astrocytes using the RNeasy Plus Micro kit 
(Qiagen, 74034) according to the manufacturer’s protocol. Astrocytes from up to two mice 
were pooled for RNA isolation. RNA was extracted from cultured astrocytes with TRIzol 
(Invitrogen, 15596018) according to manufacturer’s instructions and resuspended in 
water. Total RNA concentration and quality were measured using the Experion Automated 
Electrophoresis System (Bio-Rad) in combination with the RNA HighSens Analysis Kit 
(Bio-Rad, 7007105) according to manufacturer’s protocol. Non-degraded RNA-samples 
(RNA integrity number > 5) were selected for subsequent sequencing analysis. Sequencing 
libraries were manually generated using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD 
for Illumina (Lexogen, 015.96). The obtained cDNA fragment libraries were pooled at equal 
molarities and sequenced on an Illumina HiSeq2500 using default parameters (single read 
1x50bp) in pools of multiple samples.

RNA sequencing analysis

Alignment

After trimming of bad quality bases, FASTQ files were aligned to build Mus_musculus.
GRCm38.82 reference genome using HISAT (hisat/0.1.5-beta-goolf-1.7.20) with default 
settings (Kim et al., 2015). Aligned reads were sorted using SAMtools (SAMtools/1.-
goolf-1.7.20) (Li et al., 2009) and gene level quantification was done by HTSeq-count 
(HTSeq/0.6.1p1) using –mode=union (Anders et al., 2015). Quality control metrics for raw 
sequencing data were calculated using FastQC (FastQC/0.11.3-Java-1.7.0_80), and for aligned 
reads using Picard-tools (Picard/1.130-Java-1.7.0_80).
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Differential gene expression analysis

Genes with low expression (total counts<10) were filtered. DEseq2 R-package (v1.22.2) (Love 
et al., 2014) was used for normalization, transformation, and differential gene expression 
analysis. For PCA plots, counts were transformed using variance stabilizing transformation 
(VST). Genes were regarded differentially expressed with log2FoldChange>1 or <-1 and 
p-adj<0.05. P-values were adjusted using the Benjamini-Hochberg correction. Overlapping 
DEGs were visualized in UpSet diagrams (v1.3.3) (Lex et al., 2014).

Weighted gene co-expression network analysis (WGCNA)

VST-transformed normalized counts after filtering of low expressed genes (total counts<10) 
from spinal cord astrocytes of unimmunized mice and during EAE were used for WGCNA. 
The WGCNA R-package (v1.68) (Langfelder and Horvath, 2008) was used for the analysis. 
Genes with missing values and zero variance were filtered prior to network construction 
(goodSamplesGenes). A signed network was constructed using dissimilarities of topological 
overlap matrix (1-TOMsimilarityFromExpr) with a soft threshold power of 6. Modules were 
computed with a minimum size of 30 and a merge threshold of 0.25, which resulted in 28 
modules. Module eigengenes were correlated with EAE stages from unimmunized to chronic 
EAE and correlation was regarded significant with a p-value<0.05.

Gene ontology (GO) analysis

Biological process GO enrichment analysis for DEGs and WGCNA module genes was done 
using the clusterProfiler R-package (enrichGO) (v3.10.1) (Yu et al., 2012). GO terms were 
regarded enriched for a list of genes with q-value<0.05. P-values were adjusted using the 
Benjamini-Hochberg correction.

Immunohistochemistry

Tissue was fixed in 4% paraformaldehyde (PFA) for 24 h and cryopreserved in 30% sucrose 
prior to freezing at -50 °C. Sodium citrate (pH 6.0) was used for heat-induced antigen 
retrieval in a microwave using a pressure-cooker. Tissue sections were blocked 1 h in 5% 
normal serum. GFAP (1:200, Invitrogen, 14-9892-82), MHC-II (1:100, Invitrogen, 14-5321-
82), and KI67 (1:100, Abcam, ab15580) primary antibodies were diluted in PBS containing 
0.1% Triton X-100 and 1% normal serum and applied at 4 °C overnight. Secondary fluorescent 
antibodies were applied for 1 h at room temperature (RT). Tissue sections were incubated 
in Bisbenzimide h 33258 (1:1000, Sigma-Aldrich, 14530-100MG) for 15 min. Images were 
obtained using a Leica SP8 confocal microscope.

Data availability

Data are available at NCBI GEO under accession number GSE136358.
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Supplementary materials
Excel file containing Tables S1 to S6 can be accessed at doi: 10.1002/glia.23954

Table S1. Lists of astrocyte function genes and reactive astrocyte genes

Table S2. Differentially expressed genes between hindbrain GLASTneg and hindbrain GLASTpos

Table S3. Number of differentially expressed genes between astrocyte subtypes

Table S4. Core astrocyte profile. Top 500 expressed genes among all astrocyte subtypes

Table S5. Astrocyte EAE core signature. Genes that are up- or down-regulated in spinal cord 
astrocytes in all stages of EAE compared to unimmunized mice

Table S6. Gene ontology analysis of genes in significantly correlating WGCNA modules blue, 
yellow, and turquoise
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Figure S1

Figure S1. Astrocyte FACS-isolation gating strategy, spatial expression of GLAST and ACSA, and 
GO terms enriched in astrocyte subtypes (related to Figure 1 and 2). (A) Representative images of 
FACS gating strategy. DAPI negative cells were considered viable. The non-myeloid fraction containing 
astrocytes was next selected as CD11BnegCD45neg events. Further gating and selection of astrocyte 
subtypes is depicted in Fig 1B. (B-C) Spatial expression of Glast/ Slc1a3 (top) and Acsa/ Atp1b2 (bottom) 
in brain and spinal cord tissue determined by in situ hybridization (data from Allen Brain Atlas (Allen 
Institute, 2004, 2008; Lein et al., 2007)) (B), and by spatial transcriptomics (data from 10x Genomics for 
brain (10x Genomics, 2019), and Maniatis et al. for spinal cord (Maniatis et al., 2019)) (C).



3

79

Astrocyte heterogeneity in EAE

60

41

34
32

18 17

11 11
9 8

3
1 1

0

20

40

60

D
EG

in
te

rs
ec

tio
ns

0255075100

DEGs per
group

Forebrain
Hindbrain
Spinal cord

En
ric

he
d

D
ep

le
te

d
A

Dmrta2

Chrdl1

Prss56

Crym

0

10

20

30

40

50

−4 0 4
log2FoldChange

−l
og
10
(p
ad
j)

Forebrain vs rest

Hoxb4

log2FC > 1 log2FC > 2 log2FC > 4

Wif1

0

10

20

30

40

−4 0 4
log2FoldChange

−l
og
10
(p
ad
j)

Hindbrain vs rest

Hoxc8

Hoxc6

Hoxc9

Hoxb8

Hoxa7

Sst

Hoxa9Tac1

5

10

15

20

25

−5 0 5
log2FoldChange

−l
og
10
(p
ad
j)

Spinal cord vs rest

Mybpc1

E

H
ox

a7
H

ox
a9

H
ox

c9

H
ox

a7
H

ox
a9

H
ox

c9

B C
In situ hybridization (Allen Brain Atlas) Spatial transcriptomics (10x Genomics and Maniatis et al.)

Anterior brain Posterior brain Spinal cordBrain Spinal cord

0 10.5

Expression (log)

D

0 0.06 0.13 0.19

Expression (λ)

Glast+

Glast -

Glast -

G
last +

Gl
as

t+

Glast-

1 2
3

4

5
6

7
8

9
10

11

12
13

14
15

16

17

18
19

20
212223

Forebrain

Hindbrain

Hi
nd

br
ai

n

Spinal cord

Spinal cord

Depleted

En
ric

he
d

GO categories
1 − cell fate commitment
2 − regionalization
3 − forebrain development
4 − pattern specification process
5 − positive regulation of neural

precursor cell proliferation
6 − forebrain regionalization
7 − telencephalon development
8 − pallium development
9 − neuron fate determination

10 − proteoglycan metabolic process
11 − extracellular matrix organization
12 − axon development
13 − regulation of cell−substrate

adhesion
14 − axonogenesis
15 − ensheathment of neurons
16 − axon ensheathment
17 − myelination
18 − oligodendrocyte development
19 − central nervous system

myelination
20 − negative regulation of

neurogenesis
21 − negative regulation of nervous

system development
22 − negative regulation of cell

development
23 − epithelial tube morphogenesis

Figure S2

Figure S2. Astrocyte heterogeneity across anatomical regions (related to Figure 1). (A) Volcano plots 
of the indicated comparisons. Genes labelled with name exhibit log2FoldChange>6 and padj<0.001. 
(n=3) (B-C) Spatial expression of Hoxa7 (top), Hoxa9 (middle), and Hoxc9 (bottom) in brain and spinal 
cord tissue determined by in situ hybridization (data from Allen Brain Atlas (Allen Institute, 2004, 2008; 
Lein et al., 2007)) (B), and by spatial transcriptomics (data from 10x Genomics for brain (10x Genomics, 
2019), and Maniatis et al. for spinal cord (Maniatis et al., 2019)) (C). (D) Upset diagram depicting the 
number and overlap of DEGs. Each region was compared to all other regions. Bars show number of 
enriched and depleted genes (bottom-left). Overlapping DEGs are illustrated by interconnected dots 
between groups and numbers are plotted in bar graph above (right). (E) Circus diagram depicting GO 
annotations of enriched and depleted genes per astrocyte subtype compared to all other subtypes.
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Figure S3. In vitro and ex vivo astrocytes exhibit distinct transcriptional profiles (related to Figure 1). 
(A) Principal component analysis of all ex vivo adult and in vitro neonatal astrocytes. (B) Unsupervised 
clustering of all genes differentially expressed between ex vivo and in vitro astrocytes, illustrated as row 
z-scores of normalized counts. Each column represents one sample, each row one gene. (C) GO terms 
associated with genes enriched and depleted in in vitro compared ex vivo astrocytes. Numbers behind 
bars indicate number of genes per GO category.

Figure S4. Variance of astrocyte subtypes during EAE (related to Figure 3). Principal component 
analysis of all hindbrain and spinal cord astrocyte subtypes during different stages of EAE.
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Figure S5. Heatmap of spinal cord astrocytes and expression of specific genes in astrocyte subtypes 
during EAE (related to Figure 4 and 5). (A) Unsupervised clustering of all genes differentially expressed 
in spinal cord astrocytes between different conditions, illustrated as row z-scores of normalized counts. 
(B) GO terms enriched in gene clusters from (A). Top five enriched GO terms per cluster are plotted 
against enrichment of these GO terms in all clusters. (C) Normalized expression of selected reactive 
astrocyte markers (Lcn2, Serpina3n, H2-D1, Gfap), inflammatory genes (H2-Aa, Il1b, Cd274, Clec7a), 
and astrocyte markers (Apoe, Aldh1l1, Slc1a2, Slc1a3, Aqp4, Fgfr3, Cnx43, Btbd17). Significantly different 
expression compared to unimmunized control is indicated (#). Boxes show 25th to 75th percentiles and 
median, and whiskers indicate min/max (n=4-6). (D) Quantification of MHC-II and KI67 co-expression 
with GFAP related to figures 4E and 5D, respectively. Double positive cells were counted at different 
stages of EAE. One point represents one mouse. Statistical analysis conducted was a one-way ANOVA 
corrected for multiple comparison using Bonferroni. *p<0.05, **p<0.01, C = unimmunized control, E1 
= EAE score 1, E4 = EAE score 5, Ech = Chronic EAE
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Abstract
V-type immunoglobulin domain-containing suppressor of T-cell activation (VISTA) is a 
negative checkpoint regulator (NCR) involved in inhibition of T cell-mediated immunity. 
Expression changes of other NCRs (PD1, PDL1/L2, CTLA4) during inflammation of the 
central nervous system (CNS) were previously demonstrated, but VISTA expression in the 
CNS has not yet been explored. Here, we report that in the human and mouse CNS, VISTA 
is most abundantly expressed by microglia, and to lower levels by endothelial cells. Upon 
TLR stimulation, VISTA expression was reduced in primary neonatal mouse and adult 
rhesus macaque microglia in vitro. In mice, microglial VISTA expression was reduced after 
lipopolysaccharide (LPS) injection, during experimental autoimmune encephalomyelitis 
(EAE), and in the accelerated aging Ercc1Δ/- mouse model. After LPS injection, decreased 
VISTA expression in mouse microglia was accompanied by decreased acetylation of lysine 
residue 27 in histone 3 in both its promoter and enhancer region. ATACseq indicated a 
potential regulation of VISTA expression by PU.1 and MAFB, two transcription factors crucial 
for microglia function. Finally, our data suggested that VISTA expression was decreased in 
microglia in multiple sclerosis lesion tissue, whereas it was increased in Alzheimer’s disease 
patients. This study is the first to demonstrate that in the CNS, VISTA is expressed by 
microglia, and that VISTA is differentially expressed in CNS pathologies.

Graphical abstract
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Introduction
Immune checkpoint regulators are a group of molecules expressed on T cells or antigen-
presenting cells (APCs), which can provide co-stimulatory and co-inhibitory signals during 
T-cell activation. This balance between positive and negative signals is essential for mounting 
antigen specific immune responses, while limiting the risk for autoimmunity. Inhibition of 
negative checkpoint regulator (NCR) activity has recently entered the clinic as a treatment 
for cancer, whereas activation of NCRs has potential for the treatment of autoimmunity. 
Therapeutic inhibition of NCR activity (immunotherapy) in cancer has been associated 
with the development of CNS diseases such as encephalitis, myelitis and exacerbation of 
multiple sclerosis (MS) (Cuzzubbo et al., 2017; Yshii et al., 2017). Accordingly, several studies 
have reported that inhibition of NCR (CTLA4, PD1 and PDL1) in mouse experimental 
autoimmune encephalomyelitis (EAE), a model of MS, leads to exacerbation of symptoms 
(Joller et al., 2012). Furthermore, blockade of PD1 in a mouse model of Alzheimer’s disease 
(AD) improves cognitive performance (Baruch et al., 2016), suggesting a broad role of NCRs 
in CNS pathologies. However, the effectiveness of PD1 blockade in AD is still not resolved 
(Latta-Mahieu et al., 2018).

VISTA is a recently discovered NCR, which shares 24% sequence similarity with PDL1 (Wang 
et al., 2011). VISTA (aliases: PD1H (Flies, Wang, Xu, & Chen, 2011); DD1a (Yoon et al., 2015); 
DIES1 (Aloia et al., 2010); GI24 (Sakr et al., 2010)) is expressed on myeloid and T cells, and 
can act as both receptor and ligand (Lines et al., 2014). VISTA expressed on APC can function 
as a ligand, suppressing T-cell activation upon binding to a yet unidentified counter receptor 
(Wang et al., 2011). In addition, ligation of VISTA expressed on T cells also leads to inhibition 
of T-cell activation (Flies et al., 2014). Receptor functions on myeloid cells include regulation 
of the cytokine response (Bharaj et al., 2014), and uptake of apoptotic cells (Yoon et al., 2015). 
Deficiency of VISTA in mice increases susceptibility to developing autoimmunity such as 
EAE (Wang et al., 2014) and lupus nephritis (Ceeraz et al., 2017). 

In the CNS, expression of several NCRs by microglia has been reported, which is induced under 
inflammatory conditions (Yshii et al., 2017). Microglia are the principal innate immune cell 
type of the CNS, which acquire diverse functional phenotypes in response to environmental 
cues (Salter and Beggs, 2014). During CNS pathologies, microglia lose their homeostatic 
signature and can shift to an immune-activated state, as evident from transcriptomic 
studies (Perry and Holmes, 2014; Zrzavy et al., 2017). During immune-activation, microglia 
upregulate inflammatory genes such as genes involved in cytokine production and antigen 
presentation. It is now appreciated that in conditions such as AD and aging, microglia can 
acquire a phagocytic phenotype (Galatro, Holtman, et al., 2017; Krasemann et al., 2017; Varol 
et al., 2017), thereby facilitating clearance of debris and toxins. In accordance with a more 
protective phenotype during disease, microglia obtain immunoregulatory characteristics 
during inflammation. Induction of NCRs (e.g. PDL1) in immune-activated microglia causes 
inhibition of T-cell activation, and suppression of cytokine production (Magnus, 2005; 
Duncan and Miller, 2011; Schachtele et al., 2014). Hence, microglial activation is highly 
heterogeneous and plastic, and can therefore be detrimental or beneficial during disease.

Although the expression and regulation of several NCRs in the CNS and by microglia 
has been studied, expression patterns of VISTA are unknown as noted recently by Yshii 
et al. (Yshii et al., 2017). Studies suggest involvement of VISTA in important functions of 
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monocytes and macrophages, such as cytokine responses and phagocytosis, which exhibit 
functional similarities to microglia. Since microglia express many NCRs and are able to 
acquire immunoregulatory functions during inflammation, analysis of VISTA expression in 
these cells could help to understand their role in CNS disease. Furthermore, NCR modulation 
as a treatment for cancer and autoimmunity impacts CNS biology, which is demonstrated 
by adverse neurological effects during immunotherapy including encephalitis, myelitis, 
hypophysitis, and transition from radiologically isolated syndrome to MS (Cuzzubbo et al., 
2017; Yshii et al., 2017). Hence, investigating expression and expression changes of VISTA in 
the CNS might facilitate understanding the impact of NCR modulation on the CNS.

Here, we assessed VISTA expression in mouse and rhesus macaque microglia after immune-
activation in vitro and in vivo, and verified our findings using human post-mortem tissue. 
Our results indicate that VISTA is differentially expressed in microglia during inflammation 
and neurodegeneration in microglia. Furthermore, we determined epigenetic changes in the 
VISTA gene during microglial activation in mice. These findings provide first evidence of a 
function of VISTA in microglia and during CNS pathology.

Results

VISTA is primarily expressed by microglia in human and mouse CNS

Expression of most NCR (CTLA4, PD1, PDL1 and more), but not VISTA, has been reported 
in the CNS by microglia, endothelial cells, astrocytes, oligodendrocytes and neurons (Yshii 
et al., 2017). Using a combination of immunohistochemistry and flow cytometry, we assessed 
VISTA expression in mouse and human brain.

In both mouse and human brain tissue without apparent CNS pathology, VISTA 
immunoreactivity was evident on ramified microglia-like cells and on blood vessel structures 
(Fig. 1A-B). Immunofluorescence co-staining of IBA1 and VISTA (mouse) and CD68 and 
VISTA (human) revealed a strong co-expression of these proteins (Fig. 1C-D), confirming 
VISTA expression in microglia. In accordance with the immunostainings, flow cytometry of 
whole mouse brain and spinal cord showed that >95% of CD11bpos CD45int microglia exhibited 
surface VISTA expression. Furthermore, the vast majority of CD11bneg CD45neg cells did not 
express detectable levels of cell surface VISTA (Fig. 1E). 

These findings demonstrate that VISTA is primarily expressed by microglia, and to a lesser 
extent in blood vessels in the CNS.

VISTA expression is abundant in adult microglia and expression levels 
are similar to microglia signature genes

To confirm our observations of VISTA expression in microglia and blood vessels, we analyzed 
published RNAseq data for VISTA expression in different CNS cell types (Zhang et al., 2014, 
2016). In mouse brain, VISTA was abundantly expressed by microglia, weakly expressed by 
endothelial cells, and was not detected in oligodendrocytes, neurons and astrocytes (Fig. 
2A). In human brain, VISTA was expressed by microglia, but also at moderate levels by 
endothelial cells, and at low levels by astrocytes (Fig. 2B). VISTA expression was very low in 
oligodendrocytes and neurons. Of note, we did not observe any VISTA immunoreactivity in 
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Figure 1. VISTA is expressed by microglia in mouse and human CNS. (A-B) Representative images 
of VISTA immunoreactivity in mouse (A) (n=2) and human brain (B) (n=4). Inserts show a 2x 
magnification of areas (1-3) as indicated. (C-D) Representative images of co-expression of Iba1 (red) 
and VISTA (green) in mouse brain (C) (n=2) and CD68 (red) and VISTA (green) in human brain (D) 
(n=4). (E) Representative flow cytometry results of VISTA cell surface expression in CD11bpos CD45int 
microglia from brain (n=4) and spinal cord (n=1).
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astrocytes (Fig. 1A-B). Expression by endothelial cells is in line with our previous findings of 
VISTA expression in blood vessels.

Next, we investigated a published RNAseq dataset to determine VISTA expression in isolated 
mouse microglia during embryonic and postnatal development (Matcovitch-Natan et al., 
2016). The analysis revealed that VISTA expression increases during microglia development 
(Fig. 2C) and was most abundant in adult microglia, independent of the CNS region 
(hippocampus, cortex and spinal cord) (Fig. 2C).

To further quantify VISTA expression in adult microglia, we compared VISTA mRNA levels 
to the expression of microglia signature genes. In acutely isolated adult microglia from 
mouse brain, VISTA was abundantly expressed, similar to levels of Tmem119 and P2ry12, 
and other microglia signature genes (Fig. 2D). In cultured neonatal mouse microglia and 
the BV2 microglial cell line, VISTA expression was moderate, comparable to expression of 
Pu.1 (neonatal microglia) or Cd11b (BV2) (Fig. 2D). For quantification of VISTA in human 
microglia, we analyzed our published RNAseq dataset of microglia isolated from adult non-
diseased human post mortem brain (Galatro, Holtman, et al., 2017). VISTA expression was 
enriched in microglia compared to unsorted parietal cortex tissue (logFC 4.1), an enrichment 
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Figure 2. VISTA expression is abundant in adult microglia and levels are similar to microglia 
signature genes. (A-B) VISTA mRNA levels (FPKM) in different CNS cell types of mouse (A) and 
human (B), derived from published RNAseq data (Zhang et al., 2014, 2016). (C) Relative gene expression 
levels of VISTA during microglia development in embryonic yolk sac, brain, and during postnatal 
development until adulthood, derived from published RNAseq data (Matcovitch-Natan et al., 2016). 
(D) Relative mRNA expression levels of VISTA in sorted adult microglia, cultured primary neonatal 
microglia, and BV2 cells, measured using RT-qPCR and normalized to Hprt1. (E) LogFC of VISTA 
enrichment in sorted human microglia (n=39) compared to unsorted cortical tissue (n=16), derived 
from published RNAseq data (Galatro, Holtman, et al., 2017). Error bars indicate mean ± s.d. FPKM = 
Fragments per kilobase per million.
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comparable to what was observed for microglia signature genes TMEM119, P2RY12, PU.1 
and CD11B (Fig. 2D). 

In summary, these data demonstrate that VISTA is abundantly expressed by adult human and 
mouse microglia, and that expression is comparable to microglia signature genes. 

TLR stimulation of primary neonatal mouse and adult rhesus macaque 
microglia in vitro leads to downregulation of VISTA expression

Previous studies have reported an upregulation of several NCRs (PD1, PDL1 and PDL2) in 
microglia and other CNS cells during inflammatory conditions, suggesting a role for NCR in 
CNS inflammation. To investigate the expression changes of VISTA during inflammation, we 
stimulated neonatal mouse microglia and adult rhesus macaque microglia with various TLR 
agonists in vitro and determined changes in VISTA mRNA levels.

After stimulation of TLR1/2, 3, 4 and 2/6, VISTA expression was significantly decreased in 
neonatal mouse microglia by up to 70% (Fig. 3A). In contrast, Pdl1 expression was increased 
as described in literature (Yshii et al., 2017) (Fig. 3B). VISTA mRNA decreased as early as 
1 – 2 h after LPS stimulation and remained reduced up to 12 h post-LPS exposure (Fig. 3C). 
Consistently, stimulation of TLR1/2, 3, 4 and 8 in adult rhesus macaque microglia in vitro also 
decreased VISTA expression (Fig. 3D). 

To show that VISTA surface protein is downregulated as well upon TLR stimulation, flow 
cytometry on in vitro LPS-stimulated primary neonatal mouse microglia was performed. 
VISTA expression was significantly reduced 12 – 48 h after LPS stimulation (Fig. 3E-F). 
Whereas the number of VISTA positive microglia decreased only mildly (~10% at 24 h post-
LPS) (Fig. 3E), the geometric mean fluorescence intensity (gMFI), which reflects surface 
VISTA levels per cell, was strongly reduced (~50% at 24 h post-LPS) (Fig. 3F). 

Following all TLR stimulations, Tnf expression was induced in microglia, demonstrating their 
immune- activation in this experimental setup (Fig. S1).

Our experiments show that VISTA expression is decreased in microglia in response to a range 
of TLR agonists, which is in contrast to the increased expression of PDL1 and other NCRs 
(Yshii et al., 2017).

VISTA expression is reduced upon microglial activation in vivo

In view of the reduced VISTA expression after TLR stimulation of microglia in vitro, we next 
investigated changes in VISTA expression after microglial activation and inflammation in 
vivo.

To address changes in microglia VISTA expression during CNS inflammation, we isolated 
microglia from mouse CNS at different stages of EAE (induced by MOG35-55 in CFA), which 
is a mouse model of MS. During acute stages of EAE (disease score 1 and 4) microglia obtain 
a weak immune-activated phenotype (Vainchtein et al., 2014), indicated by increased levels 
of Il1b (Fig. 2A). In remission, increased Axl and MHC-II component H2Aa expression 
suggest a phagocytic and antigen-presenting phenotype of microglia (Fig. S2A). We observed 
a significant decrease in VISTA expression in all stages of EAE (score 1, 4 and remission) in 
spinal cord, hindbrain and forebrain microglia compared to non-immunized mice (Fig. 4A). 
In contrast, Pdl1 was upregulated in all conditions (Fig. 4B).
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To further assess VISTA expression changes during microglial activation, we quantified VISTA 
mRNA in microglia isolated from Ercc1∆/- mice. Ercc1 is a protein essential for nucleotide 
excision DNA repair and mutant mice display an accelerated aging phenotype (Vermeij et 
al., 2016). Microglia from whole brain of 4-month-old Ercc1∆/- mice exhibited increased Il1b 
and Axl expression (Fig. S2B), indicating an immune-activated and phagocytic phenotype. 
VISTA expression in these microglia was significantly reduced compared to wild type (WT) 
littermates (Fig. 4C), whereas Pdl1 expression was increased (Fig. 4D).

These data demonstrate that VISTA expression is decreased in microglia in different mouse 
models of CNS inflammation and during microglial activation, which is in line with our in 
vitro observations.
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Figure 3. TLR stimulation leads to decreased VISTA expression in primary neonatal mouse and 
adult macaque microglia in vitro. (A-B) Fold change in VISTA (A) and Pdl1 (B) mRNA in primary 
neonatal mouse microglia measured using RT-qPCR after 4 h stimulation with Pam3CSK4 (TLR1/2), 
poly I:C (PI:C) (TLR3), LPS (TLR4), and beta-glucan (TLR2/6) compared to untreated control (n=5). 
(C) Fold change in VISTA mRNA in primary neonatal mouse microglia after LPS (TLR4) stimulation 
over time (0 – 24 h) compared to untreated control (n=3). (D) Fold change in VISTA mRNA in primary 
adult rhesus macaque microglia after 16 h stimulation with Pam3CSK4 (TLR1/2), poly I:C (PI:C) 
(TLR3), LPS (TLR4), and CL075 (TLR8) compared to untreated control (n=3). (E) Representative flow 
cytometry histogram showing VISTA cell surface expression in primary neonatal mouse microglia 
after 0 h and 24 h LPS stimulation. (F) Geometric mean fluorescence intensity (gMFI) of VISTA by 
primary neonatal mouse microglia upon (0, 12, 24 and 48 h) LPS stimulation (n=4). Statistical analysis 
conducted was a one-way ANOVA with Dunnett’s test for multiple comparisons. Error bars indicate 
mean ± s.d. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4. VISTA expression is reduced in adult microglia in mouse models of CNS pathology. VISTA 
(A+C) and Pdl1 (B+D) mRNA levels in acutely isolated adult microglia from spinal cord, hindbrain and 
forebrain during EAE disease course (C = control, 1 = disease score 1, 4 = disease score 4, R = remission) 
(A+B), and from whole brain of accelerated aging Ercc1∆/- mice and WT littermates (C+D), measured 
using RT-qPCR and normalized to Hprt1. Statistical analysis conducted was a one-way ANOVA with 
Dunnett’s test for multiple comparisons (A+B) and a paired Student’s t test for direct comparisons 
(C+D). Error bars indicate mean ± s.d. WT = wild type, *p < 0.5, **p < 0.01, ***p < 0.001.

Reduced VISTA expression in LPS-activated microglia is accompanied 
by chromatin remodelling

To determine if changes in VISTA expression are accompanied by epigenetic alterations, 
we analyzed a recently generated dataset containing genome-wide transcriptional changes 
(RNAseq), histone modifications (ChIPseq), and chromatin accessibility (ATACseq) in 
isolated microglia after LPS exposure in mice (Zhang et al., in preparation).

RNAseq data indicated that VISTA expression is reduced in acutely isolated microglia 3 
h after LPS injection (Fig. 5A), whereas Pdl1 expression was upregulated (Fig. 5B). These 
results are in line with our previous observations of decreased VISTA expression in microglia 
during EAE and in Ercc1∆/- mice. VISTA is located within an intronic region of CDH23, a gene 
associated with auditory function (Johnson et al., 2017). Cdh23 was not altered in response to 
LPS, demonstrating that changes in VISTA expression were independent of the Cdh23 gene 
(Fig. S3A).

To determine if decreased VISTA expression is accompanied by epigenetic changes in the 
gene locus, we analyzed ChIPseq and ATACseq datasets. Concomitant with reduced VISTA 
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expression after LPS exposure, we observed decreased H3K27 histone acetylation (H3K27ac) 
upstream of the VISTA gene (Fig. 5C). H3K27ac is enriched on enhancers and associated with 
active gene transcription.

We next assessed chromatin accessibility using ATACseq data. ATACseq provides information 
about transposase-accessibility of chromatin at specific locations on the genome (Buenrostro 
et al., 2015). Transposase-accessible chromatin is also accessible for transcription factors (TF) 
and indicated as peaks (1-8) on the VISTA gene (Fig. 5C). Enrichment analysis for putative TF 
binding motifs revealed that 17 consensus sequences were significantly enriched in the DNA 
underlying these peaks (Table 1). Consensus binding sites for PU.1 (SPI1) and MAFB were 
among the most significantly enriched TF motifs, and both proteins are crucial for microglia 
function (Smith et al., 2013; Matcovitch-Natan et al., 2016). In DNA sequences of ATAC 
peaks that were reduced in microglia after LPS injection, we detected consensus binding sites 
for PU.1, RFX6, ELF5, and SOX15 (peaks 4-6) (Fig. 5C and Table 1). In contrast, AP4 and 
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Figure 5. Decreased VISTA expression after LPS injection is associated with chromatin remodelling 
in microglia. (A-B) RNAseq counts per million of VISTA (A) and Pdl1 (B) mRNA expression (n=3). 
(C) H3K27ac histone acetylation (top) and ATACseq (bottom) peaks corresponding to the VISTA gene 
(n=3). ATACseq peaks were numbered 1 to 8 and peaks that were decreased after LPS stimulation are 
indicated in red (4 to 6). Data is derived from previously generated datasets (Zhang et al., in preparation). 
Transcription factor binding motifs enriched in these peaks are listed in Table 1. Error bars indicate 
mean ± s.d. # = Differential expression (DE) based on RNAseq analysis.
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NF1 binding motifs were enriched in DNA sequences of peaks unaltered by LPS stimulation 
(peaks 1-3, 7-8) (Fig. 5C and Table 1).

Our findings show that reduced VISTA expression is accompanied by altered histone 
modification enrichments and changes in chromatin accessibility that are associated with 
transcriptional repression. Furthermore, the presence of consensus binding sites for PU.1 
and MAFB on chromatin accessible DNA on the VISTA gene suggests that VISTA may be 
regulated by these microglia-specific TF, and that reduced accessibility of PU.1, ELF5, and 
SOX15 to consensus binding sites in VISTA underlie reduced expression in response to LPS.

Table 1. Transcription factor motifs enriched in ATACseq peaks on the VISTA gene. 
(Ordered from high to low enrichment score)

MOTIF CONSENSUS P-VALUE Q-VALUE (BENJAMINI) # PEAKS WITH MOTIF 
(OF 8) 

PU.1 AGAGGAAGTG 1,00E-05 0.0017 5.0 

RFX6 TGTTKCCTAGCAACM 1,00E-04 0.0079 7.0 

ELF5 ACVAGGAAGT 1,00E-03 0.0184 5.0 

SOX15 RAACAATGGN 1,00E-03 0.0548 4.0 

MAFB WNTGCTGASTCAGCANWTTY 1,00E-03 0.0675 3.0 

ZFP281 CCCCTCCCCCAC 1,00E-02 0.1110 2.0 

NR5A2 BTCAAGGTCA 1,00E-02 0.1110 2.0 

ZNF143 ATTTCCCAGVAKSCY 1,00E-02 0.1110 2.0 

KLF10 GGGGGTGTGTCC 1,00E-02 0.1247 3.0 

AP4 NAHCAGCTGD 1,00E-02 0.1657 4.0 

SCL AVCAGCTG 1,00E-02 0.2013 8.0 

PRDM14 RGGTCTCTAACY 1,00E-02 0.2013 2.0 

FXR, IR1 AGGTCANTGACCTB 1,00E-02 0.2013 2.0 

MAFK GCTGASTCAGCA 1,00E-02 0.2013 2.0 

SOX4 YCTTTGTTCC 1,00E-02 0.2013 4.0 

ELF3 ANCAGGAAGT 1,00E-02 0.2225 3.0 

NF1 YTGCCAAG 1,00E-02 0.2225 6.0 

Motifs enriched in peaks decreased upon LPS (Peaks 4-6). 

Motifs enriched in peaks unchanged upon LPS (Peaks 1-3,7-8). 

Motifs enriched in both unchanged peaks and peaks decreased by LPS. 
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VISTA expression is differentially regulated in the human CNS

In view of the observed reduction in VISTA expression during microglial activation in vitro 
and in vivo, we next assessed VISTA expression in human brain tissue of young and old 
individuals, and in septicemia, MS and AD patients (Table S1). Based on neuropathological 
evaluations, one representative patient was selected for analysis of each condition.

Using IBA1 immunostaining, microglial activation was assessed based on morphology and 
staining intensity, and VISTA immunoreactivity was determined in consecutive tissue sections 
(Figs. 6 and 7). In tissue of a young individual (27 years), microglia exhibited a typical resting, 
ramified morphology, and VISTA expression was detected on microglia and endothelial cells 
(Fig. 6). In both the old individual (70 years) and the septicemia patient, we observed only 
weakly activated microglia, and VISTA immunoreactivity in microglia was slightly reduced 
(Fig. 6 and Table 2). VISTA staining of endothelium, however, did not seem to be affected. 
In the AD patient, a strong IBA1 staining intensity suggested microglial activation, which 
correlated with strong VISTA expression, and was specifically observed in microglia clusters 
(Fig. 6). Co-staining of IBA1 and amyloid-beta revealed that these microglia clusters were 
surrounding amyloid-beta plaque (Fig. S4). No difference in endothelial VISTA expression 
was observed. In MS normal-appearing white matter (NAWM), microglial activation was 
low, and VISTA was highly expressed on microglia and endothelium (Fig. 7 and Table 2). 
Within and around a chronic lesion in the MS tissue, intermediate to strong IBA1 staining 
was observed, whereas VISTA staining was almost absent in microglia and endothelial cells.

To establish a correlation between VISTA expression and CNS inflammation in these tissues, 
we performed a co-staining of VISTA with HLA-DR (Figs. 6 and 7). In line with the previous 
immunostaining, low levels of HLA-DR in the young individual, and positive VISTA signals 
in microglia and endothelial cells were observed (Fig. 6 and Table 2). In the old and the 
septicemia donors, HLA-DR expression was only slightly increased, but VISTA expression 
remained unchanged. In the AD tissue, HLA-DR was highly expressed by microglia, which 
also abundantly expressed VISTA. In MS, co-staining revealed a negative correlation of 
HLA-DR and VISTA expression (Fig. 7 and Table 2). VISTA was not detected in microglia/
macrophages and endothelial cells at the rim of the lesion; however, a weak VISTA signal was 
observed in some amoeboid cells expressing high HLA-DR within the lesion.

Our in situ analyses of human specimens indicate that regulation of VISTA expression during 
CNS pathology is more variable in human disease. In line with our mouse data (Fig. 4A), we 
observed reduced VISTA expression in MS. Conversely, in AD VISTA expression positively 
correlated with microglial activation.

Discussion
In this manuscript, we demonstrate that VISTA is expressed by mouse and human microglia 
and endothelial cells in the CNS, and that expression is differentially regulated during disease. 
In view of increasing interest for the role of NCRs in the CNS, and the unexpected adverse 
neurological effects following immunotherapy, we provide first evidence for a possible function 
of VISTA in microglia and during CNS pathology. Key findings include that (i) VISTA is 
abundantly expressed by human and mouse microglia comparable to microglia signature 
genes. (ii) VISTA expression is downregulated in mouse and rhesus macaque microglia upon 
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TLR ligation in vitro, and in mouse microglia during EAE, accelerated aging, and by LPS 
stimulation. (iii) Our results suggest that VISTA expression is potentially regulated by the 
two microglia-specific TF, PU.1 and MAFB, and that reduced VISTA expression after LPS 
injection is associated with histone modifications and reduced chromatin accessibility. (iv) 
Finally, our findings indicate that VISTA expression is differentially regulated in human CNS 
pathologies including MS and AD.

In mouse and human brain, VISTA mRNA and protein was primarily detected in microglia. 
Surface VISTA was detected on >95% of microglia in mice, and gene expression in mouse 
and human microglia was similar to levels of microglia signature genes. Hence, VISTA is 
abundantly expressed by microglia. Regarding VISTA function in T-cell inhibition, it is 
surprising that expression is high in microglia under non-pathological conditions, as T cells 
are not present in healthy brain parenchyma. However, it is possible that VISTA expression 
by microglia is necessary to assure T-cell suppression during immunosurveillance of the 
CNS (Korn and Kallies, 2017), or to limit tissue damage in case of T-cell infiltration under 
pathological conditions. In addition, other functions of VISTA have been reported, which 
could play a role in microglia homeostasis and innate immune response. For example, Yoon et 
al. showed that VISTA expression in phagocytic cells is essential for uptake of apoptotic cells 

Table 2. Summary of VISTA immunoreactivity in human CNS pathologies

 IMMUNOHISTOCHEMISTRY  IMMUNOFLUORESCENCE 

AGING, SEPSIS, AD 
Microglial 
activation* 

VISTA 
microglia 

VISTA 
endothelium 

  

HLA-DR 

 

VISTA 

YOUNG - + +  - + 

OLD ++ +/- +  +/- + 

SEPSIS + +/- +  +/- + 

AD + ++ +  ++ ++ 

MULTIPLE SCLEROSIS          

NAWM - ++ ++  + ++ 

CHRONIC LESION RIM +/- - +  + + 

CHRONIC LESION 1 ++ - +/-  ++ - 

CHRONIC LESION 2 ++ +/- -  ++ +/- 

++ = high expression/activation, + = normal expression/activation, +/- = weak expression/activation, - = no expression/activation 

(Expression and activation scored relative to young individual, i.e. normal VISTA expression and no microglial activation) 

* = Microglia activation based on IBA1 staining and morphology compared to young individual 

NAWM = Normal appearing white matter 
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Figure 6. VISTA expression in young and old individual, and sepsis and Alzheimer’s patients. 
VISTA and IBA1 immunoreactivity, and immunofluorescence of HLA-DR (red) and VISTA (green) 
co-expression in human brain tissue of young, old, sepsis and AD patients (n=1).
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(Yoon et al., 2015). Furthermore, VISTA is involved in the immune response of myeloid cells, 
since overexpression in human monocytes leads to spontaneous cytokine secretion (Wang 
et al., 2011; Bharaj et al., 2014). Thus, VISTA may be involved in immune surveillance, and 
uptake of apoptotic neurons or other debris by microglia.

Consistent with this argument, our findings indicate that VISTA expression is regulated 
similarly to known homeostatic microglia genes such as TMEM119 and P2RY12. These 
signature genes are downregulated upon microglial activation (Grabert et al., 2016). Expression 
of P2RY12 is lost in active MS lesions (Zrzavy et al., 2017), in which microglia obtain an 
immune-activated phenotype. The decrease in VISTA expression during microglial activation 
in mice and in MS lesions indicates a similar homeostatic function of VISTA. Supporting this 
notion, we identified consensus binding sites for PU.1 and MAFB in accessible chromatin on 
the VISTA gene, which are TF pivotal for microglia homeostatic function. Knockout of PU.1 
in mice leads to a complete loss of microglia (Smith et al., 2013), and MAFB is involved in 
homeostasis of adult microglia (Matcovitch-Natan et al., 2016). 

The downregulation of VISTA that we observed in activated microglia stands in marked 
contrast to published studies on expression of other NCRs (Yshii et al., 2017). In microglia, 
expression of several NCR is induced or upregulated upon inflammatory stimuli (Yshii et al., 
2017), which we confirmed for PDL1 expression in this study. Moreover, VISTA expression 
is upregulated in TLR-stimulated monocytes and macrophages (Wang et al., 2011; Bharaj et 
al., 2014). This discrepancy underscores our previous argument that VISTA has additional 
functions in microglia that deviate from other NCRs and other myeloid cells. Considering 
the function of VISTA in apoptotic cell clearance and cytokine response (Bharaj et al., 2014; 
Yoon et al., 2015), a loss of VISTA in activated microglia may reduce their ability to clear 
debris or to mount a cytokine response. However, VISTA may also function as an NCR in 
microglia, and downregulation likely has consequences for CNS pathologies which involve 
T-cell infiltration. Several studies have shown that knockout of NCRs including VISTA in 
mice promotes the development of EAE (Joller et al., 2012; Wang et al., 2014). Hence, a lack 
of VISTA expression on microglia may promote T-cell infiltration and activation in the CNS, 
which can exacerbate or predispose for diseases such as MS or EAE. The function of VISTA in 
microglia with regard to CNS pathology should be evaluated in further studies.

Our results also indicate a potential underlying epigenetic mechanism by which VISTA 
expression is reduced upon LPS stimulation in microglia. We observed decreased H3K27ac 
enrichment, a histone modification associated with active transcription. Furthermore, PU.1, 
RFX6, ELF5, and SOX15 consensus binding motifs in the VISTA gene exhibited reduced 
accessibility after LPS stimulation. Together, these epigenetic alterations likely contribute to 
reduced expression of VISTA in LPS-activated microglia.

In line with our findings of decreased VISTA expression in activated microglia, we observed a 
strong reduction of VISTA on microglia/macrophages in chronic MS lesion tissue. Strikingly, 
VISTA expression was elevated in microglia in NAWM and close to plaques in the AD patient 
compared to the young and old individual. Therefore, expression regulation of VISTA in 
human CNS disease could depend on the underlying pathophysiology. In chronic MS lesions, 
massive infiltration and unregulated activity of macrophages and lymphocytes occurs (Van 
Der Valk and De Groot, 2000). It is possible that the presence of immune cell infiltrates in 
MS might facilitate the loss of VISTA expression, and VISTA deficiency could again augment 
infiltration. In contrast, AD is a neurodegenerative disease which features endogenous 
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inflammation with absence of parenchymal immune cell infiltrates (Graeber et al., 2011). In 
AD, microglia are activated by amyloid-beta and neuronal debris, contributing to clearance, 
but also causing tissue damage. A recent study suggests that aggregated amyloid-beta 
sensed by microglia causes inflammasome activation, which contributes to progression and 
spreading of inflammation and amyloid-beta pathology (Venegas et al., 2017). Furthermore, 
single cell RNAseq data suggests that plaque-associated microglia in mice obtain a TREM2-
dependent phagocytic phenotype (Keren-Shaul et al., 2017). Hence, VISTA expression 
changes in activated microglia may depend on environmental cues in CNS pathologies, such 
as interactions with peripheral immune infiltrates in MS, or activation by amyloid-beta in 
AD.

Interestingly, we also observed downregulation of VISTA in endothelial cells in chronic 
MS lesion. The endothelium is involved in MS pathology by recruitment of immune cells 
to the CNS (Yun et al., 2017). Endothelial cells are involved in antigen presentation of CNS 
components to antigen-specific lymphocytes (Traugott and Raine, 1985; Galea et al., 2007; 
Lopes Pinheiro et al., 2016). Blocking co-inhibitory molecules PDL1 or PDL2 on human 
endothelial cells facilitates transmigration responses of lymphocytes in vitro (Rodig et al., 
2003; Pittet et al., 2011). Reduced VISTA expression on endothelium in MS could therefore 
promote activation and transmigration of lymphocytes into the CNS. Additional studies 
are needed to assess the effect of VISTA deficiency in endothelial cells regarding antigen 
presentation and immune cell infiltration.

In conclusion, we present an elaborate multi-species analysis of VISTA expression in the CNS, 
including changes during pathology. We demonstrate that VISTA is abundantly expressed by 
microglia, suggesting a functional role in these cells. Differential expression of VISTA during 
CNS pathology highlights the importance to further elucidate the function of VISTA in the 
CNS. Our study is the first to show VISTA expression patterns in the CNS, which serves as a 
basis for future studies to address the role of VISTA in microglia and during CNS pathology.
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Animals

All animal experiments were approved by the Netherlands Central Committee for Animal 
Experiments and the University of Groningen. Mice were housed SPF in groups in macrolon 
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cages with ad libitum access to water and food, and a 12 h light – dark cycle. Eight-week 
old male C57BL/6 mice (bred in-house) were injected with 1 mg/kg LPS (E. coli 0111:B4, 
Sigma-Aldrich, L4391) intraperitoneally and sacrificed 24 h later. To generate Ercc1∆/- mice, 
Ercc1∆/+ Fvb mice were bred with Ercc1+/- C57BL/6 mice. Genotype was confirmed using 
PCR and Ercc1∆/- mice were matched with wildtype littermates of the same sex. After three 
to four months of age, Ercc1∆/- mice started to develop tremors and aberrant behavior and 
were sacrificed. For induction of EAE, 10-week-old female C57BL/6 mice (Harlan, The 
Netherlands) were immunized with MOG35-55 in complete Freund’s adjuvant (CFA) (Hooke, 
EK-2110) and injected with pertussis toxin on the day of immunization and 24 h later. Mice 
were monitored daily for development of EAE and sacrificed at score 1 (limp tail), score 4 
(complete hind leg paralysis) and remission (partial regain of movement in hind legs).

Acute microglia isolation

Microglia were isolated as described previously (Galatro, Vainchtein, et al., 2017). Briefly, 
mice were perfused using PBS (Lonza, BE17-512F) and brain and spinal cord were isolated in 
HBSS (Gibco, 14170-088) containing 15 mM HEPES (Lonza, BE17-737E) and 0.6% glucose 
(Sigma-Aldrich, G8769) (= Medium A). Tissue was mechanically disrupted to obtain a single 
cell suspension and myelin was removed using 24.4% percoll (GE Healthcare, 17-0891-
01) density gradient centrifugation at 950 g. Cells were incubated 15 min in anti-CD16/32 
blocking buffer (clone 93, eBioscience, 14-0161-85) and stained with anti-CD11b-PE-Cy7 
(clone M1/70, eBioscience, 25-0112-81), anti-CD45-FITC (clone 30-F11, eBioscience, 11-
0451-85), and anti-Ly6c-APC (clone HK1.4, Biolegend, 128016) antibodies 30 min on 4 
°C. Cells were sorted on a MoFlo XDP Cell Sorter (Beckman Coulter) in either Medium 
A or RNAlater (Qiagen, 76104) in siliconized tubes. Sorted cells were centrifuged at 500 
g (Medium A) or 5,000 g (RNAlater) and lysed in protein lysis buffer or RLT+ lysis buffer 
(Qiagen, 74034), respectively.

Immunohistochemistry

Immunohistochemical staining was performed on formalin-fixed paraffin-embedded 
(FFPE) or paraformaldehyde (PFA)-fixed frozen tissue as indicated. Briefly, FFPE tissue was 
deparaffinized in xylene (J.T. Baker, 9490) and rehydrated. For human tissue, sodium citrate 
(pH 6.0) heat-induced antigen retrieval was performed in a microwave using a pressure-
cooker, whereas Tris-EDTA (pH 9.0) was used for mouse tissue. Endogenous peroxidase 
activity was blocked in 0.3% hydrogen peroxide for 30 min and mouse tissue was additionally 
blocked in 10% normal serum. Primary antibodies were applied at 4 °C overnight (Table S2). 
For human tissue, primary antibodies were diluted in Normal Antibody Green Bright Diluent 
(ImmunoLogic, BD09-500). Fluorophore-conjugated (Molecular Probes) or biotinylated 
(Vector) secondary antibodies were applied for 1 h at room temperature (RT). For fluorescence 
staining, tissue was incubated 10 min in Hoechst and human tissue was treated with 0.3% 
sudan black to quench autofluorescence. Tyramide Superboost streptavidin kit (Invitrogen, 
B40933) was used for VISTA (clone MH5a) according to manufacturer’s instructions. For 
enzymatic immunostaining, tissue was incubated 30 min in Vectastain Elite ABC-HRP 
(Vector, PK-6100) and immunoreactivity was revealed using 3,3’-diaminobenzidine.
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Primary mouse neonatal microglia culture

Primary neonatal mouse microglia cultures were prepared as described previously (Schaafsma 
et al., 2015) with minor deviations. Briefly, cerebrum from postnatal day 0-2 C57BL/6 mice 
was minced and incubated in trypsin-containing medium. After trituration and centrifugation 
of tissue, cells were plated in flasks and medium (DMEM (Gibco, 11500416), supplemented 
with 1 mM sodium pyruvate (Lonza, BE13-115E), 1x GlutaMAX (Gibco, 35050038), 1% Pen/
strep and 10% FCS (Gibco, 10500064)) was replaced 24 h later. Medium was replaced on day 
4, and on day 7 medium supplemented with 33% L929 cell-conditioned medium (LCCM) 
was added. LCCM contains M-CSF to stimulated microglia proliferation. Three days after 
LCCM addition, microglia were harvested through shake off and seeded at 30,000 cells/cm2 in 
12-well plates. Twenty-four hours after seeding, primary neonatal microglia were simulated 
with 100 ng/mL Pam3CSK4 (Invivogen, #tlrl-pms), 100 ng/mL LPS (E. coli 0111:B4, Sigma-
Aldrich, L4391), 50 mg/mL poly I:C (Invivogen, #tlrl-pic), or 10 mg/mL beta-glucan (Sigma-
Aldrich, G5011). 

Primary adult rhesus macaque microglia culture

Primary adult rhesus macaque (Macaca mulatta) microglia cultures were isolated from post 
mortem brain tissue and cultured as described previously (Burm et al., 2015). Briefly, male 
or female rhesus macaque monkeys (4 – 9 years old) without neurological symptoms were 
housed in outbred breeding colonies. No monkey was sacrificed exclusively for the generation 
of the primary cultures. Cubes of three grams of subcortical white matter brain tissue was 
mechanically and enzymatically dissociated and centrifuged. A Percoll gradient was used to 
remove myelin; other CNS cells and erythrocytes were removed by exposure to hypotonic 
solution. Isolated microglia were cultured in DMEM (high glucose) / HAM F10 Nutrient 
Mixture (supplemented with 10% v/v heat-inactivated FCS, 0.5 mm glutamax, 50 U/ml 
penicillin, and 50 μg/ml streptomycin) (Thermo Fisher). After 24 h, non-adherent cells and 
cellular debris were removed and fresh medium containing 20 ng/mL macrophage colony-
stimulating factor (M-CSF) (Peprotech) was added. After 7 days in culture, microglia were 
treated for 16 h with 500 ng/mL Pam3CSK4 (Invivogen), 20 mg/mL Poly I:C (Invivogen), 100 
ng/mL LPS (E. coli 026:B6, Sigma-Aldrich, L8274), or 1 mg/mL CL075 (Invivogen, #tlrl-c75).

Gene expression analysis

For quantitative PCR analysis, total RNA was isolated using TRIzol (Invitrogen, 15596018) 
(primary microglia) or the RNeasy Micro Plus Kit (Qiagen, 74034) (acutely isolated microglia) 
according to the manufacturers protocol. Total RNA was reverse-transcribed using the 
RevertAid First Strand cDNA Synthesis kit (Thermo Fisher, K1622). Quantitative PCR was 
performed using exon-exon spanning primers pairs (Biolegio) (Table S3), iTag Universal 
SYBR Green Supermix (Bio-Rad, 172-5125) and a QuantStudio 7 Flex (Thermo Fisher).

Flow cytometry

Primary microglia were harvested using Accutase (Sigma-Aldrich, A6964) and re-suspended 
in medium (HBSS without phenol red (Gibco, 14175-053), supplemented with 15 mM 
HEPES, 0.6% glucose and 1 mM EDTA (Invitrogen, 15575-020)) after centrifugation. Cells 
were incubated 15 min on ice in anti-CD16/32 Fc blocking solution and subsequently stained 
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with PE-conjugated anti-VISTA (clone MIH63, Biolegend, 150204) 30 min on RT. After 
washing, cells were analyzed on a MacsQuant (Miltenyi Biotec) flow cytometry analyzer. 
DAPI was used to distinguish dead cells.

Transcription factor motif enrichment analysis

To determine potential TF binding motifs in ATACseq peaks, a motif enrichment analysis 
was performed using the motif discovery software HOMER (version 4.9) (Salk Institute and 
University of California San Diego) (Heinz et al., 2010). Peaks on the VISTA locus (eight 
in total) were identified in Integrative Genomics Viewer (Broad Institute and University of 
California) and sequences were used for HOMER enrichment analysis (findMotifs, homer2). 
HOMER analysis determines motifs enriched in sequences compared to scrambled sequences.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, Inc.). For 
multiple comparison after LPS and TLR experiments, a one-way ANOVA including Dunnett’s 
test for multiple comparison was used. For comparison of gene expression in LPS-injected 
mice and Ercc1∆/-, a (un)paired Student’s t test was performed. All error bars indicate mean ± 
standard deviation (s.d.).

Supplementary materials

Table S1. Patient information
Patient Brain region Pathology Sex Age Cause of death 

Young Frontal area No brain pathology Male 27 Arrhythmia 

Old Frontal area No brain pathology Male 70 Gastrointestinal bleeding 

Sepsis Frontal area No brain pathology Male 44 Septicaemia 

Alzheimer’s disease Hippocampus & 

entorhinal cortex 

AD (Braak stage V) Male 74 Aortic rupture 

Multiple sclerosis Corpus callosum End-stage MS Female 61 End-stage MS 

 



103

4

VISTA expression by microglia and during CNS disease

Table S2. Primary antibodies used for immunohistochemical labelling
Target Reactivity Clone Manufacturer Cat. number Working conc. Antigen retrieval 

AMYLOID-BETA Human 6F/3D Dako M0872 1.2 µg/mL Sodium citrate (pH 6) 

CD68 Human PG-M1 Dako M0876 0.2 µg/mL Sodium citrate (pH 6) 

HLA-DR Human LN3 eBioscience 14-9956-82 0.7 µg/mL Sodium citrate (pH 6) 

IBA1 Human, Mouse Polyclonal Wako 019-19741 0.5 µg/mL Sodium citrate (pH 6) 

VISTA Human D1L2G Cell signalling #64953 5 µL/mL Sodium citrate (pH 6) 

VISTA Mouse MH5a Biolegend 143702 10 µg/mL (IHC) 

3 µg/mL (TSA) 

Tris-EDTA (pH 9) 

 

Table S3. Primers used for quantitative real-time PCR
Gene Forward primer Reverse primer 

AXL TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 

CX3CR1 CTTGCCTCTGGTGGAGTCTG  GTGAGGTCCTGAGCAGATGG 

HPRT1 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 

IL1B CCCAAAAGATGAAGGGCTGC TGATACTGCCTGCCTGAAGC 

ITGAM (CD11B) AACCATCCCATCTTTCCTGCTAA TGTTGTTCTCACTGGCCACAAT 

P2RY12 CAACTCACCTTCACCGGCA GCCTTGAGTGTTTCTGTAGGGT 

PD-L1 (CD274) GATCATCCCAGAACTGCCTG GACACTACAATGAGGAACAACAG 

PU.1 (SPI1) TACAGCAGCTCTATCGCCAC GCATGTAGGAAACCTGGTGACT 

TMEM119 CTTCACCCAGAGCTGGTTCC GTGACACAGAGTAGGCCACC 

TNF TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 

VISTA AACAACGGTTCTACGGGTCC CGTGATGCTGTCACTGTCCT 

GAPDH (MACAQUE) CAACGAATTTGGCTACAGCA GTGGTCCGGGGGTCTTAC 

VISTA (MACAQUE) CGGCAGCCTTCTGAGTCT AGAGTCAGGAACAGGGTCCA 
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Figure S1. TLR stimulation drives Tnf expression in primary neonatal mouse microglia in vitro. 
(A-B) LogFC of Tnf gene expression measured using RT-qPCR after stimulation with different TLR 
agonists (A) (n=5) and LPS over time (B) compared to untreated control (n=3). Statistical analysis 
conducted was a one-way ANOVA with Dunnett’s test for multiple comparisons. Error bars indicate 
mean ± s.d. ***p < 0.001, ****p < 0.0001.
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Figure S2. Acutely isolated adult microglia from Ercc1∆/- and EAE mice exhibit an immune-
activated phenotype. (A) Relative gene expression of Il1b, Axl, and H2Aa in acutely isolated adult 
microglia from spinal cord (Il1b, Axl, H2Aa) and hindbrain (H2Aa) from EAE control, score 1, score 
4 and remission (n=3). (B) Relative gene expression of Il1b and Axl in acutely isolated adult microglia 
from whole brain of Ercc1∆/- mice and WT littermates. Gene expression was measured using RT-qPCR 
and data are normalised to Hprt1. Statistical analysis conducted was a one-way ANOVA with Dunnett’s 
test for multiple comparisons (A) and a paired Student’s t test (B). Error bars indicate mean ± s.d. *p < 
0.05, **p < 0.01, ***p < 0.001.
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Figure S3. VISTA H3K4 histone tri-methylation and Cdh23 and Il1b expression in microglia after 
LPS injection. (A-B) RNAseq counts per million of Cdh23 (A) and Il1b (B) mRNA expression (n=3). 
(C) H3K4me3 histone tri-methylation peaks corresponding to the VISTA gene (n=3). Data is derived 
from previously generated datasets (Zhang et al., in preparation). Error bars indicate mean ± s.d. # = 
Differential expression (DE) based on RNAseq analysis.

Figure S4. Microglia cluster around amyloid-beta plaque in Alzheimer’s patients. Immunofluorescence 
staining of amyloid-beta (red) and IBA1 (green) in human brain tissue of an Alzheimer’s patient (n=1).
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Abstract
V-type immunoglobulin-like suppressor of T-cell activation (VISTA) is a negative checkpoint 
regulator (NCR) that is expressed primarily in the hematopoietic system by myeloid and 
T cells. NCR are intensely pursued as targets to modulate the immune response in cancer 
and autoimmunity. A large variety of NCR is expressed by central nervous system (CNS)-
resident cell types and is associated with CNS homeostasis, interactions with peripheral 
immunity and CNS inflammation and disease. Immunotherapy blocking NCR affects the 
CNS as patients can develop neurological issues including encephalitis and multiple sclerosis 
(MS). VISTA regulates T-cell quiescence and activation and has a variety of functions in 
myeloid cells including efferocytosis, cytokine response and chemotaxis. In the CNS, VISTA 
is predominantly expressed by microglia and macrophages of the CNS. Here, expression of 
VISTA in microglia compared to other myeloid cells and during CNS diseases was analyzed 
using previously published mRNA sequencing datasets. VISTA was more abundantly 
expressed in microglia compared to peripheral myeloid cells. During neurodegenerative 
diseases, multiple sclerosis, stroke, and other CNS diseases and respective animal models, 
VISTA was generally decreased in microglia, and differentially regulated in total tissue. 
Understanding the role of VISTA in the CNS is important considering the adverse effects of 
immunotherapy on the CNS, and in view of the therapeutic potential of modulating VISTA 
in CNS disease.
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Main text
V-type immunoglobulin domain-containing suppressor of T-cell activation (VISTA) is a 
negative checkpoint regulator (NCR) that inhibits T-cell activation (Flies et al., 2011; Wang et 
al., 2011). VISTA is predominantly expressed by myeloid cells, but also naïve T cells (Wang et 
al., 2011), in which VISTA regulates T-cell quiescence (ElTanbouly et al., 2020). Since VISTA 
can act as a receptor and a ligand, both expression of VISTA on antigen-presenting cells 
(APC) and T cells can lead to inhibition of T-cell activation (Flies et al., 2011, 2014; Wang 
et al., 2011). VISTA has functions in myeloid cells in addition to acting as an NCR. These 
functions include uptake of apoptotic cells (Yoon et al., 2015; Cohen et al., 2016), cytokine 
response (Bharaj et al., 2014; Ceeraz, Eszterhas, et al., 2017; Ceeraz, Sergent, et al., 2017; Wang 
et al., 2019), and chemotaxis (Sergent et al., 2018). 

VISTA mRNA is expressed in the brain, but relatively low in comparison to the level of VISTA 
detected in thymus, spleen, and lung (Wang et al., 2011). We previously demonstrated that in 
the mouse and human central nervous system (CNS), VISTA is predominantly expressed by 
microglia and expression levels are comparable to well-established microglia markers such 
as CX3CR1, TMEM119, P2RY12, and ITGAM (CD11B) (Borggrewe et al., 2018). Microglia 
are the macrophages of the CNS parenchyma and thus feature innate immune functions 
including phagocytosis, antigen-presentation, cytokine production, respiratory burst, and 
chemotaxis. In contrast to other myeloid cells, microglia also exhibit CNS-specific functions 
such as synaptic pruning (removal of unused synapses), release of neurotrophic factors, and 
support of neurogenesis (Colonna and Butovsky, 2017). Expression of most NCR is induced or 
upregulated in microglia and other CNS cell types during inflammation and CNS disease such 
as PDL1 (Yshii et al., 2017; Borggrewe et al., 2018). VISTA expression, however, is decreased 
in microglia during CNS inflammation and disease (Borggrewe et al., 2018). We showed 
that microglia VISTA expression decreases in vitro after TLR ligation using Pam3CSK4 
(TLR1/2), poly I:C (TLR3), LPS (TLR4), and beta-glucan (TLR2/6, Dectin-1) (Borggrewe 
et al., 2018). Furthermore, microglia VISTA expression also decreases in microglia in vivo 
during experimental autoimmune encephalomyelitis (EAE), a mouse model for MS, after LPS 
injection as an acute inflammatory challenge, and in Ercc1 deficient mice, a DNA repair-
deficient mouse model with microglia activation and accelerated ageing (Borggrewe et al., 
2018). In post-mortem human multiple sclerosis (MS) tissue, VISTA expression is decreased 
in chronic active lesions (Borggrewe et al., 2018).

To expand on these observations, VISTA expression in microglia and total brain tissue was 
analyzed using published mRNA sequencing (RNAseq) datasets of multiple CNS diseases 
and respective animal models including neurodegenerative diseases (NDD), MS, infection, 
stroke, glioblastoma (GBM), and aging. 

VISTA expression in microglia is higher than in other myeloid cells

Among hematopoietic cells, VISTA expression is highest on myeloid cells (ElTanbouly et al., 
2019). Interestingly, VISTA expression in microglia is higher than in other myeloid cells and 
other CNS-associated macrophages (Fig. 1 and Table 1). CNS myeloid cells (microglia and 
brain-border macrophages) express higher levels of VISTA than peripheral myeloid cells, and 
VISTA expression is higher in microglia compared to perivascular macrophages (Fig. 1 and 
Table 1). After diphtheria toxin-induced ablation of microglia expressing diphtheria toxin 
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receptor, VISTA expression is higher in repopulated microglia than in bone marrow-derived 
microglia (Fig. 1 and Table 1). Together these results suggest that microglia VISTA expression 
is higher compared to peripheral myeloid cells, which express the highest levels of VISTA 
among peripheral immune cells (Flies et al., 2011; Wang et al., 2011; ElTanbouly et al., 2019). 
Thus, microglia may express the highest levels of VISTA of any cell type in any organ.

Microglia VISTA expression is decreased in mouse models of 
neurodegenerative diseases

NDD including Alzheimer’s disease (AD), frontotemporal dementia (FTD), Parkinson’s 
disease (PD), and amyotrophic lateral sclerosis (ALS), are progressive degenerative diseases 
of the CNS. Hallmarks of NDD are the loss of neurons and neuroinflammation. Microglia are 
the major source of neuroinflammation in NDD, and significantly contribute to development 
and progression of these diseases (Perry and Holmes, 2014; Tang and Le, 2016; Dubbelaar et 
al., 2018). However, microglia also phagocytose cellular debris and plaques that are formed 
in many NDD, thereby facilitating clearance of waste. Hence, microglia appear to have both 
beneficial and detrimental functions in NDD. In the AD mouse model 5XFAD and ALS model 
SOD1G93A, microglia downregulate expression of homeostatic genes, while upregulating 
genes involved in immune activation and phagocytosis (Keren-Shaul et al., 2017). This 
NDD-associated microglia phenotype is also called disease-associated microglia (DAM) or 
microglia neurodegenerative phenotype (MGnD) (Holtman et al., 2015; Keren-Shaul et al., 
2017; Krasemann et al., 2017). DAM microglia in both AD and ALS models exhibit 2-fold 
reduced VISTA expression (Fig. 2 and Table 1). The decrease in microglia VISTA expression 
is consistent across multiple AD mouse models including 5XFAD, APP/PS1, and PS2APP 
(Fig. 2 and Table 1). In spinal cord microglia from ALS SOD1G93A mice, VISTA expression 
is slightly upregulated in early stages, but decreased during the end stage of disease (Fig. 2 
and Table 1). In tau mouse models that carry P301L or P301S mutations associated with 
FTD and PD, VISTA expression in microglia is also reduced (Fig. 2 and Table 1). Collectively, 
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Repopulated microglia vs BM-derived microglia

Microglia vs perivascular macrophages

Myeloid brain vs periphery
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Human

Figure 1. VISTA expression in microglia compared to other myeloid cells. Log Fold Change (logFC) 
of VISTA expression in microglia compared to other CNS cells, myeloid cells, bone marrow (BM)-
derived microglia, and in different CNS regions (Table 1).
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these data point towards VISTA being regulated in microglia similar to homeostatic markers, 
which are also decreased during microglia activation and in NDD (Dubbelaar et al., 2018). 
Although the function of VISTA in microglia remains unknown, VISTA knockout (KO) in 
myeloid cells leads to decreased phagocytosis and elevated production of cytokines (Yoon et 
al., 2015; Li et al., 2017; Liu et al., 2018). Therefore, reduction in microglia VISTA expression 
during NDD could have detrimental effects, as it might enhance neuroinflammation while 
inhibiting the clearance of cell debris and waste. Surprisingly, VISTA gene expression in bulk 
tissue from AD and ALS mice and in post-mortem human AD tissue is elevated (Fig. 2 and 
Table 1). Endothelial cells express low levels of VISTA in non-diseased conditions, but it is 
possible that expression is upregulated during NDD. Furthermore, VISTA expression might 
be induced in other CNS cell types in NDD, which do not express VISTA under homeostatic 
conditions. Together, VISTA expression by microglia is consistently decreased in multiple 
models of NDD, which could have detrimental effects. However, bulk tissue gene expression 
data indicates that other CNS cell types upregulate or induce VISTA expression in these 
conditions, warranting further investigation. 

VISTA is differentially expressed in MS

Microglia VISTA expression is reduced during all stages of actively induced EAE by myelin 
oligodendrocyte glycoprotein (MOG)35-55 in complete Freund’s adjuvant (CFA) (Borggrewe 
et al., 2018), and VISTA KO exacerbates EAE in a spontaneous TCR transgenic model (2D2) 
(Wang et al., 2014). Cuprizone-feeding in mice is a model in which chemical-induced death 
of oligodendrocytes leads to demyelination and remyelination, and microglia immune-
activation in the absence of peripheral immune cell infiltrates. VISTA expression in microglia 
is also reduced in this MS mouse model (Fig. 2 and Table 1). Furthermore, VISTA expression 
is decreased in chronic active MS lesions (Borggrewe et al., 2018), jointly suggesting a role for 
VISTA in MS.

Most MS lesions occur in WM; however, GM lesions are frequent and are a hallmark of MS. 
In MS WM, microglia VISTA expression is slightly decreased compared to WM of non-
demented controls (NDC), whereas no difference is evident in MS GM (Fig. 2 and Table 1). 
A hallmark of MS lesions and EAE is the infiltration of peripheral immune cells including 
macrophages and lymphocytes. More recently, neutrophils were also associated with lesion 
formation and MS pathology (Pierson et al., 2018). A loss or reduction of VISTA expression 
on microglia in MS and EAE may boost (re)activation of infiltrating T cells in lesions, thereby 
exacerbating inflammation and tissue damage. Moreover, reduced VISTA levels in microglia 
and infiltrating monocytes may impair their phagocytic ability, which is important for 
clearance of cellular and myelin debris early during the disease (Voet et al., 2019). The role 
of VISTA in microglia in MS and EAE might depend on the stage of disease and the type 
of MS lesion, including the lesion microenvironment and how microglia respond to these 
environmental cues. Microglia-specific gene expression in different types of MS lesions has 
not been studied yet, however, data on bulk tissue from different lesions is available. Here, 
VISTA expression is upregulated in all investigated types of lesions including inactive, active, 
chronic active, and remyelinated (Fig. 2 and Table 1). It remains conceivable that microglia 
VISTA expression is reduced, but this cannot be detected in bulk tissue when other cell 
types upregulate or induce VISTA expression. As discussed above, although endothelial 
VISTA expression is low under homeostatic conditions, it might be upregulated during non-
homeostatic conditions. Furthermore, other CNS cell types may induce VISTA expression, 
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explaining elevated VISTA levels in bulk tissue. VISTA is likely also expressed by infiltrating 
immune cell subsets including neutrophils, lymphocytes, and myeloid cells in MS lesions. 
VISTA is upregulated at least in myeloid cells under inflammatory conditions (Bharaj et al., 
2014), which would also explain elevated VISTA levels in MS lesions. It will be important to 
assess cell type-specific VISTA expression in different types of MS lesions to dissect the role of 
VISTA in microglia and other cell types during MS development and progression.

Microglia VISTA decreases after LPS stimulation in mice

Microglia express a range of pattern-recognition receptors such as TLR, C-type lectin receptors, 
and NOD-like receptors, which allows them to sense and respond to pathogen-associated and 
damage-associated molecular patterns (Rock et al., 2004). In the CNS, microglia are the major 
cell type capable of monitoring and defending the tissue from intruders including bacteria and 
viruses. Upon response towards microbial compounds such as LPS (TLR4), poly I:C (TLR3), 
beta-glucan (Dectin-1, TLR2/6), Pam3CSK4 (TLR1/2), VISTA expression decreases in mouse 
and rhesus macaque microglia in vitro by 50-70% (Borggrewe et al., 2018). A similar decrease 
is observed in mouse microglia 3/6/24 hours after intraperitoneal LPS injection (Borggrewe 
et al., 2018) (Fig. 2 and Table 1). Although VISTA expression is reduced after LPS injection, 
it is not altered during infection with lymphocytic choriomeningitis virus (LCMV) by 
intracerebral inoculation (Fig. 2 and Table 1). The lack of studies on infections in relation to 
VISTA biology in the CNS underscores that this important topic remains largely unexplored.

Microglia VISTA expression is mostly decreased in other CNS diseases

By contributing to neuroinflammatory mechanisms, microglia are also involved in a range of 
other neurological diseases including stroke, cancer, and more. VISTA expression by microglia 
is reduced in almost all CNS disease conditions including multifunctional protein-2 (MFP2) 
KO mice (Fig. 2 and Table 1). MFP2 defects in humans usually lead to severe developmental 
pathologies including neonatal hypotonia, seizures, psychomotor retardation, and brain 
malformations (Verheijden et al., 2014). In mice, MFP2 KO leads to Purkinje cell degeneration 
and neuroinflammation (Verheijden et al., 2014). During transient middle-cerebral artery 
occlusion (tMCAO), which leads to stroke in mice, microglia VISTA expression is reduced 
2-fold (Fig. 2 and Table 1). Although inhibition of microglia activation during stroke leads to 
beneficial outcomes, microglia activation is also necessary to counteract neuronal death and 
enhance neurogenesis (Qin et al., 2019). Microglia and macrophages are part of the tumor 
environment in GBM and promote tumor progression by producing anti-inflammatory 
cytokines, immunosuppressive molecules, and angiogenic factors (Matias et al., 2018). 
Although microglia acquire a more immune-silencing phenotype characterized by secretion 
of anti-inflammatory cytokines and an upregulation of NCR, VISTA expression is reduced in 
mouse microglia and unaltered in human microglia associated with GBM (Fig. 2 and Table 1). 
A decrease in VISTA expression may be beneficial for GBM, since KO of VISTA renders mice 
highly resistance against glioma tumors (Flies et al., 2014). During aging, microglia are thought 
to become primed, dystrophic, and senescent, leaving them less responsive and uncapable of 
properly monitoring the CNS (Spittau, 2017); hence, microglia phenotypes associated with 
aging may contribute to the development of NDD such as AD and PD. Aged mouse cerebellar 
microglia exhibit reduced VISTA expression compared to microglia from younger mice (Fig. 
2 and Table 1). In humans, such a comparison is more difficult due to limited availability of 
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post-mortem tissue from young individuals. However, VISTA expression is slightly increased 
in microglia from individuals >50 years of age compared to <50 years (Fig. 2 and Table 1). 
This increase is much more pronounced in bulk tissue, which again supports the notion that 
other cell types may upregulate or induce VISTA upon deficits in CNS homeostasis.

Concluding remarks
VISTA is an NCR with unique characteristics, in the CNS predominantly expressed by 
microglia. Expression of VISTA is decreased in microglia during ageing, neuroinflammation, 
and multiple CNS diseases including neurodegeneration, MS, stroke, and cancer. VISTA is 
involved in inhibition of T-cell activation, hence a lack of VISTA in the presence of infiltrating 
immune cells, such as in MS, may promote inflammation. Microglia VISTA expression is very 
high and since T cells are mostly absent in the CNS parenchyma during health and in most 
diseases, it is conceivable that VISTA has functions in microglia in addition to inhibiting T-cell 
activation. In other myeloid cell types, VISTA is involved in uptake of apoptotic cells (Yoon 
et al., 2015; Cohen et al., 2016), cytokine response (Bharaj et al., 2014; Ceeraz, Eszterhas, 
et al., 2017; Ceeraz, Sergent, et al., 2017; Wang et al., 2019), and chemotaxis (Sergent et al., 
2018). Generally, VISTA KO promotes a pro-inflammatory phenotype in myeloid cells and in 
mouse models of inflammation. Thus, a reduced VISTA expression in microglia may impart 
a more pro-inflammatory phenotype and as a consequence amplify neuroinflammation 
during CNS disease. It is essential to assess the exact function of VISTA in microglia to allow 
definitive conclusions how a decrease in microglia VISTA expression may affect CNS disease 
etiology. Furthermore, the effect of a loss of VISTA in the CNS on neuroinflammation should 
be evaluated, since modulating VISTA signaling may offer new strategies for therapeutic 
targeting. If reduced VISTA expression promotes inflammation, restoring VISTA function in 
microglia could be beneficial for CNS diseases. More knowledge on the functions of VISTA in 
the CNS and the effects of VISTA modulation on the CNS will help to evaluate the therapeutic 
potential of targeting VISTA in CNS diseases.
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Abstract
V-type immunoglobulin domain-containing suppressor of T-cell activation (VISTA) is a 
negative checkpoint regulator (NCR) that is involved in T-cell quiescence, inhibition of T-cell 
activation, and in myeloid cells regulates cytokine production, chemotaxis, phagocytosis, 
and tolerance induction. In the central nervous system (CNS), VISTA is expressed by 
microglia, the resident macrophage of the parenchyma, and expression is decreased during 
neuroinflammation; however, the function of VISTA in microglia is unknown. Here, we 
extensively analyzed VISTA expression in different MS lesion stages and characterized 
the function of VISTA in the CNS by deleting VISTA in microglia. VISTA is differentially 
expressed in distinct MS lesion stages. In mice, VISTA deletion in Cx3Cr1-expressing cells 
induced a more amoeboid microglia morphology, indicating an immune-activated phenotype. 
Expression of genes associated with cell cycle and immune-activation was increased in VISTA 
KO microglia. In response to LPS and during experimental autoimmune encephalomyelitis 
(EAE), VISTA KO and WT microglia shared similar transcriptional profiles and VISTA 
deletion did not affect EAE disease progression or microglia responses. VISTA KO in microglia 
in vitro decreased the uptake of myelin. This study demonstrates that VISTA is involved in 
microglia function, which likely affects healthy CNS homeostasis and neuroinflammation.
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VISTA function in microglia and expression in MS

Introduction
Immune checkpoints are a group of receptors and ligands expressed by antigen-presenting 
cells (APC) and T cells that regulate T-cell activation by providing costimulatory and 
coinhibitory signals. These signals are essential for balancing immunity to allow response 
to pathogens while limiting the risk of developing autoimmunity. Negative checkpoint 
regulators (NCR) are involved in inhibition of T-cell activation and blocking their activity 
using immune checkpoint inhibitors is an effective treatment against cancer (Ceeraz et al., 
2013; Deng et al., 2016; He and Xu, 2020).

Cancer treatment with immune checkpoint inhibitors (immunotherapy) can have adverse 
effects on the central nervous system (CNS) since patients are susceptible to developing 
paraneoplastic syndrome, demyelination, encephalitis, multiple sclerosis (MS), and 
hypophysitis (Cuzzubbo et al., 2017; Yshii et al., 2017). Furthermore, blocking the NCR 
PD1 in mouse models of Alzheimer’s disease (AD) may alleviate the disease (Baruch et al., 
2016), although this concept is disputed (Latta-Mahieu et al., 2018). Thus, determining NCR 
function in the CNS will provide valuable insight into how adverse effects of immunotherapy 
could be limited, and whether NCR modulation can be used as a therapeutic strategy against 
CNS diseases such as AD and MS.

V-type immunoglobulin domain-containing suppressor of T-cell activation (VISTA) is an 
NCR predominantly expressed on myeloid- and T cells which is involved in T-cell quiescence 
and inhibition of T-cell activation (Flies et al., 2011; Wang et al., 2011; ElTanbouly, Zhao, et 
al., 2020). In addition to its role as an NCR, VISTA has multiple functions in monocytes/
macrophages including the phagocytosis of apoptotic cells (efferocytosis) (Yoon et al., 2015; 
Cohen et al., 2016), cytokine production (Bharaj et al., 2014, 2018), tolerance induction 
(ElTanbouly, Schaafsma, et al., 2020), and chemotaxis (Sergent et al., 2018; Broughton et al., 
2019).

Recently, we have demonstrated that in the CNS VISTA is predominantly expressed by 
microglia and to lesser extent by endothelial cells (Borggrewe et al., 2018). Microglia are 
the main resident myeloid cells of the CNS and continuously scan their environment for 
perturbations and intruders. They are involved in maintaining homeostasis, for example, by 
clearing cell debris, and are functionally implicated in virtually all CNS diseases (Prinz et al., 
2019). Microglial VISTA expression decreases after toll-like receptor (TLR) ligation (TLR 
1-4, 6) in vitro, lipopolysaccharide (LPS) exposure in mice, and during murine experimental 
autoimmune encephalomyelitis (EAE), a model for MS (Borggrewe et al., 2018). In post-
mortem tissue of an MS patient, VISTA expression was decreased in chronic active lesions 
compared to normal-appearing white matter (NAWM) (Borggrewe et al., 2018). Furthermore, 
VISTA is differentially regulated in numerous other CNS inflammatory diseases, reviewed in 
(Borggrewe et al., 2020).

The function of VISTA in microglia and the CNS during health and disease remains to be 
elucidated (Borggrewe et al., 2020). To that end, we deleted VISTA from Cx3cr1-expressing 
cells to assess the function of VISTA in microglia during homeostasis and neuroinflammation, 
after an LPS challenge and in EAE. These mouse experiments were complemented by the 
detailed characterization of VISTA expression in distinct MS lesion stages in human brain 
tissue.
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Results

VISTA is differentially expressed in distinct MS lesion stages and 
decreased during inflammation

We previously demonstrated that VISTA expression is decreased in a chronic active lesion of 
an individual MS patient sample, and in microglia during inflammation in vivo and in vitro 
(Borggrewe et al., 2018). To expand on these observations, we analyzed VISTA expression in 
a comprehensive set of 14 post-mortem tissues from MS patients supplied by the Netherlands 
Brain Bank (Table S1), covering all lesion stages, including white and gray matter lesions.

MS post-mortem tissues were staged based on the degree of demyelination using proteolipid 
protein (PLP) and inflammation using human leukocyte antigen DR isotype (HLA-DR, MHC-
II) (Van Der Valk and De Groot, 2000; Van Der Valk and Amor, 2009; Kuhlmann et al., 2017) 
and contained 6 different MS lesion stages (Fig. S1). Normal-appearing white matter (NAWM) 
are areas in post-mortem tissue without overt evidence of inflammation and demyelination 
(Fig. S1). Preactive lesions show microglia activation (based on HLA-DR expression), but no 
demyelination, and active lesions are demyelinating and contain many HLA-DR positive cells 
(Fig. S1). Chronic active lesions are divided into a center area, which is demyelinated without 
aberrant inflammation, and a rim, which is not demyelinated but shows inflammation (Fig. 
S1). Inactive lesions present with demyelination but no inflammation, whereas remyelinated 
lesions, or shadow plaques, are partially remyelinated (Fig. S1). Cortical lesions are similar to 
active lesions, but are located in gray matter (GM) (Fig. S1).

To assess VISTA expression in MS lesions, immunohistochemical stainings were quantified 
using the area positive for VISTA (n=5 patients for each lesion). VISTA was expressed in all 
different MS lesion stages by microglia and endothelial cells to varying degrees (Fig. 1A-B). 
In preactive, active, and the rim of chronic active lesions, VISTA expression was increased, 
whereas VISTA expression was decreased in inactive and the center of chronic active lesions 
compared to NAWM (Fig. 1A-B). No change was detected in remyelinated or cortical 
lesions compared to NAWM and NAGM, respectively (Fig. 1A-B). In addition, expression 
of microglia markers IBA1, TMEM119, and the immune-activation/phagocytosis marker 
CD68 were analyzed in MS lesions (Fig. S2A-F). IBA1 was increased in preactive and in the 
rim of chronic active lesions, whereas it was decreased in inactive and the center of chronic 
active lesions (Fig. S2A+D). TMEM119 expression was increased in the rim of chronic active 
lesions, but decreased in active, inactive, and the center of chronic active lesions, consistent 
with previous studies (Zrzavy et al., 2017; van Wageningen et al., 2019) (Fig. S2B+E). CD68 
expression was increased in preactive, active, and the rim of chronic active lesions, whereas it 
was decreased in inactive lesions. Linear regression analysis revealed that VISTA expression 
correlated mostly with expression of microglia markers IBA1 and TMEM119, and it did 
not strongly correlate with inflammatory markers HLA-DR and CD68 (Fig. S2C+F). These 
findings indicate that VISTA in MS lesions is predominantly expressed by microglia as 
opposed to infiltrating pro-inflammatory immune cells. 

Next, we analyzed VISTA expression by microglia at different stages of EAE including score 
1 (E1; early disease), score 4 (E4; peak disease), and chronic EAE (Ech), and unimmunized 
mice served as a control (C) (Fig. 1C). At all three EAE stages, surface VISTA expression was 
decreased (Fig. 1C), corroborating our previous findings of reduced VISTA mRNA expression 



121

6

VISTA function in microglia and expression in MS

Figure 1. VISTA is differentially expressed in distinct MS lesion stages and decreases in EAE. (A) 
Representative images of in situ expression of VISTA in distinct MS lesion stages. (B) Quantification of 
the area positive for VISTA in MS lesion stages compared to normal-appearing regions shown as log fold 
change. At least 3 images were taken from each lesion and the area positive for VISTA was measured. 
Statistical analysis performed was a Wilcoxon signed-rank test comparing lesions to normal-appearing 
areas with Benjamini-Hochberg correction for multiple comparisons (n=5 for each lesion). (C) VISTA 
geometric mean fluorescence intensity (gMFI) on viable (DAPIneg) microglia (CD45intCD11BposLY6Cneg) 
during different stages of EAE including score 1(E1: early disease) score 4 (E4: peak disease), and chronic 
EAE (Ech), and control (C) mice. Error bars indicate mean ± s.d. (n=5-6). Statistical analysis performed 
was a one-way ANOVA with Dunnett’s correction for multiple comparisons. (D) Fold change in VISTA 
expression in primary neonatal mouse microglia 5 h after stimulation with LPS, Pam3CSK4, PolyI:C, 
myelin, IL1b, or TNFa, measured by RT-qPCR and normalized to Hprt1. Error bars indicate mean ± s.d. 
(n=3-5). Statistical analysis performed was a one-way ANOVA with Dunnett’s correction for multiple 
comparisons. Boxes indicate median and lower and upper quartiles, whiskers show min/max, and 
outliers are indicated by points. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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during EAE (Borggrewe et al., 2018). To address which inflammatory mediators may be 
responsible for a decreased VISTA expression in EAE and differential VISTA expression in 
different MS lesion stages, primary neonatal mouse microglia were stimulated with several 
pro-inflammatory compounds (Fig. 1D). In response to TLR ligands LPS (TLR4), Pam3CSK4 
(TLR1/2), and polyI:C (TLR3), VISTA expression was decreased in microglia in vitro, which 
verifies our previous observations (Borggrewe et al., 2018). VISTA mRNA expression was also 
decreased after stimulation with tumor necrosis factor alpha (TNFa), but not interleukin (IL) 
1 beta, and a near-significant reduction in VISTA levels was observed after stimulation with 
mouse myelin (Fig. 1D).

These findings demonstrate that VISTA is differentially expressed in distinct MS lesion stages. 
Furthermore, VISTA is decreased in microglia at all stages of EAE, as well as after stimulation 
with various pro-inflammatory compounds in microglia in vitro indicating that VISTA 
expression is dynamically regulated under inflammatory conditions.

VISTA KO reduces microglia ramification in PBS but not LPS-treated 
mice

VISTA is decreased in microglia after LPS injection, during EAE, and in neurodegenerative 
disease models in mice (Borggrewe et al., 2018, 2020). To investigate the role of VISTA in 
microglia, VISTA was deleted from Cx3cr1-expressing cells using Cx3cr1creERT2/WT VISTAloxP/

loxP mice. Tamoxifen induced stable and efficient deletion of VISTA and reduced mRNA and 
surface VISTA expression in microglia after 1.5, 3, and 6 months, and in PBS and LPS-treated 
mice (Fig. S3A-C). The percentage of VISTA-expressing microglia (DAPIneg CD11bpos CD45int 
Ly6Cneg) was reduced from > 90% in oil-treated (= VISTA WT) to ~1% in tamoxifen-treated 
mice (= VISTA KO) (Fig. 2A).

Next, we analyzed the effect of VISTA KO on microglia morphology in cortex of PBS-injected 
(control) mice and after intraperitoneal LPS injection using Sholl analysis and assessment 
of 23 other morphological parameters (Heng et al., 2021; Zhang et al., 2021) (Table S2). 
Alterations in microglia morphologies are associated with CNS disease and underlying 
changes in microglia phenotypes (Dubbelaar et al., 2018). Sholl analysis revealed that VISTA 
KO microglia exhibited a less ramified morphology compared to WT microglia in control 
mice (Fig. 2B). LPS treatment reduced the ramification in WT microglia, but not in VISTA 
KO microglia (Fig. 2B). To further characterize microglia morphologies, individual cells were 
clustered based on principal component analysis of all morphological parameters, resulting 
in 6 distinct clusters (Fig. 2C). Microglia in these clusters showed distinct morphologies 
reflected by deviating morphological features such as ramification (Fig. 2D-E). In control 
VISTA KO mice, cluster 1-2 microglia were underrepresented compared to WT, whereas 
cluster 3-6 microglia were enriched (Fig. 2F). Cluster 1 and 2 microglia were highly ramified, 
whereas cluster 3-6 microglia exhibited a more amoeboid morphology (Fig. 2D-E). After LPS 
injection, differences in cluster distribution were less apparent in VISTA KO compared to WT 
microglia, and cluster 4 microglia, which showed intermediate ramification (Fig. 2D), were 
almost exclusively detected in WT (Fig. 2F).

This analysis revealed that in control mice VISTA KO microglia exhibit reduced ramification 
compared to WT, but that ramification is not further reduced by LPS.
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VISTA KO induces an immune-activated and proliferative microglia 
transcriptional profile in control mice, but does not affect the LPS 
response

Since VISTA regulates microglia morphology in control mice but does not seem to affect 
the microglia LPS response based on morphology, we next investigated genome-wide 
transcriptional changes in VISTA KO and WT brain microglia in control mice and 3 h after 
an i.p. LPS injection.

In control mice, 286 (226 enriched; 60 depleted) genes were differentially expressed (log fold 
change > 1, p-adjusted < 0.05) between VISTA KO and WT microglia (Fig. 3A). Genes enriched 
in VISTA KO microglia were associated with immune signaling such as JAK-STAT, TNFa, 
and interferon gamma (IFNg), and with cell cycle processes (E2F targets, G2-M checkpoint) 

Figure 2. VISTA KO reduces microglia ramification in PBS but not LPS-treated mice. (A) 
Percentage VISTApos microglia (DAPIneg CD11bpos CD45int Ly6Cneg) in WT and VISTA KO whole brain 
microglia after intraperitoneal PBS or LPS injection. Error bars indicate mean ± s.d. (n=5). Statistical 
analysis performed was a one-way ANOVA with Bonferroni correction for multiple comparisons. 
****p < 0.0001 (B) Sholl analysis of WT and VISTA KO microglia after PBS (left) and LPS injection 
(right) (n=25 microglia per mouse, n=3 mice per condition). (C) Hierarchical clustering on principal 
components of 27 morphological features and corresponding genotype, condition, and cluster per cell. 
(D) Representative cell per cluster visualized as cell silhouettes. (E) Sholl analysis of microglia from 
each cluster. (F) Frequency of cells per cluster in WT and VISTA KO mice after PBS and LPS injection. 
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(Fig. 3B). Genes depleted in VISTA KO microglia compared to WT were annotated with 
processes of cell-cell and cell-substrate adhesion and autophagosomes (Fig. 3B).

LPS injection led to a typical microglia LPS-response in both WT and VISTA KO microglia, 
and no difference between KO and WT was observed in the level of induction of our 
previously published microglia LPS response gene set (Gerrits et al., 2020) (Fig. S4A-B). 
Concordantly, there were no differentially expressed genes (DEGs; log2 fold change, logFC>1, 
p-adjusted < 0.05) after LPS treatment between WT and VISTA KO microglia (Fig. 3A). 
Similar observations were made in vitro, since stimulation of VISTA KO primary neonatal 
mouse microglia with various inflammatory stimulants did not alter the induction of Tnf or 
Ccl2 compared to WT microglia (Fig. S4C). These data match the morphological analysis and 
suggest that VISTA maintains a more regulatory, homeostatic microglia phenotype in the 
healthy CNS but does not regulate the microglia LPS response.

To visualize the effect of LPS on gene expression in VISTA KO compared to WT mice, a 
4-way plot was generated (Fig. 3C). Genes that were up- or downregulated in both WT and 
KO after LPS are indicated by gray dots (Fig. 3C). Orange dots represent genes uniquely up- 
or downregulated in VISTA KO microglia after LPS, and blue dots are genes uniquely up- 
and downregulated in WT microglia (Fig. 3C). Although no DEGs were found after LPS 
comparing VISTA KO to WT microglia (Fig. 3A), VISTA KO microglia upregulated 505 genes 
and downregulated 931 genes which were unaltered in WT microglia (Fig. 3C). The high 
number of unique DEGs in VISTA KO microglia suggests a distinct transcriptional response 
to LPS compared to WT. Genes uniquely up- and downregulated in VISTA KO microglia after 
LPS were lower and higher expressed, respectively, in control VISTA KO microglia compared 
to WT (Fig. 3D). After LPS exposure, these unique DEGs were expressed at equal levels in 
VISTA KO vs WT microglia. Thus, these genes are uniquely up- and downregulated in VISTA 
KO due to differences in expression levels at baseline (control mice) compared to WT, and not 
due to differences in induction or depletion of those genes after LPS.

To assess transcriptional co-expression differences between VISTA KO and WT, weighted gene 
co-expression network analysis (WGCNA) was used. WGCNA resulted in 37 gene modules, 
of which 7 significantly correlated with LPS treatment, and 2 with genotype (steelblue and 
paleturquoise) (Fig. S4D). The Module Eigengene (ME) of the steelblue module was higher 
expressed in VISTA WT (PBS and LPS) microglia than in VISTA KO microglia (both PBS 
and LPS) (Fig. 3E) Genes in this module were associated with IL2 and IL6 signaling and 
other immune processes (Fig. S4E). The ME of the turquoise module was highest expressed 
in VISTA KO control microglia (Fig. 3E) and genes in this module were annotated with cell 
cycle processes (Fig. S4E).

Next, we determined expression of gene sets associated with distinct microglia functions or 
microglia activation states (Table S3). VISTA KO microglia exhibited decreased expression of 
homeostatic microglia markers such as Cx3cr1, Tmem119, and P2ry12, and sensome genes, a 
group of genes associated with microglia immune-sensing properties (Fig. 3). Expression of 
genes associated with proliferating and certain immune-activated (ARM: activated response 
microglia, DAM: disease-associated microglia, and IFN) microglia was increased (Hickman 
et al., 2013; Keren-Shaul et al., 2017; Krasemann et al., 2017; Hammond et al., 2019; Sierksma 
et al., 2020) (Fig. 3F).

Our data suggest that VISTA is involved in microglia cell cycle functions and induces a 
more regulatory, homeostatic microglia phenotype in healthy CNS; however, VISTA is not 
associated with the microglia response to LPS.
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Figure 3. VISTA KO microglia in control mice are transcriptionally distinct but not after LPS. 
(A) Number of differentially expressed genes (DEGs; logFC > 1; adjusted p-value < 0.05) comparing 
VISTA KO vs WT microglia from whole brain after PBS and LPS injection. (B) Gene ontology 
biological processes (red bars), molecular signatures database hallmark (blue bars), and ENCODE/
CHEA transcription factors (green bars) associated with genes enriched (left) and depleted (right) in 
VISTA KO microglia compared to WT in control (PBS) mice. (C) Four-way plot illustrating logFC of 
DEGs after LPS compared to PBS in VISTA WT and KO mice. Color of dots indicates whether genes 
are differentially expressed (adjusted p-value < 0.05) in WT (blue), KO (orange), or both (grey). (D) 
Average expression of genes uniquely up- (left) or downregulated (right) in VISTA KO microglia after 
LPS across all samples. (E) Expression of Eigengenes of gene modules significantly correlating with 
genotype identified by WGCNA illustrated as row z-score. (F) Average expression of published gene 
sets associated with distinct microglia functions across all samples (Hickman et al., 2013; Keren-Shaul et 
al., 2017; Krasemann et al., 2017; Hammond et al., 2019; Sierksma et al., 2020). Additional information 
on gene sets can be found in Table S3. logFC = log2 fold change, ARM = activated response microglia, 
DAM = disease-associated microglia, MgND = microglia neurodegenerative phenotype
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Microglia VISTA KO does not affect EAE induction or progression

Previous results demonstrated that VISTA expression is differentially regulated in MS lesions, 
but that VISTA KO does not influence microglia response to an acute inflammatory stimulus 
(LPS). To further dissect the function of VISTA in microglia during neuroinflammation and 
MS, the effect of VISTA KO on EAE disease development and progression and on microglia 
transcriptional changes during EAE was assessed.

Mice were terminated at three different stages of EAE at score 1 (E1: early disease), score 4 
(E4: peak disease), and chronic EAE (Ech), and unimmunized (control) mice served as a 
control (C) (Fig. 4A). Genome-wide transcriptional changes of fluorescence-activated cell 
sorting (FACS)-isolated spinal cord VISTA KO microglia during EAE were assessed. VISTA 
depletion using tamoxifen was highly effective at all stages of EAE (Fig. S5A-B). Furthermore, 
EAE induced a microglia response which was consistent with previously published microglia 
EAE profiles (Fig. S5C-D) (Wlodarczyk et al., 2017). In line with the findings after LPS 
injection, the induction of microglia EAE genes was highly similar in VISTA KO and WT 
microglia (Fig. S5D). Concordantly, EAE disease progression was not affected by VISTA KO 
(Fig. 4A) and the majority of DEGs comparing VISTA KO and WT were detected in control 
mice (Fig. 4B). Only a limited number of these DEGs between WT and VISTA KO spinal 
cord microglia in control mice overlapped with DEGs in WT and VISTA KO brain microglia 
in control mice from the previous dataset (Fig. 4C). This limited overlap indicates distinct 
functional consequences of VISTA KO on spinal cord compared to brain microglia in the 
healthy CNS. Although VISTA KO led to distinct DEGs in spinal cord compared to brain 
microglia, the annotated biological processes were similar (Fig. 4D). Genes enriched in spinal 
cord VISTA KO microglia were associated with cell cycle processes, IFNg, and TNF signaling, 
whereas depleted genes were annotated with TGFbeta signaling, fatty acid biosynthesis, and 
other processes (Fig. 4D).

VISTA KO led to an up- and downregulation of distinct sets of genes after LPS injection, which 
was due to baseline differences as described above (Fig. 3C-D). To assess the effect of EAE on 
gene expression in VISTA KO microglia compared to WT in a similar manner, a 4-way plot 
was generated for each EAE stage (Fig. 4E). Grey dots indicate genes differentially expressed 
in both VISTA KO and WT microglia, orange dots represent genes uniquely differentially 

Figure 4 (previous page). Microglia VISTA KO does not affect EAE progression and induces distinct 
microglia transcriptional profiles in spinal cord compared to brain. (A) EAE disease progression of 
VISTA WT and KO mice. Mice were terminated at score 1 (E1: early disease), score 4 (E4: peak disease), 
and chronic EAE (Ech) and microglia were isolated from spinal cord for mRNA sequencing analysis. 
(B) Number of differentially expressed genes (DEGs; logFC > 1; adjusted p-value < 0.05) comparing 
VISTA KO vs WT microglia from spinal cord at different EAE stages and in control mice. (C) Venn 
diagrams illustrating overlap in enriched (top) and depleted (bottom) genes in VISTA KO compared 
to WT microglia from control mice in LPS experiment (brain; red) and EAE experiment (spinal cord; 
green). (D) Gene ontology biological processes (red bars), molecular signatures database hallmark (blue 
bars), and ENCODE/CHEA transcription factors (green bars) associated with genes enriched (left) and 
depleted (right) in VISTA KO spinal cord microglia compared to WT in control mice. (E) Four-way 
plot illustrating logFC of DEGs at different EAE stages compared to control in VISTA WT and KO 
mice. Color of dots indicates whether genes are differentially expressed (adjusted p-value < 0.05) in WT 
(blue), KO (orange), or both (grey). (F-G) Average expression of genes uniquely upregulated (left) or 
downregulated (right) in VISTA KO (F) or WT (G) microglia at all stages of EAE across all samples.
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expressed in VISTA KO microglia, and blue dots are genes uniquely differentially expressed 
in WT microglia (Fig. 4E). VISTA KO spinal cord microglia up- and downregulated distinct 
genes at different stages of EAE compared to WT microglia (Fig. 4E). The majority of genes 
uniquely up- and downregulated in VISTA KO microglia during EAE did not overlap with 
genes uniquely up- and downregulated in VISTA KO microglia after LPS injection (Fig. S5E). 
Genes uniquely upregulated in VISTA KO microglia during all stages of EAE were depleted 
in VISTA KO microglia from control mice, whereas genes uniquely downregulated during 
EAE were enriched in VISTA KO microglia (Fig. 4F). These results suggest that activation 
of distinct transcriptional programs during EAE are due to baseline differences of VISTA 
KO microglia in control mice, rather than differences in transcriptional profiles of VISTA 
KO microglia during EAE. Supporting this notion, genes that were uniquely downregulated 
during EAE in VISTA WT microglia were depleted in control VISTA KO microglia, whereas 
expression of genes uniquely upregulated in VISTA WT microglia during EAE was already 
high in VISTA KO microglia from control mice (Fig. 4G). Thus, spinal cord VISTA KO 
microglia already exhibited an EAE-like transcriptional profile in control mice.

Most sets of genes associated with distinct microglia functions that were higher or lower 
expressed in VISTA KO brain microglia were not differentially expressed in VISTA KO 
spinal cord microglia such as homeostatic and proliferating genes (Fig. S5F). However, spinal 
cord VISTA KO microglia still had elevated expression of genes associated with interferon 
microglia (both in C and E1), and sensome genes (both in E1 and E4) (Fig. S5F). Of note, 
WGCNA analysis did not yield any modules significantly correlated with genotype (Fig. S5G).

In summary, VISTA KO does not affect EAE disease progression or microglia transcriptional 
signatures during EAE. However, as VISTA KO spinal cord microglia possess a distinct 
transcriptional profile at baseline (control mice) compared to WT microglia, VISTA KO 
microglia up- and downregulate distinct sets of genes during EAE. These findings suggest that 
the impact of VISTA KO on microglia is region-dependent as distinct gene sets are enriched 
and depleted in VISTA KO microglia from spinal cord and brain. Although these gene sets 
did not overlap between spinal cord and brain microglia, genes were associated with similar 
biological processes including cell cycle and immune processes.

VISTA regulates myelin uptake in microglia, but not phagocytosis of 
apoptotic cells and E. coli particles

VISTA KO affects transcriptional profiles of brain and spinal cord microglia in healthy 
CNS and thus may perturbate microglia functions that are essential for CNS homeostasis. 
In macrophages, VISTA regulates the uptake of apoptotic cells (efferocytosis) (Yoon et al., 
2015; Cohen et al., 2016), and in the CNS microglia are important in removing cellular and 
molecular debris to maintain homeostasis (Prinz et al., 2019). To assess whether VISTA is 
involved in microglia efferocytosis or phagocytosis, VISTA was depleted in primary neonatal 
mouse microglia followed by addition of pHrodo-labelled phagocytic compounds.

Incubation of Cx3cr1creERT2/WT VISTAloxP/loxP primary neonatal mouse microglia with 
4-hydroxytamoxifen reduced VISTA expression by up to 90% at the mRNA and protein level 
(= VISTA KO) compared to ethanol-treated cells (= VISTA WT) (Fig. S6A-B). Treatment of 
microglia with 4-hydroxytamoxifen did not induce Tnf expression (Fig. S6C). 

Depletion of VISTA did not alter the uptake of pHrodo-labelled E. coli particles, in line with 
published findings in macrophages (Yoon et al., 2015); however, a trend towards a reduced 
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E. coli particle uptake was observed in VISTA KO microglia after 5 h LPS preconditioning 
compared to VISTA WT (Fig. 5A-B). Jurkat cell apoptosis was induced using staurosporine 
and after 4 h, more than 90% of Jurkat cells were early apoptotic (Fig. S6D). Efferocytosis of 
early apoptotic Jurkat cells was unaltered in VISTA KO microglia (Fig. 5C-D). Next, VISTA 
KO primary neonatal mouse microglia were incubated with the CNS component myelin. A 
~25% reduction in myelin uptake was observed in VISTA KO microglia compared to WT 
(Fig. 5E-F). LPS preconditioning reduced the uptake of myelin by ~50%, but there was no 
difference between VISTA KO and VISTA WT microglia (Fig. 5E-F).

These data demonstrate that VISTA depletion in microglia in vitro does not affect uptake of 
E. coli particles or efferocytosis of early apoptotic Jurkat cells, but reduces uptake of myelin.

Discussion
Here, we demonstrate differential VISTA expression in MS lesion stages and present an in-
depth analysis of potential VISTA function in microglia during health and neuroinflammation. 
VISTA function has extensively been studied in T cells and myeloid cells of the periphery, but 
not in microglia. Collectively, our current data demonstrate that VISTA function in microglia 
is distinct from that in macrophages, since VISTA KO affects microglia proliferation, immune-
activation, and phagocytic ability.

VISTA expression was increased in MS lesions that presented with inflammation (high HLA-
DR expression), but was decreased in MS lesions that lacked inflammation. In contrast, 
microglia VISTA is decreased in CNS disease mouse models that involve microglia activation 
including EAE, cuprizone, neurodegenerative diseases, and other neuroinflammatory 
models (Borggrewe et al., 2018, 2020). MS lesions are highly heterogeneous regarding their 
pathophysiology and criteria used to stage these lesions include degree of demyelination and 
inflammation (Van Der Valk and De Groot, 2000; Van Der Valk and Amor, 2009; Kuhlmann 
et al., 2017). MS mouse models such as EAE do not recapitulate the heterogeneity of MS 
lesions and are very acute in contrast to MS as a chronic disease. Thus, it is possible that these 
deviating observations in mouse and humans are due to a more complex environment in 
human MS. It is also possible that other cell types found in active MS lesions such as peripheral 
immune cell subsets contribute to VISTA expression, or that other CNS resident cell types 
upregulated VISTA during MS. In the context of MS, an enhanced expression of VISTA in 
immunologically active lesions can potentially be beneficial since infiltrating T cells could 
become inactivated. Decreased VISTA expression in inactive lesions might reflect a reduction 
in microglia numbers, as VISTA more strongly correlated with expression of microglia 
markers (IBA1 and TMEM119) compared to inflammatory markers (HLA-DR and CD68). 
Interestingly, VISTA KO in microglia in vitro reduced the uptake of myelin, which may have 
consequences for MS lesion pathology. In MS, uptake of intact myelin may contribute to 
disease by damaging oligodendrocytes, axons, and presenting brain antigens to infiltrating 
T cells (Grajchen et al., 2018). However, clearance of myelin debris is beneficial in MS since 
this promotes tissue repair and induces a more regulatory myeloid phenotype by releasing 
anti-inflammatory mediators such as IL10, CCL18, and prostaglandin-E 2 (PGE2) (Boven et 
al., 2006; van Zwam et al., 2010, 2011; Grajchen et al., 2018). Therefore, microglia VISTA in 
MS lesion stages potentially regulates myelin uptake, thereby contributing to oligodendrocyte 
damage, antigen-presentation, but also tissue repair, and induction of a more regulatory, 
homeostatic microglia phenotype.
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Figure 5. VISTA KO in microglia impairs myelin phagocytosis but not uptake of other particles. 
VISTA was depleted in Cx3cr1creERT2/WT VISTAloxP/loxP primary neonatal mouse microglia using 
4-hydroxytamoxifen followed by incubation with pHrodo-labelled compounds. (A,C,E) Representative 
graphs of fluorescence intensity of pHrodo-labelled E. coli particles (A), early apoptotic Jurkat cells 
(C), and mouse myelin (E) depicted as red calibrated unit (RCU) plotted against time after addition 
of compounds and normalized by confluence (n=4-5). (B,D,F) Fluorescence intensity normalized to 
confluence after 4 h incubation with pHrodo-labelled E. coli particles (B), early apoptotic Jurkat cells 
(D), and mouse myelin (F). Error bars indicate mean ± s.d. (n=4-5). Statistical analysis performed was 
a 2-way ANOVA with Sidak’s correction for multiple comparisons comparing KO to WT. ***p < 0.001, 
CytoD = Cytochalasin D, EAJ = Early apoptotic Jurkat cells
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Of note, VISTA deficiency in microglia in vitro led to a decreased uptake of myelin, but not 
of early apoptotic Jurkat cells or E. coli particles. In macrophages, VISTA is involved in the 
uptake of apoptotic thymocytes (Yoon et al., 2015) and neutrophils (Cohen et al., 2016), but 
not beads or E. coli particles (Yoon et al., 2015). It is unlikely that uptake of early apoptotic 
Jurkat cells requires distinct pathways from uptake of apoptotic thymocytes and neutrophils. 
Thus, VISTA likely regulates different phagocytosis pathways in microglia compared to 
macrophages.

To assess whether increased or decreased VISTA expression in MS and various mouse models 
of neuroinflammation has consequences for disease development, we characterized EAE 
progression and transcriptional profiles of VISTA KO microglia after LPS and EAE. Generic 
VISTA KO increases the susceptibility to developing autoimmunity and inflammatory 
diseases including murine lupus nephritis (Ceeraz et al., 2017), imiquimod-induced psoriasis 
(Li et al., 2017), systemic lupus erythematosus (Han et al., 2019), experimental asthma (Liu 
et al., 2018), and EAE (Wang et al., 2014). In contrast, our current study demonstrates that 
microglia VISTA KO did not affect EAE induction or progression. In addition, there was no 
difference in transcriptional profiles of VISTA KO compared to WT mice after LPS exposure 
and during EAE. VISTA is widely expressed by immune cell types in the periphery including 
T cells and myeloid cells (ElTanbouly et al., 2019) and thus VISTA expressed on peripheral 
immune cells and not microglia is likely involved in the development and progression of 
EAE. Generic VISTA KO mice present with a more activated myeloid cell compartment as 
evident from increased cytokine and chemokine production (Li et al., 2017; Broughton et al., 
2019), which likely exacerbates autoimmune and inflammatory diseases in mice. The CNS 
environment differs from the periphery as immune responses and interactions especially with 
T cells are more limited. Due to limited regenerative potential of the CNS, microglia immune 
responses must be more tightly regulated than those of peripheral macrophages as to avoid 
excessive CNS tissue damage. It is possible that in contrast to macrophages, VISTA KO does 
not affect microglia under inflammatory conditions because of a more stringent regulation of 
microglia immune responses.

Although VISTA KO did not affect microglia responses to LPS and during EAE, we report 
substantial morphological and transcriptional alterations in VISTA KO microglia compared 
to WT during homeostasis. VISTA KO microglia exhibited a more amoeboid morphology 
which is associated with an immune-activated microglia profile during neuroinflammation 
(Dubbelaar et al., 2018). In accordance with these morphological observations, VISTA KO 
induced a more immune-activated microglia profile, demonstrated by upregulation of genes 
associated with TNF and IFN signaling, and by an upregulation of gene sets associated with 
microglia in neurodegenerative disease and interferon response. Thus, microglia VISTA might 
induce a more regulatory, homeostatic microglia phenotype. Similarly, VISTA maintains 
quiescence in peripheral myeloid cells (ElTanbouly, Schaafsma, et al., 2020). Activation 
of VISTA using agonistic antibodies induces a more regulatory profile in macrophages 
(ElTanbouly, Schaafsma, et al., 2020). Homeostatic microglia functions are essential for 
the developing CNS and for maintaining a healthy adult CNS as microglia are involved in 
clearing cellular and molecular debris, synaptic pruning, and secrete neurotrophic factors 
(Prinz et al., 2019). It is conceivable that a perturbation in microglia homeostatic functions 
due to VISTA KO may compromise CNS homeostasis. No behavioral tests were performed on 
microglia VISTA KO mice and thus the effect of this VISTA KO-induced immune-activated 
microglia phenotype on the healthy CNS remains to be elucidated. Furthermore, VISTA KO 
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microglia were enriched for genes involved in cell cycle, a potential function for VISTA that 
has not been reported for peripheral myeloid cells. Although genes involved in apoptotic 
pathways were not differentially expressed in VISTA KO microglia, VISTA KO may reduce 
survivability of microglia which may partially be rescued by upregulation of cell cycle genes. A 
low percentage of VISTApos microglia (< 2%) escaped tamoxifen-induced VISTA excision and 
if VISTA KO reduced the life span of microglia, the frequency of VISTApos microglia should 
increase at late time points after tamoxifen administration. However, we did not observe an 
increase in VISTApos microglia from 1.5 to 6 months after tamoxifen administration. Hence, it 
is more likely that VISTA directly regulates the expression of cell cycle genes in microglia and 
might be involved in microglia proliferation.

Collectively, our data provide novel insights that VISTA regulates microglia myelin uptake, 
proliferation, and imparts a more regulatory, homeostatic microglia phenotype. Although 
VISTA KO does not affect the inflammatory response of microglia after LPS exposure and 
during EAE, a dysregulation of microglia homeostasis may perturb the healthy CNS. Impaired 
uptake of myelin may also have consequences for MS lesion progression as myelin debris 
clearance is an important part of tissue regeneration. In conclusion, we present multiple 
potential functions of VISTA in microglia biology which could extend to perturbed CNS 
homeostasis and might contribute to development and progression of neuroinflammatory 
diseases. VISTA is amenable to clinical manipulation with agonist and antagonist biologicals 
which are under (pre)clinical development.
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Materials and methods

Mice

Animal experiments were approved by the Netherlands Central Committee for Animal 
Experiments and the University of Groningen. Mice were housed specific-pathogen free 
in macrolon cages, a 12 h light-dark cycle, and with ad libitum access to food and water 
unless specified otherwise. Conditional VISTA KO mice (Cx3cr1creERT2/WT VISTAloxP/loxP) were 
generated by crossbreeding VISTAloxP/loxP (Yoon et al., 2015) and B6.129P2(Cg)-Cx3cr1tm2.1(cre/

ERT2)Litt/WganJ mice (Jax, 021160). Genotype was confirmed (see below) before depletion of 
VISTA in conditional VISTA KO mice by administration of 20 mg tamoxifen (Sigma-Aldrich, 
T5648) via oral gavage and subsequent 5-week rest to allow turnover of peripheral CX3CR1pos 
cells. Littermate controls treated with corn oil served as control. For LPS experiments, 
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10-week-old conditional VISTA KO mice were injected with 1 mg/kg LPS (E. coli, O111:B4, 
L4391) intraperitoneally and terminated 3 h later. PBS-injected mice served as control. 
For EAE experiments, 11-week-old female conditional VISTA KO mice were immunized 
with MOG35-55 in complete Freund’s adjuvant in the neck and lower back according to 
manufacturer’s instructions (Hooke, EK-2110). At the time of immunization and after 24 h, 
mice were injected intraperitoneal (i.p.) with 150 ng pertussis toxin intraperitoneally. Animals 
were scored daily for disease symptoms and terminated at score 1 (limp tail; early disease), 
score 4 (hind leg paralysis; peak disease), and chronic (3 weeks after onset of symptoms). 
Unimmunized mice served as control.

Genotyping

Genotype for experimental animals (Cx3cr1creERT2/WT VISTAloxP/loxP) was confirmed by 
genomic PCR for Cx3cr1 WT and creERT2 alleles, and for VISTA. Genomic DNA was 
extracted from earcuts of mice using MyTaq Extract-PCR kit (Bioline, BIO-21127) according 
to manufacturer’s instructions. Genes and alleles were amplified using MyTaq HS Red Mix 
(Bioline, BIO-25047) and 10 mM primer and analyzed on 2% agarose gels. For Cx3cr1 WT 
and creERT2 alleles, two primer-pairs were used for WT allele (fwd: 5’-CTCAC GTGGA 
CCTGC TTACTG; rev: 5’-GTACC GGTCG ATGCT GATGA) and creERT2 allele (fwd: 
5’-AAGAC TCACG TGGAC CTGCT; rev: 5’-CGGTT ATTCA ACTTG CACCA) with the 
following PCR program: 1) 95 °C 3 min, 2) 95 °C 15 sec, 3) 58 °C 15 sec, 4) 72 °C 20 sec, 
repeated 30 times. Cx3cr1 WT alleles present with a band at 482 bp, whereas Cx3cr1 creERT2 
alleles present with a band at 260 bp. For VISTA, one primer pair was used (fwd: 5’-CTAAT 
GGCAC AGCAG GGACT; rev: 5’-CAACA AATCA CGGTG GAGTG) with the following 
PCR program: 1) 95 °C 3 min, 2) 95 °C 15 sec, 3) 51.7 °C 30 sec, 4) 72 °C 30 sec, repeated 35 
times. VISTA WT alleles present with a band at 468 bp, whereas VISTA loxP alleles present 
with a band at 651 bp.

Microglia isolation

Microglia were isolated from whole brain (LPS) or spinal cord (EAE) as previously described 
in detail (Galatro et al., 2017). The whole isolation procedure was performed on ice. Mice 
were perfused with PBS (Lonza, BE17-512F) and CNS tissue was mechanically dissociated 
in HBSS (Gibco, 14170-088) containing 0.6% glucose (Sigma-Aldrich, G8769) and 15 mM 
HEPES (Lonza, BE17-737E). Myelin was removed by 24.4% percoll (GE Healthcare, 17-0891-
01) density gradient centrifugation at 950 g for 20 min at 4°C. Fc receptors were blocked with 
anti-CD16/32 (5 mg/ml, clone 93, eBioscience, 14-0161-85), and cells were stained with anti-
CD11b-APC-Cy7 (1 mg/ml, clone M1/70, eBioscience, A15390), anti-CD45-PE-Cy7 (1 mg/ml, 
clone 30-F11, eBioscience, 25-0451-82), anti-Ly6C-APC (1.5 mg/ml, clone HK1.4, Biolegend, 
128016), and anti-VISTA-PE (20 mg/ml, clone MIH63, Biolegend, 150204) antibodies 30 min 
at 4°C in HBSS without phenol red (Gibco, 14175-053) containing 0.6% glucose, 15 mM 
HEPES, and 1 mM EDTA (Invitrogen, 15575-020). Microglia were sorted on a MoFlo Astrios 
(Beckman Coulter) in siliconized tubes containing RNAlater (Qiagen, 76104), centrifuged at 
5,000 g, and lysed in RLT+ lysis buffer (Qiagen, 74034).
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RNA extraction and sequencing

RNA was extracted using AllPrep DNA/RNA Micro Kit (Qiagen, 80284) according to 
manufacturer’s instructions. Total RNA concentration was measured on TapeStation 4200 
and samples with a RIN value below 7 were excluded. Sequencing libraries were generated 
using a NEBNext single cell/low input RNA library prep kit for Illumina (NEBNext, E6429), 
which was modified to include unique molecular identifiers for removal of PCR duplicates. 
Libraries were sequenced at 20 million read depth on an Illumina NovaSeq6000.

Bioinformatic analysis

Alignment

After removal of low-quality reads and adapter sequences, reads were mapped to the mouse 
GRCm38.p6 genome using Tophat (v2.0.14) (Kim et al., 2013) with default settings. Feature 
counting to quantify gene expression was done using HTSeq (v0.11.0) (Anders et al., 2015).

Differential gene expression analysis

Low expressed genes with no expression in at least two samples were excluded before DESeq2 
R-package (v1.30.0) (Love et al., 2014) was used for transformation, normalization, and 
differential gene expression analysis. Two samples were excluded based on low library size and 
complexity. Variance stabilizing transformation of counts was done for principal component 
analysis (PCA). Genes were regarded differentially expressed with a log2 Fold change > 1 
and a Benjamini-Hochberg adjusted p-value of < 0.05. Table S4 and S5 provide normalized 
expression of genes for each sample and results of differential gene expression analysis for LPS 
and EAE experiments.

Weighted gene co-expression network analysis (WGCNA)

After filtering of low expressed genes as above, variance stabilizing transformed counts were 
used as input for WGCNA (v1.69) (Langfelder and Horvath, 2008). Genes with zero variance 
and missing values were excluded before constructing a signed network using dissimilarities 
of topological overlap matrix. Modules with a minimum size of 30 genes were constructed 
and merged with a threshold of 0.25. Module trait correlation was regarded significant with 
a p-value < 0.05.

Enrichment for biological processes and transcription factors

To determine potential biological processes and transcription factors associated with genes in 
WGCNA modules and differentially expressed genes, enrichr (v3.0) (Chen et al., 2013) was 
used to perform an enrichment analysis for gene ontology biological processes, molecular 
signatures database hallmarks, and ENCODE/ChEA transcription factor targets.

Primary neonatal mouse microglia culture

Primary neonatal mouse microglia cultures were generated from P0-3 pups as previously 
described (Schaafsma et al., 2015; Borggrewe et al., 2018). After removal of meninges and 
cerebellum, the cerebrum was minced and incubated in HBSS containing 0.6% glucose, 
1x DNase (Sigma-Aldrich, DN25), 0.25% trypsin (Lonza, BE02007E), 1% penicillin-
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streptomycin (Gibco, 15140122), and 15 mM HEPES (Lonza, BE17-737E) for 20 min. The 
solution was mechanically dissociated further and centrifuged at 230 g for 10 min. Cells 
were plated in flasks in DMEM (Gibco, 1500416) containing 1 mM sodium pyruvate (Lonza, 
BE13-115E), 1x GlutaMAX (Gibco, 35050038), 1% penicillin-streptomycin, and 10% FCS 
(Gibco, 10500064) (microglia medium). Medium was replaced after 1, 4, and 6 days. After 
9 days, medium was replaced with fresh medium containing 33% L929 cell-conditioned 
medium that contains M-CSF to stimulate microglia proliferation. Microglia were harvested 
after 2 days by mitotic shake-off and seeded at 30,000 cells/cm2 in experimental plates. For 
deletion of VISTA, primary microglia cultures were prepared from pups of Cx3cr1creERT2/

WT VISTAloxP/loxP mice. After mitotic shake-off, microglia were treated with 0.1 mM (Z)-4-
hydroxytamoxifen (Sigma-Aldrich, H7904) or 0.01% ethanol for 24 h and left to rest for 48 h 
in microglia medium. Subsequently, microglia were used for phagocytosis assay (see below) 
or stimulated for 5 h with 100 ng/ml Pam3CSK4 (Invivogen, #tlrl‐pms), 100 ng/ml LPS (E. 
coli 0111:B4, Sigma‐Aldrich, L4391), 50 μg/ml polyI:C (Invivogen, #tlrl‐pic), 10 μg/ml beta-
glucan (Sigma-Aldrich, G5011), 10 ng/ml IL1b (Peprotech, 400-18), 10 ng/ml TNFalpha 
(Peprotech, 400-14), 10 ng/ml IL10 (Peprotech, 400-19), 20 mg/ml IL4 (Peprotech, 400-04), 
10 ng/ml TGFbeta (Peprotech, 100-16), or mouse myelin (see below).

Induction of early apoptotic Jurkat cells

Jurkat human T cell line was kindly provided by Prof. J. Smit (UMCG) and cultured in RPMI 
(Gibco, 21875034) supplemented with 10% FBS, 1x penicillin-streptomycin, and 1 mM 
sodium pyruvate. Apoptosis induction for phagocytosis assay (described below) was done on 
the day of performing the assay as previously described (Ayata et al., 2018). Jurkat cells were 
collected at 1*106 cells/mL in medium and treated with 1 mM staurosporine (Sigma-Aldrich, 
S5921) for 4 h. To verify induction of apoptosis, Jurkat cells were labelled with Annexin V/
propidium iodide (Biolegend, 640914) according to manufacturer’s instructions and analyzed 
on a MacsQuant (Miltenyi Biotec). After 4 h of staurosporine exposure, >90% of cells were 
early apoptotic (Fig. S6D).

Myelin isolation

Myelin from 10 week old C57BL/6 mouse whole brains was isolated as described previously 
(Norton and Cammer, 2013) with minor adjustments. Whole brains were mechanically 
dissociated in HBSS containing 0.6% glucose and 15 mM HEPES and centrifuged in 24.4% 
percoll at 950 g for 20 min. The upper layer containing myelin was collected, diluted 1:3 in 
HBSS, and centrifuged at 950 g for 15 min. The pellet was resuspended in 0.32 M sucrose and 
a layer of 0.85 M sucrose was carefully added on top. The solution was centrifuged at 75,000 g 
for 30 min at 4°C and the cloudy interphase between the two sucrose layers was collected and 
resuspended in Milli-Q water. After centrifugation at 75,000 g for 30 min at 4°C, the pellet 
was washed twice by resuspending in Milli-Q water and centrifuging at 13,500 g for 15 min at 
4°C. As before, the pellet was resuspended in 0.32 M sucrose and 0.85 M sucrose was added 
on top before centrifuging at 75,000 g for 30 min at 4°C and collecting the cloudy interphase. 
The interphase was diluted in Milli-Q and centrifuged at 75,000 g for 15 min at 4°C and the 
remaining pellet containing pure myelin was resuspended in 1 mL sterile PBS. The Pierce BCA 
protein assay kit (Thermo Scientific, 23225) was used to determine the myelin concentration.
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Phagocytosis assay

Fresh early apoptotic Jurkat cells (EAJ) and mouse myelin were labelled with pHrodo Red 
succinimidyl ester (Invitrogen, P36600) according to manufacturer’s instructions. Briefly, 
10*106 EAJ cells/mL or 1 mg/mL mouse myelin was mixed with 0.1 mg/mL pHrodo Red 
succinimidyl ester and incubated for 1 h at RT with intermittent mixing. Labelled compounds 
were diluted in cold PBS and centrifuged before resuspending the pellet in DMEM containing 
1 mM sodium pyruvate, 1x GlutaMAX and 1% penicillin-streptomycin (quiescence medium).

Primary neonatal mouse microglia were stimulated with LPS or PBS 5 h prior to the addition 
of phagocytosis compounds. Microglia were pretreated with 10 mM cytochalasin D (Sigma-
Aldrich, C8273) to inhibit phagocytosis or with 0.1% DMSO before adding 20 mg/mL 
pHrodo-labelled myelin, 20 mg/mL pHrodo red E. coli BioParticles (Invitrogen, P35361), 
and pHrodo-labelled EAJ at equal numbers as seeded microglia. PHrodo signal was detected 
every 15 min over 12 h using an IncuCyte Live Cell Analysis System (Sartorius).

RT-qPCR

Total RNA from primary neonatal mouse microglia was isolated using TRIzol (Invitrogen, 
15596018) and cDNA was generated using RevertAid First Strand cDNA Synthesis Kit 
(ThermoFisher, K1622) according to manufacturer’s instructions. Quantitative PCR was done 
using iTag Universal SYBR Green Super-Mix (Bio-Rad, 1725125) and exon-exon spanning 
primers on a QuantStudio 7 Flex (ThermoFisher). Primer pairs used were for VISTA (fwd: 
5’- AACAA CGGTT CTACG GGTCC; rev: 5’-CGTGA TGCTG TCACT GTCCT), Tnf (fwd: 
5’- TCTTC TGTCT ACTGAA CTTCGG; rev: 5’- AAGAT GATCT GAGTGT GAGGG), Ccl2 
(fwd: 5’-TCAGC CAGAT GCAGT TAACG; rev: 5’-CTGGT GATCC TCTTG TAGCTC), and 
Hprt1 (fwd: 5’-ATACA GGCCA GACTTT GTTGGA; rev: 5’-TGCGC TCATCT TAGGC 
TTTGTA).

Flow cytometry

Primary neonatal mouse microglia were detached using accutase (Sigma-Aldrich, A6964) 
for 10 min at 37°C and resuspended in HBSS without phenol red containing 15 mM HEPES, 
0.6% glucose, and 1 mM EDTA. Microglia were blocked using anti-CD16/32 (5 mg/ml) for 15 
min at 4°C and stained with anti-VISTA-PE (20 mg/ml) for 30 min at room temperature (RT). 
Microglia were analyzed on a MacsQuant (Miltenyi Biotec).

Immunohistochemistry

Immunohistochemical staining was performed on formalin-fixed paraffin-embedded (FFPE) 
(human) or paraformaldehyde-fixed frozen (FF) (mouse) tissue. FFPE tissue was deparaffinized 
in xylene (J.T. Baker, 9490) and rehydrated. FF tissue was dried in an exsiccator. Heat-induced 
epitope retrieval was performed in a microwave in sodium citrate (pH=6.0) using a pressure 
cooker. Endogenous peroxidase activity was blocked for enzymatic immunohistochemistry 
using 0.3% hydrogen peroxide for 30 min. Mouse tissue was additionally blocked 1 h in 5% 
normal serum. Antibodies were diluted in PBS containing 0.1% Triton-X (mouse) and 1% 
normal serum, or in Normal Antibody Green Bright Diluent (human) (ImmunoLogic, BD09-
500). Antibodies used were anti-VISTA (clone D1L2G, Cell Signaling, #64953), anti-IBA1 
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(polyclonal, Wako, 019-19741), anti-HLA-DR (clone LN3, eBioscience, 14-9956-82), anti-
PLP (clone plpc1, Bio-Rad, MCA839G), anti-CD68 (clone PG-M1, Dako, M0876), and anti-
TMEM119 (polyclonal, Atlas Antibodies, HPA051870). Biotinylated secondary antibodies 
(Vector, BA-1000 and BA-2001) were applied for 1 h at RT. Vectastain Elite ABC-HRP (Vector, 
PK-6100) was applied and immunoreactivity was revealed using 3,3’-diaminobenzidine 
(DAB).

Microglia morphological analysis

Mouse tissue was stained with anti-IBA1 and slides were scanned on a NanoZoomer Digital 
Pathology System (Hamamatsu Photonics) with a 40x objective. An analysis tool was 
developed (Heng et al., 2021; Zhang et al., 2021) to evaluate 27 microglia morphological 
features. Briefly, images of at least 20 randomly selected individual microglia in cortex per 
mouse were processed to obtain cell silhouette images using semi-automated thresholding. 
Following thinning and pruning of branch areas to obtain cell skeletons, branch endings 
(end nodes), branch crossings (junctions) and all branchpoints going out from the cell soma 
(start nodes) were marked. Cell silhouettes and skeletons were used for fully automated 
morphological analysis including Sholl analysis and 23 other morphometric features. A non-
supervised clustering algorithm was used to identify microglia subpopulations based on 
morphology. To this end, morphometric features were normalized and scaled before reducing 
the dimensionality using principal component analysis (PCA). Hierarchical clustering using 
Ward’s method was used to determine the top-contributing PC with an eigenvalue > 1. 
Morphometric features of individual cells are provided in Table S2.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (v8.4.0). The type of statistical test 
used is indicated in the figure legends. Values of p < 0.05 were considered significant: *p < 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary materials
Excel file containing Tables S1 to S5 can be accessed at doi: 10.5281/zenodo.4564511

Table S1. Information on MS patients

Table S2. Morphometric features of individual cells

Table S3. Genes in published microglia gene sets

Table S4. Normcounts and differential gene expression in LPS experiment

Table S5. Normcounts and differential gene expression in EAE experiment
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Figure S1. MS lesion staging based on PLP and HLA-DR expression. Representative images of PLP 
and HLA-DR expression which were used for lesion staging based on degree of demyelination (PLP) 
and inflammation (HLA-DR) (Van Der Valk and De Groot, 2000; Van Der Valk and Amor, 2009; 
Kuhlmann et al., 2017).

Figure S2 (next page). VISTA expression in MS lesion stages correlates with expression of microglia 
markers IBA1 and TMEM119. (A-C) Representative images of in situ expression of IBA1 (A), TMEM119 
(B), and CD68 (C) in MS lesion. (D-F) Quantification of positive areas of IBA1 (D), TMEM119 (E), 
and CD68 (F) in MS lesions. At least 3 images were randomly selected from each lesion and the area 
positive for VISTA was measured. Boxes indicate median and lower and upper quartiles, whiskers show 
min/max, and outliers are indicated by points (n=5 for each lesion). Statistical analysis performed was 
a Wilcoxon signed-rank test comparing lesions to normal-appearing areas with Benjamini-Hochberg 
correction for multiple comparisons. (G) Correlation of CD68, HLA-DR, TMEM119, IBA1, and VISTA 
expression in all MS lesion stages using linear regression. ns = not significant, *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001
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Figure S3. Conditional VISTA KO in microglia is stable and effective. (A-B) VISTA surface 
expression (A) and mRNA expression (B) in microglia (DAPIneg CD11bpos CD45int Ly6Cneg) isolated 1.5 
months, 3 months, and 6 months after oil or tamoxifen treatment of Cx3cr1creERT2/WT VISTAloxP/loxP mice. 
Error bars indicate mean ± s.d. (n=3-4). Statistical analysis performed was a one-way ANOVA with 
Bonferroni correction for multiple comparisons. (C) VISTA surface expression in WT and VISTA KO 
brain microglia (DAPIneg CD11bpos CD45int Ly6Cneg) after oil or tamoxifen treatment respectively and 
after PBS or LPS injection. Error bars indicate mean ± s.d. (n=5). Statistical analysis performed was a 
one-way ANOVA with Bonferroni correction for multiple comparisons.

Figure S4 (next page). VISTA KO does not affect the induction of microglia LPS response genes, and 
two WGCNA modules correlate with genotype. (A) PCA of VISTA WT and KO microglia after PBS 
and LPS injection. (B) Average expression of our published gene set upregulated in microglia after LPS 
(Gerrits et al., 2020) across all samples. (C) LogFC of Tnf (left) and Ccl2 (right) expression in primary 
neonatal mouse microglia after stimulation with various inflammatory mediators comparing tamoxifen-
treated (VISTA KO) and ethanol-treated (VISTA WT) microglia. Error bars indicate mean ± s.d. (n=2-
5). Statistical analysis performed was a one sample t test. (D) Correlation of Module Eigengenes with 
genotype (VISTA KO-WT) and condition (LPS-PBS). Color indicates Pearson R and numbers indicate 
p-value. (E) Gene ontology biological processes (red bars), molecular signatures database hallmark 
(blue bars), and ENCODE/CHEA transcription factors (green bars) associated with genes in WGCNA 
modules that significantly correlate with genotype: steelblue (left) and paleturquoise (right).
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Figure S5 (previous page). VISTA KO efficiency in spinal cord microglia and effects of VISTA 
KO on microglia EAE signature. (A-B) Percentage of VISTApos microglia (DAPIneg CD11bpos CD45int 
Ly6Cneg) (A) and geometric mean fluorescence intensity of VISTA in microglia (B) in spinal cord 
VISTA WT and KO microglia during EAE. Error bars indicate mean ± s.d. (n=5). Statistical analysis 
performed was a two-way ANOVA with Sidak’s correction for multiple comparisons. ****p < 0.0001 (C) 
PCA of VISTA WT and KO microglia at different stages of EAE. (D) Average expression of published 
gene sets upregulated in microglia after EAE (Wlodarczyk et al., 2017) across all samples. (E) Venn 
diagram illustrating overlap in uniquely upregulated (top) and downregulated (bottom) genes in VISTA 
KO microglia after LPS (brain; red) and during all stages of EAE (spinal cord; green). (F) Correlation 
of module Eigengenes with genotype (VISTA KO-WT) and condition (EAE stages). Color indicates 
Pearson R and numbers indicated p-value. (G) Average expression of published gene sets associated 
with distinct microglia functions across all samples (Hickman et al., 2013; Keren-Shaul et al., 2017; 
Krasemann et al., 2017; Hammond et al., 2019; Sierksma et al., 2020). Information of gene sets can be 
found in Table S3.

Figure S6. VISTA KO efficiency in primary neonatal mouse microglia and apoptosis induction in 
Jurkat cells. (A,C) VISTA (A) and Tnf (C) mRNA expression in Cx3cr1creERT2/WT VISTAloxP/loxP primary 
neonatal mouse microglia after 24 h incubation with different concentrations of 4-hydroxytamoxifen 
and 24 h resting period measured by RT-qPCR and normalized to Hprt1. Error bars indicate mean ± s.d. 
(n=1-4). Statistical analysis performed was a one-way ANOVA with Dunnett’s correction for multiple 
comparisons comparing 4-hydroxytamoxifen-treated groups to EtOH control. (B) VISTA surface 
expression on Cx3cr1creERT2/WT VISTAloxP/loxP primary neonatal mouse microglia after 24 h incubation 
with different concentrations of 4-hydroxytamoxifen and 24 h resting period (n=2). (D) Percentage of 
alive (AnnexinVneg/PIneg), early apoptotic (AnnexinVpos/PIneg), and late apoptotic/necrotic (AnnexinVpos/
PIpos) Jurkat cells after 1-4 h incubation with 1 µM staurosporine and representative FACS plot of Jurkat 
cells after 4 h staurosporine incubation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, EtOH = 
Ethanol, Tam = 4-hydroxytamoxifen, PI = Propidium iodide
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Chapter 7

Preface
Multiple sclerosis (MS) is characterized by complex pathological processes that depend on the 
interplay between different central nervous system (CNS)-resident cell types and peripheral 
immune cell subsets. The exact cause of MS remains unknown and treatment does not fully 
arrest the disease. The immune system undergoes changes from development, through 
adolescence, to adulthood, ageing, and disease. Early perturbations during development 
may affect the immune system later in life, and changes in immunity during adulthood could 
contribute to diseases such as MS. Immune responses in the CNS depend on crosstalk between 
CNS-resident cell types and peripheral immune cells, which requires soluble mediators as 
well as receptors. Immune checkpoints are essential immune-modulating receptors such 
as the negative checkpoint regulator (NCR) V-type immunoglobulin domain-containing 
suppressor of T-cell activation (VISTA) and understanding their role in cell-cell contact and 
MS will support the development of novel therapeutic interventions.

In this chapter, the development of human microglia with regard to their immune function 
and how it might correlate to immune perturbations during development and potentially 
during MS is discussed. The role of astrocytes at different stages of experimental 
autoimmune encephalomyelitis (EAE) and MS and their crosstalk with microglia is 
evaluated. Finally, VISTA expression and function in microglia and during MS and other 
CNS disease is examined and the potential of VISTA as a novel therapeutic target is discussed. 
To this end, this chapter is divided into four main parts. Experimental chapters 2, 3, and 4-6 
are individually summarized, discussed, and future prospects are provided. 

Microglia in neurodevelopment
In chapter 2, microglia during human fetal development from gestational week (GW) 9 to 
18 were characterized using a combination of single cell gene expression profiling (single 
cell mRNA sequencing; scRNAseq) and chromatin accessibility assays (assay for transposase-
accessible chromatin using sequencing; ATACseq). During early stages of development 
(GW<13), microglia exhibited a gene expression profile reminiscent of an immune-activated 
and phagocytic phenotype that was previously associated with neurodegeneration (Holtman 
et al., 2015; Keren-Shaul et al., 2017; Krasemann et al., 2017). As microglia matured during 
fetal development (GW>13), this activated, disease-associated profile declined, and a more 
homeostatic phenotype emerged. This emerging homeostatic subtype was similar to adult 
microglia and expresses sensome genes, a set of genes that encode for receptors involved 
in environmental sensing (Hickman et al., 2013). These receptors are essential for microglia 
immune surveillance, rendering microglia during early fetal development (GW>13) capable 
of sensing their environment. Microglia chromatin accessibility increased with increasing 
age and the DNA fragments underlying accessible regions were enriched for binding motifs 
of transcriptions factors (TF) associated with microglia from adult individuals. Thus, gene 
expression and chromatin accessibility profiles both demonstrate that early during fetal 
development (GW>13) microglia obtain an adult-like, immune surveillance signature, which 
may render microglia vulnerable towards environmental perturbations at these early stages 
of pregnancy.
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General discussion and future perspectives

Emergence of immune-surveilling microglia early in human fetal 
development

The main function of microglia in the healthy adult CNS is to scan their environment, sense 
potential perturbations, and restore homeostasis. To this end, microglia express a plethora 
of receptors that are collectively called the sensome, which includes genes associated with 
homeostatic adult microglia including P2RY12, CSF1R, TMEM119, CX3CR1, and VISTA 
(Hickman et al., 2013). These receptors respond to cellular components (e.g. ATP), secreted 
factors (e.g. cytokines and growth factors), or interact directly with receptors on other cells. 
Hence, the sensome is responsible for the immune-surveilling properties of microglia. 
Although the sensome was initially described for adult mouse microglia, similar genes 
are enriched in adult human microglia (Galatro et al., 2017; Gosselin et al., 2017). During 
ageing and disease, microglia downregulated sensome genes, which is associated with an 
immune-activated or phagocytic phenotype (Hickman et al., 2013; Keren-Shaul et al., 2017; 
Krasemann et al., 2017). Microglia are dysfunctional during neuroinflammation, since they 
cannot properly respond to environmental challenges and are unable to restore homeostasis. 
In early fetal human development (GW<13), microglia exhibit an activated/phagocytic 
transcriptional profile similar to the one observed in neurodegenerative diseases (NDD) 
and neuroinflammatory diseases, and these microglia do not abundantly express sensome 
genes (Chapter 2). These findings suggest that early fetal microglia (GW<13) do not yet fully 
exhibit the functionalities of microglia in the healthy adult CNS but are more involved in 
processes similar to those in neurodegeneration and inflammation. These processes may 
include phagocytosis, which is essential for neurogenesis and oligogenesis to clear apoptotic 
cells (Marín-Teva et al., 2004; Wakselman et al., 2008; Sierra et al., 2010; Cunningham et 
al., 2013). Therefore, microglia at this stage of development are not yet capable and likely 
not required to surveil their environment and respond to intruders or perturbations. From 
GW13 onwards in human fetal development, microglia start expressing sensome genes and 
exhibit transcriptional and regulatory profiles similar to microglia from juvenile and adult 
individuals (Chapter 2). It is important to note that this transition occurs quite early during 
fetal development at GW>13 (Chapter 2). The emergence of immune-sensing microglia 
implies that microglia obtain the capacity to respond to environmental changes already early 
during pregnancy which in turn will affect the entire CNS. These environmental perturbations 
could be infections, disrupted developmental processes, or fever, and microglia responses 
may lead to perturbed CNS development or dysfunctional microglia development which can 
affect the adult CNS (Tay et al., 2018).

Role of microglia in normal and perturbed CNS development

CNS development is an intricate process and perturbations due to environmental challenges 
can have severe consequences leading to neurodevelopmental disorders. Fevers and maternal 
infections during pregnancy are associated with increased risk of developing autism spectrum 
disorders (ASD), intellectual and learning disability, hyperactivity disorder, preeclampsia, 
and schizophrenia (Prinz and Priller, 2014; Prins et al., 2018; Tay et al., 2018). The fetus is 
most vulnerable in the second trimester of pregnancy, since fever and maternal infections at 
GW>12 particularly increase the risk of developing ASD (Hornig et al., 2018; Croen et al., 
2019). This developmental period overlaps with the emergence of immune-sensing microglia 
(Chapter 2), indicating that perturbances of CNS development are associated with microglia 
responses towards fever and infections. During normal CNS development, microglia are 
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involved in neurogenesis, synaptogenesis, oligogenesis, and synaptic pruning (Tay et al., 2018; 
Cheadle et al., 2020; Diaz-Aparicio et al., 2020). Microglia reduction or depletion leads to 
dysfunctional synaptic transmission due to impaired synaptic pruning (Paolicelli et al., 2011; 
Squarzoni et al., 2014; Zhan et al., 2014). The emergence of immune-sensing microglia that can 
respond to fever and infections during pregnancy could cause issues in microglia- and CNS 
development. Perturbation of microglia during development could be long-lasting and affect 
microglia and the CNS later in life. An immune response of fetal microglia towards infections 
may also lead to inflammation, potentially perturbing CNS development. Furthermore, an 
inflammatory challenge during pregnancy can disrupt developmental microglia functions 
such as neurogenesis and synaptic pruning, which may result in perturbed CNS development 
and neurological issues later in life. Immune-surveilling properties of GW>13 microglia 
during human fetal development (Chapter 2) enable microglia responses towards infection 
and fever and may cause perturbed CNS development and have long-lasting consequences 
on CNS integrity.

Similar to fever and infections during pregnancy in humans, the offspring in mice after 
maternal immune activation (MIA) using poly I:C (toll-like receptor 3; TLR3) is prone to 
developing repetitive behavior such as self-grooming, schizophrenic-like and autism-like 
behavior, and impaired social interaction and memory (Choi et al., 2016; Mattei et al., 2017; 
Ikezu et al., 2020). Concomitantly, microglia from embryos and adult offspring after MIA 
exhibit altered transcriptional profiles and a pro-inflammatory phenotype with decreased 
phagocytic ability, suggesting long-lasting effects of perturbed CNS development (Mattei et 
al., 2017; Antonson et al., 2019; Ikezu et al., 2020). Depleting and repopulating microglia 
after MIA using CSF1R inhibitors abrogates behavioral abnormalities and restores microglia 
expression profiles (Ikezu et al., 2020), suggesting that microglia responses and changes during 
perturbed CNS development are involved in neurodevelopmental disorders. Interestingly, 
autism-like behavior in MIA offspring is also dependent on maternal IL17a (Choi et al., 
2016), indicating a role for T helper (Th) 17 cells. Thus, multiple immune cell types of the 
CNS and the periphery and their potential crosstalk may be involved in neurodevelopmental 
disorders after prenatal infections and fever. Since human fetal microglia upregulate 
immune-surveillance genes including receptors involved in T-cell activation such as VISTA, 
a communication between microglia and T-cells at this gestational age (GW>12) is possible 
and may be involved in the vulnerability of the developing CNS towards perturbations.

Microglia development and implications for MS

Multiple studies have linked perturbed CNS development to a variety of neurodevelopmental 
disorders (Prinz and Priller, 2014; Prins et al., 2018; Tay et al., 2018) as described above, and 
the emergence of immune-surveilling microglia in human coincides with the critical phase 
during pregnancy in which the fetus is most vulnerable (GW>12) (Chapter 2) (Hornig et al., 
2018; Croen et al., 2019). It is still unclear whether disturbances during fetal CNS development 
can affect the risk of developing other CNS diseases including MS and how microglia might 
be involved.

In mice, EAE disease onset is earlier and disease progression is more severe in adult offspring 
after MIA using lipopolysaccharide (LPS) (TLR4) or poly I:C (TLR3) (Solati et al., 2012; Mandal 
et al., 2013; Zager et al., 2015). Concomitantly, macrophage and T-cell infiltration is increased 
in EAE mice after MIA (Zager et al., 2015), especially of Th17 cells (Mandal et al., 2013). In 
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humans, caesarean delivery and prenatal exposure to pesticides may be associated with an 
increased risk of developing pediatric MS (Graves et al., 2017). The risk for MS may also be 
increased in case of maternal obesity, diabetes, and use of diethylstilbesterol (Gardener et al., 
2009), a synthetic estrogen formerly used to prevent miscarriages. These epidemiological data, 
however, should be treated with much caution, since only two studies are available (Gardener 
et al., 2009; Graves et al., 2017), both featuring limited statistical power likely owing to a low 
number of cases (<1,000). A Danish study including more than 1.5 million individuals found 
that children from mothers with pregestational diabetes mellitus had a 2.3-fold increased risk 
for developing MS (Nielsen et al., 2020).

Not only environmental factors but also genetic predisposition, which may affect microglia 
development, can link the risk for MS with perturbed microglia and CNS development. A 
rare genetic disorder called hereditary diffuse leukoencephalopathy with axonal spheroids 
(HDLS) links disrupted microglia development to demyelinating disease. HDLS is a rare 
genetic disease with adult onset characterized by demyelination, cerebral white matter (WM) 
degeneration, and axonal spheroids (Nicholson et al., 2013; Saitoh et al., 2013), an accumulation 
of axonal cytoplasm due to interrupted axonal transport. HDSL shares pathological features 
of MS including WM and grey matter (GM) demyelination and HDSL can be misdiagnosed 
as primary progressive MS (Saitoh et al., 2019). In most cases of HDLS, the disease is caused 
by a mutation in the CSF1R gene (Nicholson et al., 2013; Saitoh et al., 2013). CSF1 signaling 
is essential for neurodevelopment, microglia maturation, and survival (Erblich et al., 2011), 
and mutations in CSF1R may cause disrupted myelination during development and myelin 
maintenance in adulthood (Saitoh et al., 2013). Hence, perturbed microglia development 
may cause improper myelination during neurodevelopment and could increase the risk for 
developing demyelinating diseases such as MS later in life.

Genetic risk factors for MS have been analyzed extensively using GWAS and the latest 
study reported 233 genetic associations, single nucleotide polymorphisms (SNP), with MS 
susceptibility (Patsopoulos et al., 2019). These 233 SNP were associated with 551 putative MS 
susceptibility genes using cis-expression quantitative trait loci (cis-eQTL) analysis employing 
published eQTL datasets (Patsopoulos et al., 2019). Of note, these genes do not necessarily 
represent real MS susceptibility genes, as an eQTL is not always influenced by a single SNP, 
but potentially by multiple causal variants including environmental factors. Hence, functional 
studies are required to validate these putative MS susceptibility genes. The majority of putative 
MS susceptibility genes are associated with immune functions including adaptive immunity 
and cytokine production (Patsopoulos et al., 2019). Thirty-two SNP are associated with major 
histocompatibility complex (MHC) genes (Patsopoulos et al., 2019). Analyzing the expression 
of the genes associated with these 233 SNP in CNS cell types revealed that expression 
is enriched in microglia, but not neurons or astrocytes, pointing to an important role for 
microglia in MS susceptibility (Patsopoulos et al., 2019). During fetal microglia development, 
expression of a subset of these putative MS susceptibility increases with increasing age. These 
genes include immune-related genes such as genes involved in T-cell activation (e.g. MHC), 
genes involved in phagocytosis (e.g. MERTK), and genes related to IFN and TNF signaling 
(Chapter 2). Perturbed microglia development may alter expression of certain putative MS 
susceptibility genes long-term, potentially resulting in a microglia phenotype that contributes 
to MS susceptibility.

In summary, perturbed CNS development may affect microglia long-term, thereby enhancing 
the risk for developing MS during adulthood. These findings are observational and speculative 
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at this point, but highlight an unexplored potential relationship between disrupted microglia 
and CNS development and the risk for MS. Additional detailed analysis and future studies are 
warranted to further substantiate this hypothesis.

Microglia in neurodevelopment: future perspectives

In chapter 2, the first study reporting on human fetal microglia development is presented 
which yielded unexpected results of potential high relevance for fetal CNS development.

We isolated microglia from fetuses of GW9 to 18, which roughly covers the first half of human 
development. It would be highly valuable to study microglia development from conception 
to birth including embryonic stages (conception to GW9), late fetal stages (GW18 to birth), 
and early infancy. Characterizing microglia during the full developmental period will help 
to understand normal and perturbed CNS development, and potentially the development of 
neurodevelopmental disorders. Our current knowledge on human microglia development 
is based on scRNAseq but uses bulk microglia populations to assess chromatin accessibility 
(Chapter 2). Gaining more insights into heterogeneity in transcriptional regulation using 
single cell ATACseq and protein expression using, for example, CyToF, would greatly enhance 
our understanding of microglia development and developmental heterogeneity. Access to 
fresh tissue of very early and late GW fetuses is difficult and samples are very limited due to 
technical and ethical constraints. For ATACseq and RNAseq, an alternative approach could 
be the use of nuclei isolated from frozen tissue, which is still scarce but more readily available 
than fresh tissue.

We defined multiple developmental microglia subtypes in chapter 2, but functional 
annotation is largely based on transcriptional profiles, chromatin accessibility, and in situ 
protein expression. Due to lack of availability and small tissue sizes, in situ analyses are 
limited. Resolving the anatomical locations of microglia subtypes in the developing CNS, 
e.g. using spatial transcriptomics or in situ sequencing, will provide more insight into the 
developmental mechanisms that these subtypes could be involved in (e.g. phagocytosis of 
apoptotic cells in neurogenic areas). To further define these subtypes, they can be isolated to 
determine their function in vitro using assays to test their phagocytic ability and their ability 
to respond to pathogens and other foreign compounds. Alternatively, induced pluripotent 
stem cells (iPSC) offer another technology to test the function of these subtypes. Human 
iPSC-derived microglia can be generated efficiently in vitro and resemble human microglia 
transcriptionally and functionally (Abud et al., 2017). Furthermore, iPSC-derived microglia 
or iPSC-derived hematopoietic progenitors can be transplanted into transgenic mice, where 
they display a phenotype similar to human microglia (Abud et al., 2017; Hasselmann et al., 
2019; Xu et al., 2020). These technologies offer a powerful tool to study human microglia 
genes in vivo. Genes or transcriptional regulators that are highly expressed in distinct 
developmental microglia subtypes could be depleted in iPSC followed by functional assays 
in vitro or in vivo. Assessing the function of these developmental microglia subtypes will 
provide insights into the dynamics of CNS development.

Chapter 2 focuses on microglia during normal CNS development and our findings may have 
implications for perturbed CNS development and resulting neurodevelopmental disorders 
and neurological deficits later in life. To further dissect the role of microglia in perturbed 
CNS development, it will be essential to characterize microglia of fetuses with impaired 
development. For example, miscarriages may occur due to perturbed CNS development after 
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infections, fever, or endogenous impaired development. Studying microglia during impaired 
development may provide novel strategies to counteract neurodevelopmental disorders.

In addition to neurodevelopmental disorders, it is interesting to assess whether perturbed 
CNS or microglia development increases the risk for developing CNS diseases such as MS later 
in life. As discussed above, there is limited epidemiological evidence and thus a link between 
MS and disrupted CNS development is not yet conclusive. Our novel analyses of genetic MS 
risk factors in conjunction with microglia development indicates that CNS and microglia 
development could play a role in MS risk later in life; however, epidemiological studies with 
large cohorts are required to provide more solid evidence that perturbed microglia or CNS 
development is associated with MS susceptibility. In addition to epidemiological studies, MIA 
offers an animal model that allows testing of this hypothesis. Analyzing the effect of MIA on 
the susceptibility and progression of MS by using EAE, cuprizone, or other MS models could 
elucidate whether perturbed CNS development increases the risk for MS. Furthermore, to 
assess the role of microglia in the long-term effect of perturbed CNS development on MS 
susceptibility, microglia could be isolated after MIA and EAE/cuprizone in offspring and 
assessed using transcriptional profiling, chromatin accessibility, proteomics, and functional 
assays such as myelin phagocytosis and inflammatory responses.

Astrocytes and their interaction with microglia in 
MS
Chapter 3 addressed astrocyte heterogeneity based on anatomical regions and two surface 
receptors ACSA-2/ATP1B2 and GLAST/SLC1A3, and differential transcriptional responses 
of astrocyte subtypes during EAE were characterized. Astrocytes exhibited considerable 
heterogeneity, both interregional (forebrain, hindbrain, spinal cord) and intraregional 
(GLASTpos, GLASTneg). Expression of GLAST distinguished transcriptionally distinct 
astrocyte subtypes, which were particularly different within the hindbrain. GLASTpos 
hindbrain astrocytes shared transcriptional features and anatomical location of Bergmann 
glia, which are specialized astrocytes of the cerebellar cortex. During EAE, hindbrain and 
spinal cord astrocytes acquired non-overlapping gene expression changes, demonstrating 
distinct transcriptional responses during neuroinflammation. Particularly spinal cord 
astrocytes were affected during EAE, which is likely due to the fact that most pathological 
changes occur in this anatomical region. During initial and acute phases of EAE, spinal 
cord astrocytes obtained a reactive phenotype similar to LPS-stimulated, neurotoxic (also 
called A1) astrocytes previously associated with infection and neurodegenerative diseases 
(Liddelow et al., 2017). These reactive astrocytes downregulated genes involved in blood-
brain barrier (BBB) maintenance and neuronal support and upregulated MHC-II, suggesting 
a loss of homeostatic astrocyte function and an involvement in (re)activation of infiltrating T 
cells during EAE. In the chronic EAE phase, this reactive transcriptional profile was reduced 
and spinal cord astrocytes upregulated proliferation markers. Astrocyte proliferation in these 
stages promotes glial scar formation in an effort to promote regeneration and to shield healthy 
tissue from spreading damage such as cell debris, damage-associated molecular patterns, and 
inflammatory cells. Glial scars, however, can also inhibit regeneration and should therefore 
not be viewed binary as only beneficial or detrimental (Bradbury and Burnside, 2019).
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Different roles of astrocytes in distinct stages of EAE and MS

Astrocytes were initially thought to only play a role at late stages of lesion development 
during MS by forming scar tissue, however, it is now appreciated that they are also involved 
in early lesion development (Brosnan and Raine, 2013). The exact role of astrocytes at 
different stages of lesion development and how they contribute to lesion formation is just 
beginning to emerge. Research on neuromyelitis optica (NMO) underlines the importance of 
astrocytes in demyelination and lesion-formation. NMO is an autoimmune disease caused by 
autoantibodies which leads to demyelination of the optic nerve and nerve fibers in the spinal 
cord. A common autoantibody found in NMO targets AQP4, a water channel expressed by 
astrocytes, and the autoimmune response against astrocytes can cause demyelination and the 
formation of lesions similar to those observed in MS (De Parratt and Prineas, 2010). It is 
unclear whether astrocytes are also implicated in demyelination in MS. In our EAE study 
presented in chapter 3, astrocytes acquire two different phenotypes: a highly reactive profile 
at early and acute stages, and a less reactive and more proliferative profile in late stages.

The reactive profile observed in early and acute stages of EAE is characterized by a 
transcriptional profile similar to LPS-stimulated (A1) reactive astrocytes, which were 
previously associated with a neurotoxic phenotype (Zamanian et al., 2012; Liddelow and 
Barres, 2017; Liddelow et al., 2017; Clarke et al., 2018). These reactive astrocytes in early 
and acute EAE lose their homeostatic signature including a reduction in expression of genes 
involved in cholesterol synthesis, BBB, and neuronal-support (Chapter 3). Facilitated entry 
of immune cells from the blood to the CNS via the BBB is a hallmark of MS (Compston and 
Coles, 2008; Dendrou et al., 2015; Thompson et al., 2018). Astrocytes are directly involved in 
forming the BBB as their end feet cover the endothelial layer, which is called the glia limitans. A 
downregulation of BBB genes in reactive astrocytes (Chapter 3) may facilitate transmigration 
of immune cells from the blood to the CNS. During MS (and NMO), many astrocytic end 
feet are lost or retracted and thus do not cover the entire endothelial layer (De Parratt and 
Prineas, 2010; Brosnan and Raine, 2013), likely rendering the BBB more accessible for cellular 
transmigration. A loss of cholesterol synthesis and lactate metabolism genes observed in 
reactive astrocytes during early and acute EAE (Chapter 3) may amplify oligodendrocyte 
and neuronal damage. Trophic support is a major task of astrocytes and is required for proper 
neuron and oligodendrocyte function. Especially oligodendrocyte death occurs early in MS 
lesion development and is caused by inflammation and resulting demyelination. A lack of 
trophic support by astrocytes likely further exacerbates oligodendrocyte damage, as restoring 
cholesterol synthesis ameliorates EAE (Itoh et al., 2017).

In addition to downregulation of homeostatic astrocyte genes, during early and acute 
stages of EAE reactive astrocytes upregulate genes involved in the complement cascade, 
inflammatory cytokine production, and antigen-presentation (Chapter 3). This reactive 
astrocyte phenotype is also observed in active MS lesions, reflected by co-expression of C3 
and GFAP, and to a lesser extent also in chronic active and inactive lesions (Liddelow et al., 
2017), suggesting this phenotype is mostly present during earlier phases of lesion pathology. 
Induction of this reactive astrocyte phenotype observed in EAE occurs through expression of 
the transcription factor MAFG (Wheeler et al., 2020). MHC-II expression is induced in these 
reactive astrocytes (Chapter 3), suggesting they are able to present antigens to infiltrating 
CD4pos Th cells in MS lesions. Astrocytes in active MS lesions contain myelin debris, which 
they take up through receptor-mediated endocytosis potentially using LRP1 leading to NFkB 
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activation (Ponath et al., 2017). Thus, astrocytes may present myelin antigens to infiltrating 
lymphocytes to stimulate (re)activation early during lesion formation. Mouse astrocytes can 
induce antigen-specific CD4pos and CD8pos T-cell proliferation in vitro after IFNg treatment 
which upregulates MHC-II and B7 co-stimulatory molecules (Cornet et al., 2000). Purified 
human astrocytes also upregulated MHC-II in response to IFNg and TNFa in vitro, but are 
unable to induce T-cell proliferation, likely due to a lack in co-stimulatory factor induction 
such as cytokines and co-stimulatory receptors (Weber et al., 1994). However, stimulation of 
human astrocytes in vitro using phosphorylated alpha synuclein, a protein that accumulates 
in Parkinson’s disease (PD), induces surface expression of co-stimulatory and co-inhibitory 
molecules PDL1, CD80/CD86, and CD40, rendering them capable of inducing T-cell 
activation (Rostami et al., 2020). Further experiments are required to resolve if and to what 
extent astrocytes are involved in myelin antigen-presentation during lesion formation and 
progression in MS.

In chronic stages of EAE, astrocytes downregulate reactive genes compared to early and 
acute stages, albeit expression does not return to normal levels of naïve astrocytes (Chapter 
3). Furthermore, astrocytes in chronic EAE upregulate genes involved in cell cycle and 
proliferation and are actively dividing (Chapter 3). Proliferation of astrocytes is important 
for maintaining inflammation and promoting repair, as a lack of astrocytes (GFAP knockout) 
(Liedtke et al., 1998) or ablating proliferating astrocytes (Voskuhl et al., 2009) during EAE 
disrupts glial scar formation and facilitates inflammation, BBB damage, neuronal loss, and 
demyelination. Glial scar formation, which occurs after demyelination predominantly in 
chronic MS lesions, requires astrocytic proliferation and seems to be beneficial for tissue 
repair. These changes suggest that astrocytes in late stages of MS lesion progression may 
slowly progress towards a homeostatic, proliferative phenotype, which might be involved in 
tissue regeneration. In line with this argument, astrocytes in remyelinating MS lesions show 
partly regenerated end feet, although structural abnormalities such as free-floating astrocytic 
processes remain (Brosnan and Raine, 2013). 

In summary, during EAE astrocytes acquire different reactive phenotypes ranging from more 
detrimental in early and acute stages to more proliferative and tissue-supportive later during 
disease. These astrocyte phenotypes appear to correspond with astrocyte functions in different 
stages of lesion pathology in MS. Chapter 3 is predominantly based on transcriptional 
changes in astrocytes during EAE and dissecting differences using functional assays will help 
to understand the role of astrocytes in EAE and during MS.

Potential role of VISTA in astrocyte interaction with microglia in MS

Neuroinflammation during MS depends on intricate interactions between multiple cell 
types including CNS-resident cells and infiltrating immune cells. Astrocyte and microglia 
interactions are important for orchestrating development, homeostasis, neuroinflammation, 
and regeneration processes through direct interactions.

Neurotoxic (LPS-stimulated; A1) reactive astrocytes, which show similarities to the reactive 
astrocytes we observed during early and acute EAE stages (Chapter 3), are induced by 
activated microglia (Liddelow et al., 2017). Following intraperitoneal LPS injections, microglia 
and potentially other CNS cell types secrete IL1a, TNFa, and C1q, which together induce a 
neurotoxic reactive astrocyte profile (Liddelow et al., 2017). Furthermore, microglia-derived 
TGFa and VEGFB regulate the pathogenic activity of astrocytes during EAE and potentially in 
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MS lesions (Rothhammer et al., 2018). TGFa induces a neuroprotective astrocyte phenotype, 
whereas VEGFB promotes a phenotype that exacerbates CNS inflammation (Rothhammer et 
al., 2018). Vice versa, astrocytes also secrete factors that modulate microglia behavior. IL33 
secreted by astrocytes during postnatal development in mice is required for microglia to 
perform synaptic pruning in order to eliminate excess synapses (Vainchtein et al., 2018). In 
pathological environments, IL33 acts as a damage signal and can be beneficial in regeneration 
of spinal cord injury (Gadani et al., 2015). Other factors secreted by microglia and astrocytes 
that are used for communication were identified, which was reviewed in detail previously (Jha 
et al., 2019; Liu et al., 2020; Vainchtein and Molofsky, 2020).

In MS lesions, reactive astrocytes are often located in close proximity to CD68pos microglia/
macrophages (Liddelow et al., 2017), which indicates cell-cell interactions through direct 
contact in addition to crosstalk through soluble mediators. However, membrane-bound 
receptor interactions of microglia and astrocytes have not been studied in detail yet. As 
discussed above (see “Different roles of astrocytes in distinct stages of EAE and MS”), reactive 
astrocytes express MHC-II and co-stimulatory receptors and are capable of direct interaction 
with T cells in order to present antigens. It is conceivable that astrocytes also express receptors 
and ligands that can interact with microglia directly. Human and mouse astrocytes express 
VSIG3 (Fig. 1), which is a potential counterreceptor of VISTA that inhibits T-cell activation. 
Therefore, astrocytes may be able to signal to microglia via VSIG3-VISTA interaction, which 
could affect microglia function. Of note, expression of VSIG3 was unaltered in astrocytes 
during the course of EAE (data not shown). It remains unknown if VISTA has one or multiple 
receptors and ligands, and whether astrocytes and microglia interact via VISTA. Future 
directions to assess astrocyte and microglia interaction through receptors is given below (see 
“Astrocytes and their interaction with microglia in MS: future perspectives”).

Astrocytes and their interaction with microglia in MS: future 
perspectives

Chapter 3 demonstrates that astrocytes acquire distinct transcriptional profiles at different 
stages of EAE. ScRNAseq of astrocytes during different stages of EAE (priming, peak, 
remission) yields similar results, as distinct astrocyte subtypes expand at different stages 
(Wheeler et al., 2020). How these astrocyte subtypes contribute to different stages of EAE 
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Figure 1. Expression of VSIG3 in mouse and human CNS cell types. VSIG3 mRNA levels (fragments 
per kilobase million; FPKM) in different CNS cell types in mouse and human, derived from published 
RNA-seq data (Zhang et al., 2014, 2016).
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and MS is not completely understood. Pathogenic astrocytes, predominantly found during 
the peak of EAE, are driven by the transcription factor MAFG and disrupting this pathway 
alleviates EAE (Wheeler et al., 2020). Ablating proliferating astrocytes interferes in glial scar 
formation and exacerbates inflammation in EAE (Voskuhl et al., 2009). There is limited 
evidence that these astrocyte subtypes also exist in MS (Wheeler et al., 2020) and functional 
assessment of astrocyte subtypes in MS is lacking. To understand how astrocytes contribute 
to MS and specifically to pathology in different lesion stages, it will be necessary to determine 
whether astrocyte subtypes, analogous to the subtypes observed in EAE, are also present in 
MS. Single cell approaches (RNAseq, ATACseq, and protein-based assays) will help resolve 
astrocyte heterogeneity, followed by assessing functional differences of these subtypes. 
Characterizing astrocyte subtypes and their function at different lesions stages will provide 
great insights into astrocyte role in MS and may unravel novel treatment strategies.

Many studies have extensively characterized individual cell types in EAE and MS, and this 
knowledge can be harnessed to explore cell-cell interactions. Likely, the most studied direct 
cell-cell interaction is the activation of T cells through MHC-II and T-cell receptor (TCR) 
signaling in addition to co-stimulatory receptors and cytokines. Chapter 3 demonstrates that 
astrocytes during EAE express MHC-II and other studies suggest that at least in vitro astrocytes 
are able to stimulate T-cell proliferation. It is yet unknown whether ablating MHC-II expression 
in astrocytes affects T-cell infiltration and (re)activation in EAE. This could be assessed using 
transgenic mice in future experiments. Besides potential interactions with infiltrating T cells, 
astrocytes are found in close proximity to microglia in MS lesions (Liddelow et al., 2017), 
suggesting cell-cell interactions. Crosstalk of microglia and astrocytes through cytokines is 
well-studied, but cell-cell interactions via receptors are not well described (see above). These 
cell-cell interactions may facilitate activation or inhibition of distinct astrocytes and microglia 
phenotypes during disease. Astrocytes express receptors that could directly bind to receptors 
expressed on microglia, such as VSIG3 and VISTA. Whether VISTA and VSIG3 actually 
interact and if this interaction has functional consequences for microglia or astrocytes should 
be assessed in the future using cell type-specific knockout (KO) experiments. Astrocyte 
and microglia transcriptional profiles during homeostasis, EAE, and MS are available, and 
these data could be harnessed to identify potential receptor-ligand pairs that are used for 
communication. Cell type-specific KO in co-cultures and transgenic mice could be used to 
test whether these receptors indeed affect microglia and astrocyte phenotypes, the expansion 
of subtypes, or modulate EAE progression. Integrating our knowledge on individual cell types 
to gain insights into cell-cell interactions in homeostasis and EAE and MS will enhance our 
understanding of cell crosstalk during MS and potentially how to interfere in pathogenic 
interactions.

VISTA role in microglia and the CNS and its 
therapeutic potential for MS
In chapter 4, VISTA expression in the healthy CNS and during neuroinflammation was 
characterized using a combination of in situ, in vitro, and in vivo analyses of human, mouse, 
and macaque tissue. VISTA was predominantly expressed by microglia and to lesser extent 
endothelial cells in healthy CNS. After TLR ligation in vitro, macaque and mouse microglia 
downregulated VISTA expression. In mice, freshly isolated microglia exhibited significantly 
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decreased VISTA expression after LPS exposure, during EAE, and in Ercc1-deficient mice. 
ATACseq revealed that microglia VISTA is potentially regulated by PU.1 and MAFB, two 
transcription factors important for microglia development and function. Finally, VISTA 
expression was decreased in a chronic active lesion in post-mortem tissue of an MS patient. 
To expand on these observations, in chapter 5, expression of VISTA in multiple CNS 
inflammatory and neurodegenerative in humans and respective animal models was assessed 
using public domain mRNAseq data sets. VISTA expression was higher in microglia compared 
to peripheral myeloid cells. During MS, stroke, neurodegeneration, and other CNS diseases, 
microglia VISTA was decreased. To understand how decreased VISTA expression may affect 
MS and microglia function, chapter 6 assessed VISTA expression in distinct MS lesion stages, 
and VISTA function in microglia was characterized using a novel microglia VISTA KO mouse 
model. VISTA expression was increased in immunological active lesions, but decreased in 
inactive lesions. Expression of VISTA more strongly correlated with expression of microglia 
markers IBA1 and TMEM119 than with expression of inflammatory markers CD68 and 
HLA-DR. Microglia VISTA KO did not affect the microglia transcriptional response to LPS 
and during EAE. Furthermore, microglia VISTA KO did not influence the development or 
progression of EAE. In naïve mice, however, VISTA KO resulted in decreased microglia 
ramification, increased expression of cell cycle genes, and elevated levels of genes associated 
with microglia immune-activation. In vitro, VISTA KO in microglia reduced their ability 
to phagocytose myelin, but did not affect phagocytosis of early apoptotic Jurkat cells or E. 
coli particles. These findings demonstrate that microglia VISTA expression is downregulated 
during CNS disease in mice, and differentially regulated in distinct MS lesion stages. Since 
VISTA regulates microglia myelin phagocytosis and induces a more regulatory, homeostatic 
microglia phenotype, VISTA might be involved in CNS homeostasis, neuroinflammation, 
and MS lesion pathology.

Functions of VISTA in microglia versus peripheral myeloid cells

Microglia are myeloid cells of the CNS and possess similar functions as tissue macrophages 
such as antigen presentation, phagocytosis, respiratory burst, and release of cytokines and 
chemokines (Colonna and Butovsky, 2017). As opposed to other tissue-macrophage subsets, 
microglia also exhibit a range of CNS-specific functions including synaptic pruning, and the 
release of neurotrophic as well as neurotoxic factors (Colonna and Butovsky, 2017). During 
homeostasis, microglia are constantly scanning their environment and are highly sensitive 
and responsive towards any perturbations (Colonna and Butovsky, 2017). Hence, regarding 
resting microglia as inactive tissue macrophages has become obsolete. Classically, microglia 
have been classified as M1-M2, in analogy to nomenclature in macrophages, but with emerging 
insights in microglia heterogeneity and functions, this classification system has become too 
limited or even obsolete (Ransohoff, 2016). There is an urgent need for a better classification 
system, in analogy to what was recently reported for astrocytes (Escartin et al., 2021).

One function of VISTA expressed by myeloid cells as a ligand is the inhibition of T-cell 
activation, thus it acts as an NCR (Wang et al., 2011) (Fig. 2). Microglia are capable of 
presenting antigens and expressing other NCR. It is thus conceivable that VISTA as a ligand 
also acts as an NCR in microglia, where it binds to a counterreceptor on T cells leading to 
inhibition of T-cell activation (Fig. 2). VISTA functioning as an NCR in microglia might be 
of particular relevance for CNS-peripheral immunity interactions (discussed below), which 
predominantly occur during immune cell infiltration in CNS diseases such as MS. Whether 
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VISTA on microglia acts as an NCR needs to be assessed in future studies. In CNS development, 
brain-resident CD4 T cell interaction with microglia is required for microglia development 
(Pasciuto et al., 2020). In view of VISTA as an NCR in the adult CNS, it is intriguing that 
microglia express VISTA at such high levels during steady state, since peripheral immune 
cells including T cells are sparse in healthy brain parenchyma. Therefore, it is not surprising 
that in addition to potentially inhibiting T-cell activation, VISTA in microglia has a function 
as a receptor.

In peripheral myeloid cells, VISTA has multiple additional functions including phagocytosis 
of apoptotic cells (efferocytosis) (Yoon et al., 2015; Cohen et al., 2016), cytokine production 
(Bharaj et al., 2014, 2018), tolerance induction (ElTanbouly, Schaafsma, et al., 2020), and 
chemotaxis (Sergent et al., 2018; Broughton et al., 2019) (Fig. 2). Chapter 6 demonstrates that 
VISTA in microglia regulates myelin phagocytosis, but not efferocytosis of early apoptotic 
Jurkat cells. It is yet unknown whether VISTA also regulates amyloid or synapse uptake 
(Fig. 2), which would be of particular importance for CNS development and Alzheimer’s 
disease (AD). Microglia are responsible for clearing cellular and molecular debris in the 
CNS, especially during development and disease (Colonna and Butovsky, 2017). Microglia 
also regulate the size of the neural progenitor pool using phagocytosis in the developing 
cortex (Cunningham et al., 2013). Furthermore, microglia are involved in synaptic pruning 
(synaptophagy) (Colonna and Butovsky, 2017), a unique form of phagocytosis to eliminate 
viable synapses, which is required for learning and memory. In view of its role in microglia 
myelin phagocytosis, VISTA as a receptor might also be involved in other phagocytic processes 
such as uptake of neural progenitors or synaptic pruning.

Microglia are highly capable of producing pro and anti-inflammatory cytokines and 
chemokines upon receiving a wide variety of stimuli (Colonna and Butovsky, 2017). The 
intracellular pathways leading to the production of these signaling molecules is mostly 
conserved between microglia and other tissue macrophages. Since overexpression of VISTA 
in vitro leads to spontaneous cytokine secretion (TNFa, IL1b) in human monocytes (Bharaj 
et al., 2014), and KO of VISTA is associated with an altered cytokine and chemokine profile 
(CCL2, CCR2, IL23) (Ceeraz, Eszterhas, et al., 2017; Ceeraz, Sergent, et al., 2017; Li et al., 
2017; Liu et al., 2018), VISTA may also be involved in microglia cytokine and chemokine 
production. Indeed, VISTA KO microglia exhibit a more amoeboid morphology and increased 
expression of genes associated with immune-activated microglia during neuroinflammation 
and neurodegeneration (Chapter 6) (Fig. 2). Together these findings suggest that VISTA is 
required to maintain a more regulatory, homeostatic microglia profile. However, deletion of 
VISTA does not affect EAE development or microglia responses to LPS and during EAE, both 
of which are severe peripheral inflammatory challenges. It is possible that immune responses 
of microglia are more tightly regulated than those of peripheral macrophages in order to 
prevent excessive CNS tissue damage.

VISTA as a receptor is not only involved in the production, but also in the response to 
chemokines. Blocking VISTA in mice leads to enhanced migratory capacity of monocytes in 
response to CCL2 in vitro (Sergent et al., 2018). CCL2 in the CNS is produced by astrocytes, 
microglia, endothelial cells (Semple et al., 2010), and can be produced by neurons during 
stress such as impairment of oxidative metabolism (Yang et al., 2011). Microglia express 
CCR2 and respond to CCL2 by migrating and producing cytokines (Semple et al., 2010). This 
response can be both beneficial and detrimental as it leads to clearance of debris, but also 
contributes to neuroinflammation by production of pro-inflammatory cytokines (Semple et 
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al., 2010; Yang et al., 2011). VISTA could be involved in the microglia response and migration 
to CCL2, which would have consequences particularly during CNS diseases where CCL2 
production is increased, such as MS, traumatic brain injury, and stroke (Semple et al., 2010). 
The transcriptional profiles of VISTA KO microglia did not reveal a change in chemokine 
production or expression of chemokine receptors (chapter 6). However, functional assays are 
required to determine whether VISTA in microglia is also involved in chemotaxis in future 
studies.

Figure 2. Known and potential functions of VISTA in microglia. VISTA expressed on microglia may 
act as a receptor and a ligand, binding to proposed and unknown ligands/receptors. Similar to VISTA 
function in peripheral myeloid cells, VISTA regulates phagocytosis and induces a more regulatory, 
homeostatic microglia phenotype. VISTA KO decreases uptake of myelin, but not of apoptotic cells or 
E. coli particles. It is unknown whether VISTA also regulates uptake of amyloid or synapses. VISTA has 
more functions in peripheral myeloid cells, which have not been studied in microglia. These functions 
include antigen-presentation, and motility and chemotaxis. All known and potential functions of VISTA 
in microglia are important for maintaining CNS homeostasis including synaptic pruning, removal of 
metabolic waste and cell debris and immune tolerance. Furthermore, these VISTA functions in microglia 
could be essential during CNS disease, in which microglia are responsible for antigen presentation, 
defense against pathogens, protective versus destructive neuroinflammation and for tissue regeneration.
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Roles of VISTA and other NCR in CNS-peripheral immunity interactions

NCR are pivotal signaling molecules that aid in balancing immune responses to limit 
autoimmunity while maintaining an effective immune response. Therefore, it is important to 
discuss the role of NCR and VISTA with regard to their direct signaling capacity through cell-
cell interactions; in this case the interaction between CNS and peripheral immunity. There 
are two main types of CNS-peripheral immunity interactions: indirect (e.g. through cytokines 
and other secreting signaling molecules) and direct (cell-cell contact through receptors) 
(Greenhalgh et al., 2020). We will focus on direct interactions of glia and endothelial cells 
with the peripheral immunity via NCR and VISTA. Box 1 briefly summarizes recent views 
and debate on CNS immune privilege, as extensive discussion is beyond the scope of this 
chapter.

The initial contact of peripheral immune cells with the CNS is via endothelial cells, which 
directly interact with immune cells. Endothelial cells can regulate the transmigration of 
peripheral immune cells into the CNS, which is of particular importance during CNS diseases 
such as MS (Dong and Yong, 2019). Blocking the adhesion of immune cells to the endothelium 
by natalizumab blocking VLA4 emerged as an effective therapy to limit neuroinflammation 
(Steinman, 2005; Duan et al., 2013). Endothelial cells are capable of presenting antigens 
through MHC-II and can facilitate the transmigration of T cells into the brain parenchyma 
(Lopes Pinheiro et al., 2016). As capable antigen-presenting cells (APC), endothelial cells 
also express a range of NCR such as PDL1 and PDL2 which suppress T-cell responses in vitro 
(Rodig et al., 2003) and may inhibit T-cell transmigration. VISTA as a ligand expressed by 
endothelial cells may provide inhibitory signals to passing T cells as well, thereby fine-tuning 
T-cell reactivity in the CNS, which is of particular importance in CNS diseases with immune 
cell infiltration (e.g. MS). The function of VISTA in endothelial cells has not been studied to 
date but should be investigated particularly with regard to peripheral immune cell infiltration 
into the CNS and antigen presenting capability of the endothelium.

Other CNS cell types that can actively communicate with peripheral immune cells via direct 
contact are astrocytes and microglia. Both cell types can express MHC-II (induced/upregulated 
during inflammation notably by interferons) and are capable of presenting antigens to T cells 
(Antel et al., 2020), and both cell types express NCR, as previously mentioned. Microglia 
PDL1 expression regulates T-cell (re)activation in the CNS during EAE (Schreiner et al., 
2008; Schachtele et al., 2014). In the transgenic APP/PS1 (APPswe/PS1dE9) mouse model 
for AD, depletion of microglia using a CSF1R inhibitor (PLX5622) results in an increase 
in parenchymal T cell numbers and a reduction of anti-inflammatory cytokines (Unger et 
al., 2018). It is thus conceivable that microglia provide inhibitory signals to T cells, which is 
essential to limit T-cell (re)activation in the CNS. Functional evidence on whether VISTA 
expressed by microglia has co-inhibitory effects on T-cell activation is lacking; however, based 
on extensive characterization of VISTA NCR functions in other myeloid cells, it is highly 
likely that blocking or depleting VISTA on microglia will enhance T-cell (re)activation in the 
brain.
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Box 1. Immune-privilege features of the CNS

The healthy CNS has long been regarded as an immune-privileged organ. This assumption originated 
from classic observations that tissue allografts placed in the brain are not subject to immune rejection 
(Medawar, 1948; Billingham and Boswell, 1953), hence peripheral immune cells were thought to be 
excluded from the healthy CNS. Over the past decades however, this dogma has been challenged and 
modified. Although the CNS is immune privileged to some extent to limit tissue damage by carefully 
balancing protective versus excessive immunity, the CNS is also actively monitored by immune cells 
and does not exclude access and effector functions of peripheral immune cell subsets. Misconceptions 
on CNS immune-privilege and the role of the BBB were previously reviewed in detail (Bechmann et 
al., 2007; Galea, Bechmann, et al., 2007).

Resident CNS immune cell types
The healthy CNS has multiple lines of immunological defenses that provide protection from intruders, 
aid in clearing waste, and promote regeneration. CNS resident immunity is mainly composed of 
microglia, astrocytes, and brain border macrophages. These cells can phagocytose, secrete cytokines, 
recruit immune cells from the periphery, and present antigens. Peripheral immune cells patrol the 
perivascular space in the CNS (Loeffler et al., 2011; Smolders et al., 2013), ready to receive signals 
from CNS-resident immune cells to migrate into the parenchyma. CD8pos T cells that migrate into 
the parenchyma can acquire a memory-like profile (CD103pos, CD127pos) consistent with long-term 
tissue resident T cells (Wakim et al., 2010, 2012; Steinbach et al., 2016; Smolders et al., 2018). These T 
cells are likely involved in the defense against viruses (Wakim et al., 2010, 2012; Steinbach et al., 2016; 
Smolders et al., 2018).

The blood-brain barrier
The concept of the BBB is based on experiments performed by Paul Ehrlich using hydrophilic dyes 
that did not enter the CNS parenchyma (Ehrlich, 1885). Misconceptions on the BBB include that this 
tissue barrier inhibits both entry of cells and molecules from the periphery. While the BBB indeed 
shields the CNS from certain soluble molecules using tight junctions especially at capillary levels, 
it is possible for peripheral immune cells to enter the CNS preferentially at postcapillary venules 
(Bechmann et al., 2007). Endothelial cells are part of the BBB and are actively involved in antigen 
presentation (Galea, Bernardes-Silva, et al., 2007), which is of particular relevance during CNS disease 
that involve peripheral immune cell infiltration such as MS. Furthermore, the BBB can have reduced 
integrity during CNS inflammation, thereby facilitating infiltration of peripheral cells (Bechmann et 
al., 2007).

Lymphatic drainage of the CNS
The discovery of lymphatic drainage of the CNS is another case for reconsidering the immune-
privileged status of the CNS. Solutes, tracers, and proteins drain from the brain to cervical lymph 
nodes resulting in immune responses (Cserr et al., 1992; de Vos et al., 2002; Laman and Weller, 2013; 
Louveau et al., 2015; Engelhardt et al., 2016; Dolgin, 2020), which suggests a functional lymphatic 
drainage of the CNS. The brain parenchyma itself lacks lymphatic vessels, however, lymphatic 
vessels are present in the meninges, which carry fluid, macromolecules, and immune cells from 
the cerebrospinal fluid (CSF) to the draining cervical lymph nodes (Louveau et al., 2015, 2018; Da 
Mesquita et al., 2018). Ablating these lymphatic vessels reduces T-cell infiltration during EAE and 
ameliorates symptoms (Louveau et al., 2018) and promotes amyloid-beta deposition in AD mouse 
models (Da Mesquita et al., 2018).

In summary, although the CNS features a certain degree of immune-privilege, likely to prevent 
excessive tissue damage, these immune-privileges are not absolute, since the CNS is actively monitored 
and capable of mounting immune responses tailored to infectious or sterile insults.



161

7

General discussion and future perspectives

VISTA during microglia and CNS development

VISTA expression increases during mouse and human microglia development with highest 
expression during adulthood (Chapters 2 and 4). Homeostatic microglia markers and sensome 
genes follow similar expression dynamics during development suggesting that VISTA may 
play a role in healthy CNS development and in microglia homeostasis and immune-surveilling 
capacity. VISTA is a receptor and a ligand involved in several immune functions of myeloid 
cells including T-cell activation, cytokine response, phagocytosis, and chemotaxis (Flies et 
al., 2011; Wang et al., 2011; Bharaj et al., 2014; Yoon et al., 2015; Sergent et al., 2018). As 
such, increasing expression of VISTA matches the enhanced immune-surveilling capability of 
microglia later during human fetal development (Chapter 2). Since VISTA regulates microglia 
phagocytosis of myelin (Chapter 6), VISTA may play a role in neurodevelopmental processes. 
These processes may include clearance of cellular or molecular debris, which is crucial for 
neuro-, oligo-, and astrogenesis (Marín-Teva et al., 2004; Wakselman et al., 2008; Sierra et 
al., 2010; Cunningham et al., 2013), and synaptic pruning, which is essential for learning and 
memory. Most likely, VISTA is not a key regulator in these developmental processes, since 
generic VISTA KO mice are able to generate seemingly healthy offspring (Wang et al., 2014; 
Yoon et al., 2015); however, studies have not assessed cognitive abilities such as learning, 
attention, and memory formation in VISTA KO mice. Furthermore, the CNS of VISTA KO 
mice has not been studied in detail regarding structural changes during neurodevelopment 
and in adulthood.

The CNS is surveilled by peripheral immune cells and T cells with resident-like characteristics 
can be found in the brain parenchyma (Box 1) (Wakim et al., 2010, 2012; Steinbach et al., 2016; 
Smolders et al., 2018), albeit the presence of T cells in the parenchyma is still controversial. 
During mouse development, T cells receive activation signals in the periphery and migrate 
to the CNS where they acquire resident-like features (Pasciuto et al., 2020). Ablating T cells 
from periphery and CNS using MHC-II KO mice alters microglia transcriptional profiles 
and inhibits microglia fetal-to-adult transition and synaptic pruning capacities (Pasciuto et 
al., 2020). This T cell-mediated regulation of microglia development is likely due to secreted 
factors (Pasciuto et al., 2020). Hence, T cells and their interaction with microglia are crucial for 
mouse microglia development and important neurodevelopmental processes such as synaptic 
pruning. It is unknown whether microglia and T cells interact through VISTA in the adult 
and developing CNS. Yet, due to its function in myeloid cells, it is likely that microglia VISTA 
is involved in interaction with T cells and T-cell activation. Thus, VISTA may be involved in 
T-cell mediated regulation of microglia development.

Targeting VISTA in autoimmunity and cancer

In mouse studies, VISTA has successfully been used as a target for immunotherapy in 
cancer and autoimmunity. The two main approaches that are used to block or enhance 
VISTA signaling are employing immunoenhancing anti-VISTA antibodies (antagonists) or 
immunosuppressive anti-VISTA antibodies (agonists), respectively. In addition to antibodies, 
small molecules or constructs can also be designed to target VISTA, leading to enhanced or 
suppressed immunity.

In multiple mouse models of cancer, an immunoenhancing anti-VISTA antibody (clone 
13F3) leads to a reduction in tumor size and increased overall survival (Le Mercier et al., 
2014). Blocking VISTA using immunoenhancing antibodies leads to increased infiltration of 
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tumor-specific T cells, a decrease in myeloid-derived suppressor cell (MDSC) numbers and 
suppressive capacity, and a decrease in tumor-specific Tregs (Le Mercier et al., 2014). Using 
these immunoenhancing anti-VISTA antibodies in mouse models of autoimmunity including 
EAE (Wang et al., 2011) and murine lupus nephritis (Sergent et al., 2018) exacerbates disease. 
A small molecule CA-170 inhibits VISTA, PDL1, and PDL2, and showed antitumor effects in 
clinical studies (NCT02812875, clinicaltrials.gov) (Musielak et al., 2019).

Immunosuppressive anti-VISTA antibodies reduce the severity of inflammatory disease in 
mice including autoimmunity. Graft-versus-host disease (GvHD) is prevented when targeting 
VISTA on donor T cells using an immunosuppressive anti-VISTA antibody (Flies et al., 
2011). Using this immunosuppressive antibody (clone MH5A or 8G8), disease severity of 
experimental asthma (Liu et al., 2018), lupus, hepatitis, psoriasis, and arthritis (ElTanbouly, 
Zhao, et al., 2020) are reduced, and autoimmunity in systemic and discoid lupus erythematosus 
is alleviated (Han et al., 2019).

In summary, VISTA can be used as a therapeutic target for both enhancing the immune 
response in case of cancer and inhibiting the immune response during inflammation and 
autoimmunity.

Immunotherapy in the CNS

Immunotherapy using immune checkpoint inhibitors is currently established as an effective 
treatment against several cancer types, and targeting immune checkpoints is more recently 
being explored as new treatment options for autoimmune diseases such as rheumatoid 
arthritis and MS. Studies mainly focus on the effects of immunotherapy on peripheral 
immunity; however, evidence strongly suggests that immune checkpoint inhibitors affect the 
CNS as well.

Currently, there is no U.S. food and drug administration (FDA)-approved immunotherapy 
for glioblastoma (GBM), but initial preclinical studies have yielded some encouraging results 
(Ratnam et al., 2019). Since GBM tumor cells and infiltrating T cells express a range of NCR, 
targeting these checkpoints may boost the anti-tumor immunity. In CNS metastatic diseases, 
immune checkpoint inhibitors targeting PD1 (pembrolizumab, nivolumab) and CTLA4 
(ipilimumab) have been shown to slow down progression or reduce tumor size (Kamath and 
Kumthekar, 2018).

Immunotherapy may not only be beneficial in CNS-associated tumors, but also in NDD and 
MS. In AD, neuroinflammation is associated with increased hyperphosphorylated tau burden 
and microglia-mediated recruitment of peripheral immune cells can help in clearing amyloid-
beta plaques (Dionisio-Santos et al., 2019). Anti-PD1 antibody therapy facilitates clearance of 
amyloid-beta and improves cognitive performance in AD mouse models (Baruch et al., 2016). 
However, conflicting data exist that suggest there is no effect of anti-PD1 therapy in AD (Latta-
Mahieu et al., 2018). Currently, there are more than 10 FDA-approved immunomodulatory 
therapies for MS (Baecher-Allan et al., 2018). These drugs interfere with peripheral immune 
cell trafficking to the CNS, deplete subsets of immune cells, or modulate immune signaling 
pathways; however, immune checkpoints are not used as a target for MS immunotherapy yet. 
Agonistic antibodies targeting NCR such as VISTA may enhance immune inhibition signals 
and therefore present an effective treatment for MS.
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Interestingly, immune checkpoint inhibitors used in oncology have adverse effects on the CNS. 
Nivolumab treatment of melanoma induced spontaneous, reversible CNS demyelination in 
a patient (Pillonel et al., 2019). Immune checkpoint inhibitor-treated patients are also more 
susceptible to developing other CNS diseases including paraneoplastic neurological symptoms, 
encephalitis, MS, and hypophysitis, an inflammation of the pituitary gland (Yshii et al., 2017). 
In melanoma patients treated with immune checkpoint inhibitors, these neurological adverse 
events occur in 1% (anti-CLTA4), 3% (anti-PD1), or 14% (anti-CTLA4 and anti-PD1) of the 
population (Yshii et al., 2017). These complications are likely caused by augmented immune 
responses leading to neurotoxicity. However, it is incompletely understood whether the 
immune checkpoint inhibitor-associated CNS adverse effects and beneficial effects of immune 
checkpoint inhibitors on CNS-associated tumors are mediated indirectly via infiltrating 
immune cells, directly by therapeutic antibodies gaining access into the CNS parenchyma 
at meaningful concentrations, or by both. Since the BBB is compromised during MS and 
many CNS-associated tumors, it is highly likely that immune checkpoint inhibitors can act 
on CNS-resident cells directly. Therefore, studying NCR expression and function in CNS-
resident cells is crucial to developing immune checkpoint inhibitor therapies for CNS diseases 
and to predict and mechanistically understand CNS adverse events.

Approaches to modulate VISTA in MS and other CNS diseases

Based on effectiveness of targeting VISTA in cancer and autoimmunity in mice and the use 
of immune checkpoint inhibitors in CNS-associated tumors and NDD, it is conceivable that 
VISTA may offer a novel therapeutic target for treating CNS disease.

When targeting VISTA as a therapeutic strategy to treat NDD, CNS-associated tumors, or MS, 
it is important to consider the complex expression dynamics and functions of VISTA. Using 
monoclonal antibodies against VISTA will not only target various peripheral immune cells 
(myeloid cells, neutrophils, T cells), but also microglia and CNS endothelial cells. Research 
has been focused on the function of VISTA in peripheral immune cell subsets, whereas there 
is no knowledge on the effects in the CNS of targeting VISTA using monoclonal antibodies.

Regarding the potential role of VISTA in microglia and the CNS (Chapter 6), multiple 
functional outcomes of VISTA modulation are plausible. Targeting VISTA on endothelial 
cells may be a viable option to inhibit or enhance T-cell activation during MS or NDD and 
cancer, respectively. In mice, VISTA KO enhances anti-glioma responses in mice (Flies et 
al., 2014). During MS, peripheral immune cell infiltration may be reduced upon enhancing 
VISTA signaling in endothelial cells. Microglia are APC and responsible for (re)activation of 
T cells in the CNS. Modulating VISTA on microglia may have similar effects as on endothelial 
cells. However, in microglia VISTA is involved in phagocytosis, cell cycle and immune-
activation. These functions make it difficult to predict the outcome of modulating VISTA 
during peripheral and CNS disease. Using anti-VISTA antibodies systemically may affect 
microglia function unpredictably. It is therefore important to further dissect VISTA function 
in microglia in order to understand potential CNS responses to VISTA modulation. On the 
other hand, the large variety of functions that VISTA has in myeloid cells and potentially 
microglia may also open up treatment possibilities. For example, antibodies targeting different 
VISTA epitopes may have distinct functional consequences.
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VISTA in microglia and as a therapeutic target for MS: future 
perspectives

VISTA represents an NCR with unique characteristics which in the CNS is predominantly 
expressed by microglia. Expression of VISTA is differentially regulated in ageing, 
neuroinflammation, and multiple CNS diseases including neurodegeneration, stroke, and 
cancer. In microglia, VISTA is involved in myelin uptake and the maintenance of a more 
regulatory, homeostatic microglia phenotype. Effective targeting of VISTA in cancer and 
autoimmunity opens wide possibilities to modulate VISTA as a therapeutic strategy in CNS 
disease. However, more knowledge on the functions of VISTA in the CNS and the effects of 
systemic VISTA modulation on the CNS is necessary to evaluate the therapeutic potential 
of targeting VISTA in CNS diseases. VISTA’s roles in microglia and the CNS are currently 
only beginning to be explored; hence, we have formulated remaining open questions in Box 
2. Answering these questions will provide insights into the function of VISTA in microglia 
and in CNS disease, which will potentially yield novel therapeutic strategies and mechanistic 
insights into CNS homeostasis and disease.

Box 2. Remaining open questions on VISTA in the CNS (continued on next page)

Does microglia VISTA regulate chemotaxis and T-cell activation?
VISTA regulates microglia phagocytosis of myelin and is involved in maintaining a more regulatory 
microglia phenotype. In macrophages, VISTA inhibits T-cell activation and is required for macrophage 
chemotaxis and migration. Microglia VISTA KO did not affect EAE progression or a dysregulated 
chemokine production. However, functional experiments such as chemotaxis- and T-cell activation 
assays are needed to determine whether VISTA in microglia is involved in chemotaxis and T-cell 
activation.

What is the role of VISTA in microglia and CNS development?
VISTA expression decreases in microglia during development and regulates myelin phagocytosis and 
regulatory, homeostatic microglia functions. Myelin formation, synapse pruning, neurogenesis and 
other developmental processes rely on microglia functions and activities. VISTA might contribute 
to a healthy CNS development. Depleting VISTA in microglia during development followed by 
extensive evaluation of CNS developmental processes such as neurogenesis and myelination including 
compaction will help to determine the role of VISTA in CNS development.

What is the function of VISTA in endothelial cells?
Brain endothelial cells express low levels of VISTA. Since endothelial cells are involved in antigen 
presentation and cell migration into the CNS, VISTA may play a role in the communication between 
endothelial cells and peripheral immune cells, particularly during diseases such as MS. Endothelial 
cell-specific VISTA KO in vivo and in vitro models could be developed to assess whether VISTA is 
involved in endothelial function including activation and transmigration of leukocytes.

Can VISTA expression be induced in other CNS-resident cells?
In non-diseased CNS tissue, VISTA is predominantly expressed by microglia and to a lesser extent by 
endothelial cells. Other NCR are known to be upregulated or induced during inflammation in other 
CNS cell types. Although VISTA expression is decreased in microglia during disease, bulk tissue 
VISTA expression is increased, suggesting induction or upregulation of VISTA on other CNS cell 
types. Extensive in situ analyses or single cell proteomics could be used to determine whether other 
CNS cell types upregulate VISTA under disease conditions.
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Box 2 (continued). Remaining open questions on VISTA in the CNS

Which cell types express VISTA in CNS diseases and specifically in distinct MS lesion types?
Microglia and endothelial cells express VISTA, but other CNS-resident cells potentially induce VISTA 
expression in disease, which is currently unknown. During CNS disease and particularly MS, where 
peripheral immune cells infiltrate the CNS, VISTA expression by different cell types and subsets 
should be dissected to understand the role of VISTA in neuroinflammation. Single cell transcriptomic 
or proteomic as well as in situ analyses could help resolve which cell types express VISTA in MS 
lesions.

What are functional binding partners of VISTA?
Multiple VISTA binding partners have been proposed, however, many of these counterreceptors 
could not be replicated in other studies. To elucidate VISTA biology and develop VISTA-targeted 
treatment strategies, it will be essential to confidently identify potential binding partner(s). 

Does modulating VISTA using immunotherapy affect the CNS?
Preclinical studies are investigating the therapeutic potential of targeting VISTA in cancer and 
autoimmunity. Neurological adverse events after blocking other NCR (PD1, CTLA4) in patients 
have been reported. Currently, it is unknown whether targeting VISTA can affect the healthy CNS or 
modulate CNS disease progression. CNS responses upon therapeutic targeting of VISTA should be 
studied to resolve whether neurological adverse events can be expected with an anti-VISTA therapy.

How can VISTA be we modulated during CNS diseases as a therapeutic strategy?
Several therapeutic strategies to target VISTA in CNS disease are conceivable. Using agonist and 
antagonist monoclonal antibodies or small molecules, VISTA signaling could be enhanced or 
suppressed to treat CNS-associated tumors, NDD, or MS. Research on possibilities to target VISTA 
in CNS disease is lacking.
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4OHT 4-hydroxytamoxifen

A2AR Adenosine A2A receptor

ACSA2 Astrocyte cell surface 
antigen 2

AD Alzheimer’s disease

ALDH1L1 10-formyltetrahydrofolate 
dehydrogenase

ALS Amyotrophic lateral 
sclerosis

ANOVA Analysis of variance

APC Antigen-presenting cell

APOE Apolipoprotein E

AQP4 Aquaporin 4

ARM Activated response 
microglia

ATACseq Assay for transposase-
accessible chromatin using 
sequencing

ATP Adenosine triphosphate

ATP1B2 ATPase Na+/K+ 
transporting subunit beta 2

AUC Area under curve

AXL Tyrosine-protein kinase 
receptor UFO

B2M Beta-2-microglobulin

B7H3 B7 homolog 3

BBB Blood-brain barrier

BC-TSO Biotinylated barcoded 
template switching oligo 

BDNF Brain-derived neurotrophic 
factor

BM Bone marrow

BTLA B- and T-lymphocyte 
attenuator

C Control

C10orf54 Chromosome 10 open 
reading frame 54

C3 Complement factor 3

Ca Calcium

CCL2 Chemokine ligand 2

CCR2 Chemokine receptor 2

CD Cluster of differentiation 4

CDH23 Cadherin 23

cDNA Complementary 
deoxyribonucleic acid

CFA Complete Freund’s adjuvant

CHEA ChIP enrichment analysis

ChIPseq Chromatin 
immunoprecipitation using 
sequencing

CHRDL1 Chordin-like 1

CLEC7A C-type lectin domain family 
7 member A

CNS Central nervous system

CNX43 Connexin 43

CPM Counts per million

CR3 Complement receptor 3

CRYM Mu-crystallin homolog

CSF Cerebrospinal fluid

CSF1R Colony stimulating factor 1 
receptor

CTLA4 Cytotoxic T-lymphocyte-
associated protein

CX3CR1 Fractalkine receptor

CytoD Cytochalasin D

CyTOF Cytometry by time of flight

DAM Disease-associated 
microglia

DAPI 4,6-diamidino-2-
phenylindole

DC Dendritic cell

DE Differential expression

DEG Differentially expressed gene

DIES1 Differentiation of embryonic 
stem cells 1

Abbreviations
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DMEM Dulbecco’s modified eagle 
medium

DRAQ5 Deep red anthraquinone 5

DTT Dithiothreitol

DUSP1 Dual specificity protein 
phosphataase 1

E1 EAE score 1

E4 EAE score 4

E9.5 Embryoic day 9.5

EAE Experimental autoimmune 
encephalomyelitis

EAJ Early apoptotic Jurkat cells

EBV Epstein-Barr virus

Ech Chronic EAE

EDTA Ethylenediaminetetra-acetic 
acid

EEA1 Early endosome antigen 1

EMP Erythro-myeloid progenitor

ENCODE Encyclopedia of DNA 
elements

eQTL Expression quantitative trait 
locus

ERCC1 Excision repair cross-
complementation group 1

EtOH Ethanol

FACS Fluorescence-activated cell 
sorting

FB Forebrain

FCR Fc receptor

FDA U.S. food and drug 
administration

FGFR3 Fibroblast growth factor 
receptor 3

FITC Fluorescein isothiocyanate

FOXP3 Forkhead box P3

FPKM Fragments per kilobase 
million

FTD Frontotemporal dementia

GABA Gamma-aminobutyric acid

GBM Glioblastoma

GDF10 Growth differentiation 
factor 10

GEO Gene expression omnibus

GFAP Glial fibrillary acidic protein

GI24 Platelet receptor GI24

GLAST Glutamate aspartate 
transporter

GLT1 Glutamate transpoter 1

GM Gray matter

gMFI Geometric mean 
fluorescence intensity

GO Gene ontology

GvHD Graft-versus-host disease

GW Gestational week

GWAS Genome-wide association 
study

HB Hindbrain

HBA/G Hemoglobin A/G

HBSS Hank’s balanced salt 
solution

HD Huntington’s disease

HDLS Hereditary diffuse 
leukoencephalopathy with 
axonal spheroids

HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic 
acid

HIF1a Hypoxia inducible factor 1 
subunit alpha

HLA-DR Human leukocyte antigen 
DR isotype

Homeo Homeostatic

HOMER Hypergeometric 
optimization of motif 
enrichment

HOX Homeobox

IBA1 Ionized calcium-binding 
adapter molecule 1

IDO Indoleamine 
2,3-dioxygenase

IEG Immediate early gene
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IFN Interferon

Ig Immunoglobulin

IGSF11 Immunoglobulin 
superfamiliy member 11

IL Interleukin

iNOS Induced nitric oxide 
synthase

iPSC induced pluripotent stem 
cells

ITGAX Intergrin, alpha X

iTreg Induced regulatory T cells

KI67 Marker of proliferation 
Ki-67

KO Knockout

LAG3 Lymphocyte-activation 
gene 3

LCCM L929 cell-conditioned 
medium

LCMV Lymphocytic 
choriomeningitis virus

LCN2 Lipocalin 2

logFC Log2 fold change

LPL Lipoprotein lipase

LPS Lipopolysaccharide

LRP1 Lipoprotein receptor-related 
protein 1

MAFB V-maf musculoaponeurotic 
fibrosarcoma oncogene 
family, protein B

MAP1B Microtubule-associated 
protein 1B

MBP Myelin basic protein

MDSC Myeloid-derived suppressor 
cell

ME Module Eigengene

MER/MERTK Proto-oncogene tyrosine-
protein kinase MER

MFP2 Multifunctional protein 2

MG Microglia

MGnD Microglia neurodegenerative 
phenotype

MHC Major histocompatibility 
complex

MIA Maternal immune activation

miRNA MicroRNA

MKI67 Marker of proliferation 
Ki-67

MOG Myelin oligodendrocyte 
glycoprotein

mRNA Messenger ribonucleic acid

MRPL23 39S ribosomal protein L23, 
mitochondrial

MS Multiple sclerosis

MTX1 Metaxin 1

MYBPC1 Myosin-binding protein C, 
slow-type

NAGM Normal-appearing gray 
matter

NAMPT Nicotinamide phospho-
ribosyltransferase

NAWM Normal-appearing white 
matter

NCBI National center for 
biotechnology information

NCR Negative checkpoint 
regulator

NDD Neurodegenerative diseases

NDRG1 N-myc downstream 
regulated 1

NFkB Nuclear factor kappa B

NK cell Natural killer cell

NMO Neuromyelitis optica

NO Nitric oxide

NOX2 NADPH oxidase 2

OLIG1/2 Oligodendrocyte 
transcription factor 1/2

OPC Oligodendrocyte progenitor 
cell

OVA Ovalbumin

P2RY12 Purinergic receptor P2Y, 
G-protein coupled, 12

PARP4 Poly ADP-ribose 
polymerase 4



171

8

Abbreviations

PBS Phosphate buffered saline

PCA Principal component 
analysis

PCR Polymerase chain reaction

PD Parkinson’s disease

PD1H Programmed death 1 
homolog

PDGFRA Platelet derived growth 
factor receptor alpha

PDL1 Programmed death ligand 1

PE Phycoerythrin

PGE2 Prostaglandin-E 2

PI Propidium iodide

PKM Pyruvate kinase isozyme

PLP Proteolipid protein

PPMS Primary progressive MS

PSGL1 P-selectin glycoprotein 
ligand 1

PTX Pertussis toxin

ROS Reactive oxygen species

RRMS Relapsing-remitting MS

RT-qPCR Reverse transcription 
quantitative polymerase 
chain reaction

S100B S100 calcium-binding 
protein B

SC Spinal cord

SCENIC Single-cell regulatory 
network inference and 
clustering

scRNAseq Single cell RNA sequencing

SERPINA3N Alpha 1-antichymotrypsin

SLC1A2 Solute carrier family 1 
member 2

SNP Single nucleotide 
polymorphism

SOX4 Transcription factor SOX4

SPC24 Kinetochore protein Spc24

SPF Specific-pathogen free

SPMS Secondary progressive MS

SPP1 Secreted phosphoprotein 1

TAM Tyrosine-protein kinase 
receptors

TCR T-cell receptor

TF Transcription factor

TGF Transforming growth factor

Th1 T helper cell 1

TIM3 T-cell immunoglobulin and 
mucin domain 3

TLR Toll-like receptor

tMCAO Transient middle cerebral 
artery occlusion

TMEM119 Transmembrane protein 119

TNF Tumor necrosis factor

TREM2 Triggering receptor 
expressed on myeloid cells 2

TYRO3 Tyrosine-protein kinase 
receptor TYRO3

TYROBP Protein tyrosine kinase-
binding protein

UMAP Uniform manifold 
approximation and 
projection

UMI Unique molecular identifier

VEGFB Vascular endothelial growth 
factor B

VISTA V-type immunoglobulin 
domain-containing 
suppressor of T-cell 
activation

VLA4 Very late antigen 4

VSIG3 V-set and immunoglobulin 
domain containing 3

VSIR V-set immunoregulatory 
receptor

WGCNA Weighted gene co-
expression network analysis

WIF1 Wnt inhibitory factor 1

WM White matter

WT Wildtype

ZP3 Zona pellucida sperm-
binding protein 3
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Multiple sclerose (MS) is een chronische en vaak progressieve ziekte van het centrale 
zenuwstelsel (CZS), die zich manifesteert op jonge leeftijd, meestal tussen de 20 en 40 jaar. Bij 
MS komen celtypes van het perifere immuunsysteem, waaronder macrofagen en lymfocyten, 
het CZS binnen en beschadigen de myeline-schede, die fungeert als isolatie voor axonen en 
cruciaal is voor snelle verspreiding van saltatoire actiepotentiaal, en myelineschade resulteert 
ook in verlies van axonen. MS-patiënten vertonen een reeks symptomen, waaronder 
verminderd gevoel, zichtproblemen en verlamming. Hoewel algemeen wordt aangenomen 
dat MS van auto-immuun oorsprong is, is de primaire oorzaak van MS onbekend. De meest 
voorkomende typen MS zijn relapsing-remitting MS en primaire / secundair progressieve 
MS. Relapsing-remitting MS wordt gekenmerkt door perioden van plotselinge toename van 
neurologische symptomen, gevolgd door perioden van remissie. Bij primair-progressieve 
MS verergert de neurologische handicap zonder recidieven en kan optreden na relapsing-
remitting MS (= secundair progressief) of zonder eerdere relapsing-remitting MS (= primair 
progressief). Behandelingen die de afweer onderdrukken zijn de afgelopen 25 jaar sterk 
verbeterd en zijn het meest effectief bij relapsing-remitting MS. Deze behandelingen zijn 
echter minder effectief bij progressieve MS en stoppen de progressie van de ziekte niet.

Immune checkpoints zijn receptoren die een balans bieden tussen het versterken en beperken 
van de immuunrespons om enerzijds een   goede beschermende functie mogelijk te maken, 
maar anderzijds zonder onnodige ontsteking of auto-immuunziekten. Het moduleren van 
de activiteit van immune checkpoints is een krachtig hulpmiddel gebleken om bijvoorbeeld 
de immuunrespons tegen kanker te versterken of om de immuunrespons bij auto-
immuunziekten te verminderen. VISTA is een immune checkpoint dat remmende signalen 
afgeeft aan T-cellen, wat leidt tot verminderde immuniteit. Daarom biedt het verbeteren van 
VISTA-signalering bij MS een nieuwe mogelijke behandelingsstrategie om auto-immuniteit 
te beperken en symptomen te verminderen.

MS-pathologie is afhankelijk van een dynamisch en complex samenspel tussen verschillende 
celtypen in het CZS en subtypen van perifere immuuncellen. Naast neuronen bestaat het CZS 
uit andere belangrijke celtypen, gliacellen genaamd. De belangrijkste typen CZS-gliacellen zijn 
ependymale cellen, oligodendrocyten, astrocyten en microglia. Ependymale cellen vormen 
een laag die het centrale kanaal van het ruggenmerg en de ventrikels van de hersenen bekleedt 
en zijn betrokken bij de productie van cerebrospinale vloeistof. Oligodendrocyten vormen 
de myeline-schede rond neuronale axonen, die saltatoire impulsgeleiding mogelijk maakt, 
waardoor de propagatie van saltatorische actiepotentiaal wordt vergemakkelijkt. Astrocyten 
hebben honderdduizenden uitlopers en zijn betrokken bij een grote verscheidenheid aan 
CZS-processen, zoals synaptische transmissie, bloed-hersenbarrièrefunctie en ondersteuning 
van andere CNS-celtypen. Microglia zijn de belangrijkste immuuncellen van het CZS, die 
beschermen tegen indringers, weefselherstel ondersteunen en helpen bij de neuronale functie, 
bijvoorbeeld door het ‘snoeien’ van synaptische verbindingen. Het bestuderen van gliacellen 
en immune checkpoints zoals VISTA in het CZS zal helpen om de rol van VISTA tijdens CZS-
aandoeningen zoals MS te begrijpen en kan mogelijk leiden tot de ontwikkeling van nieuwe 
behandelingsstrategieën. Daarom behandelt dit proefschrift de functie van VISTA, microglia 
en astrocyten in het zich gezond ontwikkelende en volwassen CZS en in MS met behulp van 
post-mortem menselijk weefsel, bioinformatica, celkweek systemen en diermodellen.
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Hoofdstuk 1 geeft een overzicht van de rol van microglia en astrocyten in het zich 
ontwikkelende en het volwassen, gezonde CZS, evenals bij MS. Pathologische kenmerken en 
moleculaire mechanismen bij MS worden beschreven en de huidige literatuur over VISTA 
wordt besproken.

In hoofdstuk 2 wordt de ontwikkeling van menselijke foetale microglia gekarakteriseerd 
met betrekking tot hun genexpressie en epigenetische profielen. Genexpressieprofielen 
van individuele cellen (single cell sequencing) geven een integrale momentopname van de 
functionele toestand van een cel, omdat transcriptie het mechanisme is waarmee de gencode 
vertaald wordt naar eiwitten, de functionele eenheden van een cel. Epigenetische analyses richten 
zich op de regulerende systemen die genexpressie en de structuur van het genoom reguleren 
zonder de genetische code te veranderen. Epigenetische profielen en veranderingen van deze 
profielen hebben een directe invloed op genexpressie. We analyseerden genexpressieprofielen 
van circa 15.000 individuele microglia-cellen en epigenetische profielen van microglia van 20 
foetussen van 9 tot 18 weken van de zwangerschap (eerste en tweede trimester). Weefsel werd 
verkregen uit electieve abortussen en microglia werden geïsoleerd middels fluorescentie-
geactiveerde celsortering (FACS), een techniek om individuele celtypen op te zuiveren. 
Gezamenlijke genexpressie en epigenetische profielen toonden aan dat een subset van foetale 
microglia al uitrijpt in deze vroege periode van foetale ontwikkeling. Daarmee verkrijgt deze 
subset waarschijnlijk het vermogen om immunologisch te reageren op (verstoringen in) 
hun omgeving, een kenmerk van microglia dat doorgaans werd geassocieerd met volgroeide 
menselijke hersenen. Maternale koorts en infecties tijdens deze ontwikkelingsperiode 
worden in verband gebracht met neurologische ontwikkelingsstoornissen (bijv. autisme en 
verstandelijke beperking) en mogelijk met de ontwikkeling van MS op latere leeftijd. We 
veronderstellen dus dat deze vroege immunologische rijping van microglia bijdraagt   aan de 
gevoeligheid van de foetale hersenen voor omgevingsverstoringen tijdens de zwangerschap.

Hoofdstuk 3 behandelt de functies van astrocyten in verschillende stadia van experimentele 
auto-immuun encefalomyelitis (EAE), een muismodel voor auto-immuun- en inflammatoire 
kenmerken van MS. De ontwikkeling van EAE kan worden onderverdeeld in verschillende 
stadia, van vroege ziekte tot acute ziekte en chronische ziekte. FACS werd gebruikt om twee 
verschillende populaties astrocyten te isoleren op basis van ACSA- en GLAST-expressie. Deze 
twee astrocytpopulaties vertoonden differentiële genexpressieprofielen, wat verschillende 
functionaliteiten suggereert. Astrocyten vertoonden een sterk reactief profiel bij acute EAE 
geassocieerd met een neurotoxische functie die waarschijnlijk bijdraagt   aan EAE-pathologie 
en mogelijk aan MS. In chronische stadia kregen astrocyten echter een meer proliferatieve 
signatuur in plaats van dit neurotoxische profiel. De proliferatie van astrocyten is een kenmerk 
van MS, waarbij astrocyten littekenweefsel vormen (astrogliose) om gezond weefsel tegen 
beschadiging te beschermen. De vorming van gliale littekens door astrocyten ondersteunt 
waarschijnlijk weefselregeneratie en bevordert dus herstelmechanismen, maar het kan ook 
axonale regeneratie en remyelinisatie voorkomen.

In hoofdstuk 4 werd de expressie van VISTA in het CZS geëvalueerd. In de literatuur wordt 
beschreven dat VISTA sterk tot expressie wordt gebracht door immuuncellen (monocyten, 
macrofagen, T-cellen). Het is echter niet bekend welke celtypen in het CZS VISTA tot 
expressie brengen. Om VISTA-expressie in het CZS te analyseren, gebruikten we post-
mortem menselijk weefsel en muisweefsel en ontdekten dat VISTA voornamelijk tot expressie 
wordt gebracht door de aanwezige immuuncellen van de hersenen, microglia. Tijdens MS 
en andere inflammatoire CZS-aandoeningen was de VISTA-expressie op microglia drastisch 
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verminderd. Aangezien VISTA een immune checkpoint is die de immuunrespons negatief 
reguleert, is het mogelijk dat het verlies van VISTA ontsteking bevordert in ziekten van het 
CZS. 

Om VISTA-expressie in microglia en tijdens CZS-ziekten nadere te evalueren, biedt 
hoofdstuk 5 aanvullende analyses en meer diepgaande informatie over VISTA-expressie 
in een breder scala aan CZS-ziekten bij mensen en muizen. De expressie van VISTA 
door microglia VISTA nam af bij alle onderzochte ziekten van het CZS of respectieve en 
corresponderende diermodellen, waaronder MS, neurodegeneratieve ziekten (de ziekte van 
Alzheimer, amyotrofische laterale sclerose), sepsis en beroerte. Deze breinziekten vertonen 
neuro-inflammatie, en een gebrek aan VISTA-expressie in aangetaste hersengebieden kan 
ontsteking, T-celactivering en weefselschade bevorderen.

VISTA is niet alleen een immune checkpoint, maar heeft ook tal van andere functies. VISTA is 
bijvoorbeeld betrokken bij de opname van dode cellen, wat een cruciale stap is in fysiologische 
neurologische ontwikkeling en weefselherstel. Bovendien reguleert VISTA de migratie van 
immuunceltypes naar signaalmoleculen, die de locatie van weefselschade markeren. Ten 
slotte remt VISTA de productie van cytokinen, signaalmoleculen van het immuunsysteem 
die ontsteking kunnen bevorderen en afremmen. Afhankelijk van de functie die VISTA 
heeft in microglia, kan de vermindering van VISTA-expressie bij breinziekten verschillende 
functionele uitkomsten hebben. Daarom werd de functie van VISTA in microglia onderzocht 
in hoofdstuk 6. Om de VISTA-functie in microglia te ontrafelen, werd een model ontwikkeld 
waarin VISTA-deficiëntie werd gericht op microglia. VISTA-deficiënte microglia vertoonden 
een veranderde morfologie, gekenmerkt door een lagere vertakking. Expressie van genen 
betrokken bij de celcyclus en immuunactivering van microglia nam toe door uitschakeling 
van VISTA enkel in microglia. Microglia VISTA-deficiëntie had geen invloed op de progressie 
van EAE en had geen invloed op de microglia-respons tijdens EAE of op stimulatie met de 
bacteriële component lipopolysaccharide (LPS). In celkweek vertoonden microglia die 
deficiënt zijn voor VISTA een verminderd vermogen om myeline op te nemen. In verschillende 
MS-laesiestadia werd VISTA differentieel tot expressie gebracht. Een ontregelde homeostase 
van microglia en verminderde opname van myeline zou kunnen bijdragen aan de progressie 
van MS en aan verminderde homeostase van het CZS.

Hoofdstuk 7 vat de mogelijke implicaties van de bevindingen in dit proefschrift samen en 
bespreekt deze in de context van de recente literatuur. Verder worden toekomstperspectieven 
en mogelijke vervolgexperimenten besproken. Het in kaart brengen van de ontwikkeling van 
menselijke microglia is een belangrijk element om de gevolgen van verstoringen tijdens de 
zwangerschap te doorgronden, waaronder neurologische ontwikkelingsstoornissen, maar 
ook mogelijk de ontwikkeling van auto-immuniteit en CZS-ziekte op latere leeftijd. Een 
verstoorde ontwikkeling van muis embryo’s door ontstekingsinsulten verhoogt bijvoorbeeld 
de gevoeligheid voor het ontwikkelen van EAE. Het nieuwe feit dat humane microglia al in een 
vroeg stadium van de ontwikkeling immuunfuncties ontwikkelen, kan microglia en dus het 
zich ontwikkelende CZS kwetsbaar maken voor infecties en koorts, waardoor de vatbaarheid 
voor het ontwikkelen van aandoeningen zoals MS toeneemt. Niet alleen microglia, maar 
ook andere gliatypes, namelijk astrocyten, zijn betrokken bij ontsteking en weefselherstel in 
MS. Het bestuderen van de verschillende celtypen in het CZS en hun interactie is essentieel 
om nieuwe therapeutische interventiestrategieën te ontwikkelen. Astrocyten hebben 
mogelijk schadelijke functies in het begin van EAE ontwikkeling, maar kunnen nodig zijn 
voor weefselregeneratie in latere ziektestadia, en dit kan vergelijkbaar zijn bij MS. Microglia 
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en astrocyten zijn functioneel zeer heterogeen, vooral tijdens de ontwikkeling en onder 
pathologische omstandigheden. Het begrijpen van astrocyten- en microglia-subgroepen 
tijdens pathologie is belangrijk, aangezien subset-specifieke behandelingen een veelbelovende 
weg zijn voor onderzoek en mogelijke therapie.

Aangezien microglia en astrocyten elkaars functie beïnvloeden door uitgescheiden factoren 
en mogelijk directe receptorinteracties, is het denkbaar dat het blokkeren of induceren 
van specifieke interacties de ziekteprogressie bij MS kan stoppen. VISTA zou een dergelijk 
receptor kunnen zijn die cruciaal is voor microglia-interactie met astrocyten en infiltrerende 
immuuncellen tijdens MS. Verminderde VISTA-expressie in microglia tijdens ontsteking 
leidt tot verminderde myeline-fagocytose en verhoogde activering van immuuncellen, die 
gezamenlijk ontsteking bevorderen en herstelmechanismen remmen. Het manipuleren van 
VISTA-signalering in microglia tijdens MS verdient nadere bestudering in de toekomst, omdat 
dit ontstekingsprocessen kan verminderen. Aangezien VISTA echter alomtegenwoordig 
tot expressie wordt gebracht door immuuncellen in de periferie en verschillende functies 
heeft in verschillende celtypen, is het ook essentieel zijn om de functionele gevolgen van het 
moduleren van VISTA-functie tijdens MS zorgvuldig te evalueren.
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English summary
Multiple sclerosis (MS) is a chronic and often progressive disease of the central nervous 
system (CNS), which manifests at a young age, usually between 20 and 40 years. In MS, 
immune cell types including macrophages and lymphocytes enter the CNS and damage 
the myelin sheath, which acts as an insulation for axons and is crucial for rapid saltatory 
action potential propagation, and myelin damage also results in axonal loss. MS patients 
display a range of symptoms including impaired sensation, vision problems, and paralysis. 
Although MS is generally thought to be of autoimmune origin, the primary cause of MS is 
unknown. Most common types of MS are relapsing-remitting MS and primary/secondary 
progressive MS. Relapsing-remitting MS is characterized by times of sudden increase of 
neurological symptoms, followed by remission periods. In progressive MS, neurological 
disability is worsening without relapses and can present after relapsing-remitting MS (= 
secondary progressive) or without previous relapsing-remitting MS (= primary progressive). 
Immune suppressive treatments have improved dramatically over the past 25 years and are 
most effective in relapsing-remitting MS. These treatments, however do not arrest disease 
progression, and are less effective in progressive MS.

Immune checkpoints are receptors that provide a balance between enhancing and limiting 
the immune response to allow proper protective function without aberrant inflammation 
or autoimmune disease. Modulating immune checkpoint activity is a powerful tool to, for 
example, increase the immune response against cancer, or to reduce the immune response in 
autoimmune diseases. VISTA is an immune checkpoint that provides inhibitory signals to T 
cells leading to reduced immunity. Therefore, enhancing VISTA signaling in MS offers a novel 
treatment strategy to limit autoimmunity and reduce symptoms.

MS pathology is dependent on a dynamic and complex interplay between different CNS-
resident cell types and peripheral immune cell subsets. In addition to neurons, the CNS 
consists of other important cell types, called glial cells. The main types of CNS glial cells are 
ependymal cells, oligodendrocytes, astrocytes, and microglia. Ependymal cells form a layer 
that lines the central canal of the spinal cord and the ventricles of the brain and are involved in 
cerebrospinal fluid production. Oligodendrocytes form the myelin sheaths around neuronal 
axons, facilitating saltatory action potential propagation, which enables neuronal signaling. 
Astrocytes have hundreds of thousands of processes and are involved in a large variety of 
CNS processes such as synaptic transmission, blood-brain barrier function, and support of 
other CNS cell types. Microglia are the principal immune cells of the CNS, that protect the 
CNS against intruders, support tissue repair, and assist in neuronal function for instance by 
synaptic pruning. Studying glial cells and immune checkpoints such as VISTA in the CNS will 
help to understand the role of VISTA during CNS disease such as MS and can potentially lead 
to the development of novel treatment strategies. Hence, this thesis addresses the function 
of VISTA, microglia, and astrocytes in healthy developing and adult CNS, and in MS using 
post-mortem human tissue, bioinformatic approaches, cell culture assays, and animal models. 

Chapter 1 provides an overview of the role of microglia and astrocytes in developing and 
adult healthy CNS, as well as in MS. Pathological hallmarks and molecular mechanisms in MS 
are outlined and the current literature on VISTA is reviewed.

In chapter 2, human fetal microglia development is characterized with respect to their gene 
expression and epigenetic profiles. Single cell gene expression profiles provide a snapshot 
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of the functional state of a cell, as transcribed genes are translated to proteins, which are 
the functional units of a cell. Epigenetic analyses focus on the regulatory systems that 
regulate gene expression and the structure of the genome without changing the genetic 
code. Epigenetic profiles and changes of these profiles directly affect gene expression. We 
assessed gene expression profiles of approximately 15,000 individual microglia cells and 
epigenetic profiles of microglia from 20 fetuses of gestational weeks 9 to 18 (first and second 
trimester). Tissue was obtained from elective abortions and microglia were captured using 
fluorescence-activated cell sorting (FACS), which is a technique to isolate individual cell 
types. Gene expression and epigenetic profiles jointly demonstrated that a subset of fetal 
microglia already mature in this early period of fetal developmental and likely obtain the 
ability to immunologically respond to (perturbations in) their environment, a hallmark of 
microglia typically associated with adult human brains. Maternal fever and infections during 
this developmental period are associated with neurodevelopmental disorders (e.g. autism 
and intellectual disability) and potentially with the development of MS later in life. Thus, we 
postulate this early maturation of microglia contributes to the sensitivity of the fetal brain 
towards environmental perturbations during pregnancy. 

Chapter 3 addresses the function of astrocytes at different stages of experimental autoimmune 
encephalomyelitis (EAE), which is a mouse model for autoimmune and inflammatory features 
of MS. The development of EAE can be separated into distinct stages from early disease, to acute 
disease, and chronic disease. FACS was used to isolate two different populations of astrocytes 
based on ACSA and GLAST expression. These two astrocyte populations showed differential 
gene expression profiles, suggesting distinct functionalities. Astrocytes displayed a strongly 
reactive profile in acute EAE associated with a neurotoxic function likely contributing to EAE 
pathology, and potentially to MS. In chronic stages, however, instead of this neurotoxic profile, 
astrocytes acquired a more proliferative signature. Astrocyte proliferation is a hallmark of 
MS as astrocytes form scar tissue (astrogliosis) to protect healthy tissue from damage. The 
formation of glial scars by astrocytes likely supports tissue regeneration and hence promotes 
repair mechanisms, however, it can also prevent axonal regeneration and remyelination.

In chapter 4, the expression of VISTA in the CNS was evaluated. It is described in literature 
that VISTA is highly expressed by immune cells (monocytes, macrophages, T cells). However, 
it is unknown which CNS-resident cell types express VISTA. To analyze VISTA expression 
in the CNS, we used post-mortem human and mouse tissue and found that VISTA is 
predominantly expressed by the resident immune cells of the brain, microglia. During MS and 
other inflammatory CNS disease, VISTA expression on microglia was drastically decreased. 
Since VISTA is an immune checkpoint that negatively regulates the immune response, it is 
possible that loss of VISTA on microglia promotes inflammation during CNS diseases. 

To further evaluate VISTA expression in microglia and during CNS diseases, chapter 5 
provides additional analyses and more in-depth information on VISTA expression in a wider 
range of CNS diseases in humans and mice. Microglia VISTA expression decreased in all 
assessed CNS diseases or respective animal models including MS, neurodegenerative diseases 
(Alzheimer’s disease, amyotrophic lateral sclerosis), sepsis, and stroke. These CNS diseases 
feature neuroinflammation, and a lack of VISTA expression in affected brain regions might 
promote inflammation, T-cell activation and tissue damage.

VISTA is an immune checkpoint, but it also has a variety of other functions. For example, 
VISTA is involved in the uptake of dead cells (efferocytosis), which is a crucial step in 
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neurodevelopment and tissue repair. Furthermore, VISTA regulates migration of immune 
cell types towards signaling molecules, which is used to attract immune cells to sites of 
damage. Finally, VISTA inhibits the secretion of cytokines, which are signaling molecules 
of the immune system that can promote inflammation. Depending on the function that 
VISTA has in microglia, the reduction in VISTA expression during CNS disease could have 
different functional outcomes. Therefore, the function of VISTA in microglia was investigated 
in chapter 6. To unravel VISTA function in microglia, a model was developed where 
VISTA-deficiency was targeted to microglia. VISTA-deficient microglia exhibited an altered 
morphology, characterized by a lower ramification. Genes involved in cell cycle and immune-
activation of microglia were increased after VISTA depletion. Microglia VISTA-deficiency 
did not affect the course of EAE and did not alter the microglia response during EAE or to 
the inflammatory bacterial component lipopolysaccharide (LPS). In cell culture, microglia 
deficient for VISTA exhibited reduced ability to phagocytose myelin. In distinct MS lesion 
stages, VISTA was differentially expressed. Dysregulated microglia homeostasis and impaired 
myelin uptake might contribute to MS progression and to disturbed CNS homeostasis.

Chapter 7 summarizes and discusses the potential implications of the findings presented 
in this thesis. Furthermore, future perspectives with potential follow-up experiments are 
discussed. Delineating human microglia development is an important quest to understand 
the consequences of perturbances during pregnancy, which include neurodevelopmental 
disorders, but also potentially the development of autoimmunity and CNS disease later in life. 
For example, perturbed mouse development increases the susceptibility to developing EAE. 
The fact that microglia develop immune-sensing properties early in human development may 
render microglia and the developing CNS vulnerable towards infections and fever, thereby 
enhancing the susceptibility to developing CNS disease such as MS. Not only microglia, but 
also other glial cell types, namely astrocytes, are involved in MS inflammation. Studying 
CNS-resident cell types and their interaction is essential to develop potential therapeutic 
intervention strategies. Astrocytes are potentially detrimental early during EAE but may be 
required for tissue regeneration in late disease stages, which might be similar in MS. Microglia 
and astrocytes are highly heterogeneous particularly during development and under 
pathological conditions. Understanding astrocyte and microglia subsets during pathology is 
important, since subset-specific treatments are a promising avenue of research and potential 
therapy.

Since microglia and astrocytes affect each other’s phenotype using secreted factors and 
potentially direct receptor interactions, it is conceivable that blocking or inducing specific 
interactions may halt disease progression in MS. VISTA could be such a receptor that is 
crucial for microglia interaction with astrocytes and infiltrating immune cells during MS. 
Decreased VISTA expression during inflammation in microglia may lead to reduced myelin 
phagocytosis and increased immune cell activation, together promoting tissue inflammation 
and inhibiting repair mechanisms. Restoring VISTA signaling in microglia during MS should 
be studied in the future as it might reduce inflammation. However, as VISTA is ubiquitously 
expressed by immune cells in the periphery and has different functions in distinct cell types, 
it will be essential to carefully evaluate functional consequences of modulating VISTA 
expression during MS.
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