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1The choroid plexus
The choroid plexus is a secretory tissue located in each ventricle of the brain. It is best known 
for producing the cerebrospinal fluid (CSF) that bathes the central nervous system (CNS), 
but the choroid plexus also participates in neuro-immune homeostasis and forms a barrier 
between the blood and the CSF.

The architecture of the choroid plexus reflects its functions within the CNS. It consists of a 
highly vascularized stroma surrounded by a layer of cuboidal epithelial cells and populated 
by immune cells (Fig. 1). These elements are the pillars for the choroid plexus key functions 
of secretion, immune homeostasis and barrier formation. The choroid plexus is the main pro-
ducer of CSF [66], which bathes, nourishes and protects the CNS. This remarkable secretory 
activity is facilitated by the extensive surface of the epithelium. Choroid plexus epithelial 
cells present basolateral infoldings and apical microvilli, while the choroid plexus tissue itself 
folds into villi [20]. Moreover, apical motile cilia contribute to the CSF flow throughout the 
ventricular system [62]. To guarantee blood supply for CSF production, capillaries densely 
irrigate the choroid plexus stroma. These capillaries present pores permeable to water and 
small molecules, called fenestrations, which facilitate the exchange between the blood and 
the stroma [62]. To regulate this potentially vulnerable interface with the CNS, a blood-CSF 
barrier (BCSFB) takes place at the choroid plexus epithelium. Tight and adherens junctions 
connect choroid plexus epithelial cells and contribute to the apicobasal polarity of mem-
brane proteins such as transporters [20], while gap junctions ensure cell communication and 
a synchronized response of the epithelium [11].

Secretion of CSF by the choroid plexus is key to CNS homeostasis
Humans have around 150 mL of CSF, of which 20% is contained in the brain ventricles, and the 
rest is distributed in cranial and spinal subarachnoid spaces [66]. The CSF offers mechanical 

Fig. 1: Architecture of the 
human choroid plexus. An 
epithelial layer surrounds 
the choroid plexus stroma. 
Epithelial cells are connect-
ed by tight junctions and 
present a basal labyrinth. 
Their apical side faces the 
cerebrospinal fluid (CSF) and 
contains microvilli and cilia. 
The choroid plexus stroma is 
vascularised with fenestrat-
ed capillaries. Immune cells 
populate the choroid plexus. 
These include mostly myeloid 
cells but also lymphocytes. A 
special kind of macrophages, 
called epiplexus or Kolmer 
cells, lay on the surface of the 
epithelium.
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protection, provides nutrients and removes waste from the CNS. The CSF contains com-
pounds that help the CNS to develop and function normally, including water, ions, glucose, 
growth factors, amino acids, hormones, cholesterol, lipids, metals, microRNAs and extracel-
lular vesicles [2,22,81]. Most of these components are imported from the blood or produced 
by the choroid plexus [62]. The choroid plexus secretes around 500 mL of CSF daily, resulting 
in a renewal of the CSF pool three to four times per day [66]. 

The secretion of CSF by the choroid plexus is a two-step process that depends on two dif-
ferent gradients [66]. First, a pressure gradient at the capillaries leads to the passive diffusion 
of plasma from the blood into the choroid plexus stroma. Second, an osmotic gradient pro-
moted by ion transporters at the epithelium facilitates the transport of water via epithelial 
aquaporins from the stroma into the brain ventricles. From the lateral ventricles, the CSF 
flows through the interventricular foramina (foramen of Monro) to the third ventricle, and via 
the cerebral aqueduct to the fourth ventricle. Then, the CSF enters the subarachnoid space 
between the meningeal arachnoid and pia mater. CSF is subsequently reabsorbed by arach-
noid villi and granulations into the systemic circulation, or by the lymphatics present in the 
cribriform plate or dural sinuses, draining into regional or cervical lymph nodes [44]. The flow 
of CSF transports the choroid plexus secretome to periventricular areas [59] and CNS regions 
as far as the cortex [79].

The flow of CSF across the CNS aids in the removal of waste. Moreover, the choroid plexus 
secretes high amounts of chaperones, such as transthyretin (TTR), that remove plaque-gener-
ating proteins [28,71] and thus contribute to CNS homeostasis.

The choroid plexus is populated by immune cells
The choroid plexus also contributes to the immune homeostasis of the CNS [20]. Choroid 
plexus-resident immune cells are thought to be involved in a variety of immunological pro-
cesses such as antigen sampling and presentation and cytokine secretion. Macrophages and 
dendritic cells (DCs) reside in the choroid plexus stroma and protrude in between the epi-
thelial cells towards the CSF [26,94]. These protrusions allow the cells to sample the CSF for 
antigens, which they may later present to T cells in the choroid plexus stroma or in draining 
lymph nodes [26,27] after travelling along with the CSF flow [58]. Laying on the apical side of 
the epithelial layer, facing the CSF, reside the Kolmer’s epiplexus macrophages [35,94]. Unlike 
stromal macrophages, which are gradually replaced by bone marrow-derived cells [93], epi-
plexus cells share ontogeny with microglia and are not replenished [21,93].

The lymphocyte population in the choroid plexus remains unclear. The presence of T cells in 
the human choroid plexus has been debated: while Kivisakk and colleagues detected T cells 
in the choroid plexus of control donors [34], a later study found no T cells [94]. In healthy con-
ditions, B and plasma cells seem to be absent from the choroid plexus [94]. Thus, a detailed 
characterization of the immune cell populations at the human choroid plexus is still missing, 
including T cell subsets and their location within the different CNS compartments, as well as 
unexplored cell types such as granulocytes and natural killer (NK) cells. In chapters 5 and 6, 
we provide such a portrait of the choroid plexus immune cell populations.



13

G
en

era
l in

tro
d

u
c

tio
n

1Molecular and cellular exchange at the blood-CSF barrier
The choroid plexus epithelium forms a barrier between the peripheral blood and the CSF, the 
BCSFB, that regulates the passage of molecules and cells.

Solute transport across the BCSFB

The choroid plexus is densely irrigated by fenestrated capillaries, allowing small hydrophilic 
molecules to enter the stroma. Tight junctions and transporters in the epithelium further reg-
ulate the supply of blood-borne nutrients into the CSF [62]. Although the choroid plexus has 
a smaller apical surface than the blood-brain barrier [31], it presents higher vascular perfusion 
[87] and secretory capacity [30]. Certain blood-derived proteins are transported into the CNS 
exclusively through the BCSFB, such as the antioxidant ascorbic acid [91]. Other solutes are 
imported into the brain non-exclusively by the choroid plexus, such as folate [22] or iron [13].

Immune cell migration across the BCSFB

The maintenance of a healthy environment for proper neuronal functioning depends on tight-
ly regulated immunosurveillance. Immune cells traffic in and out of the CNS in a controlled 
manner through the CNS barriers –the endothelial blood-brain barrier in the parenchymal 
capillaries, the complex blood-meningeal barrier in the meninges, and the epithelial BCSFB 
at the choroid plexus [17]. 

The overall contribution of the BCSFB to the immune cell infiltration into the CNS is lower 
than that of the blood-brain barrier [53], but certain populations may preferentially migrate 
through the choroid plexus relative to other CNS barriers. The similar cellular composition 
of lumbar and ventricular CSF in non-inflammatory patients suggests that the choroid plexus 
is the major infiltration route for immune cells into the CSF [60]. Of note, the epithelial cells 
of the BCSFB play an active role in the modulation of immune cell infiltration into the CNS 
[53]. This is illustrated upon spinal cord damage in mice, where the influx of anti-inflamma-
tory macrophages occurs preferentially through the choroid plexus [74]. Hence, the choroid 
plexus is portrayed as a permissive “educational” gate to promote regulatory and protective 
immune responses in the CNS, which nonetheless can lead to detrimental immune cell infil-
tration in pathological conditions [73]. For example, in the multiple sclerosis mouse model 
experimental autoimmune encephalomyelitis (EAE), pathogenic Th17 cells infiltrate through 
the choroid plexus [61]. Accordingly, human Th17 cells preferentially infiltrated through an in 
vitro model of the BCSFB compared to other CD4+ T cell subsets [53]. Therefore, the choroid 
plexus is involved in normal CNS immunosurveillance but it can also host protective or detri-
mental responses during CNS disorders.

Immune cell migration into the CNS via the choroid plexus requires an initial transendothelial 
diapedesis from the peripheral blood into the choroid plexus stroma and a second step of 
transepithelial infiltration from the stroma into the CSF. Chemokines in the CSF can act as 
cues to attract immune cells into the CNS. Selectins and cell adhesion molecules mediate the 
extravasation of circulating cells through the choroid plexus endothelium towards the stroma 
[34,82,94]. The more restricted crossing of immune cells through the epithelial barrier into the 
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CSF under physiological conditions is not fully characterised. In the inflamed epithelium, the 
intercellular adhesion molecule 1 (ICAM1) is expressed apically and mediates the final steps 
of leukocyte transmigration [29,53,65]. In mice, ICAM1 is also crucial in the reverse migration 
of immune cells from the ventricular CSF back into the choroid plexus stroma, a process 
related to the reactivation of T cells and CSF monitoring [53,84]. In healthy humans, choroid 
plexus epithelial cells express neither ICAM1 [29,34] nor vascular cell adhesion protein 1 
(VCAM1) [34], suggesting that other adhesion molecules are involved in the transepithelial 
migration to guarantee immunosurveillance. Thus, the choroid plexus epithelium coordinates 
the bi-directional migration of immune cells between the periphery and the CSF, highlighting 
its role in immune cell surveillance and homeostasis.

Protective responses of the choroid plexus in neurological disease
The choroid plexus has a strategic location within the brain ventricles, performs critical func-
tions for the CNS and lacks a blood barrier at the capillaries. These attributes make the 
choroid plexus a hub capable of sensing and responding to both peripheral and CNS stimuli. 
Not surprisingly, CNS aberrations that occur in neurological diseases influence the choroid 
plexus. Although it is a resilient tissue that undergoes adaptive neuroprotective changes, 
the choroid plexus can also become damaged and dysfunctional. In Table 1, we provide an 
overview of the secretory, immunological and structural changes that occur at the choroid 
plexus during neurological disorders, with a focus on human studies. Secretory and anti-in-
flammatory responses underline the homeostatic and protective capabilities of the choroid 
plexus in response to CNS damage. Protective responses are more common in humans than 
in murine disease models. This may reflect differences in chronicity and suggests that the 
choroid plexus only mounts a protective response upon sustained, non-acute insults such as 
those in chronic human diseases. Structural choroid plexus alterations are mostly detrimental, 
but may not always translate into functional failure [80].

Despite the central roles and location of the choroid plexus within the CNS, its alterations in 
many neurological diseases, such as multiple sclerosis, are not fully elucidated. In chapter 3, 
we report an RNA-sequencing study to determine whether secretory, immune or structural 
changes occur in the choroid plexus of progressive MS donors. Once better understood, 
boosting the beneficial and neuroprotective actions of the choroid plexus could benefit 
patients with neurological disorders.
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1Table 1: alTeraTions of The choroid plexus in neurological disorders

Disorder Choroid plexus alterations Species References

Secretory AD Upregulation of the PPAR/RXR pathway, related to 
antioxidant responses and energy supply; increased 
TTR secretion.

Human Stopa, 2018 
[83]; Čarna, 
2021 [7]

Schizophrenia Upregulation of ADAMTS17, related to wound healing 
and tissue remodelling.

Human Kim, 2016 [33]

Ageing Reduced capacity to produce neuroprotective factors. Murine Emerich, 2007 
[16]; Zhu, 2018 
[99]

Stress Upregulation of brain derived neurotrophic factor and 
insulin like growth factor 1; downregulation of klotho.

Murine Sathyanesan, 
2012 [67]

Immune AD Upregulation of cytokines (IL-2, IL-4, TNFα and TGFβ); 
no changes in macrophages or T cells.

Human Čarna, 2021 [7]

ALS Upregulation of vascular P-selectin; accumulation of 
macrophages, particularly with an immunosuppressive 
phenotype.

Human Saul, 2020 [68]

Schizophrenia Upregulation of immune-related genes; SERPINA3 and 
CISH may mediate a protective response

Human Kim, 2016 [33]

Depression Downregulation of inflammatory genes. Human Devorak, 2015 
[15]

Ischemic 
stroke

Infiltration of T cells in the CNS. Human & 
murine

Llovera, 2017 
[42]

Spinal cord 
trauma

Recruitment of beneficial M2 macrophages to the 
CNS.

Murine Shechter, 2013 
[74]

Stress Upregulation of proinflammatory cytokines. Murine Sathyanesan, 
2012 [67]

MS Accumulation of immune cells and upregulation of 
endothelial adhesion molecules; general inflammation.

Human Vercellino, 2008 
[94]; Kim, 2020 
[32]

Structural AD Thinner epithelium and ticker basement membrane. Human Serot, 2000 [72]

Downregulation of TJ gene CLDN5. Human Stopa, 2018 [83]

Increased volume. Human Čarna, 2021 [7]

FTD Downregulation of CLDN5, but upregulation of 
cadherin pahtway related to adhesion.

Human Stopa, 2018 [83]

ALS Downregulation of junctional genes CLDN1, CLDN3, 
OCLN, and CDH1 (E-cadherin) in the epithelium. 
Vascular damage and loss of pericytes.

Human Saul, 2020 [68]

HD Downregulation of TJ gene CLDN5, but upregulation 
of cadherin pahtway related to adhesion.

Human Stopa, 2018 [83]

Ageing Thinner epithelium and ticker basement membrane. Human Serot, 2000 [72]

MS Downregulation of TJ CLDN3; enlargement. Human Kooij, 2014 [36]; 
Ricigliano, 2021 
[63]

AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; FTD: fronto-temporal dementia; HD: Hun-
tington’s disease; MS: multiple sclerosis; TJ: tight junction.
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MulTiple sclerosis 
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the CNS that 
affects around 2.8 million people worldwide [50]. Patients with MS suffer from weakness, 
spasticity, fatigue, blurry or double vision, dizziness, bladder and bowel problems, chronic 
pain and cognitive issues, amongst others [56] (Fig. 2). The symptoms are a consequence 
of CNS inflammation and neurodegeneration, but the clinical course of MS is complex and 
heterogeneous. Most patients are initially diagnosed with relapsing-remitting MS (RRMS), 
presenting episodes of symptoms followed by periods of recovery and normal functioning. 
With time, the majority of RRMS patients evolve into secondary progressive MS (SPMS) [14] 
with a continuous decline of neurological function. A third, smaller subset of patients suffers 
from progressive deterioration from the onset of the disease, known as primary progressive 
MS (PPMS). Depending on the presence of relapses or new lesions, progressive MS patients 
are classified as active or inactive [43,88]. Together, progressive patients are estimated to 
make up around 20% of the total MS population [3,39,46,90].

RRMS is the most inflammatory type of MS [14]. Magnetic resonance imaging (MRI) activity 
can be seen during relapses, showing inflammatory lesions in the CNS. During the progres-
sive phases of MS, acute inflammation declines and neurodegeneration prevails, but chronic 
diffuse inflammation remains throughout the CNS [14,41]. 

MS pathology
In MS, an autoimmune 
reaction is mounted 
against myelin in the CNS, 
leading to the characteris-
tic MS lesions. Based on 
their inflammatory and 
demyelinating activity, MS 
lesions can be classified 
as active, mixed active/
inactive or inactive; the 
first two with or without 
ongoing demyelination 
[38]. This classification 
aims to reflect the tem-
poral development of 
the lesions in the CNS 
of MS patients. When 
demyelinating lesions 
appear, microglia and 
infiltrating macrophages 
phagocytose the mye-
lin debris (active lesion). 

Fig. 2: Symptoms of multiple sclerosis. 
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1Over time, myeloid cells are removed, resulting in a hypocellular centre and a rim of mac-
rophages/microglia at the border of the lesion (mixed active/inactive, also known as chronic 
active), which eventually disappears (inactive lesion, also known as chronic inactive) [4,38,89]. 
Occasionally, a second wave of inflammation may lead to the re-activation of the lesion. 
Active and mixed active/inactive lesions may be further classified into those with ongoing 
demyelination (demyelinating) or those where demyelination has stopped (post-demyelinat-
ing). Additional temporal information can be retrieved from the presence of both major and 
small myelin proteins (early demyelinating) or only major proteins (late demyelinating) in the 
active demyelinating lesions. Lastly, shadow plaques are those lesions where partial remyeli-
nation has taken place, identified by their thinner myelin sheaths. 

Besides macrophages and microglia, other immune cells are present in MS lesions which 
locate mostly perivascularly but also in the parenchyma [45]. These include T cells, dominat-
ed by clonally expanded CD8+ cells [1,45], some B cells and plasma cells [45].

MS lesions occur preferentially in periventricular areas [57,77], directly exposed to the flow 
of CSF. However, MS lesions are not restricted to the white matter and they also occur in 
the cortical and deep grey matter. Cortical lesions can be classified based on their location 
into leukocortical (type I), intracortical (type II), subpial (type III), or pancortical (type IV). 
Subpial lesions are specific for MS [47] and therefore of diagnostic value if present. Outside 
the lesions, diffuse changes occur that may be related to pre-active lesions or to Wallerian 
degeneration, which results from axonal damage in lesions located elsewhere.

Oxidative damage in MS

In MS lesions, inflammatory processes induce the release of reactive oxygen species (ROS), 
while the imbalance between energy demand and supply leads to a hypoxic-like environment 
known as virtual hypoxia [40,92]. When the antioxidant capacity of the brain is exceeded, this 
milieu further contributes to tissue damage. 

The oxygen radicals formed in MS lesions may be restricted to the brain parenchyma or 
released into the ventricular CSF. Accordingly, MS patients contain more oxidative stress 
markers in their CSF than controls [6,23]. Once in the CSF, ROS could reach and be sensed 
by the choroid plexus, triggering a protective response to prevent the neurological damage. 
In chapter 3, we describe a dysregulation of hypoxia-related genes with neuroprotective 
potential in the choroid plexus from progressive MS donors.

MS aetiology
The cause of MS remains unknown, but much progress has been made in deciphering the 
genetic and environmental risk factors involved.

Risk factors

The genetic component of MS has been highlighted by twin studies [18], with more than 200 
genetic risk variants identified. Most of the genetic risk factors are related to the immune 
system, both innate and adaptive (reviewed by Olsson et al. [54]). The strongest association 
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is with HLA-related genetic variants, particularly in the class II genes, which encode molecules 
that present antigen to CD4+ T cells, but also in class I genes for antigen presentation to 
CD8+ T cells [49,54].

Several environmental risk factors for MS have also been identified [54]. Epstein-Barr virus 
infection, smoking, adolescent obesity, living in a high latitude during adolescence, low vita-
min D, or working night shifts all increase the risk of MS. On the contrary, consuming coffee, 
alcohol and nicotine have been suggested to decrease the risk of developing MS.

MS disease models: outside-in versus inside-out

Several hypotheses have been proposed to explain the aetiology of MS, but two of them 
stand out: the outside-in and the inside-out models. The outside-in model views MS primarily 
as an autoimmune disease driven by a dysfunctional immune system that targets the CNS, 
leading to neuroinflammation and, eventually, neurodegeneration. The inflammatory com-
ponent of lesions, the immune-related risk genes, the EAE animal model and the success of 
immunomodulatory drugs in RRMS, among other facts, support this model.

Alternatively, the inside-out model presents MS as a disease primarily driven by cytodegen-
eration, possibly focused on myelin, which variably triggers a more or less primed immune 
system [85]. This model better explains the clinical heterogeneity of MS. PPMS patients would 
present exclusively CNS degeneration, still with unknown causes, manifested as a monoto-
nous progression of the disease. RRMS would manifest when CNS debris originating from 
the primary CNS damage activates a susceptible immune system, leading to a secondary 
immune response and peaks of disease activity. Eventually, immune senescence and exhaus-
tion of the brain compensatory mechanisms would lead to the less inflammatory SPMS. There 
is a body of evidence supporting this model, such as the lack of immune risk genes for PPMS, 
the initial location of myelin damage inside of the myelin sheath, and the presence of cortical 
grey matter lesions and diffuse abnormal white matter.

Handling MS

MS diagnosis

The diagnosis of MS is complicated by its clinical heterogeneity and unknown aetiology. To 
diagnose MS, a neurologist evaluates the patient’s medical history and clinical symptoms, 
combined with laboratory tests to rule out other diseases [51]. Common tools include MRI to 
detect CNS lesions [88] or analysis of CSF for the presence of oligoclonal immunoglobulin 
bands [96].

Treatments

Because the aetiology of MS remains unknown, it cannot be cured. Disease-modifying ther-
apies are available that dampen inflammation to prevent relapses and the appearance of 
new lesions. Consequently, the side effects of MS drugs are mostly related to the weakening 
of the immune system and a higher susceptibility to infections. An MS treatment plan must 
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1therefore aim for a balanced immune system that suppresses disease activity while maintain-
ing immunosurveillance and resolution mechanisms.

Until recently, PPMS patients encountered a lack of effective treatments. Fortunately, a new 
therapy has become available, ocrelizumab, that slows disease progression [48]. Ocrelizum-
ab is an anti-CD20 antibody that targets B cells, which has shifted the focus to the role of B 
cells in chronic MS pathology. However, therapies are still needed for progressive, non-ac-
tive forms of MS, and it remains unclear to which extent immunomodulatory drugs prevent 
neurodegeneration and delay the onset of SPMS [5,69,75,76]. Therefore, MS patients would 
benefit from drugs that protect and repair their damaged CNS [95].

Neuroprotective and regenerative therapies: the next step
In progressive MS, degeneration predominates over inflammation. Due to the redundancy 
and plasticity of the nervous system, symptoms only become evident when a certain thresh-
old of damage is surpassed [95]. Diagnosis is therefore delayed relative to the onset of the 
disease, while neurological damage is ongoing. 

Although the concept of neuroprotection is well acknowledged, it is tricky to translate into 
clinical use. Some obstacles are the difficulty of delivering drugs into the CNS, the low regen-
erative capacity of the CNS and the lack of measurable endpoints (e.g., MRI is useful for 
immunomodulatory but not for neuroprotective therapies) [95]. The time window is also an 
important factor: neuroprotective treatment should be given before the damage is so exten-
sive that it cannot be rescued anymore. 

Nevertheless, neuroprotective or regenerative drugs are being tested in clinical and preclin-
ical phases, including remyelinating compounds, anti-oxidants, trophic factors, ion channel 
modulators and stem cells [95]. Despite the emphasis on promoting remyelination through 
the differentiation of oligodendrocyte precursors, modulation of oxidative stress also has 
therapeutic potential. An already approved MS therapy, dimethyl fumarate, activates the 
protective oxidative stress-response machinery [86]. A cannabidiol quinone derivative, VCE-
004.8, activates the hypoxia-inducible factor (HIF) pathway and is being tested for MS [52], 
aiming to promote protective hypoxia-mimetic responses. 

Despite promising results in animal models and pioneering translational studies, the failure 
of neuroprotective therapies in clinical trials [10] highlights the extent and complexity of the 
underlying pathological processes in MS. Ultimately, the goal is to combine neuroprotective 
therapies with current immunomodulatory drugs to improve the quality of life of MS patients. 
Our results from chapter 3 point to the choroid plexus as a therapeutic target to promote 
neuroprotective responses in the CNS.

Immune cells in the CSF of MS patients
The CSF of MS patients, particularly in RRMS, contains higher numbers of immune cells rel-
ative to that of controls [9,24,55,98]. Oligoclonal immunoglobulin bands reflect the clonal 
expansion of B and plasma cells [8,12,98]. The accumulation of T lymphocytes in the CSF 
[55,98] is mostly due to the CD4+ subset [55], as opposed to the CD8+ T cell-rich infiltration 
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in the brain parenchyma [45]. Interestingly, higher numbers of regulatory T cells in the CSF of 
MS patients are possibly a compensatory response to the CNS inflammation, although they 
present a reduced suppressive phenotype [19]. NK cells are also more abundant in the CSF 
of MS compared to control donors [64,70]. On the contrary, some other immune cells are less 
frequent in the CSF of MS patients compared with that of non-inflammatory controls, includ-
ing monocytes, γδ T cells and NK T cells [8,70]. Lastly, the concentration of granulocytes in 
the CSF may strongly depend on the phase of MS [25,37,70].

In other acute neurological diseases, leukocyte counts in the lumbar and ventricular CSF were 
similar, except for a rostrocaudal decrease in macrophages. This suggests that CSF immune 
cell infiltration occurs primarily through the choroid plexus as opposed to the lumbar menin-
ges [78], but it remains to be determined whether the same occurs in MS. 

Immune cells in the choroid plexus of MS patients
The immune cell alterations in the CSF of MS patients, together with the abundance of 
lesions in CSF-bathed periventricular areas, have raised interest in the choroid plexus as 
a route for immune cell infiltration in MS. To date, much research has been performed on 
mouse models. In EAE, the first wave of neuroinflammation consists of Th17 cells infiltrating 
through the choroid plexus [61]. We can speculate the same occurs in the more inflammatory 
relapsing-remitting phase of MS, but this gives us little information about the chronic, pro-
gressive phases of MS.

In humans, Vercellino and colleagues [94] characterised the choroid plexus immune cells in 
MS with immunohistochemistry. They qualitatively described an accumulation of antigen-pre-
senting cells, T cells and plasma cells in the choroid plexus of RRMS and SPMS donors. 
Moreover, the expression of the adhesion molecule VCAM1 was higher in MS patients rel-
ative to controls. This study shed some light on the unexplored immune landscape of the 
human choroid plexus, but many questions remain. Can these results be replicated in a larg-
er cohort? Are other immune cells present and/or altered in MS? What happens in PPMS? 
Where are these cells located within the choroid plexus compartments? Are they migrating 
in or out of the CNS, or do they reside in the choroid plexus? In chapters 3, 5 and 6, we 
addressed these questions by investigating the choroid plexus immunological alterations in 
progressive MS. 
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1Thesis aiMs and ouTline
In this thesis, we aimed to increase the understanding of the human choroid plexus in health 
and chronic neuroinflammation. We explored the secretory responses of the human choroid 
plexus in progressive MS and comprehensively described the choroid plexus immune land-
scape in control and progressive MS donors. 

In chapter 2, we discuss the use of RNA-sequencing technologies in brain barriers research. 
We provide an overview of the blood-brain and blood-CSF barriers and highlight impor-
tant considerations for designing a sequencing study. Choroid plexus-specific issues such as 
regional and cellular heterogeneity and experimental isolation procedures are also addressed. 
In chapter 3, we used an unbiased transcriptomic approach to investigate the alterations of 
the human choroid plexus in progressive MS. We identified secretory and putative neuropro-
tective responses in the choroid plexus of progressive MS patients related to the HIF hypoxia 
pathway. Remarkably, we observed few inflammatory changes, as only the gene coding for 
the granulocyte chemoattractant CXCL2 was upregulated in MS. Moreover, we revealed the 
involvement of a newly described lncRNA, HIF1A-AS3, in progressive MS. In chapter 4, we 
set out to study the involvement of HIF1A-AS3 in the HIF pathway. In chapter 5, we exam-
ined the main immune cell populations in the human choroid plexus. We determined which 
cell types are present in control and progressive MS and where within the choroid plexus 
tissue they are located. We report the abundance of antigen-presenting cells, particularly 
macrophages but also DCs, in the choroid plexus. T cells were located mostly in the choroid 
plexus stroma, and the density of CD8+ T cells was higher in progressive MS relative to con-
trol donors. B and plasma cells were virtually absent from the choroid plexus. Interestingly, 
granulocytes were more abundant in progressive MS donors relative to controls, which may 
result from CXCL2-mediated recruitment into the choroid plexus. Moreover, we often saw 
antigen-presenting cells in close contact with T cells, adding supporting evidence for the 
choroid plexus as an immune hub of the CNS. In chapter 6, we used mass cytometry (CyTOF) 
to explore the immune landscape in the brain periventricular areas of MS patients and the 
contribution of the choroid plexus route of immune cell infiltration. We identified a novel 
CD56bright NK cell signature in the brain of MS donors with a migratory phenotype which may 
drive their infiltration directly from the blood or via the choroid plexus. Finally, in chapter 7, 
we discuss the findings of this thesis’ chapters in relation to each other and put them in the 
context of current literature.
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Background

RNA sequencing (RNA-Seq) has become an indispensable tool for analyzing differential 
gene expression and thus characterization of tissues. Aiming to understand the brain barriers 
genetic signature, RNA-Seq has also been introduced in brain barriers research. This has led 
to the availability of both bulk and single-cell RNA-Seq datasets over the last few years. RNA-
Seq studies provide powerful datasets that allow for a significant deepening of knowledge 
on the molecular mechanisms that establish the brain barriers. However, RNA-Seq studies 
comprise complex workflows that require considering many options and variables before, 
during and after the sequencing process.

Main body

Here, we build on the interdisciplinary experience of the European PhD Training Network 
BtRAIN (https://www.btrain-2020.eu/), where bioinformaticians and brain barriers research-
ers collaborated to analyze and establish RNA-Seq datasets on vertebrate brain barriers. 
The obstacles BtRAIN has identified have been integrated into the present manuscript. It 
provides guidelines along the entire workflow of brain barriers RNA-Seq studies, from the 
experimental design to the interpretation of results. Focusing on the vertebrate endothelial 
blood-brain barrier (BBB) and epithelial blood-cerebrospinal-fluid barrier (BCSFB) of the cho-
roid plexus, we provide a step-by-step description of the workflow, highlighting the decisions 
to be made and explaining the strengths and weaknesses of individual choices. We propose 
recommendations for accurate data interpretation and for the information to be included in a 
publication to ensure appropriate accessibility and reproducibility of the data.

Conclusion

RNA-Seq of the brain barriers provides a resource for understanding their development, 
function and pathology, which is essential for CNS homeostasis and disease. Continuous 
advancement and sophistication of RNA-Seq require interdisciplinary approaches. The pres-
ent guidelines are built on the BtRAIN experience and aim to facilitate the collaboration of 
brain barriers researchers with bioinformaticians to advance RNA-Seq study design in the 
brain barriers community.
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background

Brain barriers: terms and definitions
Central nervous system (CNS) homeostasis is ensured by endothelial, epithelial, mesothelial 
and glial brain barriers that divide the CNS into compartments [1]. CNS barriers allow undis-
turbed neuronal function within the parenchyma while ensuring immune surveillance at the 
borders of the CNS.

For clarity, we here define some general terms that lack a cohesive reference within the brain 
barriers community. For this manuscript: The blood-brain barrier (BBB) is localized at the level 
of endothelial cells of the CNS microvasculature, which includes capillaries, pre-capillary arte-
rioles and post-capillaries venules. BBB characteristics are not intrinsic to CNS microvascular 
endothelial cells but rather rely on the continuous crosstalk of cellular and acellular elements 
around CNS microvessels, which are referred to as the neurovascular unit (NVU). The NVU 
contains BBB endothelial cells, the endothelial basement membrane with a high number of 
embedded pericytes and the glia limitans composed of the parenchymal basement mem-
brane and astrocytic endfeet [2]. The blood-cerebrospinal fluid barrier (BCSFB) is composed 
of epithelial cells surrounding the choroid plexus (ChP), which extend into the cerebrospinal 
fluid (CSF)-filled brain ventricles (Fig. 1).

The BBB and BCSFB inhibit the free diffusion of molecules from the blood to the CNS while 
ensuring rapid efflux of toxic metabolites out of the CNS [3]. In addition, both the BBB and 
BCSFB control immune cell entry into the CNS [4,5,6]. The present study does not include 
references to the following CNS barriers: the arachnoid mater, which establishes a BCSFB 
between the dura mater lacking a BBB and the CSF-filled subarachnoid space [7]; the pia 
mater, which is localized at the surface of the brain and spinal cord and embraces the suba-
rachnoid arteries [4]; the glia limitans, which ensheaths the entire CNS parenchyma [4].

Endothelial cells of the BBB are biochemically unique
The BBB endothelial cells are characterized by the presence of molecularly unique, com-
plex and continuous tight junctions, in addition to adherens junctions, lack of fenestrations 
and a low rate of pinocytotic activity [8, 9]. Moreover, BBB endothelial cells express specific 
enzymes and transporters that allow efficient transport of nutrients into the CNS and efflux of 
toxic metabolites out of the CNS [10, 11]. Despite these unique biochemical characteristics, 
endothelial cells of the BBB share some properties with endothelial cells in peripheral micro-
vascular beds. For example, all endothelial cells develop adherens junctions and may express 
tight junction proteins, but at the BBB, adherens junctions are accompanied by complex and 
continuous tight junction strands surrounding the entire circumference of the brain micro-
vascular endothelial cells [1]. A better understanding of the unique structural and functional 
characteristics of the BBB endothelium would improve our understanding of the contribution 
of BBB impairment to neurological disorders.

Phenotypic characteristics of the brain barriers are ultimately regulated at the transcriptional 
level. The analysis of transcription profiles has been a useful tool in biomedical research and 
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has had an increasing impact in the last decades. Therefore, research groups have begun to 
investigate the BBB transcriptome employing different methodologies. The first RNA-Seq 
study of CNS cells, including the BBB, was published 10 years ago [12], while a recent study 
made use of claudin-5-GFP reporter mice to sort GFP+ endothelial cells from the brain of 
mice for subsequent single-cell RNA-Seq (scRNA-Seq) [13]. This study identified zonated 
transcriptional profiles of brain endothelial cells along the arteriovenous axis [13]. Other stud-
ies have employed bulk RNA-Seq of endothelial cells isolated from the brain and peripheral 
tissues of VE-Cadherin-CreERT2-Rosa-tdTomato mice to isolate endothelial cells from the 
brain and peripheral tissues in health and disease, including mouse models of stroke, mul-
tiple sclerosis, traumatic brain injury and seizures [14]. This molecular profiling has defined 
core BBB genes expressed by brain endothelial cells that become deregulated in pathology, 
suggesting potential therapeutic targets common to multiple neurological disorders [14]. 
These approaches underscore the relevance of transcriptomic profiling of the brain barrier to 
advance our understanding of the molecular pathways underlying function and dysfunction.

Fig. 1: The blood–brain barrier in the context of the neurovascular unit and the blood-CSF barrier.
The blood–brain barrier (BBB) is located within the neurovascular unit (NVU, left scheme) at the level of 
the brain parenchymal microvasculature and composed of endothelial cells tightly connected by unique 
tight junctions. It separates brain parenchyma from the peripheral blood. Endothelial cells produce a 
basement membrane in which pericytes are embedded. Astrocyte endfeet closely contact the microves-
sels and astrocytes lay down the parenchymal basement membrane. The choroid plexus (ChP) stroma is 
separated from the CSF space by the blood-CSF barrier (BCSFB, right scheme), which is composed of 
ChP epithelial cells tightly connected by apical tight junctions. The apical side of the epithelium faces 
the CSF, while the basolateral side resting on an epithelial basement membrane faces the ChP stroma. 
The ChP stroma is highly vascularized with blood vessels lacking a BBB and populated by immune cells. 
The endothelial cells produce their own endothelial basement membrane.
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Transcriptional analysis techniques: from Sanger to next-genera-
tion sequencing
Throughout the 1980s, Sanger sequencing was used to identify transcripts within tissues 
and cells. Quantitative methodologies, such as quantitative real-time polymerase chain reac-
tion (qRT-PCR), came into prominence in the 1990s. These methods, usually referred to as 
low-throughput or ‘first-generation’ sequencing, are still used today for specific purposes, 
but they are laborious, costly and, therefore, not suitable for establishing full transcrip-
tomes of an entire tissue. The new millennium brought high-throughput techniques, with 
microarrays followed by next-generation sequencing (NGS). The most relevant and common 
NGS technique is RNA-Seq, which allows the characterization and quantification of tran-
scriptomes, including whole transcriptome sequencing more easily compared to previous 
methods [15,16,17].

New technologies bring along opportunities for an in-depth understanding of known mech-
anisms and the discovery of novel pathways. The new challenges and problems must be 
addressed, and so the field of bioinformatics started. RNA-Seq methods have seen a sharp 
decline in costs coupled with the improvement of the underlying technology. This led to an 
exponential increase of studies taking advantage of this technology and of the number of 
datasets published (Fig. 2).

Transcriptome analysis and brain barriers
A major challenge in comparing transcriptome profiles from a given cell is understanding its 
source. We found discrepancies in the protocols for isolating brain endothelial cells to be 
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34

common and underreported. There is a lack of consensus in the nomenclature for the dif-
ferent CNS vascular segments. Some laboratories refer to brain microvessels when isolating 
pure capillary fractions, while others refer to capillaries when the isolated microvessels con-
tain a mixture of arterioles, venules and capillaries. Considering the zonated gene expression 
of endothelial cells along the CNS vascular tree [13], transcriptomic studies on the BBB can 
hardly be compared, as most lack an in-depth description of the isolation procedures.

To unveil the full power of transcriptome profiling, it is essential to combine the fields of 
bioinformatics and brain barriers. Here, we focus on RNA-Seq in the endothelial BBB and the 
epithelial BCSFB. We address considerations for the experimental design, isolation method-
ologies and data analysis. Based on our collaborative BtRAIN network, it is not our intention 
to establish rigid rules but to raise awareness of the relevance of each experimental step and 
the strengths and weaknesses of the alternatives. We are convinced that this will improve the 
comparability and reproducibility of studies. By setting the stage for datasets that allow for 
meta-analysis-based research, our suggestions will also promote the 3R rules of experimental 
animal research of reducing and refining animal experimentation.

Main body

Experimental design of a BBB RNA-Seq study
Experimental design may be the most important step of any transcriptomic experiment. 
Questions that should be addressed to define the goal before an experiment include: (i) 
Is the intent to specifically define the transcriptome of the brain endothelial cells along the 
entire vascular tree or solely of BBB endothelial cells in CNS microvessels or even capillaries? 
(ii) Is the aim to compare the transcriptome of brain endothelial cells at different stages such 
as development or specific pathological conditions? (iii) Is the intent to define the transcrip-
tome of a specific tissue (i.e. ChP epithelial cells vs kidney epithelial cells), a specific time 
point (i.e. embryonic vs post-natal BBB development) or a specific pathology (multiple sclero-
sis vs Alzheimer’s disease)? (iv) What are the possible batch effects, such as sacrificing groups 
of experimental animals on different days? These and other questions are known as intrinsic 
factors, and they have a direct impact on the experimental design.

There are also extrinsic factors that influence experimental design in the form of practical lim-
itations. They are (i) biological sample availability, e.g.: human CNS tissue is sparse and may 
not have the required quality for RNA-Seq analysis, (ii) costs, e.g.: pre-sequencing optimiza-
tion costs and sufficient sequencing of samples per group to the required depth, (iii) time, 
e.g. time required for breeding experimental animals, for isolation protocol optimization and 
validation of the results and iv) human resources, which might involve several scientists, from 
the principal investigator to wet-lab researchers and technicians, sequencing facility techni-
cians and bioinformaticians (Fig. 3).

Guidelines
• Define a clear goal of the transcriptomics study.
• Consider both extrinsic and intrinsic factors.
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• Plan with the advice from experts, such as sequencing facility staff and bioinformaticians.

Vascular heterogeneity in the CNS
The vasculature is heterogeneous throughout the CNS [18] (Fig. 4). This heterogeneity is 
reflected in the transcriptome, and therefore should be considered before isolating CNS 
microvessels for a transcriptomic study. Two main factors are the capillary density and the 
BBB properties, which may, in addition, be affected by age, sex or the pathological condi-
tions investigated. 

Capillary density is related to the metabolic demands, and thus neuronal activity, of each 
CNS region [19]. The gray matter (GM) of the cerebral cortex harbors many neuronal cell 
bodies and is, therefore, more metabolically active than the white matter (WM), where mye-
linated axonal fibers run. Thus, GM harbors a higher density of capillaries when compared 
to WM [20]. In addition, there are specific regions in the CNS, such as the hippocampus, 
characterized by a remarkable heterogeneity in capillary density [21].

The NVU components are also heterogeneous throughout the CNS. Endothelial cells of the 
BBB present some of the highest regional differences. Expression of endothelial junction 
proteins (occludin, claudin-5 and a-catenin) is higher in the WM compared to the GM [22]. 
In the blood-spinal cord barrier, the endothelium is less tight and characterized by a lower 
pericyte coverage [18]. Astrocytes also show heterogeneity, including higher expression of 
glial fibrillary acidic protein (GFAP), an intermediate filament, in WM relative to GM [22, 23]. 
In contrast, the expression of aquaporin-4 (AQP4), a water channel localized at astrocyte 
endfeet, is more homogenous throughout the perivascular glia limitans [22, 24]. Moreover, 
endothelial cells do not form a BBB throughout the whole CNS. Particularly, microvessels 
within the circumventricular organs (CVOs) lack BBB properties. CVOs are localized around 
the brain ventricles and fulfill neurosecretory and neurosensory functions. The CVOs include 
the subfornical organ, the vascular organ of the lamina terminalis, the area postrema, the 
median eminence, the neurohypophysis, the pineal gland, and the ChPs (Fig. 4). CVOs 

contain fenestrated microvessels that 
allow for the free diffusion of blood 
components into the CVO stroma. 
Thus, co-isolation of microvessels from 
the CVOs should be avoided when 
aiming to specifically analyze the BBB 
transcriptome [25].

Fig. 3: Workflow for the experimental 
design of an RNA-Seq study. The research 
question will guide the initial experimen-
tal setup based on intrinsic factors. Then, 
extrinsic limitations should be taken into 
account to adjust and refine the overall 
design.

Research question

Intrinsic factors
• define vs compare
   transcriptome
• number of 
   experimental groups
• number of biological 
   samples
• single vs multi factor
• batch effects

Experimental setup

Extrinsic limitations
• sample availability
• cost / budget
• time
• human resources
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The vascular tree presents gradual phenotypic heterogeneity, a phenomenon known as zona-
tion, accompanied by transcriptional differences [13]. Organization of TJs, rate of pinocytosis, 
expression of enzymes such as alkaline phosphatase, Na+/K+ ATPase, expression of trans-
porters or efflux pumps or adhesion molecules are not the same in endothelial cells of brain 
arterioles, capillaries and venules (Table 1) [26]. In addition, the mural cell subsets in these 
microvascular segments differ, with smooth muscle cells embracing arterioles and, to a lesser 
degree, venules, while pericytes are concentrated at the capillary level [27, 28] (Fig. 5).

Vascular heterogeneity can also be induced by CNS pathology, e.g. neuroinflammation, neu-
rodegeneration or brain tumors, leading to focal alterations. This may range from changes in 
the cellular composition of the NVU (e.g. pericyte drop during stroke, perivascular accumula-
tion of inflammatory cells in multiple sclerosis) to alterations in vessel diameters, as observed 
in brain tumors. These alterations will affect the purity and RNA stability of established brain 
barrier cell isolation protocols.

Guidelines
• Consider CNS capillary density of the region of interest to obtain enough RNA yield: 

capillary density is higher in GM compared to WM.
• Consider regional differences in BBB properties. Indicate from which CNS region 

microvessels, capillaries or endothelial cells were isolated.
• Consider if you wish to analyze the transcriptome of endothelial cells from a specific 

vascular segment or a specific region of the CNS.
• Consider general or regional alterations in BBB properties when studying CNS pathol-

ogies. Indicate from which CNS region and at what disease stage the microvessels, 
capillaries or endothelial cells were isolated.

Pituitary gland
Median eminence

Pineal gland

Area postrema
Choroid plexus

Organum 
vasculosum

Subfornical organ

Circumventricular organs
Present higher permeability due to 
their leaky fenestrated capillaries

White and gray matter
Capillary density is higher in the 
gray matter than in the white matter

White matter

Gray matter

Brain Spinal cord

Fig. 4: Regional differences in the brain microvasculature. Schematic representation of a brain sagittal 
section (left) and a spinal cord transverse section (right). Capillary density is higher in the CNS gray matter 
than in the white matter, according to their differential metabolic activity. The white matter of the corpus 
callosum is highlighted. The microvessels in the circumventricular organs (CVOs, highlighted in blue) 
lack BBB characteristics, rather they are fenestrated and thus permeable to blood components. CVOs 
include the subfornical organ, the vascular organ of the lamina terminalis, the area postrema, the median 
eminence, the neurohypophysis, the pineal gland, and the choroid plexus.



37

A
d

vA
n

c
in

g b
rA

in b
A

rriers rn
A

 seq
u

en
c

in
g

Regional heterogeneity among the four choroid plexus
The choroid plexus (ChPs) protrude into each of the brain ventricles, and thus there are two 

lateral (telencephalic) ChPs, one in the third ventricle (diencephalic) and one in the fourth 

ventricle (hindbrain or myelencephalic). There is increasing evidence that the gene expres-

sion profile of each ChP reflects their positional identities. The mouse lateral and fourth 

ventricle whole ChPs present a differential transcriptome and secretome, as assessed by 

RNA-Seq and mass spectrometry [41]. A recent single-nucleus RNA-Seq study revealed a 

unique cellular composition in each of the mouse ChPs [42]. Of note, the more regionalized 

cell types were epithelial cells and fibroblasts, while ChP endothelial cells were found to be 

more homogeneous across the ventricles.

Although most transcriptomic studies have focused on the lateral ChPs, the choice of ChP will 

influence the sequencing results and the comparison with available datasets. The heteroge-

neity of the ChP among the four ventricles in the human brain remains to be characterized.

Table 1: segmenTal heTerogeneiTy in The brain microvasculaTure endoThelial cells (arTerioles, 
capillaries and venules)

Arterioles Capillaries References

Cells

Smooth muscle cells Yes No [13, 30]

Pericytes Yes/No Yes [13, 31]

Perivascular macrophages Yes Yes [13, 30]

BBB features

Tight junctions (TJs) Continuous and elaborate TJs/? Highly expressed TJs [29, 32, 33]

Permeability for BBB markers ? No [30, 34]

Astrocytic end-foot shealth No Yes [29, 30]

Transporters/enzymes/receptors

P-glycoprotein ? +++ [35, 36]

Na+/K+-ATPase +++ + [29]

Transferrin receptor (TFRC) – +++ [13, 37]

Alkaline phosphatase +++ +++ [29]

Mg2+-ATPase +++ + [29]

5’-nucleotidase +++ + [29]

γ-Glutamyl transpeptidase (GGTP) ? +++ [38, 39]

Bidirectional vesicular horsedish 
peroxidase transport

+++ + [29, 40]

Presence of perivascular cells is indicated by Yes/No. Presence of BBB features is indicated by Yes/No/
non determined (n.d.). Relative expression of transporters/enzymes is indicated by +, ++ or +++ from 
lowest to highest expression.
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Guidelines
• Consider regional transcriptional heterogeneity among the four ChPs. State the choice 

of ChP.

Considerations for the isolation of CNS microvessels, capillaries or 
single endothelial cells
An RNA-Seq study necessarily relies on the isolation protocol. The complex structure and het-
erogeneity of the NVU require a detailed description of the protocol. Each step has an impact 
on the purity and yield of the material obtained for sequencing. Many different protocols for 
the isolation of endothelial cells of the BBB, CNS microvessels, or brain endothelial cells have 
been published. Most protocols combine mechanical disruption and enzymatic digestion 
with subsequent size selection of the isolated vascular segments by filtration through nylon 
membranes with different pore sizes (Fig. 5). Additional enrichment of the vascular segment 
of interest is usually achieved by density gradient separation [43,44,45]. To increase purity, 
antibody-coupled magnetic beads or FACS or fluorescent reporter mice [46] may be used.

BBB microvessel or capillary isolation

Tissue disaggregation: enzymatic digestion versus mechanical disruption

The first step for the isolation of CNS microvessels or endothelial cells of the BBB is to cut 
the tissue into small pieces to facilitate enzyme-based digestion or mechanical homogeni-
zation [47]. Enzymatic digestion is often performed using a combination of enzymes such as 
collagenase, dispase and DNase. Mechanical disruption is usually performed using Dounce 
homogenizers with different pestle sizes, depending on the amount of tissue and the spe-
cies [48, 49]. This ensures tissue loosening by shear forces without affecting cell viability. 
Although more effective, mechanical techniques may be too harsh depending on certain fac-
tors, such as CNS region or age (i.e. aged tissue is more susceptible to damage). Therefore, 
the technique for tissue disaggregation can influence the rest of the protocol and should be 
described in detail.

Microvessel selection depending on size: filtration steps

One of the most common methods for the enrichment of CNS microvessels or, specifically, 
capillaries is performing filtrations through nylon or polyester membranes followed by gra-

Fig. 5: Heterogeneity in microvasculature diameter determines the outcome of filtration steps 
for BBB enrichment. a The CNS vascular tree from arteries to veins. An indicative range of vessel 
diameter for each vascular section is provided, along with other cell types that may be co-isolated. 
Arteries and veins have a diameter  > 100 μm, arterioles and venules from 100 μm to 50 μm. The brain 
microvasculature has a diameter smaller than 50 μm and consists of pre-capillary arterioles, capillaries 
and post-capillary venules. Capillaries are generally considered those with a diameter < 10 μm and often 
show diameters of about 5 μm. APC: Antigen-presenting cell. b Enzymatic digestion and mechanical 
disruption during CNS vascular isolation protocols alter the physical properties of the microvasculature 
fragments, influencing the downstream steps of the isolation protocol, particularly size dependent filtra-
tion across nylon membranes. Small vascular fragments obtained by mechanical disruption can allow for 
undesired vessels to pass through the filter. Enzymatic digestion leads to swelling of the blood vessels, 
prohibiting their elution through the filter.
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dient centrifugation steps with Percoll™, Dextran or serum albumin to separate microvessel 
fragments from cellular debris, myelin and other non-desired cell types [50,51,52,53]. The 
combination of larger (~ 100 μm) to smaller (~ 20 μm) filter pore sizes, in addition to using one 
or several filters in sequence, can determine the final vascular segment [54]. The choice of 
meshes should take into account the different vessel caliber of the CNS vasculature tree (Fig. 
5a). Generally speaking, arteries have a diameter ≥ 100 μm, arterioles and venules between 
100 and 50 μm, post-capillary venules and pre-capillary arterioles between 50 and 10 μm, 
and capillaries have a diameter ≤ 10 μm [55,56,57]. The diameter of the arteries decreases 
from the surface of the brain towards the deeper regions [58]. Moreover, variability in brain 
artery diameter between different mouse strains has been observed [59], underscoring the 
necessity of a detailed description of the source of sequencing material. In humans, CNS 
vessel diameters are affected by the health status of the donor [60], while, in rats, age con-
tributes to reduced capillary diameter in the brain stem [61].

In addition, other steps of the protocol can influence the physical properties of the isolated 
vessels (Fig. 5b). Mechanical disruption shortens the vasculature fragments. Enzymatic diges-
tion causes swelling of the fragments, increasing their diameter. Thus, the researcher should 
empirically determine the exact fraction of the vascular tree that has been purified at the 
end of the isolation protocol (visually analyzing the vascular fragment). To complement this 
validation, information about cell markers is available from public scRNA-Seq datasets [13]. 
However, the expression of a few markers might not successfully identify specific microvas-
cular segments, and gene expression differences along brain endothelial cells conform to a 
gradient rather than discrete segments.In sum, size selection is a critical step in the isolation 
protocol of microvessels, capillaries or individual endothelial cells of the BBB, and ambiguity 
in terminology should be avoided by accompanying qualitative and quantitative information.

Guidelines
• Indicate the method used and the state of the tissue after dissociation.
• Indicate the filtration steps, if used, including the pore size of the filter and the combina-

tion of more than one filter.
• For animal studies, indicate the strain, age and sex. For reporter mouse studies, indicate 

the mouse line used (http://www.informatics.jax.org).
• For human studies, provide age, sex and relevant clinical information.

Isolation of microvessel fragments or single endothelial cells from 
the BBB

Selection with antibody-coupled magnetic beads

Selection via magnetic beads coated with antibodies is a precise method to isolate microves-
sels or endothelial cells of the BBB. This technique can be used for positive selection of the 
material of interest or negative selection of contaminants. Endothelial cells can be purified by 
positive selection using beads coated with anti-CD31 and/or VE-cadherin antibodies [62, 63]. 
Beads coated with antibodies against CD68, PDGFRβ, NG2 or GLAST may be used to select 
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macrophages, pericytes and astrocytes, respectively [64,65,66,67,68]. Positive and negative 
selection may be combined to improve the specificity of the technique.

Bead-mediated selection offers high selectivity, but some disadvantages need to be con-
sidered. The close interaction between the different components of the BBB [69, 70] makes 
obtaining a single-cell suspension from CNS microvessels a challenging task, limiting the 
availability of binding sites for the antibodies. Enzymatic digestion may lead to the inter-
nalization or shedding of surface antigens chosen for selection. While incomplete digestion 
may lead to low yields despite the high purity, protocols aiming to reach single-cell suspen-
sions may induce changes in gene expression. Moreover, the selection is based on generally 
accepted markers for the cell population of interest, with the above-mentioned limitations. 
Therefore, it is good practice to refer to the most recent studies that define the cell popula-
tions of the brain vasculature [13, 71].

Magnetic beads may have to be separated from cells that will be cultured. Incubation in 
trypsin/EDTA at 37°C releases the beads [72], while new procedures use a less aggressive 
approach.  However, some protocols do not require detachment of the beads [73] since they 
do not affect the growth nor survival of isolated cells. Some beads detach spontaneously 
from the cultured cells, whereas others might need a DNase treatment [47, 65]. In any case, 
most of the currently used magnetic beads are suitable for subsequent analysis.

Guidelines
• Indicate the antibody used to coat the beads and the rationale behind it; refer to recent 

publications to define the cell population that will be targeted.
• Indicate the amount of material obtained after bead selection, including the number of 

isolated cells and the amount of RNA extracted.
• Indicate if beads were separated from cells.

Separation with fluorescence-activated cell sorting (FACS)

FACS uses flow cytometry to separate cell populations from complex pools of cells. FACS-
based selection has been used in transcriptomic studies of brain barriers [13, 14, 74]. These 
include the purification of cells expressing fluorescent reporters in transgenic mice. However, 
any cell that expresses the construct will be selected, introducing possible contamination. 
Other studies have isolated brain endothelial cells using fluorochrome-conjugated antibod-
ies against CD31 [75, 76] or a combination of antibodies against CD31 and CD13 to isolate 
endothelial cells and pericytes, respectively [77] before FACS sorting.

FACS results in a highly enriched fraction of the cell type of interest. However, a high amount 
of starting material is often necessary to obtain a sufficient yield, although it will depend on 
the needs of the downstream application [78, 79]. Also, FACS sorting may induce an oxida-
tive stress response in the endothelial cells.

Obtaining a viable single-cell suspension is also crucial for FACS sorting, as it reduces the 
amount of false positives/negatives produced by antibody staining or reporter proteins. 
Duplet exclusion and gating strategy should be controlled to ensure the purity of the sorted 
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material [80]. The abundance of the population of interest is also critical, which could be 
adjusted performing a density gradient enrichment before FACS sorting [46].

Guidelines
• Indicate the flow conditions and instrument used.
• Explain the precise scatter and fluorescence gating strategy used for the FACS of the 

target cell, as well as the isolation protocol and staining steps.
• Describe the duration of sorting and the yield of cells.
• State the time of RNA extraction following the FACS.

Laser capture microdissection (LCM)

Laser capture microdissection (LCM) allows for the dissection of CNS microvessels from a 
CNS tissue section with the help of a microscope and a laser. Dissected CNS microvascular 
endothelial cells can be later captured by adsorption, ejection, gravity or aspiration. LCM 
permits taking a snapshot of the transcriptomic profile of the BBB, in opposition to method-
ologies that require long incubation times.

One of the limitations of LCM is the low yield of this laborious technique, which can be 
circumvented with kits designed to isolate RNA from small amounts of cells [81] or by per-
forming rounds of RNA amplification before downstream analysis [82]. However, using LCM 
to capture small cells, such as BBB endothelial cells, may be challenging and contamination 
from astrocytic endfeet and/or pericytes is a major concern. To improve the cellular purity of 
the preparation, thinner sections can be used, thus decreasing the chances of including cells 
above or below the plane of interest. Alternatively, LCM on cross-sections of vessels provides 
better purity than longitudinal sections, although lower yield [83]. To aid the visualization of 
endothelial cells, rapid immunohistochemistry may be coupled to LCM [84] in a technique 
known as immuno-LCM. The reproducibility of immuno-LCM to study BBB gene expression 
in mice has been demonstrated [85]. This technique was further validated in human postmor-
tem frozen [82] and Formalin-Fixed Paraffin-Embedded (FFPE) brain sections [84].

Guidelines
• Consider the balance between yield and purity of the isolated CNS microvascular 

endothelial cells when deciding to use cross-sections or longitudinal sections.
• It is recommended to use RNA isolation kits specifically designed for small amounts of 

cells, or perform RNA amplification before sequencing.
• Test for and consider cellular contaminants co-isolated with the BBB endothelial cells.

BBB in vitro models
Isolated brain microvascular fragments or single cells can be cultured and used as a BBB 
endothelium in vitro model. Most of the in vivo BBB characteristics are maintained by pri-
mary cultures of brain endothelial cells. However, these cultures offer a restricted capacity of 
genetic manipulation and can be maintained for a limited time and passages. Nevertheless, 
numerous primary cultures of brain endothelial cells have been established from both mouse 
[53], rat [86] and human [87, 88] brains.
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BBB in vitro models established by immortalized cell lines can be cultured and passed as 
needed and better tolerate genetic manipulations. Cell lines are thus useful for high-through-
put screening, as they are more homogenous compared to primary cell cultures. However, 
cell lines of the BBB endothelium do not strictly retain BBB characteristics such as high tight-
ness and very low permeability.

The presence of additional cell types found in vivo is not always modeled in vitro. Sophisticat-
ed co- or tri-cultures of brain endothelial cells together with pericytes or astrocytes have been 
established and, to a certain degree, mimic the in vivo NVU structure [89,90,91].

Both BBB cell lines [92] and primary brain endothelial cells [74] have been used in transcrip-
tomic studies. Interestingly, a comparative microarray analysis between freshly isolated and 
cultured pMBMECs with the endothelioma cell line bEnd.5 has highlighted differences in the 
mRNA levels of genes associated with BBB characteristics [64].

Recent advancements in stem cell technology have allowed derivation of human in vitro mod-
els of the BBB from stem cells, including human cord blood-derived stem cells of circulating 
endothelial progenitors [93] and human-induced pluripotent stem cells (hiPSCs; summarized 
in [94]). hiPSCs provide the opportunity to study BBB dysfunction from individual patients. 
The available hiPSC-derived in vitro BBB models have well-characterized barrier properties 
and expression of BBB specific transporters and efflux pumps [95,96,97]. However, RNA-Seq 
analysis has shown that hiPSC-derived brain microvascular endothelial cells lack expression of 
the full array of trafficking molecules required for immune cell interaction with the BBB [93].

Guidelines
• Consider the effect of culture-induced mRNA expression changes in the in vitro BBB 

models.
• Use RNA-Seq profiling of in vitro BBB models, and especially of hiPSC-derived in vitro 

BBB models, to benchmark them against the BBB in vivo.

Isolating the entire choroid plexus vs choroid plexus epithelium
The ChP consists of a highly vascularized stroma populated by immune cells and surrounded 
by a layer of highly specialized epithelial cells that form the BCSFB. Contrary to the BBB, the 
ChP endothelium is fenestrated and does not form a BBB [98].

ChP transcriptomic studies of the entire tissue will reveal the transcriptome of the epithelial 
cells forming the BCSFB but also of the endothelial cells, stromal fibroblasts and immune 
cells of the ChP. Alternatively, the ChP epithelial cells can be isolated to focus on the tran-
scriptome of the BCSFB.

Using the whole ChP greatly simplifies the protocol for tissue isolation, but the cellular heter-
ogeneity within the ChP will complicate subsequent analysis and interpretation of the results, 
especially when performing bulk RNA-Seq studies. However, bulk studies provide informa-
tion on the other components of the ChP, such as the vasculature or immune populations. 
Many RNA-Seq studies have taken this approach, particularly those focused on humans [99, 
100].
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Alternatively, if the barrier component of the ChP is the focus of the study, the epithelial cells 
can be isolated. While this results in cleaner data, dissociating the ChP may be challeng-
ing (see below). To overcome these difficulties, the novel single-nucleus RNA-Seq method 
emerges as an option for tissues that are hard to dissociate, such as the ChP [42].

The research question and the technical limitations will determine whether the whole ChP or 
the isolated epithelium will be sequenced.

Methods for isolating the choroid plexus epithelium

The techniques for isolating the ChP epithelial cells are similar to those for the BBB. Of 
note, the ChP epithelium is composed of large cuboidal cells, which are easier to dissect 
microscopically with LCM compared to the thin BBB endothelium. Indeed, LCM has been 
used to isolate the human ChP epithelium for microarray studies of the BCSFB [101,102,103]. 
In animal models, mechanical disruption of the entire ChP surgically removed from the 
brain ventricles is typically combined with enzymatic digestion. In order to release epithelial 
adherens and tight junctions as well integrin mediated adhesive contacts to the epithelial 
basement membrane, calcium removal is recommended, for example by using the chelator 
EDTA [104, 105] or calcium free medium [106], but is not an essential requirement [107]. 
Further purification can be achieved by FACS using an epithelial marker such as TTR [41]. 
However, expression of TTR has been recently identified in ChP macrophages [108], and the 
choice of markers should be done with awareness of their limitations. To our knowledge, 
the only human primary epithelial cells are those commercially available (ScienCell), and no 
isolation protocol has been published to date. 

Guidelines
• The research question and technical limitations will determine whether the whole ChP or 

the isolated epithelial cells will be sequenced. This should be specified.
• The ChP can be particularly challenging to dissociate. Assess and report the resulting 

purity.

Pre-sequencing tissue or cell purity assessment
Before performing RNA-Seq, it is good practice to ensure that the isolation strategy results 
in the desired brain barrier cell purity. Common contaminants are pericytes or pericyte frag-
ments and astrocytic endfeet (Fig. 5, Table 1). These contain RNA and are thus detectable by 
qPCR of markers such as platelet-derived growth factor receptor beta (PDGFR-β) or GFAP, 
respectively. Immunostaining provides information about the location of the probed proteins, 
while flow cytometry, although it requires more cells, allows for the quantification of contam-
inants with higher sensitivity. qPCR can be used in combination with immunofluorescence 
imaging to estimate the purity at both the RNA and protein levels. All of the techniques 
depend on described cell markers (Table 2).

Another source of contaminants when isolating endothelial cells of the BBB are ChP cells, in 
particular the ChP epithelium. In the majority of the preparations, the ChP is not removed 
from the processed material. Low expression of claudin-3 mRNA has been reported in freshly 
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isolated brain microvessels, despite recent evidence proving the lack of claudin-3 expression 

in the mouse brain microvasculature. This could be due to contamination of the isolated 

brain microvessels with ChP epithelial cells, which express claudin-3 [74]. Performing qPCR 

for ChP-specific markers such as transthyretin or keratin-8 will determine the presence of ChP 

mRNA in the brain endothelial preparation.

Isolation and purification of RNA from BBB endothelial cells or 
microvessels
RNA isolation methods have to be chosen depending on the type and availability of starting 

material and the intended RNA-Seq analyses (Fig. 6). Inappropriate RNA isolation methods 

can result in low quantity and/or quality of RNA, less accurate or irreproducible results, or 

even complete failure of the analysis [145].

Contaminations with extrinsic RNA and DNA or with nucleases can impair the RNA-Seq 

results. General measures to avoid these issues include thorough cleaning of work areas and 

equipment, the use of clean gloves, aerosol barrier pipette tips, and DNase and RNase-free 

plasticware. Additionally, it is recommended to handle RNA samples at the temperature sug-

gested by the manufacturer of the isolation kit [146].

Commercially available RNA isolation protocols generally follow two main steps: (i) sample 

lysis, homogenization and clearing, and (ii) RNA purification. Isolation kits and protocols must 

be chosen according to the type of sample (e.g. cell culture, frozen tissue, FFPE tissue, etc.) 

and RNA molecules to be purified (e.g. small or large RNA molecules).

Sample lysis, homogenization and clearing
Cell lysis is commonly performed using a guanidine-thiocyanate-based buffer combined with 

a strong reducing agent, such as tris(2-carboxyethyl)phosphine hydrochloride, 2-mercap-

toethanol or dithiothreitol to ensure the complete cell lysis and protein denaturation (lysis 

buffer), but these procedures vary according to the characteristics of the starting sample (e.g. 

adherent cell culture, cell suspension, frozen tissue or FFPE tissue) (Fig. 7).

Cultured adherent cells

Cultured adherent cells can be subjected to trypsinization before cell lysis or lysed directly 

in the culture container. Cell lysis is recommended before storage to avoid transcriptomic 

alterations during freezing. The cell lysatecan be stored at − 80°C.

Cell suspensions

Cell suspensions, such as microvessel fragments or single endothelial cells, can be pelleted 

by gentle centrifugation (≤ 500×g). After complete removal of the supernatant, the cell pellet 

is re-suspended in lysis buffer. Cell lysis of adherent cells is recommended before storage. 

Sorted and isolated single cells can be directly collected in lysis buffer and mild lysis buffer, 

respectively.
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Table 2: selecTed molecular markers of relevanT cns cell Types wiTh species and meThodologi-
cal informaTion

Marker Endothe-
lial cells 
of the 
BBB

Pericytes Astro-
cytes

Smooth 
muscle 
cells

CP/CVO 
endothe-
lial cells

CP 
epithelial 
cells

Immune 
cells

Oligoden-
drocytes

Fibro-
blasts

AQP1 – – – – – IHC 
[109]; IHC 
[110]

– – –

AQP4 – – IHC 
[111]

– – IHC [109] – – –

α-SMA – ± IHC 
[112]; 
IHC [113]

– IHC 
[114]

– – – – –

CD31/
PECAM1

IHC 
[115, 116]

– – – IHC [117] – IHC 
[118]

– –

Cdh5 [119] – – – RM [120] – – – –

Cldn-1 IHC [121] – – – – IHC [122-
124]

– – –

Cldn-2 – – – – – IHC 
[122, 123]

– – –

Cldn-3 IF [125]; 
IHC+WB 
[74]a

– – – – IHC [74] – – –

Cldn-5 KO + IHC/
WB [126]; 
IHC [127]

– – – – IHC [122] – – –

Cldn-11 – – – – – IHC [123] – IHC [128]; 
IHC [129]

–

FGF WB  
[130]

GFAP – – IF [131] – – – – – –

GLAST – – WB  
[132]

– – – – – –

ICAM-1 IHC [133]; 
ELISA 
[134]

ICC [140] – – IHC – [136] – –

MHC-II – – – – – – PCR 
[137]

– –

NG2/
CSPG4

– IHC [138] – – – – Immu-
nogold 
[139]

–

OAP-1 – – – – – – – WB + IHC 
[129]

–

Occludin IHC [127] – – – IHC [127] IHC 
[122, 123]

– – –

PDGFR-β – IHC [138] – – – – – – –
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Italic represents evidence in rodents, bold represents evidence in humans, simultaneous bold and ital-
ic represents evidence both in rodents and humans. IHC immunohistochemistry, RM reporter mice, IF 
immunofluorescence, PCR polymerase-chain reaction, QPCR quantitative polymerase-chain reaction, 
RNASeq next generation RNA sequencing, scRNAseq single-cell RNA sequencing, KO knock-out, WB 
Western-blot, ICC immunocytochemical staining, ELISA enzyme-linked immunosorbent assay. aA study 
showing contrary evidence (absence).

Table 2: conTinued

Marker Endothe-
lial cells 
of the 
BBB

Pericytes Astro-
cytes

Smooth 
muscle 
cells

CP/CVO 
endothe-
lial cells

CP 
epithelial 
cells

Immune 
cells

Oligoden-
drocytes

Fibro-
blasts

Podoplanin – – – – – IHC, WB 
[140]; IHC 
[141] 

– – –

TTR – – – – – qPCR, 
RNA-seq 
[41]

– – –

VCAM-1 ELISA 
[142] 

ICC [135] – – – – – – –

ZO-1 IHC [143],  
ICC [144] 

– – – – IHC [123] – – –

Tissue samples

At the moment of collection, tissue samples, like the ChP, should be stored in an RNA sta-
bilization solution or snap-frozen in liquid nitrogen. Samples in stabilization solution can be 
stored up to 4 weeks at 4°C, or at − 20°C for long-term storage [147]. Samples snap-frozen 
in liquid nitrogen are safe at − 80°C for more than 20 years [148]. Tissue samples might be 
disrupted using different techniques, such as the TissueRuptor, TissueLyser, ZR BashingBead 
Lysis Tubes or thorough grinding under liquid nitrogen using a mortar and pestle [147]. The 
remaining tissue and other precipitates might need to be removed by centrifugation and the 
supernatant can be used for subsequent RNA isolation.

FFPE tissue samples

FFPE tissue samples derived from brain microvessels must be subjected to deparaffiniza-
tion using xylene or other commercially available solutions. Subsequently, tissue and protein 
digestion is performed using proteinase K. Next, formaldehyde-derived crosslinks of nucle-
ic acids and proteins are reversed by incubating at more than 80°C. Finally, the sample is 
cleared by centrifugation and the supernatant can be used for subsequent RNA isolation 
[149].

RNA purification
During the experimental design, it is necessary to identify which RNA molecules are relevant 
to the research question. Messenger RNA (mRNA) is the RNA that will be translated into 
proteins. mRNA is characterized by a coding sequence surrounded by 3’ and 5’ untranslated 
regions and a long sequence of adenine nucleotides at the 3’ end (poly-A tail). Ribosomal 
RNA (rRNA) and transfer RNA (tRNA) are necessary for the translation process. Other RNA 
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RNA isolation

Cultured adherent cells

Trypsinization

Addition of lysis buffer 
& homogenization

Fresh/frozen tissue

Addition of lysis buffer

Mechanical disruption

Clear debris by 
centrifugation

FFPE

Deparaffinization

De-crosslinking

Addition of lysis buffer

Enzymatic & mechanical 
disruption

Cell suspension

Addition of lysis buffer 
& homogenization

Collect cells by 
centrifugation

Fig. 7: Overview of commonly used RNA isolation protocols. Preparation of BBB-derived samples 
according to the type of sample. Cells in suspension are first collected by centrifugation, while adherent 
cultured cells are commonly trypsinized; then lysis buffer is added and cells are homogenized before 
proceeding to isolation of the RNA. Fresh frozen tissue can be mechanically disrupted in lysis buffer; 
debris should be removed by centrifugation before RNA isolation. Formalin-fixed paraffin-embedded 
(FFPE) tissue is first deparaffinized, and tissue disruption can be achieved by enzymatic (proteinase 
K) and/or mechanical means; de-crosslinking is followed by addition of lysis buffer, and then RNA  
is isolated.

Fig. 6: Overview of the main steps for processing a CNS tissue sample into BBB-related material 
ready for RNA isolation. Fresh samples are dissociated by mechanical disruption, enzymatic digestion, 
or a combination of both. Typically, tissue is first mechanically disaggregated into smaller pieces to facili-
tate the exposure to the enzyme solution. Dissociated tissue is then selected according to size by passing 
through one or a series of filters, by a density gradient, or both. This process isolates the microvessels. 
For isolating single barrier cells, tissue dissociation (particularly enzymatic digestion) can be repeated 
[1] after the initial size selection steps. The single-cell suspension can be further purified or enriched for 
certain cell types [2] by using a fluorescence-activated cell sorter (FACS) or magnetic microbeads labeled 
with an antibody against a cell marker. Alternatively, if the tissue of interest is frozen or formalin-fixed 
paraffin-embedded (FFPE), a common approach is to isolate the microvessels by laser capture microdis-
section (LCM).
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families are important for gene expression regulation, such as microRNA (miRNA) with a size 
of ca. 22 nucleotides, other small RNAs (< 200 nt) and long non-coding RNA (lncRNA) with 
sizes greater than 200 nucleotides. Only mRNA and many lncRNAs have a poly-A tail at the 
3’ end. Additionally, rRNA represents the majority of the RNA content in the cell.

Different ethanol or isopropanol concentrations result in the isolation of RNA molecules with 
different sizes, e.g. small RNA molecules (containing miRNAs) with a size between 16 and 
200 nucleotides and large RNA molecules (containing mRNA and lncRNA) with a size greater 
than 200 nucleotides. Due to the possible impact of genomic DNA (gDNA) contamination 
in RNA-Seq analyses, thorough digestion of gDNA remnants in RNA samples is mandatory. 
gDNA removal columns or integrated on-column DNA digestions are included in most RNA 
isolation kits [147].

Guidelines
• Select the RNA extraction protocol based on tissue type and quantity, as well as the 

intended sequencing and analysis.
• Specific protocols are required for the isolation of total RNA including miRNA.
• Correct sample homogenization and clearing are essential for the isolation efficiency of 

RNA and analysis reproducibility.
• Genomic DNA contamination can have a considerable impact on the sequencing results 

therefore, gDNA removal or digestion is mandatory.

RNA quantification and quality control
RNA concentrations are best determined using fluorometric quantification or qPCR. Fluo-
rometric quantification can reliably measure RNA concentrations as low as 0.2 ng/μl. 
Spectrophotometric quantification is not recommended due to its inaccuracy, especially for 
small amounts of RNA, but can be useful to determine contaminations (measurements with 
absorption wavelengths of 230 and 280 nm can indicate contaminations with guanidinium 
salts and proteins, respectively).

Quality control is best performed using an automated capillary electrophoresis platform that 
calculates a score for the RNA quality. The RNA quality score might have different names 
(RNA Integrity Number, RNA Quality Score, RNA Quality Number, etc.). The RNA quality 
score has values between 0 (poor quality) and 10 (good quality) and it is calculated using 
an algorithm that incorporates several features of the RNA electropherogram, such as the 
ratio of 28S:18S ribosomal RNA [150]. A quality score for total RNA higher than 8 is recom-
mended for the majority of RNA-Seq library preparation techniques. In the case of FFPE 
tissue, samples with score values around 2 can be used to perform RNA-Seq using specific 
protocols for library preparation [151, 152]. RNA quality scores are often missing in RNA-
Seq datasets in public databases, such as Gene Expression Omnibus (GEO—https://www.
ncbi.nlm.nih.gov/geo/) or Sequence Read Archive (SRA—https://www.ncbi.nlm.nih.gov/sra). 
Given their impact on study reproducibility and cross-study meta-analyses, it is advisable to 
include these in publications and public databases.
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Human BBB and BCSFB samples from a clinical setting often present suboptimal preserva-
tion, which may affect the resemblance of the transcriptome to the in vivo situation. With 
some exceptions [153,154,155,156,157,158], the use of biopsies from human brains for RNA-
Seq is uncommon, and postmortem material is used instead. Two main factors should be 
considered when using postmortem samples, namely the premortem agonal state of the 
patient and the postmortem delay until sample collection. Before death, the patient may 
have suffered from fever, sepsis, or hypoxic changes, as well as the provision of oxygen, 
which will strongly and selectively affect the levels of certain mRNAs [159]. Postmortem delay 
of tissue retrieval and preparation hampers RNA integrity as a result of transcript degrada-
tion, possibly in a non-random way [160]. RNA integrity can strongly affect transcript levels 
[160]. Particularly, low RNA integrity samples present an upregulation in translation-related 
pathways [161]. The time to sample preservation should be minimized, but this is usually 
not in the hands of the researchers. Samples with low RNA quality can be excluded by using 
a certain threshold (as measured by the RNA Integrity Number or RIN), or a mathematical 
model can be applied that accounts for the differential decay of different transcripts, thus 
increasing the statistical power [160]. Other factors that may lead to RNA degradation are the 
handling and storage conditions and, if applicable, the sectioning process. However, there 
are reports of remarkable RNA stability in postmortem human brain samples [162, 163].

Guidelines
• Integrity values for RNA are essential for the selection of the enrichment method and the 

sample selection.
• Assess RNA quantity and quality of the samples before sequencing. Debate a quality 

threshold between the wet-lab researcher, the sequencing technician and the bioinfor-
matician.

• Always disclose the integrity values of the included samples.
• Consider the integrity of the samples when choosing the library preparation method 

(discussed below).
• Consider pre- and post-mortem factors.

Design and preparation of sequencing libraries
When designing an RNA-Seq experiment, sequencing strategy, sequencing depth, number 
of replicates and library preparation must be considered (Fig. 3).

The sequencing strategy is important to guarantee the quality of the analysis at a reasonable 
cost. Paired-end sequencing means sequencing from both ends of the cDNA fragment. Since 
both fragments are aligned as a pair of reads, this strategy is preferable for de novo transcrip-
tomic assembly, to study isoform expression or poorly annotated transcriptomes. Single-end 
sequencing implies that just one end of the cDNA fragment is sequenced. This approach is 
cheaper and suitable for studying gene expression in well-annotated organisms. Additionally, 
the length of the reads produced during sequencing can be chosen. Longer reads (from 150 
to 300 bases) are more costly but offer a higher resolution to study alternatively spliced RNA 
isoforms or poorly annotated transcriptomes. Shorter reads (e.g. 75 base pairs) are suitable 
to study gene expression in well-annotated organisms.
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The sequencing depth (number of sequenced reads per sample) is important for detect-
ing differentially expressed genes, especially for lowly abundant transcripts. A sequencing 
depth of between 10 and 30 million reads per sample is recommended [164, 165]. However, 
in humans, increasing sequencing depth above the 10 million reads per sample does not 
improve the identification of differentially expressed genes as much as increasing the number 
of replicates [166].

The inclusion of replicates in RNA-Seq experiments is important to assess technical and bio-
logical variations:

• Technical variability in sequencing is usually low. Nonetheless, the technical variabili-
ty introduced during sample collection and library preparation can be estimated using 
technical replicates or RNA spike-in.

• Biological variability is the natural variation due to physiologic differences among sub-
jects or over time in the same subject. Biological variance is usually higher than technical 
variance. In humans, biological heterogeneity may be introduced by genetic background, 
lifestyle, hormonal level, medical history, sex or age. In animal models, the variants 
that might introduce biological variability are mostly age, sex and strain. Although this 
variability can be minimized by using sex- and age-matched samples, uncontrollable bio-
logical heterogeneity should be accounted for by using biological replicates. The ideal 
number of biological replicates should be increased when studying very heterogeneous 
samples, species or strains. Currently, most RNA-Seq experiments include at least three 
biological replicates. A recent study using human whole-blood RNA-Seq data shows 
that the power to detect differentially expressed genes (twofold or higher change) is 
87% and 98% using three or five biological replicates, respectively. Using three or five 
replicates, the ability to detect smaller changes in expression (1.25-fold) is 17% and 25%, 
respectively [167]. Therefore, a sequencing depth of 10 million reads and a minimum of 
3 to 5 replicates are recommended to reliably detect major changes in gene expression. 
Since adding more replicates is more beneficial than increasing sequencing depth, the 
use of 12 replicates is recommended to detect minor changes in gene expression (e.g. 
1.25-fold) [165, 168, 169].

Since ribosomal RNA makes up most of the cellular RNA, rRNA depletion or mRNA enrich-
ment should be performed before library preparation. rRNA depletion is preferable for 
degraded material if poly-A bias is observed.

Strand-specific is preferred to unstranded library preparation protocols (Fig. 8). A stranded 
RNA-Seq library retains the information of the template DNA strand from which an RNA 
was synthesized. Stranded RNA-Seq performs better in handling read ambiguity in overlap-
ping genes transcribed from opposite strands and identifying antisense transcripts. However, 
when well-annotated genomes are available or when analyzing samples with low RNA input, 
unstranded RNA sequencing can be considered [170].
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RNA-seq

Total RNA
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Small RNA-seq
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Fig. 8: Library preparation protocols. Commonly used library preparation protocols for RNA sequenc-
ing. For RNA-Seq, a first step of ribosomal RNA (rRNA) depletion from the total RNA is performed; 
random primers are used for reverse transcription; dUTPs are used for the second strand synthesis; 
Y-shaped adaptors are then ligated, and then the second strand containing dUTPs is depleted, allowing 
to retrieve stranded information. 3’ RNA-Seq makes use of oligo dT primers for the reverse transcription, 
which selects mRNA. Using template switching, the second adapter is incorporated in the cDNA mol-
ecules. Small RNA-Seq uses adaptors that ligate to the small RNAs and allow the reverse transcription.
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Guidelines
• Correct RNA quantification and quality control are essential to ensure the quality and 

reproducibility of the sequencing results.
• Strandedness and sequencing strategy have a big impact on the analysis and results. For 

that reason, they must be carefully chosen.
• Biological replicates are essential, and the minimum sample size depends on extrinsic 

and intrinsic factors.
• The selection of the correct library preparation technique is crucial for accurate analysis 

and should be carefully chosen.

Data analysis
Data analysis for RNA-Seq is a multi-step process. A proper analysis should take into 
consideration all the steps mentioned throughout this manuscript. There is no optimal “one-
size-fits-all” pipeline to be used for all different transcriptomic projects in the field of brain 
barriers, although the overarching steps will mostly be the same (Fig. 9). The analysis is often 
divided into Upstream and Downstream. For the current manuscript, Upstream Analysis con-
sists of the raw FASTQ files to the Count Matrix Table and Downstream Analysis comprises 
everything after that.

A key for a successful data analysis is communication between the wet lab, the sequencing 
facility and the bioinformaticians. There are several good publications on how to optimize 
an analytical pipeline and benchmark the different tools [167, 171]. As such, we will instead 
focus on some of the steps that are often overlooked.

Quality control and data pre-processing

We will start after the demultiplexing process with the FASTQ files. These are the raw files 
that sequencing facilities most commonly give to the researchers. Along with the FASTQ files, 
researchers usually also get a text file with hashes (a string of unique characters) for each of 
the FASTQs. These can be created with different algorithms (i.e. md5sum, checksum) and are 
used to ensure that the files were not corrupted during transfer. These hashes should always 
be used to check the integrity of the FASTQ files.

Some companies also do some pre-processing steps. It is important to check if these steps 
were implemented and otherwise, which steps should be. Removing low-quality reads, for 
instance, can improve the efficiency of the analysis while also removing possible errors.

The most commonly used software for the effect of pre-alignment quality control (QC) is 
FastQC [172]. It is easy to use and creates intuitive reports. A drop in quality is common at 
the beginning and mostly at the end of the read and in paired reads; Read 2 will generally 
have lower quality. Based on this information it should be decided if the raw data is ready 
for alignment, if it requires pre-processing (such as removal of repetitive sequences), or if the 
sequencing or pre-sequencing steps need to be optimized.

After mapping the raw data (see next section), a genome browser, such as Integrated Genom-
ics Viewer (IGV) [173], can be used to visualize the aligned reads. Tools like IGV [174] allow 
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for graphical visualization of the BAM files. The same version of the reference genome as the 
one used to map the raw data must be selected. Although not its primary purpose, tools like 
this allow the visualization of issues such as a poly-A bias. A poly-A bias (also known as 3’ 
Bias) is most common in cases of RNA degradation, which is expected with the use of human 
post-mortem samples from the CNS. Mapping will also generate metrics regarding overall 
alignment rates, reads aligned to genes, reads aligned uniquely versus reads aligned multi-
ple times and unmapped reads. A close look at these metrics can uncover problems such as 
sample contamination or DNA still present in the sample.

After differential expression analysis, one can perform a batch effect test and, if necessary, 
a batch effect correction based either on known variables (samples sequenced or prepared 
on different days, for instance) or blindly. Plot visualization is also very informative regarding 
sample variability, such as PCA or heat-
maps colored by group and identified by 
sample.

Guidelines
• Perform quality control at every step 

in the analysis process.
• There are no hard rules on quality 

control metrics, though all applied 
quality measures must be men-
tioned in the publication.

• Mapping metrics can inform about 
problems not detected at the raw 
data level and therefore should be 
taken into account when analyzing 
the data.

or

oror

or

or

Sorting

Quality control

Raw data

Pre-processing

Quality control

Alignment

De novo 
transcriptome 

assembly *

Map to 
reference Mixed *

Genome 
browser

Gene set 
enrichment / 

pathway analysis

Gene 
ontology 
analysis

Counting
Gene 
level

Exon 
level

Transcript 
level

Normalization

FPKM/RPKM/TPM
(for intra-sample 

comparison)

TMM/edgeR/
RLE/deseq2 (for 

inter-sample comparison)

Differential 
expression 

analysis

Fig. 9: Overview of the main steps for 
RNA-Seq data analysis. Raw data goes 
through quality control steps and, if neces-
sary, pre-processing steps are implemented. 
Next step is the alignment, most commonly in 
brain barriers studies being through mapping 
to reference. One more round of quality con-
trol is recommended based on the metrics of 
the alignment. After sorting, the files can be 
indexed and visualized in a genome browser. 
Counting can be attributed at different levels 
(gene, exon or transcript) and there are multi-
ple algorithms for normalization, both in cases 
of inter-sample and intra-sample normaliza-
tion. Finally, after the differential expression 
analysis, further information can be obtained 
with steps like gene ontology analysis, gene 
set enrichment analysis or pathway analysis.
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• Data visualization, either post-mapping or post-differential expression, can be informa-
tive regarding read distribution and sample variability, respectively.

Overall steps: how to get the desired information from your transcriptom-
ics study

Most RNA-Seq experiments to identify differentially expressed genes will follow the same 
general workflow.

From the raw files, the data is aligned, either through mapping to a curated reference 
genome or through performing a de novo transcriptome assembly. In the field of brain bar-
riers, the vast majority of experiments are done using vertebrate, well-established animal 
models, human tissue or in vitro models of the BBB and BCSFB, including cell line models. 
As such, the alignment is done through mapping to a reference genome of the species of 
interest. There are multiple sources for reference genomes (NCBI—https://www.ncbi.nlm.nih.
gov/refseq/ and Ensembl—https://www.ensembl.org/index.html—being the most used) as 
well as multiple versions and builds. It is important to reference the source, version and build 
used for the reference genome and annotation.

The next step is quantification, where the mapped reads are counted by coordinates and 
grouped. Grouping can be done at gene, exon or transcript level, depending on the objec-
tive of the study (i.e. is alternative splicing of interest?). This choice should be mentioned in 
publications to allow replication.

After quantification, the count matrix contains the raw counts, which need to be normal-
ized. As normalization algorithms, FPKM (Fragments Per Kilobase of transcript per Million 
mapped reads) and RPKM (Reads Per Kilobase of transcript per Million mapped reads) are 
commonly used for intra-sample comparison by normalizing for both gene length and library 
depth. However, they are inconsistent when compared to other methods such as TPM (Tran-
scripts per Million), and as such, if the intra-sample comparison is the objective, the latter 
is more robust [175]. For inter-sample comparisons, the two most common methods are 
TMM (Trimmed Mean of M-values) from edgeR [176] and RLE (Relative Log Expression) from 
DESeq2 [177]. Both forego the gene length normalization aspect as it is irrelevant (inter-sam-
ple comparison compares the same gene across samples, so they will have the same gene 
length). Recommendations for use are based on sample size: with more than 12 biological 
replicates, DESeq2 is recommended, while for 12 or fewer replicates, both can be used [169].

Guidelines
• Always reference the source, version and build of the reference genome and annotation.
• Indicate the counted feature (exon, gene or transcript).
• Normalization of the counts is mandatory. The selected normalization algorithm needs 

to take into account the different strengths and utilities.

Differential expression analysis

Once the differentially expressed genes (DEG) are identified, it is common to apply cut-offs 
to the statistical values obtained. P-values are obtained for comparison between groups on a 
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per gene basis. However, when performing multiple comparisons (as is the case with tens of 
thousands of genes), the likelihood of obtaining false positives increases. A p-value is merely 
a statistical probability that the result/observation for that gene would be at least as extreme 
(the observed difference would at least be the same) if the null hypothesis was true (that there 
is no difference between the two conditions for that gene). As such, if we have a significance 
threshold of 0.01 but 20,000 genes tested, it would be expected that 200 of those genes 
were false positives.

To solve this issue, multiple testing correction is applied, for which there are a variety of 
algorithms. Bonferroni is probably the simplest and strictest one. It consists of dividing the α 
(chosen significance level, usually 0.05 or 0.01) by the number of tests (genes) to get a new α. 
However, while increasing confidence in the genes that do pass the new significance thresh-
old (increased True Positive Rate), there may be a concomitant increase of the false-negative 
ratio. A more appropriate correction is the Benjamini–Hochberg correction [178], which pro-
duces an adjusted p-value that can then be judged on the same initial α, most predominantly 
known as false discovery rate (FDR).

Another option is to ignore the p-value and focus on the fold change. In simple terms, the 
fold change indicates the order of magnitude of the difference for that gene between condi-
tions. This allows discarding small differences that may be difficult or impossible to validate 
by qPCR and, especially, at the protein level [179]. Also, thresholds for log2FC (the base 2 
logarithmic transformation of Fold Change that allows one to discern the direction—up and 
down—of regulation) are not well defined and accepted. A common solution is to apply 
cut-offs for both the FDR and the log2FC, possibly combined with an extra cut-off for overall 
expression.

If the goal of the experiment is mechanism or process discovery, pathway and enrichment 
analysis can provide guides of where to proceed in the functional validation. However, there 
are a few issues that should be considered. First, these analyses heavily depend on the qual-
ity of the databases used. The less is known in a specific research field or about a molecule 
or mechanism, the less information will be available [180]. Second, there is a trend to use 
commercial tools for pathway and gene ontology analysis. While the tools appear to be solid, 
their restricted availability complicates the reproducibility of the results. Thus, we recom-
mend the use of open-source tools.

Guidelines
• In RNA-Seq, p-values require multiple testing correction. However, overly harsh correc-

tion can increase the False Negative Ratio of DEG.
• The use of individual cut-offs and mixes has strengths and disadvantages.

• The intrinsic limitations of pathway and enrichment analysis should be taken into account.

Validation of transcriptomics results
It is often requested to validate RNA-Seq results in two ways. The first one is by qPCR. This 
RNA level validation can be performed either on the same samples as the RNA-Seq or dif-
ferent ones. It is an open debate if qPCR validation is necessary. We think that, while not 
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necessary, qPCR validation can provide valuable information. When done on the same sam-
ples, qPCR can validate the sequencing process, while validation of the results using different 
samples can help confirm the results [181]. The other validation approach is at the protein 
level. This can be achieved by methodologies including Western Blots (WB), immunohisto-
chemistry (IHC) and immunofluorescence (IF) staining. WB tend to be more informative for 
quantification, while IHC and IF allow for cellular and subcellular localization of the protein. 
Protein level validation of the chosen candidates should be performed before functional 
studies. Common issues are the absence of correlation between protein and RNA levels or 
of the differential expression detected amongst groups due to the RNA–protein discrepancy 
[179].

Data storage and availability
Upon publication of the manuscript, all relevant data should be made accessible. This 
includes the raw data but also processed data and any relevant metadata. There are sev-
eral specialized data repositories, including GEO (https://www.ncbi.nlm.nih.gov/geo/), SRA 
(https://www.ncbi.nlm.nih.gov/sra) and the European Nucleotide Archive (ENA—https://
www.ebi.ac.uk/ena). As most of the data repositories allow for the data to remain private 
until publication, it is recommended to upload the data in advance. This also allows providing 
the reviewers with access tokens. Outside of public data repositories, local copies of the data 
should also be stored and maintained.

As a complement, some groups have created web interfaces to explore their results. This 
includes BBBomics (http://bioinformaticstools.mayo.edu/bbbomics/) [92], the Vascular Sin-
gle Cells Database (http://betsholtzlab.org/VascularSingleCells/database.html) [13, 71], 
Brain RNA-Seq (https://www.brainrnaseq.org/) [182, 183], Single Cell Analysis of Mouse Cor-
tex (http://linnarssonlab.org/cortex/) [184] and the Allen Brain Map (https://portal.brain-map.
org/). These can be valuable tools when designing a new experiment or doing quality control 
and purity assessment of bulk RNA-Seq data.

Emerging transcriptomic applications for the field of brain barriers
Here, we have focused on the application of bulk RNA-Seq in the field of brain barriers 
research. New applications in the field of transcriptomics are, however, emerging and may be 
of equal significance soon. scRNA-Seq is perhaps the most established and known in brain 
barriers research. Several studies have used this method to great effect revealing a previously 
unknown diversity of cells in the brain and its vasculature [13, 184]. Single-nucleus RNA-Seq 
(snRNA-Seq) is an alternative method to scRNA-Seq. While only nuclear RNA will be cap-
tured and sequenced, it has the advantage of not requiring live dissociated cells. As such, 
it was used in conjugation with scRNA-Seq to compare adult and embryonic transcriptomic 
profiles of the ChP in the cases where dissociation failed to produce viable cells [42].

Spatial RNA-Seq is a recent technique that allows the attribution of transcriptomic profiles to 
different locations in a tissue section. Briefly, a tissue section is placed on a special microscop-
ic slide (coated with spatial barcode oligos) that maintains positional information throughout 
the sequencing process. In conjugation with a previously acquired image, it is possible to 
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attribute specific transcriptomic profiles to regions in the tissue section. At present, the res-
olution of spatial RNA-Seq allows distinguishing about 5000 spots per slide with each spot 
having a 55 µm diameter and a 100 µm center to center distance between spots. Thus, this 
technology is not well suited for the fine structures of the microvasculature (such as BBB 
microvessels), but rather to focal areas in the brain and spinal cord, allowing to determine 
regional differences in the transcriptome [185, 186]. As the resolution and the technology 
improves, it has the potential to become a valuable tool for brain barriers research.

As a final note, none of the mentioned technologies will replace bulk RNA-Seq. Rather, they 
provide alternative or supplementary technology to bulk RNA-Seq and are accompanied by 
different strengths and weaknesses. For instance, scRNA-Seq usually requires live, viable, 
dissociated cells, and transcripts of low and medium expression will be underrepresented. 
The choice of technology should be made based on the objectives of the study and extrinsic 
factors, such as cost. This decision should be made early on in the process and the input of 
a sequencing facility technician and a bioinformatician is valuable to the wet-lab researcher.

concluding reMarks
This manuscript intends to provide a valuable and exhausting source of information for brain 
barriers researchers and bioinformaticians when planning RNA-Seq analysis, based on the 
experiences in the BtRAIN network. We intend that this manuscript incites closer interaction 
between classical brain barriers researchers and bioinformaticians in planning and perform-
ing RNA-Seq analysis. We are convinced that considering the issues raised here will allow 
for the publication of more accurate studies, which is a prerequisite for data comparison and 
replication.
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absTracT
The choroid plexus (CP) is a key regulator of the central nervous system (CNS) homeostasis 
through its secretory, immunological and barrier properties. Accumulating evidence suggests 
that the CP plays a pivotal role in the pathogenesis of multiple sclerosis (MS), but the under-
lying mechanisms remain largely elusive. To get a comprehensive view on the role of the 
CP in MS, we studied transcriptomic alterations of the human CP in progressive MS and 
non-neurological disease controls using RNA sequencing. We identified 17 genes with signif-
icantly higher expression in progressive MS patients relative to that in controls. Among them 
is the newly described long non-coding RNA HIF1A-AS3. Next to that, we uncovered dis-
ease-affected pathways related to hypoxia, secretion and neuroprotection, while only subtle 
immunological and no barrier alterations were observed. In an ex vivo CP explant model, a 
subset of the upregulated genes responded in a similar way to hypoxic conditions. Our results 
suggest a deregulation of the Hypoxia-Inducible Factor (HIF) pathway in progressive MS CP. 
Importantly, cerebrospinal fluid levels of the hypoxia-responsive secreted peptide PAI-1 were 
higher in MS patients with high disability relative to those with low disability. These findings 
provide for the first time a complete overview of the CP transcriptome in health and disease, 
and suggest that the CP environment becomes hypoxic in progressive MS patients, highlight-
ing the altered secretory and neuroprotective properties of the CP under neuropathological 
conditions. Together, these findings provide novel insights to target the CP and promote the 
secretion of neuroprotective factors into the CNS of progressive MS patients. 
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inTroducTion
Multiple sclerosis (MS) is a chronic demyelinating disorder of the central nervous system 
(CNS) affecting 2.3 million people worldwide [59]. Most MS patients initially present a 
relapsing-remitting phase, in which peaks of the disease coincide with the appearance or 
reactivation of inflammatory lesions in the brain and spinal cord [46], followed by periods of 
inactivity. Eventually, irreversible neurological damage accumulates, and secondary progres-
sive MS develops. A small subset of patients follows a progressive course from the onset 
of the disease, known as primary progressive MS. Neurodegeneration, brain atrophy and a 
steady increase of clinical disability are features of both primary and secondary progressive 
MS, together affecting around 20% of MS patients [7]. While several treatments are available 
for the inflammation-driven relapsing-remitting phase of MS, immune-modulators are less 
effective in progressive MS, indicating a need for new restorative therapies for this disease 
phase. Inflammation is present in all stages of MS, but in progressive MS it may be trapped 
behind the restored blood brain barrier, making it thus inaccessible to immunomodulatory 
treatments [39]. Moreover, oxidative stress and iron accumulation can magnify neurological 
damage in progressive MS [39]. Thus, the development of novel therapies that halt the neu-
rodegenerative process and/or promote neuroprotection may be vital to combat progressive 
MS.

The choroid plexus (CP) is a strategically located villous structure that actively regulates CNS 
homeostasis [5]. There are four CP located in each of the brain ventricles, consisting of highly 
vascularized stroma surrounded by a tight layer of epithelial cells that form the blood-cere-
brospinal fluid barrier (BCSFB) [22]. The CP is the main producer of cerebrospinal fluid (CSF), 
and secretes a remarkable amount of signaling and trophic factors into the CNS. Moreover, 
the CP is capable of sensing and integrating stimuli from the periphery and CNS and coordi-
nate secretory responses [22].

In the past years, there is increasing evidence of the involvement of the CP in a variety of 
disorders such as ageing [3, 16, 83], Alzheimer’s disease [30, 70], frontotemporal dementia 
[70], schizophrenia [34], Huntington’s disease [70] and cerebral ischemia [66]. In MS, the pres-
ence of periventricular lesions and the increased numbers of immune cells in the CSF [11] 
suggest an involvement of the CP in regulating pathology. In the mouse model for MS, called 
experimental autoimmune encephalomyelitis (EAE), the first wave of immune cell infiltration 
is thought to occur through the CP, by means of the interaction of Th17 cells with the CP 
epithelium-derived chemokine CCL20 [58]. In humans, activation of immune cell popula-
tions and adhesion mechanisms have been described in the CP from MS patients [65, 77]. 
Alterations in the BCSFB that could result in immune cell infiltration into the CNS have also 
been studied both in EAE and MS, with variable results [13, 37]. However, changes in the 
secretory activity of the CP in MS have not been explored. Given its critical contribution to 
CNS homeostasis through the production of CSF, the CP is a strong candidate to influence 
MS pathogenesis.
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To get a comprehensive overview of CP alterations in progressive MS and reveal poten-
tial disruptions in any of its critical attributes, including secretion, barrier formation or the 
immunological milieu, we performed RNA sequencing (RNA-seq) of human postmortem 
CP samples from the lateral ventricle of progressive MS patients and non-neurological con-
trols. We here provide an overview on the CP transcriptomic alterations in progressive MS, 
including hypoxia-responsive, neuroprotective and secretory changes. Our findings suggest 
a deregulation of the Hypoxia-Inducible Factor (HIF) pathway in progressive MS CP. These 
transcriptional changes are accompanied by altered levels of the hypoxia-responsive secret-
ed peptide plasminogen activator inhibitor-1 (PAI-1) in the CSF of MS patients. Our data 
suggest that the CP epithelium is a source of secreted peptides into the CSF during progres-
sive MS that can regulate CNS homeostatic responses. Together, this study provides the first 
characterization of the transcriptomic profile of the CP in progressive MS, pointing to hypox-
ia-related and neuroprotective responses and to a dysregulation in peptide secretion which 
may have important effects on CNS homeostasis during MS pathogenesis.

MaTerials and MeThods

Human samples
Tissue was obtained from patients with clinically diagnosed and neuro-pathologically con-
firmed progressive MS as well as from control cases without neurological disease by rapid 
autopsy and immediately frozen in liquid nitrogen. CP tissue from the lateral ventricles was 
obtained from the Netherlands Brain Bank, while brain tissue was obtained from the UK MS 
Society Tissue Bank, Imperial College London. All parties received permission to perform 
autopsies, for the use of tissue and for access to medical records for research purposes. 
All donors, or their next of kin, had given informed consent for autopsy and use of their 
brain tissue for research purposes. Relevant clinical information of CP donors for RNA-seq 
is summarized in Supplementary Table 1. For CP culturing experiments, donor information 
is summarized in Supplementary Table 2. Clinical data of brain donors are listed in Supple-
mentary Table 4. Lesions were immunohistochemically characterized as areas with abundant 
immune cell infiltrates (MHCII+ cells) and extensive myelin loss (proteolipid protein, PLP).

CSF samples were obtained from the Karolinska Institute biobank containing samples col-
lected during routine neurological diagnostic work-up. A total of 58 subjects were included 
in this study. MS patients fulfilling the McDonald criteria included RRMS, SPMS and PPMS. 
The control cohort included non-inflammatory or inflammatory neurological disease controls, 
symptomatic controls, and healthy controls. Classification and scoring of MS patients was 
assessed by trained neurologists. For RRMS, a relapse was defined as an increase with ≥1 
point on the EDSS with a duration of at least 1 week before sampling, while remission was 
defined as a stable status longer than 3 months prior to sampling. SPMS was defined as an 
initial relapsing-remitting disease course followed by more than 12 months of continuous 
worsening of neurological function, with or without occasional relapses. At time of sampling, 
none of the patients were treated with immunomodulatory drugs. CSF donors received ver-
bal and written information and gave consent in writing before inclusion in the study. CSF 
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samples were centrifuged immediately after sampling to isolate the cells and larger particles 
and stored frozen at − 80 °C until analysis. CSF sample information is summarized in Supple-
mentary Table 3.

RNA sequencing and analysis
Up to 30 mg of tissue were collected from the whole lateral CP by cutting slices approximate-
ly 10 μm thick using a cryotome at -20 °C. Tissue was homogenized with a POLYTRON PT 
1200 (Kinematica). Total RNA from the CP was extracted with the RNeasy mini kit (Qiagen, 
74104), following the manufacturer’s instructions. After extraction, the quality of the RNA 
was assessed using a Fragment Analyzer. Samples with RIN values ≥ 6.5 were selected (Sup-
plementary Table 1). Of these, 6 were from non-neurological controls (4 females, 2 males; 
average age of 62 ± 6.11) and the remaining 6 from individuals with diagnosed progressive 
MS (2 females, 4 males; average age of 61 ± 11.15) (Supplementary Table 1). The RNA librar-
ies for the selected 12 samples were prepared according to the manufacturer’s instructions 
using TruSeq stranded mRNA Library Prep Kit including an rRNA depletion step (RiboMi-
nus, ThermoFisher). Sequencing was performed at the Next Generation Sequencing (NGS) 
Platform of the University of Bern using a HiSeq3000 producing paired-end reads with an 
average depth of approximately 30 million reads per sample (ranging approximately from 28 
to 32 million reads) with a read length of 2 × 150 bases.

RNA-seq analysis was performed as follows: the quality of the fastq files was assessed 
using FASTQC software [4] (version 0.11.5). The reads were aligned to the human reference 
genome (version GRCh38) using TopHat2 [33] (version 2.1.1). Qualimap [21] (version 2.2.1) 
was used for quality control and IGV [63] (version 2.3.69) for visualization of the aligned 
reads. Read counts by transcript were determined by using HTSeq-count [32] (version 0.6.1). 
Normalization and differential expression analysis were performed with the DESeq2 package 
[45] (Version 1.16.1) in R [74] (Version 3.4.0). The SVA (Version 3.24.4) package [41] was used 
to test for batch effects among the samples. Genes with an adjusted p-value (False Discovery 
Rate) ≤ 0.05 were selected for further analysis.

Differential alternative splicing analysis was performed based on the same fastq files as for 
the gene level based RNA-Seq analysis. The reads were aligned to the human reference 
genome (version GRCh38) using Hisat2 [32] (Version 2.1.0) and subsequently sorted by coor-
dinates using Samtools [42] (version 1.3). Stringtie [57] (version 1.3.3b) was then used to 
predict, merge and estimate the abundance of the different transcripts. Finally, differential 
expression assessment, visualization and annotation of the transcripts was done in R [74] (Ver-
sion 3.4.3) using the Ballgown package [19] (Version 2.10.0) with parallel use of the Limma 
[61] (Version 3.34.0) and edgeR [64] packages (version 3.20.1) for analysis with regularization.

Validation of differentially expressed genes by qPCR
To validate differentially expressed genes from the RNA-seq experiment, the same RNA of 
CP samples was analyzed by quantitative PCR (qPCR). RNA was reverse-transcribed into 
cDNA with the High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher Sci-
entific). qPCR reactions were performed in technical duplicates on an Applied Biosystems 
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Viia7 real-time PCR machine (Thermo Fisher Scientific) using SYBR green detection. Primers 
were obtained from Thermo Fisher Scientific, and their sequences are given in Supplementa-
ry Table 5. Normfinder was used to select GAPDH and 18 s rRNA as the most stable reference 
genes in MS and control CP among a set of 8 candidates.

Choroid plexus explants culture
Fresh human postmortem CP was stored in Hibernate A medium (A1247501, Thermo Fisher 
Scientific) for less than 24 h. The CP was washed twice in cold PBS and cut with sharp scissors 
into small pieces (around 3 mm2 each). Pieces from one donor were split into two different 
plates with DMEM/F12 (31330–038, Gibco) supplemented with 10% (v/v) heat inactivated 
FCS, and 1% PSG). Both plates with explants were cultured under normoxic conditions (20% 
O2) for 24 h, after which one plate was switched to hypoxia (1% O2) for another 24 h. Then, CP 
explants were washed twice with cold PBS and RNA extraction was performed with TrizOL 
(15596026, Invitrogen) using a blend homogenizer and a 21G syringe for tissue disruption.

Immunoassays of ADM, PAI-1 and STC2 in CSF
Determination of ADM protein concentration in human CSF was performed with a com-
petitive radioimmunoassay method (RK-010-01, Phoenix Pharmaceuticals), following the 
manufacturer’s instructions. CSF samples were concentrated 5X by lyophilization and resol-
ubilization in sterile water to adjust to the detection range of the assay (100–12,800 pg/mL). 
PAI-1 concentration in human CSF was measured using a sandwich ELISA (ab108891, Abcam) 
following the manufacturer’s instructions. STC2 concentration in human CSF samples was 
measured using a sandwich ELISA (AL-143, AnshLabs) following the manufacturer’s instruc-
tions. Investigators were blinded to sample type during experiments and data collection.

RNA isolation from brain MS lesions and control tissue
Active and chronic active MS lesions and white matter from controls were dissected from 
frozen brain blocks. To this aim, lesions were first outlined according to their myelin (PLP) and 
inflammatory (MHCII) status, using a sharp needle. Thereafter, 10 μm sections were cut, and 
lesion area and normal appearing white matter were collected separately in tubes and kept 
in liquid nitrogen. Messenger RNA isolation was conducted using the Qiagen RNeasy Lipid 
Tissue Mini Kit (Qiagen, the Netherlands) according to manufacturer’s instructions.

Choroid plexus epithelial cell culture
HIBCPP cells (from human choroid plexus papilloma cell line [29]) were cultured in DMEM/
F12 (31330–038, Gibco) supplemented with 4.8 mM L-Glutamine (25030–024, Gibco), 5 μg/
mL insulin (I9278, Sigma), penicillin (100 U/ml) and streptomycin (100 μg/ml), 15% (v/v) heat 
inactivated fetal calf serum (FCS). For hypoxia experiments, cells were cultured under nor-
moxic (20% O2) or hypoxic (1% O2) conditions for 24 h. For inflammation experiments, cells 
were treated with 10 ng/mL recombinant human TNF-ɑ (300-01A) for 24 h. Then, cells were 
washed twice with cold PBS and RNA extraction was performed with TrizOL (15596026, Invit-

rogen).
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Gene expression analysis of HIBCPP cells, CP explants and brain 
tissue: RT-qPCR
cDNA synthesis was performed using a High-Capacity cDNA Reverse Transcription Kit 
(4368814, Thermo Fisher Scientific). qPCR reactions were performed in technical duplicate 
on a Viia7 real-time PCR machine (Thermo Fisher Scientific) using SYBR green detection. 
Primers were obtained from Thermo Fisher Scientific, and their sequences are given in Sup-
plementary Table 5. Messenger RNA expression levels were normalized using 18 s rRNA or 
GAPDH.

Statistical analysis
Statistical analysis was done using R statistical software version 3.4.0 (2017-04-21). Differ-
ences in qPCR gene expression results were tested by two-tailed Welch t-test, except for CP 
explant data, where differences were tested by paired two-tailed Welch t-test. Immunoassay 
protein concentration results are expressed as median and interquartile ranges (IQR). The 
Shapiro-Wilk’s test was used to assess the normality of distribution of investigated parame-
ters. The F test was used to assess heteroscedasticity. Outliers were investigated by Grubbs’, 
Dixon and Chi-squared tests. Differences in normally distributed data were tested by two-
tailed Welch t-test, while a two-tailed Wilcoxon rank sum test (Mann–Whitney U test) with 
continuity correction was used for non-normally distributed data. Pearson’s correlation was 
used to analyze the association between studied parameters. For dichotomization of the 
cohort by EDSS score, a cut-off of 5.5 was chosen, based on the EDSS median in the cohort 
and the clinical significance of the score [51].

resulTs

Transcriptional alterations in the CP of progressive MS patients
To reveal potential transcriptomic changes associated with progressive MS, we performed 
RNA-seq of 6 human CP samples from progressive MS patients and 6 non-neurological dis-
ease control CP samples. Differential expression analysis revealed a total of 17 genes with 
higher expression in the CP of progressive MS patients compared with that of non-neurologi-
cal controls (Table 1, Fig. 1a and b), whereas we did not observe genes with lower expression. 
Several of the identified genes are involved in hypoxia, such as ADM, HK2, STC2, SERPINE1, 
SNHG15 and possibly HIF1A-AS3, but also in neuroprotection, such as ADM, SERPINE1, 
MT1A and STC2. These transcriptional alterations were validated in the same human CP 
samples by qPCR (Supplementary 1a). Accordingly, Gene Ontology (GO) term enrichment 
analysis in the dataset showed overrepresentation of genes related to hypoxia (‘response 
to hypoxia’, GO:0001666, p = 0.001; ‘cellular response to hypoxia’ GO:0071456, p = 0.007) 
(Supplementary Table 6). Surprisingly, only one of the differentially expressed genes, CXCL2, 
appeared to be directly linked to inflammation, although there was an enrichment in several 
GO terms related to inflammatory processes (Supplementary Table 6).

In addition to the RNA-seq differential gene expression analysis, we performed differen-
tial alternative splicing analysis. Among the whole genome, the expression of one of the 
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transcripts of the gene EPAS1 (EPAS1–202), involved in hypoxic responses [80], was either 
completely or nearly lost in the progressive MS samples (Fig. 1c and Supplementary 1b). 
Together, these results indicate that transcriptomic alterations are apparent in the CP of pro-
gressive MS patients, involving hypoxia- and neuroprotection-related genes.

Hypoxia responses in human CP explants
Our RNA-seq analysis revealed the induction of hypoxia responsive genes in the CP of pro-
gressive MS patients, suggesting a hypoxic CP environment during the disease. To validate 
these findings, we studied the effect of CP hypoxia on the differentially expressed hypoxia 
responsive genes, as assessed by RNA-seq. For this, we cultured human postmortem CP 
explants in hypoxic (1% O2) and normoxic (20% O2) conditions for 24 h (Fig. 2a). We detect-
ed a higher expression of known hypoxia-related genes (HK2, ADM, STC2, SERPINE1 and 
SNHG15), but also of other genes, to our knowledge, previously unrelated to hypoxia (HIF1A-
AS3; MT1X, TSHZ3, LDHAP4) (Fig. 2b and Supplementary Table 7). Thus, the transcriptional 
response to hypoxia in our CP explant model is compatible with the presence of a hypoxic 
environment in the CP of progressive MS patients.

Table 1: lisT of differenTially expressed genes beTween ms and conTrol cp
Description Gene 

symbol
Ensembl ID Mean Normalized 

Reads
log2 Fold 
Change

Adjusted 
p-value

RNA U6 small nuclear 2 RNU6–2 ENSG00000207357 19.74 3.46 5.86E-06

stanniocalcin 2 STC2 ENSG00000113739 81.46 1.57 0.003

lymphatic vessel endothelial 
hyaluronan receptor 1

LYVE1 ENSG00000133800 3253.05 1.45 0.006

MYC proto-oncogene, bHLH 
transcription factor

MYC ENSG00000136997 236.37 1.84 0.006

lactate dehydrogenase A pseu-
dogene 4

LDHAP4 ENSG00000214110 122.5 1.31 0.011

adrenomedullin ADM ENSG00000148926 1046.05 2.24 0.014

eukaryotic translation initiation 
factor 4A1

EIF4A1 ENSG00000161960 48.8 0.82 0.014

small nucleolar RNA host gene 
15

SNHG15 ENSG00000232956 94.54 0.92 0.016

HIF1A antisense RNA 3 HIF1A-AS3 ENSG00000258667 63.96 1.27 0.019

Rho family GTPase 3 RND3 ENSG00000115963 451.98 2.33 0.019

serpin family E member 1 SERPINE1 ENSG00000106366 930.69 3.04 0.023

teashirt zinc finger homeobox 3 TSHZ3 ENSG00000121297 109.95 0.69 0.027

immediate early response 2 IER2 ENSG00000160888 231.88 0.7 0.029

metallothionein 1A MT1A ENSG00000205362 71.35 4.17 0.035

metallothionein 1X MT1X ENSG00000187193 34.07 3.11 0.039

C-X-C motif chemokine ligand 2 CXCL2 ENSG00000081041 127.95 3.63 0.047

hexokinase 2 HK2 ENSG00000159399 572.79 1.52 0.05



79

S
ec

reto
ry a

n
d n

eu
ro

pro
tec

tive fu
n

c
tio

n o
f th

e c
h

o
ro

id plex
u

S in M
S

Fig. 1: Transcriptional profile of the human choroid plexus in progressive MS. a Volcano plot of 
statistical significance against fold change between CP of progressive MS cases (n = 6) and that of con-
trols (n = 6). Each dot represents a gene. Genes considered to be significantly differentially expressed 
(adjusted p-value < 0.05) are depicted in turquoise. b Heatmap of differentially expressed genes (adjust-
ed p-value < 0.05) between progressive MS and control CP. Samples are ordered by sample name.  
c 100% stacked chart for EPAS1 displaying the percentages of each splice variant in progressive MS 
and control CP. Samples are ordered by sample name. Splice variant IDs are the versions from Ensembl 
Human GRCh38 build 97 as of submission.

Higher PAI-1 (SERPINE1) concentration in the CSF of MS patients 
with high disability
The CP has an important secretory function which is key in the maintenance of CNS home-
ostasis. Our RNA-seq analysis revealed three disease-affected genes encoding for the 
secreted proteins adrenomedullin (ADM), plasminogen activator inhibitor-1 (PAI-1) and stan-
niocalcin-2 (STC2) (Fig. 1b). To investigate the alterations of the CP secretory function in MS 
we determined the concentration of ADM, PAI-1 and STC2 in the CSF of MS patients and 
controls. There was a trend of higher ADM levels in the CSF from MS patients compared to 
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Fig. 2: Hypoxia responses in human CP explants. a Schematic representation of the experimental 
setup of CP explants cultured in hypoxia and normoxia. b Difference in relative gene expression between 
human postmortem CP paired samples from each donor (n = 6) incubated 24 h in hypoxia (1% O2) or nor-
moxia (20% O2), analyzed using RT-qPCR. Data are normalized to 18 s rRNA. Results are displayed as the 
negative difference in Ct values between hypoxia and normoxia (represented as -ΔΔCt) and presented as 
median with confidence interval. Differences were tested by paired two-tailed Welch t-test.

those in controls (24.61 pg/mL ± 7.05 vs 22.16 pg/mL ± 8.09; W = 470.5, p = 0.034) (Fig. 3a). 
However, a weak but significant positive correlation between ADM and age was observed 
(r = 0.3, p = 0.025) (Supplementary 3a), while MS cases were significantly older than the con-
trols (Supplementary 3b). There was no correlation with EDSS (Supplementary 3c-d). PAI-1 
concentration in the CSF of controls was 0.63 ng/mL (± 0.18 IQR) while in the CSF of MS 
patients the concentration was 0.75 ng/mL (± 0.13 IQR), but this difference was not signifi-
cant (t = 1.82, p = 0.079) (Fig. 3b). However, PAI-1 levels in the CSF were positively correlated 
with age (r = 0.66, p = 5.05e-05) (Supplementary 3e). Interestingly, we did observe signifi-
cantly higher levels of PAI-1 in the CSF of MS patients with more clinical disability, reflected 
by the EDSS score (0.81 ng/mL ± 0.15 IQR, EDSS score > 5.25) compared with MS patients 
with a lower disability score (0.66 ng/mL ± 0.08 IQR, EDSS score < 5.25) (t = 2.89, p = 0.009) 
(Fig. 3c) while the age between these two groups was similar (Supplementary 3f). Lastly, 
STC2 levels in the CSF from MS patients (2.77 ng/mL ± 0.54 IQR) did not differ from those in 
controls (2.69 ng/mL ± 0.27 IQR; t = − 1.317, p = 0.198) (Fig. 3d) or between disability states 
(Supplementary 3h-i), but STC2 concentration in the CSF was positively correlated with age 
(r = 0.409, p = 0.012) (Supplementary 3g).

We next hypothesized that the elevated levels of PAI-1 in the CSF of MS patients originate 
from the CP. However, as this protein may also be expressed in the brain parenchyma [82], 
we studied gene expression in white matter lesions from progressive MS patients and healthy 
control brain tissue. Our results show no differences in SERPINE1 (PAI-1) or STC2 expression 
between the two groups, and even lower expression levels of ADM (t = − 2.338, p = 0.039) 
are present in MS lesions relative to control (Fig. 3e). In addition to our data from MS lesions, 
we analyzed an available microarray gene expression dataset of MS brain lesions and control 
white matter (GEO accession ID: GSE38010) [2, 27]. Similarly to our results, we found lower 
ADM expression levels in MS lesions compared to control white matter (adjusted p = 0.067, 
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log2FC = − 2.19), while SERPINE1 and STC2 expression did not differ (Supplementary Fig. 
4). These findings suggest that the transcriptomic alterations in the CP of progressive MS 
patients result in the increased secretion of proteins such as PAI-1 into the CSF.

Expression of ADM, SERPINE1 (PAI-1) and STC2 in choroid plexus 
epithelial cells
CP epithelial cells are the main producer of CSF, and ADM and PAI-1 are known to be secret-
ed by CP epithelium [71, 72, 76, 79]. In order to confirm the epithelial origin of the enhanced 
expression of ADM, SERPINE1 and STC2 in progressive MS (Fig. 4a), we set out to study 
their gene expression in human CP epithelial cells (HIBCPP cells). Expression levels of ADM 
were higher under hypoxic compared to normoxic culture conditions (t = 2.725, p = 0.011, 
Fig. 4b), while we did not see differences in the expression of SERPINE1 or STC2 (Fig. 4b). In 

Fig. 3: Altered concentration of ADM and PAI-1 peptides in the CSF of MS patients. a ADM pro-
tein concentration in CSF biopsies from MS patients (n = 27) and controls (n = 26), as measured by RIA. 
Differences were tested by two-tailed Wilcoxon rank sum test (Mann–Whitney U test) with continuity 
correction (p = 0.034). b PAI-1 protein concentration in CSF biopsies from MS patients (n = 17) and con-
trols (n = 14), as measured by ELISA. Differences were tested by unpaired two-tailed classic t-test. c PAI-1 
protein concentration in the CSF of MS patients with high disability (high EDSS; n = 9) or low disability 
(low EDSS; n = 7), as measured by ELISA. Differences were tested by unpaired two-tailed classic t-test.  
d STC2 protein concentration in CSF biopsies from MS patients (n = 16) and controls (n = 20), as meas-
ured by ELISA. Differences were tested by unpaired two-tailed classic t-test. In a-d results are displayed 
as median and interquartile ranges (IQR). e ADM, SERPINE1 and STC2 mRNA expression in brain lesions 
of MS patients (n = 8) compared to white matter from controls (n = 5), as assessed by RT-qPCR. Data are 
normalised to GAPDH. Results are displayed as fold change relative to control white matter and present-
ed as mean ± SEM. Differences were tested by two-tailed Welch t-test.
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contrast, CP epithelial cells exposed to an inflammatory stimulus (10 ng/mL TNF-ɑ) did not 
show altered expression of ADM, SERPINE1 or STC2 relative to control (Fig. 4c). These results 
indicate that the CP epithelial cells express ADM, SERPINE1 and STC2 and that ADM levels 
are increased upon hypoxic conditions. Together with the CP explant data (Fig. 2), our results 
are consistent with the presence of hypoxia in the CP of progressive MS patients.

discussion
In this study, we explored the transcriptional profile of the CP in progressive MS patients 
compared to non-neurological controls and how this relates to altered peptide concentra-
tions in the CSF of MS patients. We found an enrichment in hypoxia-related, neuroprotective 
and secretory genes among those differentially expressed, uncovering new important roles 
of the CP in the pathogenesis of MS. Since the CP is the main producer of CSF, the relevance 
of its secretory function was further validated by studying the levels of three of the identified 
proteins, ADM, PAI-1 (SERPINE1) and STC2, in the CSF of MS patients. We observed a higher 
concentration of PAI-1 in patients with more disease severity. Finally, we provide supporting 
evidence for the CP epithelium as the source of these peptides.

To our knowledge, this is the first transcriptomic characterization of the progressive MS CP 
in a human setting. RNA-seq of the CP in other neurological diseases such as frontotem-
poral dementia, Alzheimer’s and Huntington’s disease [70], or schizophrenia [34] revealed 
alterations in the barrier or immune homeostatic properties of the CP. In progressive MS, we 
found predominantly alterations related to hypoxia but also secretion and neuroprotection, 
possibly reflecting the particular etiology of MS.

The postmortem tissue used in this study was carefully selected for high RNA integrity, there-
by limiting the availability of samples. Although donors with other neurological diseases were 
excluded from the study, the high variability of human samples is reflected in our dataset 
(Supplementary 1d). Additionally, the CP consists of a variety of cells, including epithelial, 
endothelial and immune cells, fibroblasts and pericytes. Because we performed RNA-seq on 
the whole tissue, we cannot exclude that subtle yet significant differences in gene expression 
in specific subsets of cells were undetected.

We report that a considerable number of the genes with higher expression in the CP of 
progressive MS patients relative to control CP are involved in hypoxia, highlighting a novel 
aspect of the disease pathology in the CP. Genes such as ADM [10, 55], SERPINE1 [35, 67], 
HK2 [60], STC2 [40] and SNHG15 [73] are upregulated upon hypoxia. The expression of these 
genes is regulated by the transcription factors HIF-1α and EPAS1 (also known as HIF-2ɑ) [18, 
20, 35, 40, 44, 60, 67]. The regulatory function of HIF-1α and EPAS1 occurs at the protein 
level, as their mRNA levels are not increased in hypoxia [52, 80] (Supplementary 1c and 2a). 
In addition, we show the involvement in neurological disease of the previously undescribed 
long non coding RNA HIF1A-AS3 (ENSG00000258667). HIF1A-AS3 is one of the three anti-
sense genes of HIF1A. Another antisense, HIF1A-AS2, is involved in the regulation of HIF-1α 
[12, 43]. HIF1A-AS2 mRNA was not significantly higher in the CP of progressive MS patients 
relative to that of controls, suggesting that HIF1A-AS3 may act as an upstream regulator 
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of the hypoxia responses observed in our study. Altogether, our data indicate that the HIF 
pathway is altered in the CP of progressive MS patients. We speculate that the transcriptomic 
profile of the CP in progressive MS could be influenced by an exposure to hypoxic condi-
tions. A hypoxic environment in progressive MS could originate from a reduction in blood 
supply at the CP stroma, or as a response to diffusible factors from the CSF compartment. 
Oxidative stress occurs in MS brains [25, 81], and CSF from MS patients can induce oxidative 
stress [78]. This suggests that oxidative factors can diffuse from the brain parenchyma into 
the CSF compartment, reaching the CP epithelium and leading to the respiratory enzyme 
deficiencies observed in MS patients [9]. Our results point to such an important pathological 
mechanism occurring at the CP in progressive MS patients.

One of the functions of the CP is the maintenance of immune homeostasis in the CNS. 
Although CNS inflammation is less evident in the progressive phases of MS, immune activa-
tion occurs in both the relapsing-remitting and progressive MS CP [65, 77]. However, we only 

Fig. 4: Expression of ADM, SERPINE1 (PAI-1) and 
STC2 by choroid plexus epithelial cells. a ADM, 
SERPINE1 and STC2 mRNA expression in the CP of 
progressive MS patients and controls as assessed by 
RT-qPCR. Data are normalised to both 18 s rRNA and 
GAPDH. Results are displayed as fold change relative 
to control CP (n = 6 CP per group) and presented as 
mean ± SEM. Differences were tested by two-tailed 
Welch t-test. b ADM, SERPINE1 and STC2 mRNA 
expression in human choroid plexus epithelial cells 
(HIBCPP) exposed to hypoxic (1% O2) or normoxic 
(20% O2) conditions. Data are normalised to 18 s rRNA. 
Results are displayed as the negative difference in Ct 

values between each gene and 18 s rRNA (−ΔCt) and presented as median and interquartile ranges 
(IQR). Data from triplicate wells in 5 to 6 independent experiments. Differences were tested by two-tailed 
Welch t-test. c ADM, SERPINE1 and STC2 mRNA expression in human choroid plexus epithelial cells 
(HIBCPP) exposed to the inflammatory cytokine TNFα (10 ng/mL). Data are normalised to 18 s rRNA. 
Results are displayed as the negative difference in Ct values between each gene and 18 s rRNA (−ΔCt) 
and presented as median and interquartile ranges (IQR). Data from triplicate wells in 6 independent 
experiments. Differences were tested by two-tailed Welch t-test.
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detected a subtle alteration in the immunological profile. CXCL2 is a chemokine for granulo-
cytes and, interestingly, neutrophilic LCN2 is upregulated at the onset of EAE [49]. Although 
no neutrophil markers were differentially expressed in our RNA-seq data, our recent immuno-
histochemical characterization of immune cell populations in the CP showed an accumulation 
of granulocytes in progressive MS patients relative to controls [65]. Future studies should 
explore the involvement of granulocytes in CP-mediated MS pathology, including whether 
their release of reactive oxygen species is related to the hypoxia-like responses observed. 
Previous transcriptomic studies of the CP from other neurological diseases detected altera-
tions in immune-related pathways [34, 70]. Moreover, our recent study indicated that CD8+ 
T cells are more abundant in progressive MS CP than in control, which we could not detect 
in the present work. These discrepancies suggest that our bulk RNA-seq approach does not 
have enough resolution for detecting changes in relatively scarce cell populations, such as 
are granulocytes and T cells in the CP. Altogether, our dataset supports the view that strong 
inflammatory reactions are absent from the progressive MS CP.

Another major role of the CP is the formation of the BCSFB at the epithelial tight junctions. In 
contrast to previous studies [37], we did not identify clear alterations in the barrier properties 
of the CP in progressive MS patients. This is in line with other research that showed a lack of 
involvement of the junctional protein claudin-3 in EAE [13]. Thus, the structural BCSFB prop-
erties in progressive MS patients may remain intact and support CNS homeostasis.

The secretion of CSF is the main function of the CP. The CP has a strategic location to secrete 
signaling molecules that can reach the CNS periventricular areas, as well as more distant loci 
such as the cortex or spinal cord. To date, however, secretory alterations of the CP in neuro-
logical diseases have not been sufficiently investigated. Our transcriptome analysis identified 
three genes coding for secreted proteins with higher expression in the CP of progressive MS 
patients. At the protein level, PAI-1 was present in higher concentrations in CSF samples from 
MS patients with high disability relative to those with low disability. Our findings indicate that 
CP epithelial cells may produce ADM and PAI-1, in line with previous studies [71, 72, 76, 79]. 
Data from our lab and a publicly available dataset suggest that the origin of the CSF protein 
alterations is the CP and not the brain parenchyma.

PAI-1 (coded by SERPINE1) is a secreted proteinase inhibitor involved in the regulation of 
fibrinolysis. A genotype associated with low PAI-1 production [53] is a risk factor for MS [47, 
84], illustrating its neuroprotective properties. Indeed, PAI-1 has an anti-apoptotic function in 
neurons [69] and it increases BBB tightness [14]. However, in a chronic relapsing EAE model, 
SERPINE1 knockout mice showed less disease severity than the wild types [15]. Higher PAI-1 
concentrations have been previously detected in the CSF of MS patients compared to that 
in controls [1]. Moreover, higher SERPINE1 expression was detected in the CP of Alzheimer’s 
and Huntington’s disease and frontotemporal dementia patients relative to controls [70]. Our 
findings suggest that in the most severe cases of progressive MS the CP secretes higher 
levels of PAI-1 into the CSF, where it can travel into lesion-prone periventricular areas in an 
attempt to promote neuroprotection. Interestingly, higher levels of PAI-1 have been detected 
in acute MS lesions compared to control tissue [26]. ADM is a neuroprotective vasodilator 
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[23, 24] that can promote oligodendrocyte differentiation [48] and tightening of the BBB 
[36]. ADM has a therapeutic potential based on its protective effects in EAE [56]. This neuro-
protective mechanism does not seem specific for MS, but rather a general response to CNS 
damage, as ADM concentration is also elevated in the CSF after traumatic brain injury [62] 
and in ageing cortex [38]. More samples would be needed to determine if ADM is upregu-
lated in the CSF of MS patients.

Previous studies have pointed to the neuroprotective role of the CP [6, 16, 17, 28]. In addi-
tion to ADM and SERPINE1 (PAI-1), other genes related to neuroprotection presented higher 
expression in progressive MS CP relative to control CP. STC2 is a glycoprotein with neuro-
protective effects in hippocampal degeneration [8]. Although the concentration of STC2 in 
the human CSF samples analyzed did not reflect the gene expression, this could be due to 
a restricted local expression of the peptide. Moreover, two metallothionein genes, MT1A 
and MT1X, presented higher expression in progressive MS CP than in control CP. Metal-
lothioneins are antioxidant metal binding molecules recently explored as therapeutic agents 
[31]. The increased MT1X expression in progressive MS CP may be caused by hypoxia [68, 
75], or by the higher copper levels present in the CSF of MS patients relative to healthy 
subjects [50]. Overall, we describe a neuroprotective signature in the CP of progressive MS 
patients which may reflect the role of this strategical tissue in restoring brain homeostasis in 
neurological disease.

Due to its homeostatic secretory activity, the CP is an interesting candidate as a therapeutic 
target. An attracting possibility would be to peripherally promote the local production of 
neuroprotective peptides, such as those identified here, at the CP and their secretion into 
the CSF. We observe a dysregulation of the HIF pathway in progressive MS CP, accompanied 
by a higher expression of several neuroprotective genes. Although hypoxic preconditioning 
can trigger neuroprotective responses [75], a pharmaceutical potentiation of these pathways 
bypassing the hypoxic exposure would reduce CNS damage. A recent study has described 
the cannabidiol quinone derivative drug VCE-004.8 as a novel therapeutic tool in MS, partly 
through the stabilization of HIF-1α and EPAS1 transcription factors and the activation of the 
HIF pathway [54]. Our findings suggest that the CP may be a key player in the protective 
functions of this promising drug, which is currently in phase I clinical trials.

In summary, we here provide comprehensive evidence for the involvement of the CP in pro-
gressive MS. Transcriptomic alterations related to hypoxic responses and the secretion of 
neuroprotective peptides illustrate the ability of the CP to monitor and respond to changes 
in the CNS environment. This study highlights the homeostatic capacities and disease alter-
ations of the CP and suggests that manipulating its secretory properties may influence MS 
disease pathogenesis and promote neuroprotection.
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suppleMenTary daTa

Supplementary Fig. 1: Transcriptional profile of the human choroid plexus in progressive MS.  
a Validation by RT-qPCR of genes identified to be differentially expressed by RNA-seq. mRNA expression 
levels were normalised to the average of two stable reference genes, namely GAPDH and 18 s rRNA. 
Each dot corresponds to an individual gene, coloured according to the RT-qPCR p-value. Differences 
were tested by two-tailed Welch t-test. b Expression in Fragments Per Kilobase Million (FPKM) of the 
EPAS1–202 isoform in progressive MS and control CP, as assessed by RNA-seq. c Normalised expres-
sion of the genes EPAS1 and HIF1A in progressive MS and control CP, as assessed by RNA-seq. d PCA 
plot of RNA-seq samples illustrates the high variability in the transcriptional profile. The percentage of 
data variation explained by the first two principal components (PC1 and PC2) is displayed. Each dot 
corresponds to an individual sample. PC1 explains most of the sample variation between control and 
progressive MS cases.
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Supplementary Fig. 2: Hypoxia responses in human CP explants.  
a HIF1A and HIF1A-AS3 difference in relative gene expression between 
human postmortem CP paired samples from each donor (n = 6) incubat-
ed 24 h in hypoxia (1% O2) or normoxia (20% O2) analyzed using qPCR. 
Data are normalised to 18 s rRNA. Results are displayed as the negative 
difference in ct values between hypoxia and normoxia (represented as 
-ΔΔct) and presented as median with confidence interval. Differences 
were tested by paired two-tailed Welch t-test.

Supplementary Fig. 3: See next page for caption.
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Supplementary Fig. 3: Altered concentration of ADM and PAI-1 peptides in the CSF of MS patients.  
a Correlation plot of ADM protein concentration with age in CSF samples (n = 53). Smoothing line is 
calculated with linear regression, and shadow area represents the confidence interval around the smooth 
line. b Age of CSF donors with MS (n = 27) or control (n = 26), used for ADM protein assessment. Results 
are displayed as median and interquartile ranges (IQR). Differences were tested by Welch Two Sample 
t-test. c ADM protein concentration in the CSF of MS patients with high disability (high EDSS; n = 9) or 
low disability (low EDSS; n = 18), as measured by RIA. Results are displayed as median and interquartile 
ranges (IQR). Differences were tested by Wilcoxon rank sum test with continuity correction. d Age of CSF 
donors with high disability (high EDSS; n = 9) or low disability (low EDSS; n = 18), used for ADM protein 
assessment. Results are displayed as median and interquartile ranges (IQR). Differences were tested by 
Welch Two Sample t-test. e Correlation plot of PAI-1 protein concentration with age in CSF samples 
(n = 31). Smoothing line is calculated with linear regression, and shadow area represents the confidence 
interval around the smooth line. f Age of CSF donors with high disability (high EDSS; n = 9) or low disabil-
ity (low EDSS; n = 7), used for PAI-1 protein assessment. Results are displayed as median and interquartile 
ranges (IQR). Differences were tested by Welch Two Sample t-test. g Correlation plot of STC2 protein 
concentration with age in CSF samples (n = 37). Smoothing line is calculated with linear regression, and 
shadow area represents the confidence interval around the smooth line. h STC2 protein concentration in 
the CSF of MS patients with high disability (high EDSS; n = 7) or low disability (low EDSS; n = 8), as meas-
ured by ELISA. Results are displayed as median and interquartile ranges (IQR). Differences were tested 
by Welch Two Sample t-test. i Age of CSF donors with high disability (high EDSS; n = 7) or low disability 
(low EDSS; n = 8), used for STC2 protein assessment. Results are displayed as median and interquartile 
ranges (IQR). Differences were tested by Welch Two Sample t-test.

Supplementary Fig. 4: Microarray gene expression data extracted from GEO dataset GSE38010. 
The expression values of the different samples from white matter from healthy controls (‘Control) or 
plaques from MS brains (‘Early’, ‘Active’, ‘Chronic’) are shown a) For ADM, one probe was available 
(202912_at) b) For SERPINE1 there were two probes available (202627_s_at and 202628_s_at) c) For 
STC2 there were two probes available (203438_at and 203439_s_at).
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supplemenTary Table 1: deTails of The human choroid plexus samples used for rna-seq

Sample Diagnosis Sex Age PMD (h) Cause of death Comorbidities RIN

Control 1 Control F 68 5.75 Euthanasia Vaginal carcinoma, 
kidney tumor and lung 
metastasis.

8

Control 2 Control M 55 7.5 Euthanasia Metastatic esophageal 
cancer, ileus

7.4

Control 3 Control F 64 5.67 n/a Pneumothorax. 8.3

Control 4 Control F 57 7.67 Euthanasia Metastatic urothelial 
cancer, pleuritis carci-
nomatosa

7.4

Control 5 Control F 70 7.58 Cachexia by endstage 
pancreas carcinoma

Icterus, cholangitis, 
fever

8.4

Control 6 Control M 59 8 Euthanasia Hypertension, adrenal 
gland carcinoma

7.1

MS 1 (SP) MS M 53 5.5 Respiratory insuffi-
ciency

Pneumonia, lung 
edema, ascites, anuria

8.1

MS 2 (PP) MS F 44 10.25 Decompensation Sepsis 7.2

MS 3 (PP) MS M 67 11 Sudden death with MS Aspiration pneumonia. 6.8

MS 4 (PP) MS M 63 7.08 Cardiac arrest after 
rupture of abdominal 
aorta aneurysm

n/a 8.9

MS 5 (SP) MS M 63 8.25 Pneumonia, cachexia 
and dehydration

Hyperesthesia / hyper-
algesia

7.5

MS 6 (PP?) MS F 76 7.5 Pyelonephritis with 
palliative care

Delirium 7.7

F: female, M: male; PMD: Post-mortem delay; RIN: RNA integrity number; SP: Secondary Progressive; 
PP: Primary Progressive. The type of MS is noted in between brackets, as extracted from the clinical 
report, sometimes unclear

supplemenTary Table 2: deTails of The human choroid plexus samples used for explanTs culTure

Sample Diagnosis Sex Age (y) pH CSF PMD (h) Brain weight (g)

1 MS M 75 6.24 9.17 1140

2 Control F 82 na 6.33 1295

3 MS F 81 6.06 9.95 1148

4 Control M 87 6.47 6.35 1295

5 Alzheimer's 
disease

M 77 6.63 4.43 1564

6 MS F 53 6.76 5.83 1385

F: female, M: male; PMD: Post-mortem delay.
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supplemenTary Table 3: deTails of The human csf samples used

Type Sex Age (y) Diagnosis ADM PAI-1 STC2

Control m 33 HC x x

Control m 28 HC x x

Control f 26 HC x x

Control m 32 HC x x

Control f 30 HC x x

Control f 73 NINDC, Labyrinth 
dysfunction

x x x

Control f 56 SC, Paresthesia x x x

Control m 53 SC, Paresthesia x x x

Control m 53 NINDC, Hypersomnia x x x

Control m 50 INDC, Polyneuropathy x

Control m 47 SC, Paresthesia x x x

Control f 42 INDC, Balance distur-
bance

x x

Control m 42 SC, paresthesia x x x

Control f 36 SC, Paresthesia x x x

Control f 32 SC, Paresthesia x x

Control f 29 NINDC, Observation for 
CNS disease

x

Control m 35 SC, Anxiety x x

Control f 32 SC, Paresthesia x x x

Control m 42 SC, paresthesia x x x

Control m 29 SC, paresthesia x x

Control f 25 INDC, Epilepsy x x

Control m 24 NINDC, Fatigue x x

Control f 24 NINDC, Headache x x

Control m 20 NINDC, Observation for 
CNS disease

x

Control f 41 INDC, Sjögrens 
syndrome

x

Control f 47 INDC, SLE x

Control f 37 INDC, Trigeminal 
Neuralgia

x x

Control m 34 NINDC, Migraine x x

RRMS-relapse f 24 x

RRMS-relapse m 41 x

RRMS-relapse m 44 x
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supplemenTary Table 3: conTinued

Type Sex Age (y) Diagnosis ADM PAI-1 STC2

RRMS-relapse m 51 x

RRMS-remission f 39 x

RRMS-remission m 47 x

RRMS-remission m 25 x

RRMS-remission f 41 x

PPMS m 43 x x x

PPMS f 59 x x x

PPMS m 51 x x x

PPMS f 54 x x x

PPMS m 58 x x x

PPMS m 61 x x x

PPMS f 66 x x x

PPMS f 63 x x x

SPMS f 51 x x x

SPMS f 51 x x x

SPMS f 52 x x x

SPMS m 40 x x x

SPMS f 57 x x

SPMS m 59 x x x

SPMS m 61 x x x

SPMS m 66 x x x

PRMS f 45 x x

PRMS f 29 x

PRMS f 46 x

SPMS F 63 SPMS x x

Control F 25 OND x

Control M 29 OND x

Patient information is provided, together with an indication of the experiment(s) for which the samples 
were used. NINDC: non-inflammatory disease controls; SC: symptomatic controls; INDC: inflammatory 
CNS disease.
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supplemenTary Table 4: deTails of The human brain samples used

Diagnosis Area Lesion Sex Age (y) PMD (h) Disease 
length (y)

Time progres-
sive (y)

Time to 
wheelchair (y)

MS white matter active F 35 9 5 1 1

MS white matter CA M 43 26 18 14 10

MS white matter active? M 40 27 16 7 4

MS white matter CIA, CA F 50 22 na na na

MS white matter active F 53 17 12 na 4

MS white matter active F 39 9 13 10 6

MS white matter CA M 51 17 18 15 14

MS white matter na M 47 10 25 15 13

Control white matter na M 64 18 na na na

Control white matter na M 35 22 na na na

Control white matter na M 68 30 na na na

Control white matter na M 77 22 na na na

Control white matter na na na na na na na

Patient information and lesion type are provided. PMD: Post-mortem delay; CA: chronic active; CIA: 
chronic inactive.

supplemenTary Table 5: primer sequences used in qpcr.
Gene symbol Forward Reverse

MT1A CGAAATGGACCCCAACTGCT AGTTTGTGCAGGTCACTCTTTC

SERPINE1 GCAACGTGGTTTTCTCACCC GGCCATGCCCTTGTCATCAA

HIF1A CTGAGAGGTTGAGGGACGGA GACGTTCAGAACTTATCCTACCATT

MT1X TTGATCGGGAACTCCTGCTTC GGTGCATTTGCACTCTTTGC

HK2 CATGGACCAAGGGATTCAAG GCCACAATGTCGATATCAAAG

EIF4A1 GAGGGAGTTTCGTTCTGGCT AGTTTTCCCTGTTGGTGGGA

ADM TCCCCCTATTTTAAGACGTGAATG CATGCACACAAACACACTCACAT

RND3 CTATGACCAGGGGGCAAATA TCTTCGCTTTGTCCTTTCGT

LYVE1 AGGAGGAGAAGGCCAATGAT AAACCAGCCTCAGGTGTGTC

STC2 CGGGAATGCTACCTCAAGCA AAGATGGAGCACAGGCTTCC

LDHAP4 TAAGCTGTCATGGGTGGGTC ACCTGCCTAAGATTCTTCACTGT

SNHG15 GCTGAGGTGACGGTCTCAAA GCCTCCCAGTTTCATGGACA

HIF1A-AS3 
(ENSG00000258667.1)

GTCTTTCCTCTCCGTCCCAG CAGACACCCGATCTCCGTG

18S rRNA TACCACATCCAAGGAAGGCAGCA TGGAATTACCGCGGCTGCTGGCA

GAPDH CCATGTTCGTCATGGGTGTG GGTGCTAAGCAGTTGGTGGTG

IER2 CCAAAGTCAGCCGCAAACGA TTTCTTCCAGACGGGCTTTCTTGC

TSHZ3 TGAACGAGACGGGGCATTAC CCGAGTGGCAGGGATGATTT
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supplemenTary Table 6: gene onTology enrichmenT analysis
Supplementary information accompanies this paper at https://doi.org/10.1186/s40478-020-00903-y.

Table displays the GO category ID, the name of the term, the number of differentially expressed (DE) 
genes in the category and the total number of genes in the category.

supplemenTary Table 7: resulTs from The gene expression analysis in cp explanTs in normoxia 
and hypoxia

Gene p

18SRRNA NA

ADM 0.003

LYVE1 0.154

MT1X 0.003

RND3 0.523

SERPINE1 0.013

EIF4A1 0.07074

HIF1AAS3 3.00E-05

HK2 1.00E-04

IER2 0.17208

LDHAP4 0.03821

MYC 0.34204

CXCL2 0.72259

HIF1A 0.05002

MT1A 0.17734

SNHG15 0.02307

STC2 0.00112

TSHZ3 0.02871

Table displays the p-values of the difference in expression between the CP explants in normoxia or 
hypoxia, assessed by paired two-tailed Welch t-test
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absTracT
Long-non coding RNAs (lncRNAs) can have important regulatory functions. HIF1A-AS3 is 
a recently described lncRNA antisense of the transcription factor gene hypoxia-inducible 
factor 1-alpha (HIF1A). Low oxygen levels (hypoxia) activate the HIF pathway, which coor-
dinates a response to promote cell survival. HIF1A-AS3 is also upregulated upon hypoxic 
conditions and has been linked to neuroprotective responses in the chronic autoimmune dis-
ease multiple sclerosis. Thus, we wanted to understand the regulatory relationships between 
HIF1A-AS3 and the HIF pathway. To investigate the potential functions of HIF1A-AS3, we 
first assessed the subcellular location of HIF1A-AS3 transcripts in HEK 293T cells and found 
that they are enriched in the nucleus. Next, we used shRNAs to silence HIF1A-AS3. Our pre-
liminary results showed that, although HIF1A mRNA levels remained unaltered, silencing of 
HIF1A-AS3 resulted in the upregulation of some, but not all, of the studied HIF target genes. 
To assess if HIF-1α can, in turn, regulate HIF1A-AS3 expression, we inspected the promoter 
region of HIF1A-AS3 and identified a potential HIF-1α binding site. Accordingly, silencing 
of HIF1A resulted in the downregulation of HIF1A-AS3. Taken together, our results identify 
HIF1A-AS3 as a HIF-1α target and suggest that this lncRNA exerts control over HIF down-
stream signalling by a negative feedback mechanism. This is a first step in understanding the 
role of HIF1A-AS3 in the HIF pathway which may provide new tools to modulate protective 
responses associated with hypoxia.
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inTroducTion
80% of the human genome is estimated to have biochemical RNA- or chromatin-associ-
ated functions, while only around 2% encodes for proteins [7]. The non-coding genome 
gives rise to a complex transcriptome comprising a range of non-coding RNAs, including 
long non-coding RNAs (lncRNAs). LncRNAs are RNAs longer than 200 nucleotides that do 
not encode for proteins. Although some lncRNAs may be non-functional, others can have 
important regulatory functions in the transcriptome. The regulatory mechanisms of lncRNAs 
include modulating mRNAs or the chromatin structure, sponging micro-RNAs or acting as 
protein scaffolds [19]. The functions of lncRNAs are, therefore, in part determined by their 
subcellular location [3]. Antisense lncRNAs (also known as natural antisense transcripts) are 
transcribed opposite to the direction of the protein-coding gene to which they localize and 
may positively or negatively regulate the expression of their sense transcripts. 

Deep RNA-sequencing technologies continue to unveil novel lncRNAs, while fundamental 
studies aim to reveal their biological roles. Our group has recently found that HIF1A-AS3, 
a previously undescribed lncRNA antisense of hypoxia-inducible factor 1-alpha (HIF1A), 
is upregulated in the choroid plexus of progressive multiple sclerosis (MS) donors relative 
to non-neurological controls [20]. Other genes from the HIF pathway related to hypoxia, 
secretion and neuroprotection, were also upregulated in the choroid plexus. Together, this 
suggests that HIF1A-AS3 may be involved in the protective responses of the choroid plexus 
to neurological disease.

Hypoxia-inducible factors (HIFs) are transcription factors involved in the adaptation of cells to 
hypoxia. HIF-α subunits are oxygen-sensitive proteins, the most common being HIF-1α and 
HIF-2α (also known as endothelial PAS domain-containing protein 1 or EPAS1). In normoxia, 
HIF-α is hydroxylated and ubiquitinated to be degraded by the proteasome; in hypoxia, 
HIF-α is no longer degraded and translocates to the nucleus where it dimerizes with the 
constitutively expressed HIF-1β subunit [15]. Subsequently, the complex binds hypoxia-re-
sponsive elements (HREs) with the motif 5′- (A/G)CGTG-3′ in the promoters of its target 
genes [15]. HIF targets include genes related to metabolism, hypoxia, angiogenesis, growth 
and neuroprotection, such as vascular endothelial growth factor (VEGFA), erythropoietin 
(EPO) [25], heme oxygenase 1 (HMOX1, also known as HO1) [16], adrenomedullin (ADM) 
[10], glucose transporter 1 (SLC2A1, also known as GLUT1), stanniocalcin 2 (STC2) [14], serpin 
E1 (SERPINE1) and hexokinase 2 (HK2) [13] Thus, the HIF pathway may have neuroprotective 
functions that promote cell survival in response to hypoxia. In line with this, hypoxic precon-
ditioning in mice resulted in the stabilization of retinal HIF-1α, the upregulation of several of 
its target genes, such as ADM, and prevented cell death [21]. In mouse models for MS, mild 
chronic hypoxia is protective [6,8,12], but it remains unknown if the choroid plexus is involved 
by increasing the secretion of protective factors into the central nervous system.

To date, two other lncRNAs antisense of HIF1A have been described; HIF1A-AS1, located 
at the 5’region [1], and HIF1A-AS2 (previously known as aHIF), at the 3’region of the HIF1A 
gene [22]. There are contradicting results in the literature on the involvement of HIF1A-AS2 
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in the regulation of HIF-1α: while one study showed that HIF1A-AS2 downregulates HIF-1α 
protein levels [2], another suggested that HIF1A-AS2 positively regulates HIF-1α by sponging 
to microRNAs [17]. These contrasting findings highlight the complex regulatory networks at 
play involving coding and non-coding RNA.

We hypothesise that the lncRNA HIF1A-AS3 has a role in the regulation of the HIF pathway 
and neuroprotective responses to hypoxia at the choroid plexus. Here, we investigated the 
regulatory relationships among HIF1A-AS3, HIF-1α and HIF downstream targets in hypoxia. 
Understanding the basic mechanism of HIF1A-AS3 regulation is a first step to unravelling its 
role in the choroid plexus and the means to modulate it to promote neuroprotection.

MaTerials and MeThods

HEK 293T cell culture
Human embryonic kidney 293T (HEK 293T) cells were grown in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 10% foetal calf serum (FCS), 1% penicillin/streptomy-
cin, in a 37°C incubator with 5% CO2. For experiments, cells were cultured under normoxic 
(20% O2) or hypoxic (1% O2) conditions in 24 well plates (for RNA isolation) or 6 well plates 
(for protein isolation).

Subcellular fractionation, RNA isolation and qRT-PCR
Subcellular fractionation for the analysis of RNA was adapted from [9]. HEK 293T cells were 
grown in a T75 plate to around 90% confluence, washed with PBS (normoxic or hypoxic) and 
detached with trypsin/EDTA for 3 min at 37°C. Detached cells were collected in 10 mL medi-
um and centrifuged at 300g for 5 min at 4°C. The pellet was resuspended in 1 mL of ice-cold 
PBS and centrifuged at 300g for 5 min at 4°C. The pellet was gently resuspended in 200 μL 
of ice-cold cytoplasmic lysis buffer (0.15% NP40, 10 mM Tris pH 7.5, 150 mM NaCl) and incu-
bated 5 min on ice. The lysate was layered on 500 μL of ice-cold sucrose buffer (10 mM Tris 
pH 7.5, 150 mM NaCl, 24% sucrose w/v) and centrifuged at 16,000 g for 10 min at 4°C. The 
supernatant, containing the cytoplasmic fraction, was then transferred to 2,250 μL of TrizOL 
LS (#10296028, Thermo Fisher) and kept at room temperature (for RNA isolation on the same 
day) or stored at -20°C until RNA isolation. The nuclear pellet was resuspended in 200 μL of 
glycerol buffer (20 mM Tris pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 50% glycerol), 
followed by addition of 200 μL of ice-cold nuclei lysis buffer (10 mM HEPES pH 7.6, 7.5 mM 
MgCl2, 0.2 mM EDTA, 0.3 M NaCl, 1 M urea, 1% NP-40, 1 mM DTT) and vortexed twice for 
2 s, followed by incubation on ice for 2 min, and centrifugation at 16,000 g for 2 min at 4°C. 
The supernatant, containing the nucleoplasmic fraction, was transferred to 1,500 μL TrizOL 
LS and kept at room temperature (for RNA isolation on the same day) or stored at -20°C until 
RNA isolation. The pellet, containing the chromatin fraction, was resuspended in  50 μL of 
ice-cold PBS by vortexing. Then, 750 μL of TrizOL LS and 7.5 μL of 0.5 M EDTA were added, 
and the pellet was resuspended at 65°C for 10 min shaking at 500 rpm.

RNA extraction was performed with the Direct-zol™ RNA Miniprep kit (#R2051, Zymo 
Research) according to the manufacturer’s instructions. cDNA synthesis was performed using 
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a High-Capacity cDNA Reverse Transcription Kit (#4368814, Thermo Fisher Scientific), using 
the same volume of RNA for all subcellular fractions. qPCR reactions were performed in 
technical duplicate on a Viia7 real-time PCR machine (Thermo Fisher Scientific) using SYBR 
green detection. Primers were obtained from Thermo Fisher Scientific, and their sequences 
are given in Table 1. RNA values were calculated as 2-Ct. Results are displayed as percentage 
of RNA in each subcellular fraction out of RNA in all fractions. Control lncRNAs were used 
to assess the subcellular fractionation: MALAT1 as a nuclear and DANCR as a cytoplasmic 
lncRNA.

shRNA-mediated silencing of HIF1A-AS3
HIF1A-AS3 gene was knocked-down (KD) with vector-based short hairpin (sh) RNAs. An shRNA 
expression plasmid targeting human HIF1A-AS3 (CS-SH502T-LVRU6GP-01-a(OS719092), 
targeting sequence: GCCAAGACAAGGGAATAAACG) and a non-targeting control CSHC-
TR001-1-LVRU6GP(OSNEG20), targeting sequence: GCTTCGCGCCGTAGTCTTA) were 
obtained from GeneCopoeia and used to produce recombinant lentiviruses. 

Recombinant lentiviruses were produced by co-transfecting subconfluent HEK 293T cells 
with the specific expression plasmids and packaging plasmids (pMDL/pRRE, pM2DG and 
pRSV-REV), using calcium phosphate as a transfection reagent. HEK 293T cells were cultured 
in DMEM supplemented with 10% FCS and 1% penicillin/streptomycin at 37°C in 5% CO2. 
Lentiviruses were collected 48 h after transfection and stored at -80°C until use. 

HEK 283T cells were plated with a cell density of approximately 65,000 cells/cm2 in hypoxia 
(1% O2) and were transduced with the lentiviruses four hours after plating. 24 hours later, 
transduced cells were selected by incubation with puromycin (3.3 μg/ml, for another 48 
hours). The expression knockdown efficiency was determined by quantitative real-time PCR 
(qRT-PCR) targeting the first exon of HIF1A-AS3 (common to both transcripts).

siRNA-mediated silencing of HIF1A
HIF1A gene was knocked-down (KD) with small interfering (si) RNAs. siRNAs 
against HIF1A (siRNA ID: s6539, 4390824; sense: CCA UAU AGA GAU ACU CAA ATT; anti-
sense: UUU GAG UAU CUC UAU AUG GTG) and a non-targeting control (4457287) were 
obtained from Thermo Fisher. 

HEK 283T cells were plated with a density of approximately 65,000 cells/cm2 in hypoxia (1% 
O2) and directly transfected with jetPRIME transfection reagent (#114-15, Polyplus transfec-
tion) and the siRNAs for 24 hours. The expression knockdown efficiency was determined by 
qRT-PCR. 

RNA isolation
Total RNA was isolated using TrizOL (#15596026, Invitrogen) according to manufacturer’s 
protocol. RNA concentration and quality were measured using Nanodrop (Nanodrop Tech-
nologies). RNA was reverse-transcribed to cDNA with the High-Capacity cDNA Reverse 
Transcription Kit (#4368814, Thermo Fisher Scientific). 
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qRT-PCR
qRT-PCR reactions were performed in technical duplicate using SYBR green detection. Prim-

ers were obtained from Thermo Fisher Scientific, and their sequences are given in Table 1. 

HPRT1 was used as a reference gene.

Table 1: qrT-pcr primers

Gene Forward Reverse

HIF1A-AS3 GTC TTT CCT CTC CGT CCC AG CAG ACA CCC GAT CTC CGT G

HIF1A TCA CTG GGA CTA TTA GGC TC AGA TTC AGG ATC AGA CAC CTA G

EPAS1 (HIF2A) GCG ACA TGA TCT TTC TGT CAG TCT CAC GAA TCT CCT CAT GG

HIF1A-AS2 TCT GTG GCT CAG TTC CTT TTG T ATG TAG GAA GTG CCA GAG CC

HPRT1 AGC CCT GGC GTC GTG ATT AGT CGA GCA AGA CGT TCA GTC CTG TCC

SLC2A1 (GLUT1) TCT GGC ATC AAC GCT GTC TT CTA GCG CGA TGG TCA TGA GT

ADM TCC CCC TAT TTT AAG ACG TGA ATG CAT GCA CAC AAA CAC ACT CAC AT

SERPINE1 GTG GAC TTT TCA GAG GTG GAG GTG GAC TTT TCA GAG GTG GAG

EPO CCG AGA ATA TCA CGA CGG GC CGG CTT TAT CCA CAT GCA GC

VEGFA CAT CTT CAA GCC ATC CTG CTG TGT 
G

GCA TGG TGA TGT TGG ACT CCT

HK2 CAT GGA CCA AGG GAT TCA AG GCC ACA ATG TCG ATA TCA AAG

STC2 CGG GAA TGC TAC CTC AAG CA AAG ATG GAG CAC AGG CTT CC

HMOX1 (HO1) CTC CTC TCG AGC GTC CTC AG AAA TCC TGG GGC ATG CTG TC

MALAT1 GTG ATG CGA GTT GTT CTC CG CTG GCT GCC TCA ATG CCT AC

DANCR GCG CCA CTA TGT AGC GGG TT TCA ATG GCT TGT GCC TGT AGT T

Statistical analysis
Statistical analysis was done using R statistical software. The Shapiro Wilk’s test was used to 
assess normality of the distribution of investigated parameters. Differences in qPCR gene 
expression were tested by two-tailed Welch t-test (two groups) or by one-way ANOVA with 
Tukey’s multiple comparison correction (three groups). Outliers were investigated by Grubbs’, 
Dixon and Chi-squared tests.
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resulTs

HIF1A-AS3 is primarily located in the nucleus
We have previously shown that HIF1A-AS3 is upregulated in choroid plexus explants in hypox-
ia relative to normoxia [20]. HIF1A-AS3 (ENSG00000258667.1 or NR_144368) is a three-exon 
lncRNA antisense of HIF1A. It presents two transcripts: the shorter HIF1A-AS3-201 and the 
longer HIF1A-AS3-202, which share the first exon (Fig. 1a).

We first validated the upregulation of HIF1A-AS3 in response to hypoxia in HEK 293T cells. 
Consistent with our earlier observations in human choroid plexus tissue, the expression 
of HIF1A-AS3 was significantly higher when cells were grown in 1% O2 relative to 20% O2 
(Fig. 1b).

The subcellular location of a lncRNA is one of the determining factors for its interaction 
with other regulatory elements and can shed light on its biological functions. Thus, we next 
investigated the subcellular location of HIF1A-AS3. We performed subcellular fractionation 
of HEK 293T cells and assessed lncRNA expression levels in the different fractions. As con-

Fig. 1: The lncRNA HIF1A-AS3 is primarily located in the nucleus. a Diagram of the HIF1A and anti-
sense locus, adapted from Ensembl. For simplicity, only transcript variant HIF1A-202 of HIF1A is shown. 
Exons are shown as thick filled boxes (coding sequence) or thin empty boxes (untranslated regions); 
introns are shown as connecting lines. b Expression of HIF1A-AS3 in normoxia and hypoxia normalised 
to HPRT1 assessed by qPCR. Bars show the mean from four independent experiments. Data points rep-
resent the mean expression of triplicate wells. Two-tailed Welch t-test. c Distribution of HIF1A-AS3 and 
control transcripts within the subcellular compartments. Stacked boxplot shows the percentage of RNA 
from each gene detected in the different subcellular fractions (cytoplasm, nucleoplasm or chromatin-as-
sociated) under normoxic (20% O2) or hypoxic (1% O2) conditions. DANCR and HPRT1 are cytoplasmic 
markers, while MALAT1 is a nuclear marker. Wide bars show the mean from three independent experi-
ments; slim bars show the mean of triplicate wells. d Percentage of cytoplasmic transcripts of HIF1A-AS3 
under normoxic and hypoxic conditions. Barplot  shows the percentage of HIF1A-AS3 transcripts in the 
cytoplasm in normoxia and hypoxia. Bars show the mean from three independent experiments. Data 
points represent the mean expression of triplicate wells. Two-tailed Welch t-test.
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trols, we included transcripts that typically locate to the cytoplasm (the lncRNA DANCR and 

the HPRT1 mRNA) and a lncRNA that is enriched in the nucleus (MALAT1). In normoxia (20% 

O2), HIF1A-AS3 transcripts preferentially localized to the chromatin fraction whereas the cyto-

plasm and nucleoplasm contained similar, smaller, fractions of the transcript (Fig. 1c). Thus, 

in normoxic conditions, HIF1A-AS3 primarily localises to the nucleus. Notably, in hypoxia, 

HIF1A-AS3 partially re-distributes to the cytoplasm (Fig. 1d).

Thus, HIF1A-AS3 is upregulated in hypoxia and primarily localises to the nucleus.

Studying the role of HIF1A-AS3 on the HIF pathway
To investigate the potential regulatory role of HIF1A-AS3 in the HIF pathway, we silenced 

HIF1A-AS3 in HEK 293T cells by transfecting shRNAs and examined the effects on HIF1A, 

EPAS1 and their downstream genes. Using qRT-PCR, we determined that HIF1A-AS3 gene 

expression was reduced to 53% relative to control upon shRNA-mediated silencing in hypox-

ia (Fig. 2a) but not in normoxia (Supplementary Fig. 1a)

Although the mRNA levels of HIF1A were not altered (Fig. 2b), silencing HIF1A-AS3 resulted 

in an upregulation of the HIF-1α downstream genes SLC2A1, ADM, SERPINE1 and EPO (Fig. 

2c). VEGFA, HK2 and HMOX1 expression seemed unaltered, while STC2 appeared to be 

downregulated upon HIF1A-AS3 silencing. We also examined other genes related to the HIF 

pathway, namely EPAS1 and HIF1A-AS2, and detected a subtle increase in their mRNA levels 

upon HIF1A-AS3 silencing (Fig. 2b).

Fig. 2: The effect of silencing HIF1A-AS3 on the HIF pathway. a shRNA-mediated silencing of 
HIF1A-AS3. HEK 293T cells in hypoxia (1%O2) were transfected with HIF1A-AS3-targeting shRNAs or 
a non-targeting control (NTC) shRNA. b Effect of HIF1A-AS3 silencing on the expression of HIF1A  and 
other genes from the HIF pathway. c Effect of HIF1A-AS3 silencing on the expression of HIF-α target 
genes. Expression of each gene normalised to HPRT1 was assessed by qPCR. Bars show the mean of two 
independent experiments. Data points represent the mean expression of triplicate wells. Lines connect 
data points from the same independent experiment.
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Thus, our preliminary silencing experiments suggest that HIF1A-AS3 is involved in the regu-
lation of the HIF pathway.

HIF-1α may bind HIF1A-AS3 and promote its expression
To better understand the mechanisms regulating HIF1A-AS3 in hypoxia, we examined if 
HIF-1α protein can act as a transcription factor for this lncRNA. The region 600 base pairs 
upstream of the first exon of HIF1A-AS3 is enriched in CpG islands and listed as a promot-
er-like signature in ENCODE (Supplementary Fig. 2a). This sequence contains a 5′-GCGTG-3′ 
motif (Supplementary Fig. 2b), typical of hypoxia-response elements (HREs). This motif 
showed evolutionary conservation among primates (Supplementary Fig. 2c) and, relative to 
most nearby sequences, showed less divergence between humans and more distal species. 
The presence of a conserved hypoxia-response element suggests an important role for HIF-
1α in regulation of HIF1A-AS3 expression. To investigate this, we silenced the HIF1A gene 
using siRNAs (Fig. 3a). We found that HIF1A silencing resulted in the downregulation of 
HIF1A-AS3 in a dose-dependent manner (Fig. 3b). The expression of EPAS1 and HIF1A-AS2 
was not significantly different upon HIF1A silencing, but they showed a trend to upregulation 

Fig. 3: Silencing of HIF1A results in the downregulation of HIF1A-AS3. a siRNA-mediated silenc-
ing of HIF1A. HEK 293T cells were transfected with HIF1A-targeting siRNAs or a non-targeting control 
(NTC) siRNA. b Effect of HIF1A silencing on the expression of HIF1A-AS3 and other genes from the HIF 
pathway. c Effect of HIF1A silencing on the expression of HIF target genes. Expression of each gene 
normalised to HPRT1 was assessed by qPCR. Bars show the mean of three independent experiments. 
Data points represent the mean expression of triplicate wells. Lines connect data points from the same 
independent experiment. One-way ANOVA with Tukey’s multiple comparison correction.
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and downregulation, respectively (Fig. 3b).  While the expression of some HIF target genes 
was also inhibited, such as SLC2A1 or a trend for ADM  (Fig. 3c), others did not show differ-
ences in expression upon HIF1A silencing.

Taken together, these results suggest that HIF-1α acts as a transcription factor for HIF1A-AS3.

discussion
We here present an initial study on HIF1A-AS3, a lncRNA antisense of HIF1A implicated in 
multiple sclerosis pathology at the choroid plexus. We found that most HIF1A-AS3 tran-
scripts are located within the nucleus and that this lncRNA is upregulated in hypoxia. Next, 
we explored the involvement of HIF1A-AS3 in the HIF pathway, and our initial experiments 
suggest that HIF1A-AS3 can inhibit HIF target genes independently of HIF1A mRNA. Lastly, 
we provide in silico and in vitro evidence that suggests HIF-1α may act as a transcription fac-
tor for HIF1A-AS3. Thus, our study suggests that HIF1A-AS3 is a HIF-1α target lncRNA that 
exerts negative feedback control over the HIF downstream pathway.

Our findings indicate that HIF1A-AS3 is enriched in the nucleus, as commonly seen with lncRNAs 
and unlike most mRNAs [5]. A previous study also described a nuclear enrichment of the 
short transcript of HIF1A-AS3 (referred to as HIFAL by the authors) in normoxia [26]. However, 
in contrast to our findings, the nuclear enrichment was accentuated in hypoxia. This may be 
explained by a transcript-specific behaviour or by differences in cell type or hypoxic condi-
tions. Upon shRNA-mediated HIF1A-AS3 knockdown, we found no change in the mRNA 
levels of HIF1A, as seen upon HIFAL silencing [26], but we detected an upregulation of 
typical HIF targets. These included the genes for ADM, a small vasodilator hormone that pro-
motes angiogenesis and neuroprotection [11]; SLC2A1, a transporter that imports glucose 
into the cell; and EPO, which stimulates erythropoiesis. Thus, we speculate that HIF1A-AS3 
prevents the transcription of HIF target genes to avoid an exaggerated response to hypoxia 
(Fig. 4). Although the underlying regulatory mechanism remains unknown, it may involve 
the sequestering of the HIF1A mRNA, thus preventing protein translation. This hypothe-
sis of translational inhibition should be explored by determining whether, upon silencing 
HIF1A-AS3, HIF-1α protein levels increase. Alternatively, the repression of HIF target genes 
by HIF1A-AS3 may be mediated by the recruitment of repressors or the decoy of enhancers. 
For example, the lncRNA HOTAIR inhibits the transcription of distal target genes by recruit-
ing a repressive complex [3]. However, not all the HIF target genes explored responded in the 
same way to HIF1A-AS3 silencing. The HIF pathway is a complex intertwined network with 
both feed-forward and feed-back mechanisms. Silencing HIF1A-AS3 may trigger compen-
satory mechanisms which in turn can affect the pathway in both positive and negative ways. 
Another study that silenced the short transcript of HIF1A-AS3 with locked nucleic acid-based 
antisense oligonucleotides (LNAs) reported the downregulation of HIF target genes, includ-
ing SLC2A1 and HK2  [26]. This discrepancy may be due to subcellular- or transcript-specific 
functions of HIF1A-AS3. Our experiments relied on shRNA-mediated cytoplasmic degrada-
tion and it is thus possible that HIF1A-AS3 located in the nucleus has distinct functions such 
as binding to and stabilising the HIF complex at the promoters of its target genes. Moreover, 
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the study identified a motif specific for the short transcript of HIF1A-AS3 responsible for the 
recruitment of a HIF-1α co-activator [26]. 

Another HIF family member, HIF-2α (coded by the EPAS1 gene), is less ubiquitously expressed 
than HIF1A but also dimerizes HIF-1β. HIF-1α and HIF-2α share a number of target genes, 
such as SLC2A1, ADM, SERPINE1 and VEGFA [13]. We observed a trend to higher EPAS1 
mRNA levels upon HIF1A-AS3 silencing, together with an increase in the expression of EPO, 
primarily a HIF-2α target [25]. Therefore, HIF-2α may be involved in the HIF1A-AS3 mediat-
ed regulation of HIF target genes. This could be investigated by silencing HIF1A-AS3 in a 
EPAS1 knockdown background and looking for a loss of upregulation relative to the EPAS1 
wild-type.

The upregulation of HIF target genes is an important response to prevent cell damage dur-
ing hypoxia. However, an excessive response may also have negative effects [4], and control 

Fig. 4: Proposed model of the role of the lncRNA HIF1A-AS3 in the HIF pathway. In normoxia, 
HIF1A is constitutively transcribed into mRNA. Post-translationally, HIF-1α but also HIF-2α protein sub-
units (collectively referred to as HIF-α) are hydroxylated and marked by ubiquitination for degradation 
in the proteasome. HIF1A-AS3 is a gene antisense of HIF1A expressed at low levels in normoxia. Tran-
scripts of HIF1A-AS3 locate mostly to the nucleus. In hypoxia, HIF-α subunits become stable, translocate 
to the nucleus and form heterodimers with HIF-1β. HIF complex acts as a transcription factor by bind-
ing to hypoxia-responsive elements (HREs) in the promoters of target genes, such as SLC2A1, ADM, 
SERPINE1 and EPO. The lncRNA HIF1A-AS3 is also a target of HIF-1α, and is therefore upregulated in 
hypoxia. While most of HIF1A-AS3 transcripts are still located in the nucleus, there is a subtle shift to 
the cytoplasm in hypoxia. By unknown mechanisms, HIF1A-AS3 inhibits some downstream targets of 
HIF, resulting in a negative feedback mechanism to prevent exaggerated and potentially detrimental 
responses to hypoxia.
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mechanisms are necessary. We hypothesise that an increase in HIF-α protein under hypoxia 
is accompanied by a negative feedback mechanism. Similar to other HIF1A antisense tran-
scripts [2], we have shown that the promoter region of HIF1A-AS3 contains potential HRE 
sequences and that silencing of HIF1A results in the downregulation of HIF1A-AS3. Interest-
ingly, previous studies experimentally demonstrated specific binding [23,26] and enrichment 
[26] of the HIF-1α protein to the promoter region of what is now known as HIF1A-AS3. Thus, 
HIF-1α protein may act as a transcription factor for HIF1A-AS3, which can, in turn, inhibit the 
HIF pathway and provide feedback control. Although HIF1A silencing did not result in the 
downregulation of all HIF target genes, this may be due to the formation of stable co-activa-
tor complexes [26] in certain promoters.

In multiple sclerosis, we have previously described that HIF1A-AS3 is upregulated in the cho-
roid plexus, together with the HIF target genes ADM, SERPINE1, STC2 and HK2. Although we 
could not validate the accumulation of HIF-α protein in post-mortem tissue, we hypothesised 
that a hypoxic environment in the choroid plexus of MS patients leads to this transcriptional 
profile, and reasoned that the lncRNA HIF1A-AS3 may be implicated in this pathway. Now, 
our follow-up study suggests that HIF1A-AS3 is a HIF-1α target gene and constitutes a neg-
ative feedback mechanism to balance responses to hypoxia.

In certain diseases like cancer, suppression of the HIF pathway may be a means to promote 
cell death and control tumour growth [24]. In neurological disorders, however, it may be inter-
esting to promote HIF neuroprotective responses to restore neuronal function. Due to the 
inhibitory roles of many lncRNAs, their use as a therapeutic target has raised interest. Antago 
natural antisense transcripts aim to inhibit antisense transcripts and boost the expression of 
the sense gene [18]. Thus, therapeutically silencing HIF1A-AS3 expression at the choroid 
plexus may promote neuroprotection in progressive MS. 

To conclude, our preliminary study of HIF1A-AS3 suggests that this lncRNA may have a role 
in the HIF pathway as a HIF-1α target gene and constitute a potential feedback mecha-
nism. Further analysis will reveal the precise relationships between HIF1A-AS3, HIF-α and HIF 
downstream genes and how they can be targeted to promote neuroprotection.
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suppleMenTary daTa

Supplementary Fig. 1: No silencing of HIF1A-AS3 in normoxia. HEK 293T cells in 
normoxia (20%O2) were transfected with HIF1A-AS3-targeting shRNAs or a non-tar-
geting control (NTC) shRNA. Expression of HIF1A-AS3 normalised to HPRT1 was 
assessed by qPCR. Bars show the mean of two independent experiments. Data 
points represent the mean expression of triplicate wells. Lines connect data points 
from the same independent experiment.

Supplementary Fig. 2: The promoter region of 
HIF1A-AS3 contains predicted HREs. a  Visualis-
ation from UCSC genome browser (http://genome.
ucsc.edu/). Green bar: CpG island in the promoter 
area of the HIF1A-AS3 gene; red bar: promoter-like 
signature listed in ENCODE [7]. b Sequence of 
HIF1A-AS3 taken from Ensembl, showing the 
region before the first intron containing and HRE 
motif, embedded in a CpG island. c Evolutionary 
conservation of the HRE motif visualised in UCSC 
genome browser. The HRE motif is highlighted in 

a purple box. Conservation is shown as a histogram in which the height reflects the size of the score 
by phastCons. Bases identical to the reference (human) are displayed as dots. The lower panel shows a 
higher magnification.
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absTracT
The choroid plexus (CP) is strategically located between the peripheral blood and the cere-
brospinal fluid, and is involved in the regulation of central nervous system (CNS) homeostasis. 
In multiple sclerosis (MS), demyelination and inflammation occur in the CNS. While experi-
mental animal models of MS pointed to the CP as a key route for immune cell invasion of the 
CNS, little is known about the distribution of immune cells in the human CP during progres-
sive phases of MS. Here, we use immunohistochemistry and confocal microscopy to explore 
the main immune cell populations in the CP of progressive MS patients and non-neuroinflam-
matory controls, in terms of abundance and location within the distinct CP compartments. 
We show for the first time that the CP stromal density of granulocytes and CD8+ T cells is 
higher in progressive MS patients compared to controls. In line with previous studies, the 
CP of both controls and progressive MS patients contains relatively high numbers of mac-
rophages and dendritic cells. Moreover, we found virtually no B cells or plasma cells in the CP. 
MHCII+ antigen-presenting cells were often found in close proximity to T cells, suggesting 
constitutive CNS immune monitoring functions of the CP. Together, our data highlights the 
role of the CP in immune homeostasis and indicates the occurrence of mild inflammatory 
processes in the CP of progressive MS patients. However, our findings suggest that the CP is 
only marginally involved in immune cell migration into the CNS in chronic MS. 
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inTroducTion
Multiple sclerosis (MS) is a heterogeneous disease of the central nervous system (CNS) char-
acterized by immune cell infiltration, demyelination and neurodegeneration [24]. The most 
common clinical form of MS is relapsing-remitting MS (RRMS), in which disease exacerbations 
are followed by periods of relative inactivity and recovery. The majority of RRMS patients 
eventually evolve into a progressive phase called secondary progressive MS (SPMS). In some 
patients, however, MS is progressive from the onset, referred to as primary progressive MS 
(PPMS). In both forms of progressive MS, clinical symptoms mostly reflect the underlying 
neurodegeneration. The pathological processes involved in the different phases of MS are 
relatively well defined. In RRMS, there is abundant immune cell invasion into the CNS through 
a dysfunctional and inflamed blood-brain barrier (BBB), leading to inflammatory white matter 
lesions. In progressive MS, neurodegeneration becomes more prominent and inflammation 
subsides, although lesion activity is still present [21]. While immune cell infiltration through 
the BBB is reduced in progressive MS [9, 20], inflammatory processes at the other CNS bar-
riers, such as those at the choroid plexus (CP) and meninges, may still contribute to the 
influx of peripheral immune cells. Indeed, it is known that chronic inflammation occurs in the 
meninges during progressive MS [6, 22, 26], but less is known about the choroid plexus (CP) 
immune populations in progressive MS patients.

The CPs are secretory tissues strategically located within the CNS. They are the main produc-
ers of cerebrospinal fluid (CSF) and therefore essential for regulation of CNS homeostasis. 
The CPs are located in each of the brain ventricles and consist of highly vascularized stro-
ma surrounded by a tight continuous layer of epithelial cells. The vasculature of the CPs is 
characteristically fenestrated, resulting in a leaky interphase between the blood and the CP 
stroma. The tight junctions that connect the epithelial cells restrict the entry of molecules and 
cells into the CSF. As such, the epithelial cell layer in the CP is a pivotal component of the 
blood-CSF barrier (BCSFB). The BCSFB allows for a tightly regulated bidirectional immuno-
surveillance system in which immune cells can traffic through the CP into the CNS, but also 
vice versa [28]. Thus, the CPs, together with the BBB and the meninges, act as regulatory 
barriers for immune cells between the periphery and the CNS [4, 28].

Immune cells populate the CP under normal conditions, but a detailed overview of immune 
cell subsets that reside in the CP is currently lacking. The abundance of MHCII+ cells in the 
CP [32] suggests that the CP may be involved in CSF monitoring and antigen presentation 
[28]. Upon stimulation, immune cells located at the CP can secrete cytokines or infiltrate into 
the CNS [17]. Accordingly, there is increasing evidence for the involvement of the CP immune 
component in MS. In the MS mouse model experimental autoimmune encephalomyelitis 
(EAE), the CP is an important early entry point for immune cells into the CNS [23]. In MS 
patients, the CSF contains higher numbers of immune cells relative to the CSF in controls [5, 
10], which also suggests an increased traversal of immune cells across the BCSFB. In progres-
sive MS, immune activation of the CP in a small cohort of SPMS patients has been reported 
previously [32]. Together, studies suggest that the CP may act as a hub for the regulation of 
CNS immune homeostasis in MS pathology. On this basis, we here made a detailed assess-
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ment of human CP immune cell subsets and their localization within the CP compartments to 
better understand their role in MS pathogenesis.

We quantitatively and spatially characterized the CP immune cell distribution in progressive 
MS patients and non-neuroinflammatory controls. We show that granulocytes and T cells, 
particularly CD8+ T cells, are more abundant in the CP stroma of progressive MS patients 
compared to controls, but not in the CP epithelium. Moreover, we demonstrate that MHCII+ 
myeloid cells densely populate the CP of both progressive MS and control cases. Some of 
these cells appeared to be in close contact with T lymphocytes in the stroma regardless of 
the disease status, suggesting that antigen presentation is a constitutive process of the CP. 
Remarkably, B cells and plasma cells were virtually absent in the CP of both progressive MS 
and controls. Together, this paper highlights the importance of the CP in CNS immune home-
ostasis, and provides evidence for the involvement of T cells and granulocytes in the CP in 
the chronic progressive phases of MS.

MaTerials and MeThods

Human choroid plexus tissue
Formalin-fixed, paraffin-embedded CP tissue from the lateral ventricles was obtained from 
patients with clinically diagnosed, neuro-pathologically confirmed progressive MS (n = 16) 
and non-neuroinflammatory control cases (n = 7) by rapid autopsy (Netherlands Brain Bank 
and Multiple Sclerosis Society Tissue Bank, funded by the Multiple Sclerosis Society of Great 
Britain and Northern Ireland, registered charity 207,495). All patients and controls, or their 
next of kin, had given informed consent for autopsy and use of their brain tissue for research 
purposes. Relevant clinical information was retrieved from the medical records and is sum-
marized in Table 1.

Immunohistochemistry
CP tissue was sliced in 5 μm sections, deparaffinized and washed with MilliQ (Millipore). 
Heat-mediated antigen retrieval was performed in the corresponding buffer (Table 2). 
Sections were cooled on ice for 30 min and washed with phosphate buffered saline (PBS). 
Subsequently, sections were blocked with PBS containing 10% normal serum (from the host 
of the secondary antibody) or bovine serum albumin (BSA, Fraction V, Roche Diagnostics; 
when using antibodies from multiple hosts) and 0.05% Tween20 (Sigma-Aldrich) for 20 min. 
Primary antibodies (Table 2) were diluted in PBS containing 1% normal serum or BSA and 
0.05% Tween20, and incubated in the dark overnight at 4 °C or for 1 h at room temperature. 
Then, sections were washed with PBS. Alexa fluorophore-conjugated secondary antibodies 
(Thermo Fisher Scientific) were diluted in PBS containing 0.05% Tween20 and incubated for 
1h at room temperature in the dark. After washing with PBS, sections were incubated with 
Hoechst (33,258, Thermo Fisher Scientific), for nuclear visualization, diluted in PBS to a final 
concentration of 10 μg/mL for 1 minute in the dark. Sections were washed with PBS, mounted 
with Mowiol medium and a coverslip (Menzel-Glaser, thickness #1) and stored in the dark at 
4 °C until image acquisition.
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Table 1: clinical daTa of ms paTienTs and non-neuroinflammaTory conTrols

Sample Gender Age 
at 
death

PMD 
(h)

pH 
CSF

Brain 
weight 
(g)

Diagnosis Cause of 
death

Disease 
duration 
(y)

Brain 
Bank

Control 1 m 56 14:00 7.03 1323 Non-de-
mented 
control

Terminal 
congestive 
heart failure

na NBB

Control 2 f 78 7:10 6.32 1120 Non-de-
mented 
control

Legal eutha-
nasia

na NBB

Control 3 f 60 8:10 6.58 1310 Non-de-
mented 
control

Metastasized 
mammacarci-
noma

na NBB

Control 4 f 80 7:04 6.2 1450 Non-de-
mented 
control

Legal eutha-
nasia with 
metastasis

na NBB

Control 5 m 93 7:40 6.2 1155 Dementia 
with s.i.c.c.

Heart failure na NBB

Control 6 m 73 8:00 5.37 1553 Non-de-
mented 
control

Invasive 
fungal 
infection 
and bacterial 
pneumonia

na NBB

Control 7 f 95 4:21 6.59 1169 Non-de-
mented 
control

Ileus, pallia-
tive care

na NBB

PMS 8 m 66 10:55 7.28 na Multiple 
sclerosis 
(PPMS)

Legal eutha-
nasia

25 NBB

PMS 9 m 70 6:55 6.51 1230 Multiple 
sclerosis 
(SPMS)

Acute heart 
failure, 
Clostridium 
difficile colitis

47 NBB

PMS 10 f 74 7:50 6.4 975 Multiple 
sclerosis 
(SPMS)

Legal eutha-
nasia

50 NBB

PMS 11 f 60 9:25 7 1295 Multiple 
sclerosis 
(SPMS)

Legal 
euthanasia 
with atrial 
fibrillations 
and fatigue

22 NBB

PMS 12 m 54 7:55 6.6 1365 Multiple 
sclerosis 
(SPMS)

Legal eutha-
nasia

21 NBB

PMS 13 f 57 10:40 6.76 1145 Multiple 
sclerosis 
(SPMS)

Legal eutha-
nasia with 
ataxia

25 NBB

PMS 14 m 82 8:05 6.7 1465 Multiple 
sclerosis 
(PPMS)

Pneumonia 44 NBB

PMS 15 m 75 9:10 6.24 1140 Multiple 
sclerosis 
(SPMS)

na na NBB
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PMS Progressive MS, PMD Post-mortem delay, f Female, m Male, na Not available, s.i.c.c Senile involu-
tive cortical changes, NBB Netherlands Brain Bank, UK Multiple Sclerosis Society Tissue Bank.

Table 1: conTinued

Sample Gender Age 
at 
death

PMD 
(h)

pH 
CSF

Brain 
weight 
(g)

Diagnosis Cause of 
death

Disease 
duration 
(y)

Brain 
Bank

PMS 16 f 83 7:40 6.54 1090 Multiple 
sclerosis 
(PPMS)

Ovarium 
carcinoma

34 NBB

PMS 17 f 66 9:30 6.7 1243 Multiple 
sclerosis 
(SPMS)

Legal eutha-
nasia

25 NBB

PMS 18 f 49 24:00 6.8 1006 Multiple 
sclerosis 
(PPMS)

Multiple 
sclerosis

na UK

PMS 19 f 39 15:00 na 998 Multiple 
sclerosis 
(SPMS)

Pulmonary 
embolism, 
pneumonia

9 UK

PMS 20 m 57 21:00 na 1280 Multiple 
sclerosis 
(PPMS)

Multiple 
sclerosis

na UK

PMS 21 m 63 10:00 6.52 1614 Multiple 
sclerosis 
(PMS, 
likely 
PPMS)

Aspiration 
pneumonia 
and sepsis; 
advanced MS

30 NBB

PMS 22 f 61 08:04 6.41 1155 Multiple 
sclerosis 
(SPMS)

Urosepsis and 
hydronep-
fronis

22 NBB

PMS 23 m 70 05:10 6.82 1181 Multiple 
sclerosis 
(SPMS)

Dehydration, 
decompen-
sation cordis, 
MS; palliative 
sedation

21 NBB

Image acquisition and immunostaining scoring
After immunohistochemistry, sections were visualized using a Nikon A1R+ HD confocal galva-
no scanning laser microscope with 20x magnification and the NIS-Elements software (Nikon). 
Three image fields per sample displaying characteristic CP morphology were picked based 
on the basement membrane (collagen IV), while blinded to the other fluorophore channels 
before final imaging. Because of the abundance of cells in the Iba1/MHCII panel, only one 
image field was captured. To improve quantification of the Iba1/MHCII and CD66b stainings, 
a z-stack was created consisting of nine one-micrometre steps. ImageJ was used to process 
the images, outline the different CP compartments, manually count the cells and quantify the 
tissue area [1]. This method allows for a quantitative scoring of the immune cells in each of 
the CP compartments. Imaging and scoring were performed blinded.

For visualization of the interaction between MHCII+ cells with T cells we used a Leica TCS 
SP8 microscope (Leica Microsystems) and the Leica Application Suite Advanced Fluores-
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cence software (Leica Microsystems). Fifteen non-circulating CD3+ T cells were selected per 

sample and assessed for interaction with MHCII+ cells.

Data analysis
Data were analyzed using R version 3.4.2 [29, 30]. For the immune cell quantification, the 

number of identified immune cells was corrected for analyzed tissue area to calculate cell 

density. The obtained data were assessed for normality using a Shapiro-Wilk test. In the case 

of normality, differences between groups were evaluated with a Welch Two Sample t-test. 

Alternatively, a Wilcoxon rank sum test was applied. Data are reported as the median. Cor-

relations were calculated using the Pearson correlation coefficient. PCA was performed in R 

using the density of CP (stromal and epithelium-associated) MHCII+ macrophages, MHCII- 

macrophages, dendritic cells (DCs), total T cells, CD4+ T cells, CD8+ T cells, B cells or plasma 

cells, granulocytes and the percentage of T cells interacting with MHCII+ cells.

APCs Antigen-presenting cells, Tris: 10 mM Tris / 1 mM EDTA, pH 9; Citrate: 10 mM sodium citrate buffer, 
pH 6.

Table 2: anTibody deTails

Target Marker Host Clonality (clone) End con-
centration

Company (catalog 
number)

Antigen 
retrieval

APCs MHCII Mouse Monoclonal 
(LN3)

6.8 μg/mL Hybridoma Citrate

B cells CD19 Rat Monoclonal 
(6OMP31)

0.5 μg/mL Thermo Fisher Scien-
tific (14–0194-82)

Citrate

Basement 
membrane

Collagen IV Rabbit Polyclonal 3.3 μg/mL Abcam (ab6586) Tris or 
citrate

CD4+ T cells CD4 Rabbit Monoclonal 
(EPR6855)

1.1 μg/mL Abcam (ab133616) Tris

CD8+ T cells CD8 Mouse Monoclonal 
(C8/144B)

0.157 μg/
mL

Dako (M7103) Tris

Endothelial 
cells

Biotinylated UEA I Europaeus Agglutinin I 
(UEA I)

2.0 μg/mL Vector laboratories 
(B-1065)

Tris

Granulocytes CD66b 
(A647 label)

Mouse Monoclonal 
(G10F5)

4.5 μg/mL Novus Biologicals   
(NB100-77808AF647)

Citrate

Myeloid cells Iba1 Goat Polyclonal 1.0 μg/mL Abcam (ab5076) Citrate

Plasma cells CD138 Mouse Monoclonal 
(MI15)

Not availa-
ble (1:50)

Thermo Fisher Scien-
tific (MA5–12400)

Citrate

T cells CD3 Mouse Monoclonal 
(F7.2.38)

2.8 μg/mL Dako (M7254) Tris

T cells CD3 Rabbit Polyclonal 3.0 μg/mL Dako (A0452) Tris
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resulTs

Macrophages and dendritic cells densely populate the CP of both 
progressive MS patients and controls
In order to characterize the density and location of the immune cell populations within the CP, 
we performed immunohistochemical analysis of well characterized post-mortem CP of pro-
gressive MS cases and non-neuroinflammatory control cases (patient details in Table 1). The 
visualized CP area was divided into three compartments using the epithelial and endothelial 
basement membranes (stained by collagen IV) to guide this division. The cellular location 
was defined as either in the circulation (“vessel”, excluded from the analyses; Supplementary 
Fig. 1), in the stromal compartment (“stroma”) or associated to the epithelium (“epithelium”) 
(Fig. 1a).

To assess the presence of macrophages and dendritic cells (DCs), we immunolabelled CP 
tissue with Iba1 and MHCII (HLA-DR). The CP of both control and progressive MS cases 
was densely populated by macrophages (Iba1+ cells) and DCs (defined as Iba1- MHCII+ 
cells) (Fig. 1b-f). Most of the macrophages were positive for MHCII (Fig. 1c), suggesting their 
involvement in local antigen presentation; however, a small subset of stromal macrophages 
was negative for MHCII (Fig. 1b-d). Both macrophages and DCs were mainly located in the 
stromal compartment (Fig. 1d and f). No differences in macrophage or DC densities were 
observed between progressive MS and control cases in any of the CP compartments (Fig. 
1c-f). In summary, macrophages and DCs densely populate the CP of both controls and pro-
gressive MS patients.

CD8+ T cells are more abundant in progressive MS CP compared 
to control CP
As T cells have previously been shown to enter the CNS through the CP in EAE [23], we next 
assessed the density and distribution of T lymphocytes in the CP of control and progres-
sive MS patients. CD3+ T cells were present in the CP of both control and progressive MS 
patients (Fig. 2). Importantly, the density of CD3+ T cells was significantly higher in the CP of 
progressive MS (4.19e-5 cells/μm2) compared to control CP (1.15e-5 cells/μm2; Fig. 2b). This 
difference was mainly due to a higher T cell density in the stromal compartment, where the 
vast majority of T cells were located (Fig. 2c).

Fig. 1: Density of macrophages and DCs is similar in the CP of progressive MS patients and controls. 
a Example of the compartmentalization of the CP tissue. Using the basement membrane as guidance 
(collagen IV, in white), we discern the stromal and epithelium-associated cells (which together are the 
CP cells), and exclude the circulating cells located in the vessels. b Maximum projection of an image of 
a CP immunolabeled with Iba1, MHCII and collagen IV. Right panel shows a higher magnification of the 
image. White arrowheads point to one MHCII+ and one MHCII- macrophage (Iba1+) in the CP stroma; 
white arrow points to a dendritic cell (DC; Iba1- MHCII+) associated to the epithelium. c Density of CP 
macrophages (MHCII+ and MHCII-) in control and progressive MS (Wilcoxon rank sum test with continui-
ty correction). d Density of CP macrophages in the different CP compartments (Welch Two Sample t-test 
and Wilcoxon rank sum test with continuity correction). e Density of CP DCs in control and progressive 
MS (Wilcoxon rank sum test). f Density of CP DCs in the different CP compartments (Wilcoxon rank sum 
test and Welch Two Sample t-test). Col IV: collagen IV; PMS: progressive MS. Scale bars are 100 μm.
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Previous research showed that T lymphocytes can infiltrate the mouse CP for re-activation 
and proliferation [28]. To address this phenomenon in the human CP, we studied the spatial 
association between CD3+ T cells and MHCII+ APCs in the CP stroma. The presence of T 
cells adjacent to APCs was commonly observed in both control and progressive MS (Fig. 
2d, Supplementary Fig. 2a-b and Supplementary Movie 1). While the calculated absolute 
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number of interacting T cells was higher in progressive MS than in control (Fig. 2e), this 
was due to the higher density of T cells and there were no differences in the percentage of 
interacting T cells between the groups (Fig. 2f). Indeed, there was no correlation between 
the percentage of interacting T cells and the corresponding density of total CP T cells in the 
MS group (Fig. 2g).

To further define the phenotype of these T cells, we analyzed CD4+ helper and CD8+ cyto-
toxic T cell subsets, with the aid of the endothelial marker UEA I to exclude circulating cells 
located in the vessels. Both CD4+ and CD8+ T cells were present in the CP of all cases, but 
only CD8+ T cell density was significantly higher in progressive MS patients 2.83e-5 cells/
μm2) relative to controls (1.53e-5 cells/μm2; Fig. 3a and b). Both CD4+ and CD8+ T cells 
were found in close contact with APCs (Fig. 3c, Supplementary Fig. 2c). Together, our data 
indicate that T cells are present in the CP, where they interact with APCs in both controls and 
progressive MS patients, and that there is a higher density of CD8+ T cells in progressive MS 
patients relative to controls.

B cells and plasma cells are virtually absent from the CP
B cells are implicated in the pathogenesis of progressive MS, as demonstrated by the efficacy 
of CD20-targeted therapies [7, 8, 13, 25]. In the meninges, B cells and plasma cells are pres-
ent in the follicle-like structures found in some progressive MS patients [22, 26], and there 
are more B cells in the CSF of progressive MS patients relative to controls [10]. Thus, we set 
out to investigate whether B cells and plasma cells are present in the CP of progressive MS 
patients and controls. In most MS patients and all controls, we did not observe any B cells 
(marked by CD19) and/or plasma cells (marked by CD138). In one progressive MS patient, 
a double positive cell for CD19 and CD138 was identified in the stroma (Fig. 4). Only one 
CD19+ CD138- B cell was detected in our patient cohort (Fig. 4a-b). In sum, B cells and 
plasma cells are virtually absent from the CP of both progressive MS patients and controls.

Granulocytes are more abundant in the CP of progressive MS pa-
tients compared to control CP
The role of granulocytes has been underappreciated in MS pathology [33]. We studied the 
presence of granulocytes in the CP using the marker CD66b. As expected due to their abun-

Fig. 2: T cell density is higher in the CP stroma of progressive MS patients than in the control CP, 
and they interact with APCs. a Representative images of the control and progressive MS CP immu-
nolabeled with CD3 and collagen IV. White arrowheads point to stromal CD3+ T cells. Scale bars are 
100 μm. b Density of CP T cells in the CP of control and progressive MS cases (Welch Two Sample t-test).  
c Density of CP T cells in the different CP compartments (Wilcoxon rank sum test). d Representative 
image of a T cell (CD3+, green) in close contact with an APC (MHCII+, red); vessels are visualized with 
UEA I (white). Maximum projection is accompanied by the orthogonal views. Scale bar is 10 μm. e Abso-
lute density of T cells in close contact with MHCII+ APCs in the CP of control and progressive MS 
patients, calculated by applying the percentage of T cells that were interacting with APCs to the total 
density of T cells in their respective samples (Welch Two Sample t-test). f Percentage of T cells interacting 
with APCs in the CP of control and progressive MS patients, defined as the CP T cells located directly 
adjacent to MHCII+ cells (Welch Two Sample t-test). g Lack of correlation between interacting T cells and 
the total CP T cells in each sample (Pearson’s correlation). PMS: progressive MS.
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dance in blood, most of the granulocytes were detected in the vessels (Supplementary Fig. 
1f). In progressive MS patients, the density of non-circulating granulocytes was significantly 
higher than in controls (5.26e-6 cells/μm2 vs 0 cells/μm2; Fig. 5b). This difference was mainly 
due to the stromal compartment (Fig. 5c), although in the progressive MS CP epithelium 
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there was also a trend to a higher density of granulocytes compared to the control. Pre-
liminary stainings show that most of the granulocytes were neutrophils, as shown by their 
expression of elastase (Supplementary Fig. 3). These findings indicate that granulocyte infil-
tration is apparent in the CP of progressive MS patients.

discussion
By using human post-mortem CP tissue in combination with immunohistochemistry and con-
focal microscopy, we here provide a comprehensive overview of immune cell populations 
present in the CP of non-neuroinflammatory controls and progressive MS cases, both in 
terms of abundance and of their location within the different CP compartments (summarized 
in Fig. 6 and Supplementary Table 1). For the first time, we show that both CD8+ T cells and 
granulocytes are more abundant in the CP stroma of progressive MS cases compared to 
controls. Around one third of the T cells appeared to be in close contact with APCs in the CP 
regardless of disease status, suggesting that local antigen presentation is a constitutive event 
in the CP. Furthermore, we show that macrophages, particularly those expressing MHCII, and 

Fig. 3: CD8+ T cell 
density is signifi-
cantly higher in the 
CP stroma of pro-
gressive MS patients 
relative to that of 
controls. a Repre-
sentative images of 
the progressive MS 
and control CP immu-
nolabeled with CD4 
(green), CD8 (red) and 
UEA I (white). White 
arrows point to CD4+ 
T cells, while white 
arrowheads point to 
CD8+ T cells. b Den-
sity of CP CD4+ and 
CD8+ T cells in the 
CP of control and pro-
gressive MS patients 
(Wilcoxon rank sum 
test). Scale bars are 
100 μm. c Representa-
tive image of a CD4+ 
T cell (green) and a 
CD8+ T cell (red) in 
close contact with an 
APC (MHCII+, white). 
Maximum projection 
is accompanied by 
the orthogonal views. 
Scale bar is 10 μm. 
PMS: progressive MS.
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Fig. 4: B and plas-
ma cells are virtually 
absent from the CP. 
a Examples of CD19+ 
and CD138+ cells in 
the CP of progressive 
MS patients; base-
ment membrane was 
immunolabeled with 
collagen IV. White 
arrowhead in the 
top panel points to a 
CD19+ CD138+ cell; 
in the lower panel, 
a CD19+ B cell is 
seen. b Density of 
CP CD19+ cells in 
the different CP com-
partments (Wilcoxon 
rank sum test with 
continuity correc-
tion). c Density of CP 
CD138+ cells in the 
different CP compart-
ments (Wilcoxon rank 
sum test with continu-
ity correction). PMS: 
progressive MS. Scale 
bars are 50 μm.

DCs are abundant in CP of both MS patients and controls, with the majority located in the 
stroma but also associated with the epithelium. In contrast, B and plasma cells were rarely 
observed in both the MS and control CP.

The CP is a strategically located, highly vascularized structure within the brain ventricles with 
CNS homeostatic properties. The CP acts as a bidirectional immunosurveillance system by 
means of the BCSFB [28]. To date, relatively little is known about the immune cell populations 
in the human CP under normal and inflammatory conditions. We here provide a detailed 
characterization of the main immune cell populations in the CP of controls and progressive 
MS patients, which can be a resource for researchers in the field of brain barriers and MS, 
while helping to better understand the inflammatory processes in the progressive phases of 
MS.

T cells play a central role in the pathogenesis of MS [15, 19]. Here, we observed that the 
CP presents a higher density of T cells in MS patients relative to controls, in line with a pre-
vious study of Vercellino and co-workers [32]. We further demonstrated that T lymphocytes 
are also present in control individuals, as reported before [16]. In contrast, another study 
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found no T cells in control CP [32], which 
may be explained by a small number of 
control cases used in that study. T cells 
are predominantly localized in the stro-
mal compartment of the CP. Stromal T 
lymphocytes may be infiltrated from the 
periphery into the CNS [23], migrated 
from the CSF into the CP for re-activation 
[28] or remain in the CP as tissue resident 
T cells. The relative scarcity of epithelium 
associated T cells, together with the lack 
of changes in T cell numbers in the CSF 
of progressive MS patients [10], supports 
the view that T cells in the CP of progres-

sive MS are restricted to the stromal compartment and do not cross the BCSFB at the CP. 
However, we cannot exclude the possibility that subtle differences in epithelial T cell density 
are missed due to the brevity of the migration process and the relative small size of the epi-
thelial compartment, which result in a low chance of detecting them. CD8+ T cells are the 
predominant T cell subtype in MS lesions [3] and we observed accumulation of CD8+ T cells 
in the progressive MS CP. While CD8+ T cells within the brain have detrimental effects on 
CNS cells, those restricted to the CNS borders may exert immunosuppressive effects [14, 15, 
31], or simply reside as tissue memory T cells as a result of previous inflammatory processes.

The role of granulocytes in MS pathology has been underappreciated as they are rarely 
reported in MS lesions [2, 33]. In RRMS, the number of neutrophils in the CSF decreases 
with disease duration [18]; in contrast, PPMS subjects have more granulocytes than RRMS 
patients in the CSF [10]. Interestingly, our unpublished findings showed that the neutrophil 
chemoattractant gene CXCL2 is upregulated in the CP of progressive MS patients. Here, we 
observed more granulocytes in the CP of progressive MS patients compared to the CP from 
controls. Because granulocytes have a particularly short lifespan, our results point to a contin-
uous infiltration from the peripheral circulation at this chronic stage of the disease. Although 

Fig. 5: Granulocyte density is higher in the 
CP of progressive MS patients relative to 
the control CP. a Maximum projection image 
of a progressive MS and a control CP immu-
nolabeled with CD66b (red) and collagen IV 
(white). White arrowhead points to a granulo-
cyte associated with the epithelium and white 
arrow points to a stromal granulocyte in the 
progressive MS case. b Density of CP gran-
ulocytes in the CP of control and progressive 
MS cases (Wilcoxon rank sum test with conti-
nuity correction). c Density of CP granulocytes 
in the different CP compartments (Wilcoxon 
rank sum test with continuity correction). 
PMS: progressive MS. Scale bars are 100 μm.
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granulocytes are typically regarded as innate immune cells detrimental for tissue repair, the 
release of reactive oxygen species and degranulation can also have a regulatory effect in 
the adaptive immune system. As such, neutrophils exert an immunosuppressive effect on T 
cell responses to myelin [34]. Whether they play a similar role in the progressive MS CP and 
thereby restrict T cell infiltration at the CP needs to be further elucidated.

Macrophages and DCs are the predominant immune cell type in the CP stroma. Their anti-
gen-presenting capacity is illustrated by the expression of MHCII on their surface. In addition 
to their stromal location, we observed that macrophages and DCs were associated with the 
CP epithelium, either protruding among epithelial cells or associated with the apical surface 
of the epithelium (known as Kolmer cells or epiplexus macrophages), which confirms and 
extends earlier observations [11, 27, 32]. These epithelium-associated immune cells at the 
BCSFB are likely a bridge between the peripheral and CNS immune systems [11, 12]. Thus, 
the CP may have constitutive functions in CNS homeostasis through this niche of macrophag-
es and DCs, such as local presentation of CNS antigens.

Our study revealed the virtual absence of B cells and plasma cells in the CP. Importantly, our 
results are in line with previous research, which described very rare CD138+ plasma cells and 
an absence of CD20+ B cells [32]. Thus, the CP does not appear to be an initial CNS-entry 
site for B cells during the progressive phase of MS. Instead, B cells present in the meninges 

Fig. 6: Graphical summary of the immune cell populations in the CP of progressive MS patients and 
controls. The height of the bars shows the total density of each cell type. The width of the bars (X-axis) 
shows the relative density of each cell type between control and progressive MS CP. Thus, each differen-
tially coloured area represents the density of the corresponding cell type and disease status. Significant 
differences between progressive MS and control cases are indicated with an asterisk. Statistical analysis 
could not be calculated for B or plasma cells due to the 0 values in the controls. PMS: progressive MS.
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of progressive MS patients [22, 26] may represent the primary source of infiltrating B cells 
into the CSF.

This study is constrained by the availability of human CP tissue. Thus, the variability in the 
immune populations between donors (Supplementary Fig. 4) may have hindered the detec-
tion of subtle differences. It would be interesting to explore the CP immune cell composition 
of RRMS patients, however we could not obtain high quality CP samples from RRMS patients. 
Despite the heterogeneity in immune cell densities among the patients, we did not find 
differences between PPMS and SPMS patients (Supplementary Fig. 5). Although PPMS and 
SPMS present different disease courses, in both progressive forms of MS neurodegeneration 
predominates over acute inflammation. Accordingly, a moderately inflamed status is seen in 
the CP of both PPMS and SPMS patients. Although we tried to use consensus cellular mark-
ers, no single marker can identify human DCs. By defining DCs as MHCII+ Iba1-, we could 
not exclude other APCs, such as B cells or activated T cells. However, considering the scarcity 
of B cells and the lack or subtle expression of MHCII by T cells in the CP, we expect this error 
to be negligible. Lastly, the use of fixed post-mortem material provides only a snapshot of a 
dynamic process that cannot fully reflect the progression of the disease.

In summary, this study provides a detailed characterization of the density and location of 
immune cell populations present in the human CP, as well as alterations thereof in progres-
sive MS. The presence of immune cells in non-neuroinflammatory controls highlights the 
role of the CP in immune surveillance and homeostasis. Further, we provide insight into the 
involvement of the inflammatory component of the CP in progressive MS. Particularly, the 
abundance of T cells and granulocytes at the CP in progressive MS patients implicate both 
the adaptive and innate immune systems in the chronic progressive phases of MS. However, 
their restriction to the stromal compartment argues against the CP as a major entry route of 
immune cells into the CNS during progressive MS. Future research is warranted to unravel 
the functional consequences of the immune changes in the CP, and how these may in turn 
affect the CNS of MS patients.

suppleMenTary inforMaTion

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author 
on reasonable request.

Acknowledgements
Expert technical support by the Microscopy and Cytometry Core Facility in O2 building at Amsterdam 
UMC location VUmc was highly appreciated. We want to thank Evelien Timmermans for allowing us to 
use their microtome.

Funding
This project has been funded by the EU Horizon 2020 MSCA-ITN-2015 675619 BtRAIN as well as the 
Dutch MS Research Foundation grant (14-878MS to GK).



133

In
fla

m
m

a
tIo

n o
f th

e c
h

o
ro

Id plex
u

s In pro
g

ressIve m
s

Abbreviations
BBB: Blood brain barrier; BCSFB: Blood-cerebrospinal fluid barrier; BSA: Bovine serum albumin; CNS: 
Central nervous system; CP: Choroid plexus; CSF: Cerebrospinal fluid; DC: Dendritic cell; EAE: Exper-
imental Autoimmune Encephalomyelitis; MS: Multiple sclerosis; PBS: Phosphate buffered saline; PCA: 
Principal component analysis; PPMS: Primary progressive multiple sclerosis; RRMS: Relapsing-remitting 
multiple sclerosis; SPMS: Secondary progressive multiple sclerosis

Authors’ contributions
SRL, JvH, MW, GK and HEV conceived the study. SRL and JK performed most of the experiments and 
data analysis. SvdP helped with the experiments, and AK contributed to the optimization of experiments 
and image analysis. JvH and MW supervised the experiments. SRL, MW, SA and JvH selected the patient 
cohort. SRL wrote the manuscript with the help of JK. MW, GK and HdV revised the manuscript. All 
authors have read and approved the manuscript.

Ethics approval and consent to participate
Tissue samples and associated clinical and neuropathological data were supplied by the Netherlands 
Brain Bank and the Multiple Sclerosis Society Tissue Bank, funded by the Multiple Sclerosis Society of 
Great Britain and Northern Ireland, registered charity 207495. All patients and controls, or their next of 
kin, had given informed consent for autopsy and use of their brain tissue for research purposes.

Competing interests
The authors declare that they have no competing interests.

references
1. Abràmoff MD, Magalhães PJ, Ram SJ (2004) 

Image processing with ImageJ. Biophotonics 
international 11:36-42

2. Aube B, Levesque SA, Pare A, Chamma E, 
Kebir H, Gorina R, Lecuyer MA, Alvarez JI, 
De Koninck Y, Engelhardt B, Prat A, Cote 
D, Lacroix S (2014) Neutrophils mediate 
blood-spinal cord barrier disruption in de-
myelinating neuroinflammatory diseases. J 
Immunol 193:2438-2454. doi:10.4049/jimmu-
nol.1400401

3. Booss J, Esiri MM, Tourtellotte WW, Mason 
DY (1983) Immunohistological analysis of T 
lymphocyte subsets in the central nervous sys-
tem in chronic progressive multiple sclerosis. 
J Neurol Sci 62:219-232. doi:10.1016/0022-
510x(83)90201-0

4. Carrithers MD, Visintin I, Viret C, Jane-
way CS, Jr. (2002) Role of genetic back-
ground in P selectin-dependent immune 
surveillance of the central nervous system. 
J Neuroimmunol 129:51-57. doi:10.1016/
s0165-5728(02)00172-8

5. Cepok S, Jacobsen M, Schock S, Omer B, 
Jaekel S, Boddeker I, Oertel WH, Sommer N, 
Hemmer B (2001) Patterns of cerebrospinal 
fluid pathology correlate with disease pro-
gression in multiple sclerosis. Brain 124:2169-
2176. doi:10.1093/brain/124.11.2169

6. Choi SR, Howell OW, Carassiti D, Magliozzi 
R, Gveric D, Muraro PA, Nicholas R, Roncaroli 
F, Reynolds R (2012) Meningeal inflammation 
plays a role in the pathology of primary pro-
gressive multiple sclerosis. Brain 135:2925-
2937. doi:10.1093/brain/aws189

7. Cross AH, Stark JL, Lauber J, Ramsbottom 
MJ, Lyons JA (2006) Rituximab reduces B cells 
and T cells in cerebrospinal fluid of multiple 
sclerosis patients. J Neuroimmunol 180:63-
70. doi:10.1016/j.jneuroim.2006.06.029

8. del Pilar Martin M, Cravens PD, Winger R, 
Kieseier BC, Cepok S, Eagar TN, Zamvil SS, 
Weber MS, Frohman EM, Kleinschmidt-De-
Masters BK (2009) Depletion of B lympho-
cytes from cerebral perivascular spaces by 
rituximab. Archives of Neurology 66:1016-
1020



134

9. Dutta R, Trapp BD (2014) Relapsing and pro-
gressive forms of multiple sclerosis: insights 
from pathology. Curr Opin Neurol 27:271-
278. doi:10.1097/WCO.0000000000000094

10. Han S, Lin YC, Wu T, Salgado AD, Mexh-
itaj I, Wuest SC, Romm E, Ohayon J, Gold-
bach-Mansky R, Vanderver A, Marques A, 
Toro C, Williamson P, Cortese I, Bielekova B 
(2014) Comprehensive immunophenotyp-
ing of cerebrospinal fluid cells in patients 
with neuroimmunological diseases. J Im-
munol 192:2551-2563. doi:10.4049/jimmu-
nol.1302884

11. Hanly A, Petito CK (1998) HLA-DR-positive 
dendritic cells of the normal human choroid 
plexus: a potential reservoir of HIV in the cen-
tral nervous system. Hum Pathol 29:88-93. 
doi:10.1016/s0046-8177(98)90395-1

12. Hatterer E, Touret M, Belin MF, Honnorat J, 
Nataf S (2008) Cerebrospinal fluid dendritic 
cells infiltrate the brain parenchyma and tar-
get the cervical lymph nodes under neuroin-
flammatory conditions. PLoS One 3:e3321. 
doi:10.1371/journal.pone.0003321

13. Hauser SL, Waubant E, Arnold DL, Vollmer T, 
Antel J, Fox RJ, Bar-Or A, Panzara M, Sarkar 
N, Agarwal S, Langer-Gould A, Smith CH, 
Group HT (2008) B-cell depletion with ritux-
imab in relapsing-remitting multiple sclerosis. 
N Engl J Med 358:676-688. doi:10.1056/NE-
JMoa0706383

14. Jiang H, Zhang SI, Pernis B (1992) Role of 
CD8+ T cells in murine experimental allergic 
encephalomyelitis. Science 256:1213-1215. 
doi:10.1126/science.256.5060.1213

15. Johnson AJ, Suidan GL, McDole J, Pirko I 
(2007) The CD8 T cell in multiple sclerosis: 
suppressor cell or mediator of neuropatholo-
gy? Int Rev Neurobiol 79:73-97. doi:10.1016/
S0074-7742(07)79004-9

16. Kivisakk P, Mahad DJ, Callahan MK, Trebst 
C, Tucky B, Wei T, Wu L, Baekkevold ES, 
Lassmann H, Staugaitis SM, Campbell JJ, 
Ransohoff RM (2003) Human cerebrospi-
nal fluid central memory CD4+ T cells: evi-
dence for trafficking through choroid plexus 
and meninges via P-selectin. Proc Natl Acad 

Sci U S A 100:8389-8394. doi:10.1073/
pnas.1433000100

17. Korin B, Ben-Shaanan TL, Schiller M, Dubo-
vik T, Azulay-Debby H, Boshnak NT, Koren T, 
Rolls A (2017) High-dimensional, single-cell 
characterization of the brain’s immune com-
partment. Nat Neurosci 20:1300-1309. 
doi:10.1038/nn.4610

18. Kostic M, Dzopalic T, Zivanovic S, Zivkovic N, 
Cvetanovic A, Stojanovic I, Vojinovic S, Mar-
janovic G, Savic V, Colic M (2014) IL-17 and 
glutamate excitotoxicity in the pathogen-
esis of multiple sclerosis. Scand J Immunol 
79:181-186. doi:10.1111/sji.12147

19. Lassmann H, Bruck W, Lucchinetti CF (2007) 
The immunopathology of multiple sclero-
sis: an overview. Brain Pathol 17:210-218. 
doi:10.1111/j.1750-3639.2007.00064.x

20. Lassmann H, van Horssen J, Mahad D (2012) 
Progressive multiple sclerosis: pathology and 
pathogenesis. Nat Rev Neurol 8:647-656. 
doi:10.1038/nrneurol.2012.168

21. Luchetti S, Fransen NL, van Eden CG, Ramaglia 
V, Mason M, Huitinga I (2018) Progressive 
multiple sclerosis patients show substantial 
lesion activity that correlates with clinical dis-
ease severity and sex: a retrospective autopsy 
cohort analysis. Acta Neuropathol 135:511-
528. doi:10.1007/s00401-018-1818-y

22. Magliozzi R, Howell O, Vora A, Serafini B, 
Nicholas R, Puopolo M, Reynolds R, Aloisi F 
(2007) Meningeal B-cell follicles in secondary 
progressive multiple sclerosis associate with 
early onset of disease and severe cortical pa-
thology. Brain 130:1089-1104. doi:10.1093/
brain/awm038

23. Reboldi A, Coisne C, Baumjohann D, Ben-
venuto F, Bottinelli D, Lira S, Uccelli A, Lan-
zavecchia A, Engelhardt B, Sallusto F (2009) 
C-C chemokine receptor 6-regulated entry of 
TH-17 cells into the CNS through the choroid 
plexus is required for the initiation of EAE. Nat 
Immunol 10:514-523. doi:10.1038/ni.1716

24. Reich DS, Lucchinetti CF, Calabresi PA (2018) 
Multiple Sclerosis. N Engl J Med 378:169-
180. doi:10.1056/NEJMra1401483

25. Sabatino JJ, Jr., Probstel AK, Zamvil SS (2019) 
B cells in autoimmune and neurodegenera-



135

In
fla

m
m

a
tIo

n o
f th

e c
h

o
ro

Id plex
u

s In pro
g

ressIve m
s

tive central nervous system diseases. Nat Rev 
Neurosci 20:728-745. doi:10.1038/s41583-
019-0233-2

26. Serafini B, Rosicarelli B, Magliozzi R, Stigliano 
E, Aloisi F (2004) Detection of ectopic B-cell 
follicles with germinal centers in the menin-
ges of patients with secondary progressive 
multiple sclerosis. Brain Pathol 14:164-174. 
doi:10.1111/j.1750-3639.2004.tb00049.x

27. Serot JM, Foliguet B, Bene MC, Faure GC 
(1997) Ultrastructural and immunohistolog-
ical evidence for dendritic-like cells within 
human choroid plexus epithelium. Neurore-
port 8:1995-1998. doi:10.1097/00001756-
199705260-00039

28. Strominger I, Elyahu Y, Berner O, Reckhow J, 
Mittal K, Nemirovsky A, Monsonego A (2018) 
The Choroid Plexus Functions as a Niche for 
T-Cell Stimulation Within the Central Nervous 
System. Front Immunol 9:1066. doi:10.3389/
fimmu.2018.01066

29. Team R (2015) RStudio: integrated develop-
ment for R. RStudio, Inc, Boston, MA URL 
http://www.rstudio com 42:14

30. Team RC (2017) R: A language and environ-
ment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria

31. Tennakoon DK, Mehta RS, Ortega SB, Bhoj V, 
Racke MK, Karandikar NJ (2006) Therapeutic 
induction of regulatory, cytotoxic CD8+ T cells 
in multiple sclerosis. J Immunol 176:7119-
7129. doi:10.4049/jimmunol.176.11.7119

32. Vercellino M, Votta B, Condello C, Piacen-
tino C, Romagnolo A, Merola A, Capello E, 
Mancardi GL, Mutani R, Giordana MT, Cav-
alla P (2008) Involvement of the choroid 
plexus in multiple sclerosis autoimmune 
inflammation: a neuropathological study. J 
Neuroimmunol 199:133-141. doi:10.1016/j.
jneuroim.2008.04.035

33. Woodberry T, Bouffler SE, Wilson AS, Buck-
land RL, Brustle A (2018) The Emerging Role 
of Neutrophil Granulocytes in Multiple Scle-
rosis. J Clin Med 7. doi:10.3390/jcm7120511

34. Zehntner SP, Brickman C, Bourbonniere L, 
Remington L, Caruso M, Owens T (2005) 
Neutrophils that infiltrate the central nerv-
ous system regulate T cell responses. J 
Immunol 174:5124-5131. doi:10.4049/jimmu-
nol.174.8.5124



136

suppleMenTary daTa

Supplementary Fig. 1: Immune cells located in the vessel compartment of the CP of progressive 
MS patients and controls. a Iba1+ cells and their MHCII expression. b Iba1- MHCII+ cells. c CD3+ T 
cells. d CD19+ B cells. e CD138+ plasma cells. f CD66b + granulocytes (Wilcoxon rank sum test with 
continuity correction). C: control; PMS: progressive MS.

supplemenTary Table 1: densiTy of cp (sTromal and epiThelium-associaTed) immune cell 
populaTions in conTrol and progressive ms paTienTs

Control Progressive MS

Median IQR Median IQR

MHCII+ macrophages 3.34E-04 3.89E-04 4.40E-04 2.16E-04

MHCII- macrophages 5.33E-05 2.41E-05 3.84E-05 5.48E-05

DCs 6.09E-05 7.09E-05 9.18E-05 1.20E-04

T cells (CD4 & CD8) 1.15E-05 1.46E-05 4.18E-05 2.28E-05

CD4+ T cells 1.53E-05 1.07E-05 2.72E-05 3.76E-05

CD8+ T cells 1.53E-05 6.29E-06 2.83E-05 2.24E-05

Granulocytes 0.00E+00 2.74E-06 5.26E-06 1.64E-05

B or plasma cells 0.00E+00 0.00E+00 0.00E+00 0.00E+00

IQR: Interquartile range.
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Supplementary Fig. 2: T cells 
in close contact with APCs 
in the CP stroma. a Repre-
sentative images of the CP 
immunolabeled with CD3 
(green) and MHCII (red); ves-
sels are visualized with UEA 
I (white). White arrowheads 
point to a CD3+ T cell in close 
contact with an MHCII+ APC 
(left panel), and to a non-in-
teracting T cell (right panel). 
b On the top panel, three T 
cells can be seen: one is not 
interacting with any MHCII+ 
cell (white arrow), while the 
other two are in close con-
tact with MHCII+ cells (white 
arrowheads). The middle and 
lower panels show higher 
magnification of T lympho-
cytes interacting with APCs. 
c Percentage of CD4+ T cells 
and CD8+ T cells interacting 
with APCs in the CP of control 
and progressive MS patients, 
defined as the T cells located 
directly adjacent to MHCII+ 
cells (Wilcoxon rank sum test 
with continuity correction). 
Scale bar is 10 μm. 
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Supplementary Fig. 3: 
Most granulocytes in 
the CP are neutrophils. 
Representative images of 
one CP section immuno-
labeled with CD66b (red) 
and elastase (green). Max-
imum projection image. 
White arrowheads point 
to CD66b+ elastase+ 
neutrophils. Scale bars are 
50 μm.

Supplementary Fig. 4: PCA plot of the samples used in 
this study, showing standardized principal components 
1 and 2. Axes show the percentage of variance explained 
by each principal component. Variables included in the 
analysis: density of CP MHCII+ macrophages, MHCII- 
macrophages, DCs, total T cells, CD4+ and CD8+ T cells, 
percentage of T cells interacting with MHCII+ cells, B or 
plasma cells and granulocytes. PC: principal component; 
PMS: progressive MS.
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Supplementary Fig. 5: PPMS and SPMS patients present similar non-circulating (stromal and epi-
thelium-associated) immune cell subsets in the CP. a Density of non-circulating CD3+ T cells in PPMS 
and SPMS patients (Welch Two Sample t-test). b Ratio of non-circulating CD4+ vs CD8+ T cells in PPMS 
and SPMS patients (Welch Two Sample t-test). c Density of non-circulating MHCII+ macrophages in 
PPMS and SPMS patients (Welch Two Sample t-test). d Density of non-circulating MHCII- macrophages 
in PPMS and SPMS patients (Welch Two Sample t-test). e Density of non-circulating Iba1-MHCII+ DCs in 
PPMS and SPMS patients (Wilcoxon rank sum test). f Density of non-circulating granulocytes in PPMS and 
SPMS patients (Wilcoxon rank sum test). PPMS: Primary Progressive MS; SPMS: Secondary Progressive 
MS.

Movie 1: Example of a T cell (CD3+, green) adjacent to an APC (MHCII+, red) in the CP. Nuclei are 
in blue and vessels are marked with UEA I in white. Available at https://doi.org/10.1186/s40478-020-
0885-1.
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Abstract
Multiple sclerosis (MS) is a chronic demyelinating disease characterised by immune cell infil-
tration resulting in lesions that preferentially affect periventricular areas of the brain. Despite 
research efforts to define the role of various immune cells in MS pathogenesis, the focus has 
been on a few immune cell populations while full-spectrum analysis, encompassing others 
such as natural killer (NK) cells, has not been performed. Here, we used single-cell mass 
cytometry (CyTOF) to profile the immune landscape of brain periventricular areas – sep-
tum and choroid plexus – and blood from MS donors and controls with and without other 
neurological diseases. Using a 37-marker panel, we revealed the infiltration of T cells and 
antibody-secreting cells in periventricular brain regions and identified a novel NK cell signa-
ture specific to MS. CD56bright NK cells accumulated in the septum of MS donors, displaying 
an activated and migratory phenotype that was similar to that of CD56bright NK cells in their 
circulation. We validated this signature by multiplex immunohistochemistry and found that 
NK cells with high expression of granzyme K, which is typical of the CD56bright subset, accu-
mulated in both periventricular lesions and the choroid plexus. Together, our multi-tissue 
single-cell data suggests that CD56bright NK cells infiltrate the periventricular brain regions 
in MS patients via both the blood-brain and blood-CSF barriers and brings NK cells to the 
spotlight of MS pathology.
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inTroducTion
Multiple sclerosis (MS) is a chronic neuroinflammatory disease characterised by demyelinat-
ing lesions within the central nervous system (CNS). In MS, peripheral immune cells gain 
access to the CNS and cause severe neuroinflammation, myelin damage, and subsequent 
neurodegeneration. In the past decades, a wealth of knowledge has been gained on the role 
of monocyte-derived macrophages, CD8+ and CD4+ T cells, B cells and antibody-secreting 
cells in MS pathogenesis [32,62]. To date, however, we still know relatively little about the 
presence and roles of other immune cell subsets in the MS brain, such as natural killer (NK) 
cells. 

Brain regions around the ventricles are hotspots for MS lesion formation [8,21,38,50] but 
the reasons for periventricular susceptibility are poorly understood [40]. Since the majority 
of periventricular MS lesions occur around a central vessel [1,55], it has been suggested 
that vascular topography may influence MS pathology [33]. Although the accumulation of 
immune cell infiltrates around post-capillary venules suggests their trafficking across the 
blood-brain barrier [52], periventricular veins drain to the cerebrospinal fluid (CSF) [41]. Thus, 
MS periventricular pathology may be related to factors from both the blood and the CSF. 

In MS, the CSF that flows through the ventricles is enriched in immune cells [9,46,48] and 
inflammatory factors [24,61]. The main source of CSF is the choroid plexus, a secretory tissue 
located in the brain ventricles that acts as an immunological hub [54] and forms the blood-
CSF barrier. Thus, the location and functions of the choroid plexus are strategic to regulate 
periventricular homeostasis and thereby influence neuroinflammation [15,35]. For example, 
immune cells infiltrate the brain through the choroid plexus in the early stages in an MS ani-
mal model [43]. In MS patients, we and others have shown that immune cells accumulate at 
the choroid plexus in the progressive phases of the disease [45,60]. Therefore, we postulate 
that CSF-mediated immune processes originating in the choroid plexus could participate in 
the periventricular inflammation typical for MS patients. However, it is still uncertain whether 
such processes involve cell trafficking into the CNS and/or the secretion of inflammatory 
factors.

Here, we used single-cell mass cytometry (CyTOF) to profile the immune landscape of 
periventricular MS brain regions and to better understand their susceptibility and the routes 
of immune cell infiltration from the periphery into the CNS. For this purpose, we isolated 
immune cells from the human post-mortem periventricular brain areas (septum), the choroid 
plexus and the blood. With our 37-marker panel, we defined the main innate and adaptive 
immune cell populations and their phenotype in MS donors and controls with dementia 
or without neurological disease. Besides detecting the accumulation of T cells and anti-
body-secreting cells typical of MS in the periventricular brain regions, we also identified an 
NK signature consisting of CD56bright NK cells. CD56bright NK cells are known by their immu-
noregulatory properties and were also detected in the blood of the same MS donors with a 
migratory and activated phenotype, similarly to those in the brain. Using multispectral immu-
nofluorescence, we validated these findings in an independent cohort of periventricular brain 
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and choroid plexus tissues, which indicated that NK cells expressing granzyme K, typical of 
the CD56bright subset, are enriched in MS lesions and the choroidal tissue from MS donors. 
Thus, our data suggests both direct and indirect infiltration across the brain barriers into 
periventricular areas of the MS brain. Together, our study brings NK cells back to the spot-
light of MS pathology by suggesting a local immunoregulatory role of the CD56bright subset 
within periventricular MS brain regions.

resulTs

Single-cell mass cytometry of the septum reveals an accumulation 
of T cells and natural killer cells in multiple sclerosis
To investigate the periventricular immune landscape in MS, we performed cytometry by time 
of flight (CyTOF) on post-mortem septum –a periventricular brain region highly exposed to 
CSF–, choroid plexus –the main producer of CSF–, and peripheral blood from non-neuro-
logical controls, neurological controls diagnosed with dementia and MS donors (Fig. 1a). 
Demographic and clinical information of the patients is summarised in Supplementary Table 
1 and Supplementary Figs. 1a, 4a and 6a. We used a 37-antibody panel consisting of lineage 
markers, focused on lymphoid subsets, and phenotypic markers to determine the migratory, 
activation and memory phenotypes (Supplementary Table 2). We performed unsupervised 
clustering for each tissue followed by manual merging of the clusters based on biological 
knowledge (Supplementary Fig. 1b-e). 

Overall, in the septum, we identified 9 immune cell populations (Fig. 1b-d) and one cluster 
of non-immune cells of possible neuronal origin (CD45- CD56bright) (Supplementary Fig. 1e), 
which was excluded from further analysis. The septum was mainly populated by microglia 
(84.3 % of CD45+ immune cells), followed by other antigen-presenting cells (APCs) of mye-
loid origin (8.5 %). The frequency of CD8+ T cells (2.2 %) more than doubled that of CD4+ T 
cells (0.9 %). Other immune cells present in the septum were granulocytes, natural killer (NK) 
cells, monocytes, and cells from the B lymphocyte lineage. 

We next compared the proportions of each population in the septum among the MS and 
control groups (Fig. 1e). We found a higher percentage of both CD8+ and CD4+ T cells in MS 

Fig. 1: Immune phenotyping of the septum using mass cytometry reveals inflammation in multiple 
sclerosis involving T cells and natural killer cells. a Schematic overview of the study design. Immune 
cells were isolated from septum, choroid plexus and blood samples. Cells were then fixed, barcoded, 
stained and acquired on a CyTOF Helios system and analysed using FlowSOM and ConsensusCluster-
Plus. b UMAP plots based on the arcsinh-transformed expression of the “type” (lineage) markers in the 
septum-derived immune cells. A subset of 1000 randomly selected cells per sample is shown, coloured 
according to the expression level of each marker. c UMAP plot based on the arcsinh-transformed expres-
sion of the “type” (lineage) markers in the septum-derived immune cells. A subset of 1000 randomly 
selected cells is shown per sample, coloured according to the manually annotated clusters. d Median 
scaled intensities of the “type” (lineage) markers across the nine annotated septum-derived immune cell 
populations. The horizontal grey bars show the percentage of each cluster out of the total number of 
cells. e Percentage of each annotated cell population out of the total CD45+ cells from the septum of 
non-neurological controls (NNC), neurological controls (NC) and multiple sclerosis (MS) donors. * adjust-
ed P < 0.1; ** adjusted P < 0.05.
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compared to non-neurological controls. CD4+ T cell accumulation was specific for MS, while 
the percentage of CD8+ T cells was higher in both MS and neurological controls compared 
to non-neurological controls. We also found a higher percentage of NK cells in the MS group 
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compared to the non-neurological and neurological controls. A moderate negative correla-
tion was found between the percentage of CD8+ T cells and age, while there was a moderate 
positive correlation between the B cell lineage frequencies and postmortem delay (PMD) 
(Supplementary Fig. 1f). 

Thus, we were able to identify the canonical brain immune cell populations in lesion-prone, 
periventricular brain regions using CyTOF. We found that the septum also presents an accu-
mulation of CD8+ and CD4+ T cells typical of MS brains [2,32].  Moreover, we show that NK 
cell accumulation is a signature of the septum of MS patients. 

Phenotyping the T cell populations in the septum 
Next, we investigated which subsets within CD8+ and CD4+  T cells were accumulating in 
the septum of MS donors. Briefly, CD8+ and CD4+ T cells were further subdivided into 10 
populations and a tentative biological name was assigned to each of them (Fig. 2a). The 
septum was mostly populated by CD69+ tissue-resident memory T cells (TRM), belonging to 
both CD8+ (clusters CD8 c1 and CD8 c2, the latter expressing residency marker CD103) and 
CD4+ T cells (cluster CD4 c1). Effector memory T cells (TEM) were also present (clusters CD8 
c4 and CD4 c2), including a cluster of CD8+ T cells re-expressing CD45RA (TEMRA cells, cluster 
CD8 c3). A small cluster of CD8+ T cells presented an intermediate or transitional phenotype 
between naïve and memory (cluster CD8 c5). Naïve CD4+ T cells (cluster CD4 c3) and CD4+ 
TREGS (cluster CD4 c4) were present in small proportions. We also identified a small cluster of 
γδ T cells, which was not detected in the general clustering of Fig. 1.

Proportions of the different T cell subsets present in the septum did not differ among the 
disease groups (Fig. 2b). However, before correcting for multiple testing, the percentage of 
CD4+ TEM cells was higher in MS relative to neurological controls (unadjusted P = 0.03), while 
the proportion of CD8+ TEMRA cells was lower in both disease groups than in non-neurolog-
ical controls (MS vs. non-neurological controls: unadjusted P = 0.04; neurological controls 
vs. non-neurological controls: unadjusted P = 0.09). Interestingly, γδ T cells in MS patients 
displayed reduced expression of the transcription factors T-bet and GATA3 compared to the 
controls (Fig. 2c), suggesting a less activated phenotype [65].

Thus, similarly to other brain areas [53], the septum is mainly comprised of tissue-resident 
memory cells and, to a lesser extent, effector memory T cells. The proportions of T cells 
subsets were equal between MS and controls, suggesting that the accumulation of T cells in 
MS (Fig. 1e) does not result from the enrichment of a particular T cell subset we were able to 
detect but from an accumulation of all of them.

Accumulation of activated CD56bright NK cells and antibody-secret-
ing cells in the MS septum
The higher percentage of NK cells observed in MS led us to further investigate this cell 
population using markers for cell migration and activation. Phenotypically, NK cells from 
MS patients displayed a more migratory profile than those from non-neurological and neu-
rological controls (Fig. 3a): higher expression of CD49d (integrin alpha-4), CD54 (ICAM1 or 
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Fig. 2: Phenotyping the T cell populations in the septum using mass cytometry. a Median scaled 
intensities of the “type” markers across T cell subpopulations in the septum. The horizontal grey bars 
show the percentage of each cluster out of the total investigated cells. The table on the right shows the 
tentative biological names of the T cell subpopulations. b Percentage of each annotated cell population 
out of the total number of T cells (CD4+ and CD8+ T cells) from the septum of NNC, NC and MS donors. 
c Median scaled intensities of the “state” markers in γδ T cells across all septum samples. Column 
annotation shows disease groups; row annotation shows adjusted p-values of comparing MS vs NC and 
MS vs NNC samples. Colour key shows row Z score. Blank cells are shown in a sample where γδ T cells 
were absent. Boxplots show median expression in γδ T cells of selected markers showing differential 
expression between the MS and NNC samples. ** adjusted P < 0.05. NNC: non-neurological controls; 
NC: neurological controls; MS: multiple sclerosis.

intercellular adhesion molecule 1) and CD31 (PECAM1 or platelet endothelial cell adhesion 

molecule). Contrarily, the expression of CD45RA and T-bet, markers of immature and cyto-

toxic NK cells respectively [6,56], was lower in NK cells from MS donors compared to both 

control groups.

Next, we further analysed NK cells together with B cells, as they share the expression of mark-

ers such as CD38, T-bet and CD27, and divided the two populations into smaller subsets. Two 

NK cell populations have been described in humans based on their expression of CD56 and 

CD16 [34]. In the septum, we identified both CD56dim CD16+ NK cells and CD56bright CD16- 

NK cells in similar frequencies, two subsets of B cells (CD19+ CD27- CD38- CD11c- T-bet- and 
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Fig. 3: Activated CD56bright NK cells and antibody-secreting cells accumulate in the MS septum.  
a Median scaled intensities of the “state” markers in NK cells across all septum samples. Column anno-
tation shows disease groups; row annotation shows adjusted p-values of comparing MS vs NC and MS 
vs NNC. Colour key shows row Z score. Boxplots show median expression in NK cells of markers with 
differential expression between MS and NNC samples. b Median scaled intensities of the “type” markers 
across NK cell and B cell lineage populations in the septum. The horizontal grey bars show the percent-
age of each cluster out of the total investigated cells. c Percentage of each annotated cell population 
out of the total CD45+ cells from the septum of NNC, NC and MS donors. d Median scaled intensities 
of the “state” (phenotype) markers in CD56bright NK cells across all septum samples. Column annotation 
shows disease groups; row annotation shows adjusted p-values of comparing MS vs NC and MS vs NNC 
samples. Colour key shows row Z score. Boxplots on the right show median expression in CD56bright NK 
cells of selected markers showing differential expression between the MS and NNC samples. NK: natural 
killer; ASCs: antibody-secreting cells. * adjusted P < 0.1; ** adjusted P < 0.05, ***  adjusted P < 0.01. 
NNC: non-neurological controls; NC: neurological controls; MS: multiple sclerosis
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CD19+ CD27- CD38- CD11c+ T-bet+) and another of antibody-secreting cells (ASCs; CD19+ 
CD27+ CD38+) (Fig. 3b and Supplementary Fig. 3a-c).

CD56bright NK cells in the septum were more abundant in MS compared to controls (Fig. 3c). 
Moreover, CD56bright NK cells in MS donors expressed higher levels of adhesion molecules 
(CD49d, CD54 and CD31), ligand PDL1, costimulatory molecule CD86, and lower levels of 
CD45RA and T-bet relative to controls (Fig. 3d). Overall, this is a very similar profile to that 
observed in the general NK cell cluster (Fig. 3a), suggesting that accumulation of CD56bright 

NK cells in MS septum led to the observed increase in NK cells in the general clustering of 
septum-derived immune cells.

We also observed changes in the B cell lineage of the MS septum (Fig. 3c). The frequency of 
B cells was higher in MS relative to neurological controls, but not relative to non-neurological 
controls. Of note, B cells in neurological controls (with dementia) displayed an activated phe-
notype with higher expression of CD25 and CD49d (Supplementary Fig. 3d). ASCs were rare 
in both control groups and were a unique feature of the MS septum (Fig. 3c).

Together, our data suggests that in MS, CD56bright NK cells either infiltrate the brain more effi-
ciently than their CD56dim counterpart and/or proliferate at the septum leading to CD56bright 

NK cell accumulation. Moreover, we show that ASCs are also a typical feature of the MS 
septum, as seen in other brain regions [32].

Activated CD56dim NK cells at the choroid plexus in MS
The central location of the septum adjacent to the brain ventricles guarantees a high expo-
sure to the CSF. In MS patients, the immune environment in the CSF is altered [9,46]. Here, 
we wanted to investigate if immune cell alterations in the MS septum correlate with those in 
the main producer of CSF: the choroid plexus. 

First, we wanted to identify and characterize the main immune cell populations in the cho-
roid plexus. Overall, we identified 9 immune cell populations (Fig. 4a-b), with myeloid APCs 
(macrophages and dendritic cells) being the most abundant, followed by granulocytes. We 
also detected CD8+ and CD4+ T cells, NK cells, monocytes and cells from the B cell lineage. 
Unlike at the septum, the frequencies of the main immune cell subsets at the choroid plexus 
were similar among the disease groups (Fig. 4c). 

We found the choroid plexus to be populated with a variety of T cells, the most abundant 
subset being CD8+ tissue-resident memory T cells (CD8 c1) (Fig. 5a and Supplementary Fig. 
5a). Unlike the subset of CD8+ CD103+ TRM cells from the septum (cluster CD8 c2), those in 
the choroid plexus did not express CD103 (cluster CD8 c1). We also identified double-neg-
ative T cells, but we could not detect CD4+ TREGS, suggesting a very low abundance of these 
cells in the choroid plexus. As seen in the septum, all disease groups showed a similar fre-
quency of the T cell subsets (Supplementary Fig. 5b).

NK cells from the MS choroid plexus expressed higher levels of the IL-2 receptor α-chain 
CD25 and of adhesion molecule CD54 relative to those from controls (Fig. 5b). A closer look 
at the NK and B cell lineages (Fig. 5c and Supplementary Fig. 5c) revealed that CD56dim NK 
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Fig. 4: Immune phenotyping of the choroid plexus using mass cytometry suggests NK cell infiltra-
tion in MS. a UMAP plot based on the arcsinh-transformed expression of the “type” (lineage) markers 
in the choroid plexus-derived immune cells. A subset of 1000 randomly selected cells per sample is 
shown, coloured according to the manually annotated clusters. b Median scaled intensities of the “type” 
(lineage) markers across choroid plexus-derived immune cell populations. The horizontal grey bars show 
the percentage of each cluster out of the total number of cells. c Percentage of each annotated cell 
population out of the total number of CD45+ cells from the choroid plexus of NNC, NC and MS donors. 
NNC: non-neurological controls; NC: neurological controls; MS: multiple sclerosis

cells were more abundant than CD56bright NK cells in the choroid plexus in all groups. Unlike 
in the septum, ASCs were rare in the choroid plexus regardless of disease. Although the 
frequencies of NK or B cell lineage cells were similar among the groups, there was a trend to 
a higher percentage of CD56bright NK cells in MS donors relative to both control groups (Fig. 
5d). However, it was the CD56dim subset that expressed higher levels of CD54 in MS than in 
controls (Fig. 5e). 

In sum, myeloid APCs are the most abundant immune cell population in the choroid plexus. 
Our high-dimensional approach allowed us to better define the subsets of T cells and other 
less abundant immune cells such as NK cells.  Interestingly, at the MS choroid plexus, we 
found a phenotype shift in the CD56dim NK cells which did not result in a different abundance 
in the tissue. While there only was a non-significant trend for more CD56bright NK cells, we can-
not discard the possibility that the choroid plexus contributes to the infiltration of CD56bright 
NK cells in the MS septum.

Circulating CD56bright NK cells show a migratory and activated phe-
notype in MS
The high percentage of granulocytes and monocytes detected in the choroid plexus suggest-
ed a strong contribution from peripheral cells circulating in its abundant vascular network. 
Indeed, when immune cells from all tissues were plotted in a UMAP, high similarities between 
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Fig. 5: The choroid plexus in MS presents alterations in the NK cell populations. a Median scaled 
intensities of the “type” markers across T cell subsets in the choroid plexus. The table shows tentative 
biological names of the T cell subpopulations. b Median scaled intensities of the “state” markers in NK 
cells across all choroid plexus samples. Column annotation shows disease groups; row annotation shows 
adjusted p-values of comparing NC vs NNC and MS vs NNC samples. Colour key shows row Z score. 
Boxplots show median expression in NK cells of markers with differential expression between MS and 
NNC. c Median scaled intensities of the “type” markers across NK cell and B cell lineage populations 
in the choroid plexus. d Percentage of each annotated NK or B cell population out of the total number 
of CD45+ cells from the choroid plexus of NNC, NC and MS donors. e Median scaled intensities of 
the “state” markers in CD56dim NK cells across all choroid plexus samples. Column annotation shows 
disease groups; row annotation shows adjusted p-values of comparing NC vs NNC and MS vs NNC 
samples. Colour key shows row Z score. Boxplot shows median expression in CD56dim NK cells of the 
marker with differential expression between MS and NNC. ** adjusted P < 0.05. NNC: non-neurological 
controls; NC: neurological controls; MS: multiple sclerosis. (a, c) The horizontal grey bars show the per-
centage out of the total cells. 

choroid plexus and blood-derived immune cell populations were revealed (Fig. 6a and Sup-
plementary Fig. 6d). The septum, on the contrary, contained mostly brain-resident microglia 
and other tissue-resident immune cells. 
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Fig. 6: Immune phenotyping reveals an accumulation of B cells in post-mortem MS blood. a UMAP 
plot based on the arcsinh-transformed expression of all markers in the immune cells of the septum, cho-
roid plexus and blood. 100,000 randomly selected cells were selected per sample. The first three plots 
are coloured according to the density. The final plot shows an overlay figure where cells are coloured by 
their tissue of origin. b UMAP plot based on the arcsinh-transformed expression of the “type” (lineage) 
markers in the blood-derived immune cells. A subset of 1,000 randomly selected cells per sample is 
shown, coloured according to the manually annotated clusters. c Median scaled intensities of the “type” 
markers across blood-derived immune cell populations. Horizontal grey bars show the percentage out 
of the total cells. d Percentage of each annotated cell population out of the total number of CD45+ cells 
from the blood of NNC, NC and MS donors. e Scatter plots showing correlations between the propor-
tions of granulocytes in blood, choroid plexus and septum. Each dot represents a sample, coloured 
by disease group. f Scatter plots showing correlations between the proportions of NK cells in different 
tissues. Each dot represents a sample, coloured by disease group. R: Spearman’s Rho rank correlation 
coefficient; p = p-value. * adjusted P < 0.1; ** adjusted P < 0.05. NNC: non-neurological controls; NC: 
neurological controls; MS: multiple sclerosis.
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In blood, granulocytes comprised the main cell type (Fig. 6b-d and Supplementary Fig. 6e). 
NK cells were the second most abundant population, followed by T cells and monocytes. 
Of note, T cell subsets were present at a CD4:CD8 ratio of 0.76:1, instead of the expected 
2:1, possibly due to the post-mortem delay [12]. Circulating B cells were more frequent in 
MS blood compared to controls (Fig. 6d). The frequency of NK cells in the choroid plexus 
positively correlated with that in the septum and blood (Fig. 6f and Supplementary Fig. 6f), 
opening up the possibility that NK cells traffic through the blood-CSF barrier.

We detected different populations of circulating T cells, including some that were absent in 
tissues such as CD8dim T cells (cluster CD8 c6), central memory CD4+ T cells (TCM, cluster CD4 
c5) and CD4+ TEMRA (cluster CD4 c6) (Fig. 7a and Supplementary Fig. 7a-b). The shift in B cells 
in MS was mostly due to T-bet- B cells (Fig. 7b-c), but the same trend was observed in T-bet+ 
B cells (MS vs. non-neurological controls: unadjusted P = 0.06; MS vs. non-neurological con-
trols: unadjusted P = 0.09). Interestingly, T-bet+ B cells expressed higher levels of T-bet and 
CD31 in MS relative to controls (Fig. 7d). 

Most NK cells in blood were CD56dim (Fig. 7b-c and Supplementary Fig. 7c), and their per-
centage strongly correlated with that from the choroid plexus (Supplementary Fig. 7d). The 
abundance of NK cells was similar among disease groups, but the CD56bright NK cluster from 
MS blood expressed higher levels of the adhesion molecules CD54 and CD31 (Fig. 7e), in 
line with the phenotype of CD56bright NK cells in MS septum. This may indicate preferential 
migration of the CD56bright subset from blood to the septum. 

Correlations of immune cell abundance between the different tissues revealed a different 
pattern in non-neurological controls than in MS (Fig. 7f). In MS donors, there were more 
connections between immune cells derived from the septum, choroid plexus and the blood, 
suggesting increased cellular communication and movement in periventricular areas in MS. 
For example, naïve CD4+ T cells (CD4 c3) from blood negatively associated with naïve CD4+ T 
cells in the MS septum but not in non-neurological controls, suggesting some form of trade-
off mechanism or migration that is not seen in controls. 

Overall, despite the high vascularization of the choroid plexus, we observed a different 
immune profile in the blood compared to that in the choroid plexus. First, the higher fre-
quency of circulating B cells in MS relative to controls was not observed in the choroid plexus; 
second, the migratory phenotype of CD56dim NK cells was altered in MS choroid plexus but 
not in MS blood; third, we show that circulating CD56bright NK cells but not their CD56dim coun-
terpart, display a migratory phenotype in MS. In summary, we identified several associations 
among the immune populations of the septum, the choroid plexus and the blood, indicative 
of a dynamic immune environment in periventricular tissues.

Most NK cells in blood were CD56dim (Fig. 7b-c and Supplementary Fig. 7c), and their per-
centage strongly correlated with that from the choroid plexus (Supplementary Fig. 7d). The 
abundance of NK cells was similar among disease groups, but the CD56bright NK cluster from 
MS blood expressed higher levels of the adhesion molecules CD54 and CD31 (Fig. 7e), in 
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line with the phenotype of CD56bright NK cells in MS septum. This may indicate preferential 
migration of the CD56bright subset from blood to the septum. 

Correlations of immune cell abundance between the different tissues revealed a different 
pattern in non-neurological controls than in MS (Fig. 7f). In MS donors, there were more 
connections between immune cells derived from the septum, choroid plexus and the blood, 
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suggesting increased cellular communication and movement in periventricular areas in MS. 

For example, naïve CD4+ T cells (CD4 c3) from blood negatively associated with naïve CD4+ T 

cells in the MS septum but not in non-neurological controls, suggesting some form of trade-

off mechanism or migration that is not seen in controls. 

Overall, despite the high vascularization of the choroid plexus, we observed a different 

immune profile in the blood compared to that in the choroid plexus. First, the higher fre-

quency of circulating B cells in MS relative to controls was not observed in the choroid plexus; 

second, the migratory phenotype of CD56dim NK cells was altered in MS choroid plexus but 

not in MS blood; third, we show that circulating CD56bright NK cells but not their CD56dim coun-

terpart, display a migratory phenotype in MS. In summary, we identified several associations 

among the immune populations of the septum, the choroid plexus and the blood, indicative 

of a dynamic immune environment in periventricular tissues.

Granzyme K+ NK cells accumulate in periventricular lesions and 
choroid plexus from MS donors
Finally, to confirm that CD56bright NK cells accumulate in periventricular brain regions in MS 

donors, we used multiplex immunohistochemistry in an independent cohort (Supplementary 

Table 1). This technique allowed us to stain up to seven markers in the same section. Due to 

the difficulty of making a clear distinction between bright and dim expression of CD56 in NK 

cells by immunohistochemistry, we used granzymes (Gr) expression as a surrogate marker. 

We defined CD56bright NK cells as CD45+ NKp46+ GrK+ GrB- and CD56dim NK cells as CD45+ 

NKp46+ GrK- GrB+ [7,18]. 

We analysed the presence of NK cells in periventricular brain tissue from controls and within 

normal-appearing white matter (NAWM) and white matter lesions from MS donors. Lesions 

were identified by the absence of myelin proteolipid protein and the abundance of HLA-

DR+ cells (Fig. 8a). Both in the border and the lesion centre we observed a higher density of 

Fig. 7: Circulating Tbet+ B cells in MS express higher levels of T-bet. a Median scaled intensities of 
the “type” markers across T cell subpopulations in blood. Table shows tentative biological names of 
the T cell subpopulations. b Median scaled intensities of the “type” markers across NK cell and B cell 
lineage populations in blood. c Percentage of NK and B cell lineage populations out of the total CD45+ 
cells from the blood of NNC, NC and MS donors. d Median scaled intensities of the “state” markers in 
T-bet+ B cells across all blood samples. Column annotation shows disease groups; row annotation shows 
adjusted p-values of comparing NC vs NNC and MS vs NNC. Colour key shows row Z score. Boxplots 
show median expression in T-bet+ B cells of markers with differential expression between MS and NNC. 
e Median scaled intensities of “state” markers in CD56bright NK cells across all blood samples. Column 
annotation shows disease groups; row annotation shows adjusted p-values of comparing NC vs NNC 
and MS vs NNC samples. Colour key shows row Z score. Boxplots show median expression in CD56bright 
NK cells of markers with differential expression between MS and NNC. f Network plot illustrating corre-
lations between identified immune subsets in the three anatomical sites analysed. Positive correlations 
are displayed in red and negative correlations in blue. Width of the line is proportional to the correlation 
coefficients. P-values adjusted with Benjamini-Hochberg method. ** adjusted P < 0.05. NNC: non-neu-
rological controls; NC: neurological controls; MS: multiple sclerosis (a, b) Horizontal grey bars show the 
percentage out of the total cells.
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GrK+ NK cells compared to NAWM (Fig. 8b-c). Matching the CyTOF data, GrB+ NK cells were 
more abundant than GrK+ cells.

In addition, the use of choroid plexus tissue sections allowed us to specifically look at infil-
trated cells and discard those in the circulation that confounded our CyTOF analysis. In this 
cohort, we observed a significantly higher density of GrK+ but not GrB+ NK cells in the cho-
roid plexus of MS vs. control donors (Fig. 8b and d), indicating that the increase shown using 
CyTOF was specific to the tissue and not due to the high vascularization of the choroid 
plexus. 

In sum, we validated the accumulation of NK cells within the periventricular brain of MS 
donors. In particular, GrK+ NK cells were more abundant and enriched in MS lesions and the 
choroid plexus stroma. 

discussion
In this study, we used a CyTOF multi-parameter approach to provide a comprehensive over-
view of the immune landscape in human periventricular brain tissue from MS and control 
donors.

Here, we revealed the involvement of CD56bright NK cells in MS periventricular pathology. 
Since periventricular areas of the brain are a predilection site for MS lesions [8,21,38], we 
focused on the septum as it separates the two lateral ventricles and is highly exposed to CSF. 
Although magnetic resonance imaging studies demonstrated the presence of MS lesions in 
the septum [14,38,39,50], the composition of the inflammatory infiltrates remained unknown. 
We found an expansion of CD56bright NK cells with an activated and migratory phenotype 
within the septum of MS donors. Using multiplex immunohistochemistry, we validated the 
accumulation of NK cells expressing GrK, typical of the CD56bright subset [7], in periventricular 
MS lesions from an independent cohort. We also found a slight increase in the density of 
GrB+ NK cells — the putative CD56dim cells — in MS lesions versus NAWM and healthy con-
trols that was not detected with the CyTOF. Next to NK cells, we detected higher frequencies 
of ASCs, CD4+ and CD8+ T cells in the septum from MS donors compared to controls, which 
is similar to other periventricular regions [32].  The distribution of general immune cell popu-
lations in the septum was consistent with previous literature [26,53].

Fig. 8: Granzyme Khigh NK cells accumulate in periventricular lesions and choroid plexus. a Rep-
resentative immunohistochemical staining of myelin with proteolipid protein (PLP) and presence of 
immune cells with HLA-DR. The overview shows the location of the normal-appearing white matter 
(NAWM), the lesion border, the lesion and the choroid plexus. Scalebar = 1mm. b Representative mul-
tiplex immunohistochemical staining of MS lesion and the choroid plexus. The merged overview shows 
DAPI (blue), ColIV (green) and CD45 (red). The dotted box indicates CD45+ NKp46+ Granzyme K+ cell. A 
magnified image of all separate channels is shown in greyscale. Scalebar = 25um for overview and 5μm 
for magnifications. c Boxplots display the abundance of CD45+ NKp46+ Granzyme K+ and CD45+ NKp46+ 

Granzyme B+ cells per µm2 in MS lesions. d Boxplots display the abundance of CD45+ NKp46+ Granzyme 
K+ and CD45+ NKp46+ Granzyme B+ cells per µm2 in choroid plexus. NNC: non-neurological controls; 
MS: multiple sclerosis; NAWM: normal-appearing white matter. * P < 0.05.
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NK cells are the lymphocytes of the innate immune system with the ability to regulate adap-
tive responses. There are two main NK cell subsets based on the expression of CD56 and 
CD16: CD56bright NK cells express low levels of CD16 and are specialised immunoregulators, 
while CD56dim NK cells have a potent cytolytic capacity, which may be mediated by CD16 
[34]. Importantly, we relied on the markers CD56 and NKp46 to identify human NK cells by 
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CyTOF and immunohistochemistry, respectively. However, NK cells belong to the broader 
group of innate lymphoid cells (ILCs), which also include ILC1, ILC2 and ILC3 subsets. ILC 
subpopulations are highly plastic and their identification remains a challenge; it has been 
proposed that they belong to a single, highly plastic population, but this debate is beyond 
the scope of this study. Although NK cells are thought to predominate in the brain parenchy-
ma [49], we cannot exclude the presence of other ILCs. Particularly, certain subsets of ILC3s 
share the expression of CD56 with NK cells [57]. The extent and pathological consequences 
of the presence of ILC3s in MS should be determined in future studies.

The beneficial role of CD56bright NK cells in MS was first discovered with the anti-inflammatory 
drug daclizumab. Daclizumab is an anti-CD25 antibody therapy that leads to the expansion 
of circulating CD56bright NK cells [4,63], an increase that was later reported with other dis-
ease-modifying treatments for MS as well [16,47,51]. In line with this, a protective role for NK 
cells was shown in animal models of MS [19,64] through cytotoxicity against autoreactive T 
cells [64]. Despite the beneficial immunomodulatory role assigned to CD56bright NK cells in the 
context of MS, the presence of NK cells in the CNS can also be detrimental [23,27,29,30,37]. 
Still, any potential cytotoxicity of NK cells in the CNS might be halted by tolerogenic signals 
coming from brain resident cells, such as microglia [31]. Thus, while NK cells may act as a 
double-edged sword in MS [17], we postulate that the presence of specifically CD56bright NK 
cells in the periventricular areas primarily has a beneficial effect on MS pathology by limiting 
neuroinflammation.

To date, studies of NK cells in the MS brain parenchyma did not distinguish between the 
CD56bright and CD56dim NK subsets. NK cells were detected in the brains from MS donors 
[17,27,29,58], while absent from controls [17,29]. Within active MS lesions, NK cells express 
GrK polarised towards neighbouring T cells [17,22]. Thus, the expansion of the CD56bright NK 
cell population we observed in MS brains may mediate a protective response to neuro-in-
flammation by killing autoreactive T cells through the release of GrK. Moreover, we observed 
higher expression of the ligand PDL1 in CD56bright NK cells from MS brains compared to those 
from non-neurological controls, suggesting an involvement of the PD1-PDL1 axis. PDL1 is 
an NK cell activation marker associated with enhanced cytotoxicity [11] and binds the T cell 
co-inhibitory molecule PD1 inducing suppression of PD1+ autoreactive T cells [44].

Proportions of circulating CD56bright NK cells remained the same in MS and control donors, 
as described before [17,28]. Interestingly, CD56bright NK cells in both the MS brain and blood 
expressed higher levels of proteins associated with cell migration. As such, the enrichment 
of CD56bright NK cells in the CNS of MS patients might result from selective infiltration from 
the blood towards the brain rather than being the result of accumulation in the circulation. 
In line with this, migration studies showed that CD56bright NK cells have a higher capacity to 
transmigrate across a blood-brain barrier in vitro model than their CD56dim counterparts [17]. 
However, this study did not show enhanced migration of CD56bright NK cells from MS donors 
compared to controls.

Direct infiltration from the circulation through the local brain vasculature is a likely origin of 
MS immune infiltrates. Besides, abundant periventricular veins drain to the ventricles [41], 
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resulting in an indirect peripheral-brain connection through the choroid plexus via the CSF. 
Here, we describe the presence of NK cells in the human choroid plexus and identify a 
migratory phenotype in CD56dim NK cells in MS. The higher ratio of CD56bright/CD56dim cells 
in the choroid plexus compared to the blood indicates enrichment of CD56bright NK cells in 
the choroid plexus. Accordingly, we could not detect GrB+ NK cells, presumptive CD56dim NK 
cells, within the choroid plexus stroma from controls, and rarely in MS cases, using multiplex 
immunohistochemistry. The upregulation of CD54 in CD56dim NK cells in MS was unique to 
the choroid plexus and differed from CD56dim NK cells in the circulation and the septum. 
However, the proportion of CD56dim NK cells did not differ between groups. This suggests an 
altered migratory capacity of CD56dim NK cells within the MS choroid plexus. Although the 
higher frequency of CD56bright NK cells measured by CyTOF in the choroid plexus from MS 
donors relative to controls was not significant, multiplex immunohistochemistry confirmed 
the accumulation of GrK+ NK cells in the choroid plexus stroma of MS donors from an inde-
pendent cohort. Future studies should uncover if CD56bright NK cells continue their journey 
across the blood-CSF barrier and the ependymal layer lining the periventricular brain. Sup-
porting this idea, the CSF ratio of CD56bright/CD56dim NK cells is higher in MS patients than 
in controls [46,48], and it is further increased upon treatment with the anti-CD25 antibody 
therapy daclizumab [5]. In conclusion, circulating CD56bright NK cells in MS may infiltrate into 
periventricular brain areas directly across the blood-brain barrier, and indirectly via the cho-
roid plexus-CSF route.

The immune landscape of the choroid plexus revealed by this study is compatible with pre-
vious descriptions [45,60]. Comparison of post-mortem blood and choroid plexus samples 
of the same donors confirmed a strong contribution of blood-derived immune cells in the 
choroid plexus, which precluded a clear distinction between circulating and stromal immune 
cells. Because of this technical limitation, we compared our CyTOF data with previous his-
topathological studies. Myeloid cells are the most abundant immune cells in the choroid 
plexus, while the high proportion of granulocytes likely originates from the circulation [45,60]. 
Likewise, the higher proportion of CD8+ relative to CD4+ T cells in the choroid plexus could 
also reflect their aberrant abundance in post-mortem blood [12]; this contribution from the 
blood to the single-cell suspension may have prevented the detection of choroid-plexus 
specific changes in the stroma such as an accumulation of CD8+ T cells in the choroid plexus 
from MS donors, previously described by our group using immunohistochemistry [45]. The 
scarcity of B cells, despite the high vascularisation, is in line with previous reports [45,60]; 
while the detection of rare ASCs in the choroid plexus but not in the blood reassures their 
tissue specificity [60].

Notably, our study with post-mortem blood uncovered a higher frequency of B cells in MS 
donors relative to controls. While the efficacy of peripheral B cell-depleting therapies sug-
gests a pathogenic role of circulating B cells in MS [20,36], we could not find evidence in 
the literature showing an accumulation of B cells in the blood of MS patients, and a recent 
study showed similar frequencies relative to controls [48]. Although most B cells lack T-bet 
expression, a small subset of T-bet+ B cells shows a trend towards more abundance in MS 
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post-mortem blood, in line with recent literature [10,59]. Moreover, the expression of T-bet 
within T-bet+ B cells was higher in MS donors relative to controls. T-bet expression on B cells 
has been associated with increased pathogenic responses [3,42]. The relevance of T-bet+ B 
cells in MS should be further confirmed in fresh blood samples. 

Many MS studies either make use of a healthy control group or study the MS disease course 
over time within the same patient group. Here, we aimed to uncover MS-specific immune 
changes by comparing our findings in MS donors to an extra neurological control group con-
sisting of demented cases next to our non-neurological controls. All but one of our demented 
controls were diagnosed with Alzheimer’s disease (AD). By including this extra control group, 
we found that the increases in CD56bright NK cells and ASCs were specific to MS compared 
to both dementia and non-neurological controls. Although our study was not powered for 
focusing on dementia, we found that the abundance of CD8+ T cells in the septal periven-
tricular area was higher compared to the non-neurological controls, following the trend seen 
in MS donors. The most notable increase was seen in CD8+ tissue-resident memory T cells, 
a population that has been found in the ageing brain before [53]. In AD, higher numbers of 
circulating CD8+ TEMRA cells relative to healthy donors were negatively associated with cogni-
tion [13]. In addition, clonally expanded CD8+ T cells were more abundant in the CSF of AD 
patients compared to healthy controls [13]. Although our findings were not statistically sig-
nificant, they highlight a role for periventricular CD8+ T cells in AD pathology. Moreover, we 
identified an activated phenotype of periventricular B cells in demented controls, consisting 
of higher expression of CD25 and CD49d. Interestingly, an accumulation of activated B cells 
was found in the circulation of AD mouse models before, together with infiltration of B cells 
into the brain parenchyma [25]. Future studies with increased sample size should confirm 
these results and reveal how T and B cells play a role in AD pathogenesis.

conclusions
In sum, our study provides a characterization of the periventricular immune landscape in MS 
and reveals the involvement of CD56bright NK cells in local MS brain pathology. Moreover, we 
explored the relative contributions of the choroid plexus and peripheral blood to the immune 
composition of the periventricular MS brain. We speculate that the migratory phenotype of 
circulating CD56bright NK cells in MS facilitates entry into the CNS directly through the blood-
brain barrier and indirectly across the choroid plexus-CSF route. Our findings highlight the 
importance of CD56bright NK cells in the CNS and their potential as a therapeutic target in 
MS. Instead of indiscriminately preventing immune cell surveillance in the CNS, an expansion 
of immunoregulatory CD56bright NK cells could selectively suppress neuroinflammation while 
minimizing side effects for patients suffering MS.

MaTerials and MeThods

Human samples and study design 
Fresh post-mortem tissue was obtained from donors by rapid autopsy from the Netherlands 
Brain Bank. Donors included cases with clinically diagnosed and neuro-pathologically con-
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firmed progressive MS (n = 12), cases with dementia (neurological controls or NC; n = 8) 
and control cases without neurological or autoimmune diseases (non-neurological controls 
or NNC; n = 10). Septum pellucidum and choroid plexus from the right lateral ventricle were 
stored in Hibernate-A medium (Thermo Fisher, #A1247501); and post-mortem blood of all 
included cases was collected in EDTA-coated tubes (BD Biosciences, #367525). Post-mortem 
delay was less than 24h and tissues were stored for less than 24h (sample delay) before start-
ing the isolation of immune cells. 

Formalin-fixed paraffin-embedded tissue from choroid plexus and periventricular areas was 
obtained from patients with clinically diagnosed MS (choroid plexus, n=10; periventricular 
areas, n=7) and non-neurological controls (choroid plexus, n=8; periventricular areas, n=5) by 
rapid autopsy from the Netherlands Brain Bank and Multiple Sclerosis Society Tissue Bank, 
funded by the Multiple Sclerosis Society of Great Britain and Northern Ireland, registered 
charity 207,495). All the MS periventricular area blocks contained lesions. 

All parties received permission to perform autopsies, for the use of tissue and access to med-
ical records for research purposes. Relevant clinical information of the donors is summarised 
in Supplementary Table 1 and Supplementary Figs. 1a, 4a, 6a.

Sample processing
The choroid plexus was washed twice with ice-cold PBS and incubated with 1 mM EDTA pH 
7.2 in HBSS (Thermo Fisher, #14175095) rotating for 1h at 37°C to loosen the tight junctions 
of the epithelium, washed again and thoroughly cut with sharp scissors and digested with 
proteolytic enzymes (2 U/mL Liberase TL, Sigma Aldrich, #5401020001) and DNase (33 µg/
mL; Sigma Aldrich, #11284932001) for 30 min at 37ºC, resuspending every 10 min. Digestion 
was stopped with RP-HE (RPMI 1640, Thermo Fisher; 10% FCS (Corning, #35-079-CV), 10 
mM EDTA (ThermoFisher, #15575020) 20 mM HEPES (Gibco, #156300-056), 50 µm 2-mer-
captoethanol (Gibco, #31350010) for 5 min on ice. The cell suspension was filtered through 
a 70 µm cell strainer (Life Sciences) to remove undigested pieces of tissue. Immune cells 
were isolated from this cell suspension using a 70-30% Percoll (Sigma Aldrich, #17-0891-
01) gradient as follows. The eluent containing the single-cell suspension was centrifuged, 
the pellet was resuspended in 70% Percoll, and 30% Percoll was carefully layered on top. 
Following centrifugation at 900 g for 30 min at 22°C, immune cells in the 70-30% interphase 
were collected and washed twice with RP10 (RPMI 1640, Thermo Fisher; 10% FCS, 1% pen-
icillin/streptomycin (Invitrogen, #15140122) 1% glutamine (Thermo Fisher, #25030-024) and 
counted. For the septum, an identical isolation protocol was used leaving out the first step 
of incubation with EDTA. 

Post-mortem blood was diluted with 1% citrate in PBS and filtered through a 70 µm cell 
strainer to remove clots. Diluted and filtered blood was then carefully layered on top of 
Lymphoprep (STEMCELL Technologies, #07851). The gradient was centrifuged at 800 g 
for 30 min at room temperature. The immune cells in the interphase were collected and 
washed with 1% citrate in PBS. Erythrocytes were lysed with ACK Lysing Buffer (Thermo 
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Fisher, #A1049201) for 5 min at room temperature. Lysis was stopped with 1% citrate in PBS 

and cells were washed twice with RP10 and counted.

Viability staining, fixation and freezing of immune cells
Isolated immune cells were washed with HBSS-/- (without Mg+2, Ca+2 and phenol red, #14175-
095). Cells were distributed in wells of a 96-well V-bottom plate (0.5 to 1 million cells/well 
for septum and choroid plexus cells, 5 million cells/well for blood cells) and washed again 
with HBSS-/-. Cells were washed with Maxpar PBS (Fluidigm, #201058) and stained with the 
viability marker Cell-ID™ Cisplatin-198Pt (Fluidigm, #201198) for 5 min at 37°C according to 
the manufacturer’s instructions. Cells were then washed three times with RP10 and fixed with 
Maxpar Fix I Buffer (Fluidigm, #201065) for 10 min at room temperature. Fixed cells were 
centrifuged at 800 g for 7 min at 4°C. Cell pellets were resuspended in 10% DMSO in FCS 
and put in a Mr Frosty Freezing Container at -80°C for 24 h. Samples were stored at -80°C 
until staining and sample acquisition.

Antibody labelling and titration
Antibody labelling with the indicated metal tag was performed using the MaxPAR® anti-
body conjugation kit (Fluidigm) according to the manufacturer’s instructions. Purification of 
the bound antibody was performed with high-performance liquid chromatography (Thermo 
Fisher) and subsequently concentrated by filtering with a 10kDa filter (Merck Millipore) in a 
swing-out bucket at 4000 RPM for 15 minutes. The end volume was determined and an equal 
volume of antibody stabilizer buffer (Fluidigm; supplemented with 0.05% sodium azide) was 
added before the antibodies were stored at 4°C. All antibodies used in this study were titrat-
ed using both fixed and unfixed thawed PBMCs and the most optimal concentrations with 
the least spillover were chosen. Concentrated antibody cocktails for surface and nuclear anti-
gen detection were made, aliquoted and stored at -80°C, as previously described (Schulz et 
al, 2019).

Staining protocol
During the staining, reagents were cooled on ice, centrifugation steps were performed at 800 
g for 7 min at 4°C with acceleration 9 and deceleration 7, and incubations were performed 
at room temperature. Samples were thawed rapidly and washed twice with 8 mL of Maxpar® 
PBS (Fluidigm, #201058). Cell pellets were resuspended in Maxpar® PBS and transferred to 
a 96 well V-bottom plate (Sigma Aldrich, #M9686). After centrifugation, cells were washed 
twice with 150 μL of 1X Barcode Perm Buffer (Fluidigm, #201057). Then, samples were incu-
bated with the appropriate barcodes (Fluidigm, #201060) in 1X Barcode Perm Buffer for 30 
min, gently mixing after 15 min. After centrifugation, samples were washed twice with 150 μL 
of cell staining buffer (CSB) (Fluidigm, #201068) and the cells from all samples were pooled. 
Cells in this combined sample were counted and after centrifugation, cells were incubated 
with FC block (BioLegend, #422302) diluted in CSB (1:50) for 10 min. Then, the surface anti-
body cocktail (thawed and centrifuged for 15 minutes at 15,000 x g at 4ºC) was diluted with 
CSB in the appropriate concentration and volume relative to the cell count (Supplementary 
Table 2) and added to the combined sample. This was followed by a 30 min incubation, 
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gently mixing after 15 min. After the incubation, cells were washed twice with CSB followed 
by a wash with Maxpar® PBS. Then, cells were fixed with 1 mL of freshly made 1.6% PFA 
(Thermo Fisher, #28906) in Maxpar® PBS for 10 min. After centrifugation, cells were perme-
abilised with a 30 min incubation in 1 mL of FoxP3 Fix/Perm working solution (eBioscience, 
#00-5523), gently mixing after 15 min. After centrifugation, cells were washed twice with 1X 
Permeabilisation Buffer (eBioscience, #00-5523). The nuclear antibody cocktail was thawed 
and centrifuged for 15 min at 15,000 x g at 4°C and cells were incubated with the nuclear 
antibody cocktail in 1X Permeabilisation Buffer with the appropriate concentration to the cell 
count. The cells were incubated with the nuclear antibody mix for 45 min, gently mixing every 
15 min. Cells were then washed three times with 1X Permeabilisation Buffer and fixed with 
1 mL of freshly made 1.6% PFA in Maxpar® PBS for 10 min. After centrifugation, nucleated 
cells were stained with Maxpar Intercalator (Fluidigm, #201192B) diluted 1:4000 in Maxpar 
Fix and Perm Buffer (Fluidigm, #201067) overnight at 4°C, until sample acquisition. 

Sample acquisition
Cells in Intercalator solution were washed twice with CSB and divided over approximately 
1 x 106 cells per tube, followed by washing with cell acquisition solution (CAS) (Fluidigm, 
#201241) right before acquisition. Samples were filtered and calibration beads (Fluidigm, 
#201078 ) were added to the suspension to 15% of the final volume. Cells were acquired on 
the Helios™ (Fluidigm), with an event rate of 250-350 events per second. Runs took approxi-
mately 30 – 45 minutes. During the day, tuning of the machine was performed during start-up 
and after 4 hours of sample acquisition. Within each barcoded set of samples, one reference 
sample was included to monitor possible differences in staining intensity between barcodes 
due to technical variation in the staining protocol or daily changes in instrument functioning. 

Generation of the reference sample
The reference sample contained peripheral blood mononuclear cells (PBMCs) obtained from 
the blood of 3 healthy controls of which a part was stimulated with a cytokine cocktail to 
induce expression of each protein and transcription factor included in the CyTOF panel. 
Unstimulated and stimulated PBMCs were combined, stained for viability as described earli-
er, fixated and stored in aliquots at -80°C until further use.

CyTOF data pre-processing and tissue comparisons
Acquired samples were randomised using Gaussian negative half zero randomization in 
CyTOF Software version 6.7. The FCS files were normalised using bead normalisation, con-
catenated and debarcoded using the CyTOF Software version 6.7. The concatenated FCS 
files were uploaded into FlowJo V10 to perform the clean-up where normalization beads, 
cell debris and cell doublets were removed using DNA, beads and Gaussian parameters. 
Next, live cells showing negative reactivity for viability marker Cell-ID™ Cisplatin-198Pt and 
dim-to-positive reactivity for CD45-89Y were selected and used for the further processing 
steps. To anticipate similarities between choroid plexus, septum and blood-derived immune 
cells, 10 000 cells per donor tissue were imputed and visualised in one UMAP (Uniform 

Manifold Approximation and Projection).
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CyTOF data processing and statistical analysis
Data analysis was performed in R version 4.0.3 (2020-10-10). Clinical data was analysed by 
the Kruskal-Wallis rank-sum test followed by the Wilcoxon rank-sum test with continuity cor-
rection. Quantitative data are shown as independent data points in box plots indicating the 
median and interquartile range.

CyTOF data was analysed following a published workflow [38] (update 28 April 2020) with 
some modifications. Marker expression data was arcsinh transformed with a cofactor of 5. 
We decided to not normalise the data after visually confirming that the expression pattern 
distribution did not differ between batches of stain/run days (Supplementary Fig. 8).

Clustering of the single-cell data was performed with FlowSOM [60] and ConsensusCluster-
Plus [65], using the lineage markers labelled as “type” (Supplementary Table 2). We clustered 
each tissue separately and pooled the samples from all donors; we subsampled the data 
using the 75th percentile of the number of cells per tissue as a threshold, to prevent big 
samples from driving the clustering (see Supplementary Figs. 1b, 4b, 6b). The metaclusters 
obtained (20 for the main populations, 12 for the T cell lineage and 8 for the NK and B cell 
lineages) were manually annotated and merged based on visualisation using heatmaps with 
normalised median marker expression per cluster and dimensionality reduction plots (tSNE 
and UMAP). 

We used a generalised linear mixed model (GLMM) for analysing the differential abundance 
of cell populations and a linear mixed model (LMM) for the differential expression of “state” 
phenotypic markers per cell population. The models were built through the R package diffcyt, 
with a few modifications. The GLMM response variable is the cell counts per cell type (those 
with more than 100 cells) and sample, and the explanatory variable is the disease group, as a 
fixed effect. To model the overdispersion in proportion estimates (uncertainty is higher when 
proportions are calculated from samples with a low total number of cells), we included the 
sample ID as a random effect. The LMM response variable is the median marker expression 
of the state markers per cell type (those with more than 100 cells) and sample. Differential 
expression of markers was only considered in cell populations for which they were biologi-
cally meaningful (for example, FoxP3 was only considered in T and B cells), and in which the 
expression values were higher than 0 in at least a third of the samples. Weights were assigned 
to each cluster and sample based on the number of cells, to account for differences in uncer-
tainty in the calculation of the medians. We specified the contrasts MS vs. NNC, MS vs. NC 
and NNC vs NC. We corrected the p-values for multiple testing with the Benjamini-Hochberg 
procedure, with a false discovery rate (FDR) cut-off of 10%; for differential abundance, we 
corrected for cell population per tissue type, and for differential expression, we corrected for 
state marker per cell population. 

Correlations were performed using the functions rcorr and corr.test, as implemented in the 
packages psych and Hmisc, respectively, using the Benjamini-Hochberg method to adjust 
p-values. Only patients with samples analysed in all three tissues were used. Significant cor-
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relations (adjusted P  ≤ 0.1) were visualised in a network plot using Cytoscape. The strength 
of the correlation was calculated as -log10(adjusted P) and shown as the width of edges.

Multiplex immunohistochemistry 
Sections of 5 µm-thickness from formalin-fixed paraffin-embedded tissue were cut with a 
microtome and mounted on SuperFrost Plus slides. Sections were deparaffinised in xylene 
and rehydrated with a series of graded ethanol (100%, 90%, 80% and 70% for 2 min). Antigen 
retrieval was performed in citrate buffer pH 6.0 at 95°C for 30 min in a water bath. Endog-
enous peroxidases were blocked using 0.3% H2O2 in PBS for 15 min. Slides were blocked 
using 1% bovine serum albumin (BSA) in PBS with 0.05% Tween-20 for 30 min. Sections were 
then incubated with a single unconjugated primary antibody (Supplementary Table 3) in 10x 
diluted blocking buffer for either 60 min at room temperature or 24h at 4°C.

Slides were washed in PBS-Tween-20 and incubated with Envision+ Dual link HRP (Dako, 
#K4061) for 30 min. Sections were then incubated with the respective Opal fluorochrome 
(Opal 480, Opal 520, Opal 570, Opal 620, Opal 650, Opal 780) at a 1:250 dilution made 
in tyramide signal amplification reagent (Akoya, #FP1498) for 60 min. Slides were washed 
in PBS-Tween-20 and a heating step of citrate buffer pH 6.0 at 98°C for 30 min in a water 
bath was performed for primary antibody removal. Afterwards, the tissue was stained by 
repeating staining cycles in series as described above with a primary antibody removal step 
in each cycle. Finally, slides were counterstained with DAPI (Invitrogen, #D1306) for 5 min 
and mounted with Prolong Gold (Invitrogen, #P36930). Slides were imaged using the Vectra 
3.0 spectral imaging system (PerkinElmer), with a low magnification scanning at 10x to get 
an overview of the slide. To get representative images of the tissue section, a minimum of 2 
regions of interest across the fields were chosen and scanned at 40x magnification. Spectral 
unmixing was performed using InForm advanced image analysis software (PerkinElmer) and 
image segmentation was done in Nis Elements (Nikon). In short, nuclei detection was based 
on DAPI signal, and a mask was made from nuclei that were directly surrounded by CD45 
signal. This mask was used to further select NK cells based on NKp46 signal. The NK cell 
mask was then divided based on granzyme K and granzyme B expression. Cells within the 
lumen of vessels from the choroid plexus sections were excluded manually. All cell counts 
were then normalised to the total tissue area. If data was normally distributed as assessed by 
the Shapiro-Wilk test, an ANOVA test or unpaired t-test was used; if the data did not pass 
normality, Kruskal-Wallis test or Mann-Whitney test was used. Staining, imaging and analysis 
were performed blinded.

suppleMenTary inforMaTion

Availability of data
Code used in this analysis is available on the github repository https://github.com/orgs/MolecularCellBi-
ologyImmunology/cytof-periventricular-ms. Raw FCS files will be made available at http://flowrepository.
org/id/FR-FCM-Z4JJ.
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suppleMenTary daTa

Supplementary Fig. 1: Immune phenotyping of the septum using mass cytometry reveals inflam-
mation in multiple sclerosis involving T cells and natural killer cells. a Clinical parameters of the 
septum samples. Age and PMD (post-mortem delay): pairwise comparisons using Wilcoxon rank-sum 
test with continuity correction; p-values adjusted with Benjamini-Hochberg method. Sample delay and 
pH: Kruskal-Wallis rank-sum test. b Bar plot showing the number of cells used for clustering from each 
septum sample. A threshold was set at the 75th percentile to avoid over-representation of certain sam-
ples in the analysis. c Delta area (”elbow”) plot indicating the relative increase in cluster stability when 
clustering into k groups the 100 SOM clusters generated by FlowSOM. CDF: Consensus Cumulative 
Distribution Function. d Median marker intensities of the “type” markers across septum-derived cell 
populations obtained with FlowSOM and ConsensusClusterPlus. The colour in the heatmap represents 
the median of the arcsinh, 0-1 transformed marker expression calculated over cells from all samples. 
The left dendrogram is based on hierarchical clustering with average linkage and Euclidean distance 
between the 20 metaclusters. e Median marker intensities of the “type” markers across septum-derived 
cell populations. f Dot plots show the significant correlations (P < 0.05) between the percentage of the 
septum-derived immune cells and sample parameters. Non-normally distributed data: Spearman’s rank 
correlation rho; normally distributed data: Pearson’s correlation. (d, e) Horizontal grey bars show the 
percentage out of the total cells.
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Supplementary Fig. 2: Phenotyping the T cell populations in the septum using mass cytometry. 
a Delta area (”elbow”) plot indicating the relative increase in cluster stability when clustering into k 
groups the 100 SOM clusters generated by FlowSOM. CDF: Consensus Cumulative Distribution Func-
tion. b Median marker intensities the “type” markers across T cell lineage populations of the septum 
obtained with FlowSOM and ConsensusClusterPlus. Horizontal grey bars show the percentage out of 
the total cells. The colour in the heatmap represents the median of the arcsinh, 0-1 transformed marker 
expression calculated over cells from all the samples. The left dendrogram is based on the hierarchical 
clustering with average linkage and Euclidean distance between the clusters. c UMAP plot based on the 
arcsinh-transformed expression of the 14 “type” markers in the T cell subsets in the septum. A subset 
of 1,000 randomly selected cells per sample is shown, coloured according to the manually annotated 
clusters. d Dot plots show the significant correlations (P < 0.05) found between the percentage of the T 
cell subsets of the septum and clinical sample parameters. Spearman’s rank correlation rho is shown for 
non-normally distributed data and Pearson’s correlation for normally distributed data. Boxplots show the 
percentage of cells in females (f) and males (m).
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Supplementary Fig. 3: See next page for caption.
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Supplementary Fig. 3: NK & B cell subpopulations in the septum. a Delta area (”elbow”) plot 
indicating the relative increase in cluster stability when clustering into k groups the 100 SOM clusters gen-
erated by FlowSOM in the NK & B cell populations. CDF: Consensus Cumulative Distribution Function.  
b Median scaled intensities of  the “type” markers across NK & B cell lineage populations of the septum 
obtained with FlowSOM and ConsensusClusterPlus. Horizontal grey bars show the percentage out of 
the total cells. The colour in the heatmap represents the median of the arcsinh, 0-1 transformed marker 
expression calculated over cells from all the samples. The left dendrogram is based on the hierarchical 
clustering with average linkage and Euclidean distance between metaclusters. c UMAP plot based on 
the arcsinh-transformed expression the “type” markers in the NK & B cell lineage populations of the sep-
tum. A subset of 1,000 randomly selected cells is shown, coloured according to the manually annotated 
clusters. d Boxplots display the median marker expression of CD25 and CD49d in T-bet- B cells from the 
septum. *adjusted P < 0.1. e Dot plots show the significant correlations (P < 0.05) found between the 
percentage of the septum NK & B cell subsets and clinical sample parameters. Spearman’s rank corre-
lation rho is shown for non-normally distributed data and Pearson’s correlation for normally distributed 
data. NNC: Non-neurological controls; NC: neurological controls; MS: multiple sclerosis.

Supplementary Fig. 4: Immune phenotyping of the choroid plexus using mass cytometry. a Clinical 
parameters of the choroid plexus samples. Age and PMD (post-mortem delay): pairwise comparisons 
using Wilcoxon rank-sum test with continuity correction; p-values adjusted with Benjamini-Hochberg 
method. Sample delay and pH: Kruskal-Wallis rank-sum test. b Bar plot of the number of cells used for 
clustering from each choroid plexus sample. A threshold was set at the 75th percentile to avoid over-rep-
resentation of certain samples. c Delta area (”elbow”) plot indicating the relative increase in cluster 
stability when clustering into k groups the 100 SOM clusters generated by FlowSOM. CDF: Consensus 
Cumulative Distribution Function. d Median scaled intensities of the “type” markers across choroid plex-
us-derived cell populations obtained with FlowSOM and ConsensusClusterPlus. Horizontal grey bars 
show the percentage out of the total cells. The colour in the heatmap represents the median of the 
arcsinh, 0-1 transformed marker expression calculated over cells from all the samples. The left dendro-
gram is based on the hierarchical clustering with average linkage and Euclidean distance between the 20 
metaclusters. e UMAP plots based on the arcsinh-transformed expression of the “type” markers in the 
choroid plexus-derived immune cells. A subset of 1,000 randomly selected cells per sample is shown, 
coloured according to the expression level of each marker.
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Supplementary Fig. 5: Immune phenotyping of the T cell, NK and B cell subsets in choroid plexus.  
a Median scaled intensities of the “type” markers across T cell clusters of the choroid plexus obtained 
with FlowSOM and ConsensusClusterPlus. b Percentage of each annotated cell population out of the 
total number of T cells (CD4+ and CD8+) from the choroid plexus of NNC, NC and MS donors. c Median 
scaled intensities of the “type” markers across NK & B cell lineage populations of the choroid plexus 
obtained with FlowSOM and ConsensusClusterPlus. (a, c) Horizontal grey bars show the percentage out 
of the total cells. The colour in the heatmap represents the median of the arcsinh, 0-1 transformed mark-
er expression calculated over cells from all the samples. The left dendrogram is based on the hierarchical 
clustering with average linkage and Euclidean distance between the clusters. NNC: non-neurological 
controls; NC: neurological controls; MS: multiple sclerosis

Supplementary Fig. 6: Immune phenotyping of the main immune cell populations in blood and their 
correlations with those in septum and choroid plexus. a Clinical parameters of the blood samples. 
Age and PMD (post-mortem delay): pairwise comparisons using Wilcoxon rank-sum test with continuity 
correction; p-values adjusted with Benjamini-Hochberg method. Sample delay and pH: Kruskal-Wallis 
rank-sum test. b Bar plot of the number of cells used for clustering from each blood sample. A threshold 
was set at the 75th percentile to avoid over-representation of certain samples. c Delta area (”elbow”) plot 
indicating the relative increase in cluster stability when clustering into k groups the 100 SOM clusters 
generated by FlowSOM. CDF: Consensus Cumulative Distribution Function. d UMAP plot based on the 
arcsinh-transformed expression of all markers in the immune cells of the septum, choroid plexus and 
blood. 10,0000 cells were randomly selected per sample, coloured according to the expression level of 
each marker. e Median scaled intensities of the “type” markers across blood-derived cell populations 
obtained with FlowSOM and ConsensusClusterPlus. Horizontal grey bars show the percentage out of 
the total cells. The colour in the heatmap represents the median of the arcsinh, 0-1 transformed marker 
expression calculated over cells from all the samples. The left dendrogram is based on the [continues] 
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Supplementary Fig. 6: [continued] hierarchical clustering with average linkage and Euclidean distance 
between the 20 metaclusters. f Spearman correlation matrix of the proportion of the main immune cell 
populations among the studied tissues. Positive correlations are displayed in red and negative correla-
tions in blue. The size of the circle is proportional to the correlation coefficients. P-values adjusted with 
Benjamini-Hochberg method, excluding intra-tissue correlations. * adjusted P < 0.1.
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Supplementary Fig. 7: Immune phenotyping of the T cell, NK and B cell subsets in blood and their 
correlations with those in septum and choroid plexus. a Median scaled intensities of the “type” mark-
ers across T cell clusters in the blood obtained with FlowSOM and ConsensusClusterPlus. b Percentage 
of each annotated cell population out of the total number of T cells (CD4+, CD8+ and γδ T) from the 
septum of NNC, NC and MS donors. c Median scaled intensities of the  “type” markers across NK & B 
cell lineage populations in the blood obtained with FlowSOM and ConsensusClusterPlus. d Spearman 
correlation matrix of the proportion of NK & B cell populations among the studied tissues. Positive cor-
relations are displayed in red and negative correlations in blue. The size of the circle is proportional to 
the correlation coefficients. P-values adjusted with Benjamini-Hochberg method, excluding intra-tissue 
correlations. * adjusted P < 0.1. NNC: non-neurological controls; NC: neurological controls; MS: multiple 
sclerosis (a, b) Horizontal grey bars show the percentage out of the total cells. The colour in the heatm-
ap represents the median of the arcsinh, 0-1 transformed marker expression calculated over cells from 
all the samples. The left dendrogram is based on the hierarchical clustering with average linkage and 
Euclidean distance between the clusters.

Supplementary Fig. 8: Minor variation in staining intensity between the different barcoded CyTOF 
runs displayed using a reference sample. a UMAP plots based on the arcsinh-transformed expression 
of all markers in the reference sample that were stained together with barcoded runs of septum, choroid 
plexus and blood samples. 150,000 random cells were selected per sample. The first plot shows an 
overlay figure where the reference sample is coloured by its barcoded run. The plots below are coloured 
according to the density. b Contour plots with 0,1 outlier percentile showing the staining intensity per 
marker of the reference sample used at different barcodes. The six aliquots of reference samples used 
were derived from the same sample that was fixated, aliquot and frozen at -80C before. CP: choroid 
plexus.
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supplemenTary Table 1: informaTion of The donors used in This sTudy

cyTof
Group Sample Sex Age 

at 
death

PMD 
(h:m)

pH 
(CSF)

Diagno-
sis

Disease 
dura-
tion (y)

Braak Cause of 
death

CP Sep Bld

NC 2018-
135

f 81 4:05 6.46 AD 5 5 Dementia x x

NC 2019-
010

f 76 3:45 6.55 AD 3 5 Euthanasia x x x

NNC 2019-
030

m 77 4:25 6.63 AD na 4 AD; palliative 
sedation

x x x

NC 2019-
032

m 92 5:50 6.35 AD 3 4 Dementia, 
gastro-intesti-
nal bleeding

x x x

NC 2019-
040

f 98 7:20 6.18 AD na 4 Old age, 
dehydration 
due to ceased 
oral intake

x x

NC 2020-
013

m 98 4:45 6.4 AD 10 na Pneumonia x x x

NC 2020-
027

m 78 5:00 6.5 AD na na AD x x

NC 2020-
036

f 85 6:05 6.88 Demen-
tia

na na Carcinoma x x

MS 2018-
107

f 83 7:40 6.54 PPMS 34 na Ovarian 
cancer

x x

MS 2019-
011

m 63 10 6.52 PMS 30 na Aspiration 
pneumonia 
and sepsis

x x x

MS 2019-
016

f 77 9:45 na SPMS >39 na Pneumonia x x x

MS 2019-
027

f 68 9:20 na SPMS 18 na Infection x x x

MS 2019-
031

f 53 5:50 6.76 PPMS 17 na Euthanasia x x x

MS 2019-
043

f 61 8:05 6.41 SPMS 22 na Sepsis x x

MS 2019-
047

m 70 5:10 6.82 SPMS 40 na Palliative 
sedation

x x x

MS 2019-
069

f 67 6:40 13.12 SPMS 39 na Sepsis x x

MS 2019-
107

f 87 7:30 6.5 MS 31 na Ceased oral 
intake

x x x

MS 2019-
109

f 65 7:10 6.63 PPMS 3 na Euthanasia x x x

MS 2019-
110

f 73 6:50 6.42 SPMS 41 na Euthanasia x x
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supplemenTary Table 1: cyTof conTinued

Group Sample Sex Age 
at 
death

PMD 
(h:m)

pH 
(CSF)

Diagno-
sis

Disease 
dura-
tion (y)

Braak Cause of 
death

CP Sep Bld

MS 2020-
022

f 61 8:35 na MS na na Euthanasia x x

NNC 2018-

120

m 72 6:55 6.84 Non-de-
mented 
control

na 4 Myeloma x x x

NNC 2018-

123

f 82 6:20 na Non-de-
mented 
control

na 3 Pulmonary 

disease

x x x

NNC 2019-

029

m 87 6:20 6.47 Non-de-
mented 
control

na 3 Liver failure x x x

NNC 2019-

042

m 82 6:30 6.53 Non-de-
mented 
control

na 2 Cancer x x

NNC 2019-

054

f 101 6:00 6.71 Non-de-
mented 
control

na na Heart failure x x x

NNC 2019-

077

f 91 9:30 8.38 Non-de-
mented 
control

na 3 Old age x x x

NNC 2019-

079

f 84 7:50 6.59 Non-de-
mented 
control

na 3 Cancer x x x

NNC 2019-

125

f 102 3:55 6.25 Non-de-
mented 
control

na na Ileus x x x

NNC 2020-

003

f 87 4:35 6.64 Non-de-
mented 
control

na na Pneumonia in 

lung fibrosis

x x x

NNC 2020-

028

f 99 4:05 6.67 Non-de-
mented 
control

na na Euthanasia x x x

mulTiplex immunohisTochemisTry

Group Sample Sex Age 
at 
death

PMD 
(h:m)

pH 
(CSF)

Diagno-
sis

Disease 
dura-
tion (y)

Braak Cause of death CP PV

NNC 2005-034 m 56 14:00 7.03 Non-de-
mented 
control

na 0 Heart failure x

NNC 2002-018 f 92 7:00 6.45 Non-de-
mented 
control

na 1B Urosepsis x

NNC 2014-029 f 78 7:10 6.32 Non-de-
mented 
control

na 1A na x
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supplemenTary Table 1: mulTiplex immunohisTochemisTry conTinued

Group Sample Sex Age 
at 
death

PMD 
(h:m)

pH 
(CSF)

Diagno-
sis

Disease 
dura-
tion (y)

Braak Cause of death CP PV

NNC 2014-043 f 60 8:10 6.58 Non-de-
mented 
control

na 0 na x

NNC 2014-053 f 80 7:04 6.2 Non-de-
mented 
control

na 0 na x

NNC 2015-033 m 93 7:40 6.2 Non-de-
mented 
control

na 0A na x

NNC 2015-035 m 73 8:00 5.37 Non-de-
mented 
control

na 2A na x

NNC 2018-112 f 95 4:21 6.59 Non-de-
mented 
control

na na na x

NNC ANW797 m 59 8:00 na Non-de-
mented 
control

na Euthanasia x

NNC ANW945 f 59 8:10 na Non-de-
mented 
control

na Euthanasia x

NNC ANW019 m 68 8:40 na Non-de-
mented 
control

na Euthanasia x

NNC ANW782 f 69 13:00 na Non-de-
mented 
control

na Pulmonary embo-
lism

x

NNC ANW999 m 74 10:20 na Non-de-
mented 
control

na Euthanasia x

MS 2014-058 f 74 7:50 6.40 SPMS 50 na Euthanasia x

MS 2014-072 m 54 7:50 6.60 SPMS 21 na Euthanasia x

MS 2015-006 f 57 10:40 6.76 SPMS 25 na Euthanasia x

MS 2014-056 m 70 6:55 6.51 SPMS 37 na Acute heart failure; x

MS 2015-022 m 82 8:05 6.70 PPMS 44 na Pneumonia x

MS 2018-107 f 83 7:40 6.54 PPMS 34 na Ovarian cancer x

MS 2018-103 m 75 9:10 na SPMS na na  na x

MS 2019-011 m 63 10 6.52 PMS 30 na Aspiration pneu-
monia and sepsis

x

MS 2019-043 f 61 8:04 6.41 SPMS 32 na Urosepsis and 
hydronephrosis

x
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supplemenTary Table 1: mulTiplex immunohisTochemisTry conTinued

Group Sample Sex Age 
at 
death

PMD 
(h:m)

pH 
(CSF)

Diagno-
sis

Disease 
dura-
tion (y)

Braak Cause of death CP PV

MS 2019-047 m 70 5:10 6.82 SPMS 40 na Dehydration, 
decompensation 
cordis, MS; pallia-
tive sedation

x

MS 13-081 
(vu16)

m 66 10:55 7.28 PPMS na na Euthanasia  x

MS 2019-014 m 65 7:15 6.1 MS na na Liver cirrhosis x

MS 2018-116 f 66 9:30 6.7 SPMS na na Euthanasia x

MS 2018-047 m 70 9:25 7.22 SPMS na na Euthanasia x

MS 2018-046 f 51 9:10 6.87 SPMS na na Euthanasia x

MS 2018-085 f 67 11:25 6.8 MS na na Pneumonia x

MS 2018-115 m 56 6:15 6.6 PPMS na na Respiratory insuffi-
ciency

x

AD, Alzheimer’s Disease; Bld, blood; CP, choroid plexus; CSF: cerebrospinal fluid; f, female; h:m, 
hours:minutes; m, male; NC: neurological control; NNC: non-neurological control; MS, multiple sclerosis; 
na, not available; PMD, post-mortem delay; PMS, progressive MS; PPMS, primary progressive MS; PV: 
periventricular; Sep: septum; SPMS, secondary progressive MS; y: years.

supplemenTary Table 2: anTibody panel used for cyTof
Metal Protein Clone μL anti-

body used 
per 100μL 
/ 3x106 
cells

In-house 
conjugated

Company Panel 
general

Panel T 
cells

Panel 
NK 
& B 
cells

151Eu CD103 Ber-ACT8 0.125 Fluidigm type type state

156Gd CD11b (Mac-1) ICRF44 1.5 x Biolegend type state type

147Sm CD11c Bu15 0.3 Fluidigm type state type

143Nd CD123 (IL-3R) 6H6 0.2 Fluidigm type state state

142Nd CD14 M5E2 1 x Biolegend type state state

209Bi CD16 3G8 0.2 Fluidigm type state type

165Ho CD19 HIB19 0.2 Fluidigm type state type

168Er CD206 (MMR) 15-2 0.125 Fluidigm type state state

163Dy CD27 O323 0.3 x Biolegend type type type

141Pr CD3 UCHT1 0.125 Fluidigm type type type

169Tm CD33 WM53 0.125 Fluidigm type state state
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supplemenTary Table 2: conTinued

Metal Protein Clone μL anti-
body used 
per 100μL 
/ 3x106 
cells

In-house 
conjugated

Company Panel 
general

Panel T 
cells

Panel 
NK 
& B 
cells

172Yb CD38 HIT2 0.75 Fluidigm type state type

145Nd CD4 RPA-T4 1 Fluidigm type type state

89Y CD45 HI30 0.2 Fluidigm type type state

148Nd CD5 UCHT2 0.2 x Biolegend type state state

176Yb CD56 (NCAM) HCD56 0.75 Fluidigm type state type

166Er CD64 10.1 0.125 x Biolegend type state state

171Yb CD66b 80H3 0.03125 Fluidigm type state state

146Nd CD8a RPA-T8 0.2 Fluidigm type type state

173Yb HLA-DR L243 0.125 Fluidigm type state state

153Eu TCRgd B1 1.5 x Biolegend type type state

149Sm CD25 (IL-2R) 2A3 0.75 Fluidigm state type state

158Gd CD28 CD28.2 1.5 x Biolegend state type state

144Nd CD31/
PECAM-1

WM59 0.5 Fluidigm state state state

152Sm CD36 5-271 0.125 Fluidigm state state state

150Nd CD39 A1 0.125 x Biolegend state state state

155Gd CD45RA HI100 0.3 x Biolegend state type state

164Dy CD45RO UCHL1 0.75 Fluidigm state type state

174Yb CD49d 9F10 0.125 Fluidigm state state state

170Er CD54 HA58 0.5 Fluidigm state state state

162Dy CD69 FN50 0.3 Fluidigm state type state

154Sm CD86 IT2.2 1.5 x Biolegend state state state

159Tb FoxP3 259D/C7 1 Fluidigm state type state

167Er Gata3 TWAJ 0.75 Fluidigm state state state

161Dy PD1 EH12.2H7 0.375 x Biolegend state type state

175Lu PDL1 29E.2A3 1.5 Fluidigm state state state

160Gd Tbet 4B10 0.75 Fluidigm state state type



186

supplemenTary Table 3: deTails of anTibodies used for mulTiplex immunohisTochemisTry

Antigen Species Dilution Manufacturer Catalog Number

NKp46 (NCR1, CD335) Rabbit 1:100 Abcam Ab214468

Granzyme K Rabbit 1:200 NovusBio NBP2-49387

Collagen IV Rabbit 1:200 Abcam Ab6581

Granzyme B Rat 1:100 Invitrogen 14-8889-82

CD56 Rabbit 1:200 Abcam Ab75813

CD45 Mouse 1:100 Dako M0701
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The choroid plexus is a secretory tissue that forms an immunological hub at the interface 

between the blood and the cerebrospinal fluid (CSF). This thesis aimed to improve our 

understanding of the human choroid plexus in healthy conditions and the neuroinflammatory 

disease progressive multiple sclerosis (MS). In chapter 2, we reviewed the RNA sequencing 

approaches to study the brain barriers, including the blood-CSF barrier at the choroid plexus. 

In chapters 3 and 4, we explored the transcriptomic and secretory alterations associated 

with hypoxia in the choroid plexus from progressive MS donors. Finally, we focused on the 

immune cell composition of the choroid plexus (chapters 5 and 6) and its relation to near-

by periventricular areas of the brain in progressive MS and controls with or without other 

neurological diseases (chapter 6). Together, this thesis highlights the involvement of the 

strategically located choroid plexus in the healthy and pathological functioning of the brain 

(Fig. 1).

Fig. 1: Proposed hypothesis for the involvement of the choroid plexus during MS pathology.  
1) Homeostatic nourishment and immunosurveillance. In health, the choroid plexus contributes to 
brain homeostasis by secreting CSF and regulating constitutive immunosurveillance. Immune cells pop-
ulate the stroma. The blood-CSF barrier at the epithelium regulates the passage of molecules and cells 
from the blood into the CNS. In the brain, myelin sheaths formed by oligodendrocytes insulate the 
neuronal axons, facilitating electrical signalling and proper neuronal function. The blood-brain barrier at 
the capillaries tightly regulates immune trafficking. 2) Active phase of inflammation. In acute phases 
of MS, such as relapsing-remitting MS, inflammatory processes in the brain lead to myelin degradation. 
Two waves of immune cell infiltration occur: directly across the blood-brain barrier and remotely across 
the choroid plexus. The choroid plexus recruits pro-inflammatory CD4+ T cells via the upregulation of 
adhesion molecules such as VCAM1 and ICAM1. The accumulation of T and myeloid cells in the stroma 
leads to swelling of the choroid plexus, while immune cells that cross the blood-CSF barrier infiltrate the 
brain via the permissive ependyma that lines the ventricles. 3) Secondary neuroprotection. In progres-
sive phases of MS, inflammation becomes chronic, and neurodegeneration prevails. The choroid plexus 
shifts to neuroprotection via the secretion of factors and selective recruitment of suppressive immune 
cells. Damage signals from the brain, such as debris, cytokines or ROS, drain to the ventricular CSF and 
reach the choroid plexus. These signals lead to oxidative stress and a state of (virtual) hypoxia at the 
choroid plexus that activates the HIF pathway (chapter 3). The choroid plexus secretes neuroprotective 
proteins into the CSF that may reach the periventricular brain. Once there, they can be beneficial via the 
promotion of oligodendrocyte differentiation, improvement of the blood-brain barrier or anti-apoptotic 
functions. Moreover, in response to inflammation and/or ROS, the choroid plexus produces chemokines, 
such as CXCLs (chapter 3). This leads to the recruitment of granulocytes, particularly neutrophils (chapter 
5), which further contribute to ROS and chemokine production. T cells, particularly the CD8+ subset, also 
accumulate in the choroid plexus (chapter 5). It is unclear if granulocytes and CD8+ T cells migrate to 
the brain. CD56bright NK cells enter the choroid plexus (chapter 6) and migrate through the CSF into the 
periventricular brain (chapter 6), but they also infiltrate locally through the blood-brain barrier. Choroid 
plexus-derived immune cells, such as CD56bright NK cells, CD8+ T cells and granulocytes, may be immuno-
suppressive in the brain of progressive MS patients via their cytotoxic actions against autoreactive T cells.
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secreTory responses of The choroid plexus in MulTiple sclerosis
The choroid plexus is the main producer of CSF, which bathes the central nervous system 
(CNS) and contains nutrients and factors important for homeostasis. Located between the 
CNS and the periphery, the choroid plexus can monitor neurological disturbances and coor-
dinate systemic responses via the CSF. In progressive MS, we observed an upregulation of 
genes coding for secreted proteins associated with neuroprotection (chapter 3). We specu-
late that this constitutes a compensatory mechanism to protect against neurological damage, 
as has been previously reported in mice upon stress [56]. One of the genes upregulated in the 
choroid plexus from MS donors, SERPINE1, codes for the secreted protein PAI-1, which was 
also elevated in the CSF of patients with severe MS. SERPINE1 upregulation was previously 
seen in the brain of Alzheimer’s disease donors [44] and the choroid plexus of Alzheimer’s 
disease and frontotemporal dementia donors [65]. The upregulation of another serpin gene, 
SERPINA3, in the choroid plexus of schizophrenia donors has also been linked to protective 
functions [35]. Thus, PAI-1 secretion by the choroid plexus may be part of a generic response 
to neurological damage rather than a specific feature of MS.

Our observed transcriptomic changes at the choroid plexus did not fully translate into protein 
differences between the CSF of MS patients and controls. This may be due to experimen-
tal limitations, but there are other explanations. Brain atrophy in progressive MS may lead 
to larger CSF volumes, diluting out the protein levels. Alternatively, proteins such as adre-
nomedullin (ADM) or stanniocalcin-2 (STC2) may not be secreted into the CSF but instead 
remain in the choroid plexus, and our results would simply reflect the absence of differences 
in CSF protein concentrations between MS and controls.

Nevertheless, an increase in protective factors in the CSF cannot halt the disease. Complex 
pathological processes occur simultaneously and counteract this beneficial component. Upon 
stress, the choroid plexus neuroprotective response is accompanied by an increase in pro-in-
flammatory cytokines, further contributing to CNS damage [56]. In MS, protective functions 
of the choroid plexus may be similarly constricted by a chronic inflammatory environment. In 
sum, the transcriptome alterations of the choroid plexus in progressive MS highlight a coun-
teractive response via the secretion of neuroprotective peptides.

hypoxia or oxidaTive sTress aT The choroid plexus in MulTiple 
sclerosis
Our RNA-sequencing data (chapter 3) suggests that the choroid plexus from progressive 
MS patients is exposed to hypoxia, to an increase in reactive oxygen species (ROS), or both. 
Using choroid plexus explants, we show that low oxygen levels lead to similar changes to 
those observed in MS donors. However, neuroinflammation-induced ROS at the choroid 
plexus have been linked to MS [9] and other neurological disorders [4,35]. Thus, it remains 
to be determined if exposing choroid plexus explants to ROS would yield similar results to 
hypoxia. 
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We can speculate that the inflammatory environment in the CNS of progressive MS donors 
results in both a build-up of ROS and in an increase in the metabolic demand leading to 
a state of virtual hypoxia at the choroid plexus, similar to what occurs in the brain during 
MS [37,70]. In turn, the choroid plexus upregulates neuroprotective mechanisms such as 
the secretion of protective peptides (chapter 3). However, the choroid plexus may become 
overwhelmed with oxidative damage resulting in mitochondrial DNA deletions [9]. Thus, 
alterations in hypoxic pathways are likely a secondary response instead of a cause of MS, but 
they can further contribute to pathology [9]. 

Although hypoxia has been previously linked to inflammation [12,70], hypoxic precondition-
ing can instead promote neuroprotective responses [68]. Indeed, mild chronic hypoxia is 
beneficial in the animal model for MS experimental autoimmune encephalomyelitis (EAE) 
[18,19,22,23]. The known mechanisms behind this protection include the enhancement of 
vascular integrity and reduced leukocyte infiltration into the CNS [22,23], the promotion of an 
anti-inflammatory environment [19], and the expansion of the vascular network [18]. From a 
therapeutic perspective, bypassing the hypoxic trigger would prevent undesired side effects. 
This can be achieved with hypoxia mimetic drugs [24]. In progressive MS, the hypoxia-induc-
ible factor (HIF) pathway is activated at the choroid plexus (chapter 3) and associated with a 
potentially neuroprotective response, making it a good candidate for such therapies. Inter-
estingly, a phase I-approved drug for MS called VCE-004.8 can activate the HIF pathway and 
ameliorate EAE [49]. VCE-004.8 is a cannabidiol derivative that prevents the degradation of 
HIF-1α, a key transcription factor of the HIF pathway. Treatment of human brain endothelial 
cells with VCE-004.8 induced the gene expression of ADM [49], while intraperitoneal treat-
ment in mice resulted in increased circulating PAI-1 levels [52]. Thus, oral formulations of 
VCE-004.8 may be able to mimic the choroid plexus neuroprotective response to hypoxia by 
acting at the basolateral side of the epithelium, circumventing the problem of drug delivery 
into the CNS. VCE-004.8 is therefore an attractive candidate for peripherally promoting the 
choroid plexus secretion of neuroprotective peptides into the CNS.

Our RNA-sequencing profiling detected higher expression of the lncRNA HIF1A-AS3 in MS 
donors relative to controls (chapter 3). In chapter 4, we describe a preliminary investigation 
of this lncRNA and its role in the HIF pathway. The use of lncRNAs as a therapeutic target 
has raised interest due to their typical inhibitory roles. Antago natural antisense transcripts 
(antagoNATs) aim to inhibit antisense transcripts and thus boost the expression of the sense 
gene. The mechanism of action of antagoNATs can involve RNase H-mediated degradation 
or simply blocking the interactions of the lncRNA. The efficacy of antagoNATs in vivo has 
already been demonstrated [46] and future research may explore the therapeutic potential of 
HIF1A-AS3 to promote neuroprotective responses via the HIF pathway.

lyve1 aT The choroid plexus 
Our transcriptomic approach identified other genes expressed in the choroid plexus poten-
tially involved in MS, such as lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1) 
(chapter 3). LYVE1 is a typical marker for lymphatic endothelial cells. The discovery of 
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lymphatics in the dura layer of the meninges shifted the paradigm of immunosurveillance in 
the CNS [1,40] and prompted us to look for lymphatic vessels at the choroid plexus. However, 
the lack of PROX1 (Fig. 2a), a nuclear lymphatic endothelial marker, suggests that the choroid 
plexus vasculature does not have a lymphatic nature.

LYVE1 is also considered a marker of M2-like resident macrophages [11]. In mice, a subset 
of choroid plexus macrophages expresses LYVE1 (Fig. 2b; [13,47]), including some epiplexus 
cells [13]. Although the protein levels of LYVE1 were similar in MS and control choroid plexus 
(Fig. 2c), LYVE1 can be explored as a choroid plexus-specific macrophage marker with the 
potential to distinguish resident vs infiltrated macrophages. However, we have experienced 
difficulties in finding a LYVE1 antibody with a specific signal in the human choroid plexus, and 
this technical issue must be solved before further explorations.

Fig. 2: The choroid plexus lacks a lymphatic vasculature but contains LYVE1+ macrophages.  
a PROX1 is absent from the choroid plexus in a mouse brain. Anti-PROX1 (Reliatech, #102-PA32) stains 
the nuclei in the dentate gyrus but is absent from the choroid plexus. Scale bar is 1 mm. b LYVE1 is 
expressed in a subset of choroid plexus macrophages in a mouse brain. White arrowheads point to 
LYVE1+ CD11b+ macrophages; white arrow points to a LYVE1- CD11b+ macrophage. Anti-LYVE1 (Novus 
Biologicals, #NB100-725), anti-CD11b (Biolegend, #1012011). 40 um-thick brain slices. Scale bar is 25 
µm. c Western blot of LYVE1 expression in choroid plexus samples from progressive MS and control 
donors. Skin and brain were included as positive and negative controls, respectively. Anti-LYVE1 (Novus 
Biologicals, #NB100-725) and Anti-α-tubulin (Cedarlane, #CLT9002). Boxplot shows LYVE1 intensi-
ty normalised to tubulin in the choroid plexus samples. Wilcoxon rank-sum exact test (not normally  
distributed).
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Fig. 3: The choroid plexus presents a higher expression of 
neutrophil chemoattractant genes in progressive MS vs con-
trol donors. Normalised reads of a selection of genes coding for 
neutrophil chemoattractants in controls (n = 6) and progressive 
MS (n = 5, excluding the highly inflammatory sample MS1). Data 
from chapter 3. Adjusted p-values are shown. The expression of 
CXCL8 is significantly different between the groups (log2FC  = 
2.42; adjusted p-value = 0.001).

Our encounter with LYVE1+ macrophages evidenced the lack of knowledge about the 
immune landscape in the human choroid plexus and motivated its investigation in the sub-
sequent chapters. 

The choroid plexus iMMune landscape
Throughout this thesis, we used a variety of techniques to characterise the immune landscape 
of the human choroid plexus. Our RNA-sequencing study (chapter 3) revealed a potential 
involvement of granulocytes in MS via the chemoattractant CXCL2. Our immunohistochem-
ical study (chapter 5) provided a detailed characterization of the density and location of 
immune cells within the choroid plexus, confirming the accumulation of granulocytes, but 
also T cells, in progressive MS. Finally, our mass cytometry study (chapter 6) explored the 
relations between the immune profile of the choroid plexus and that of periventricular areas 
in MS and drew attention to natural killer (NK) cells.

Granulocytes in the choroid plexus of progressive MS patients
Granulocytes are innate immune cells that travel rapidly to the site of infection to phagocy-
tose pathogens and secrete granules, ROS, cytokines and extracellular “traps”. Granulocytes 
also participate in adaptive immunity by recruiting, suppressing or activating myeloid cells 
and T cells  [8,39]. Neutrophils are the most abundant type of granulocytes. 

The choroid plexus can secrete neutrophil-attracting chemokines both apically and basolater-
ally [67], which is required for neutrophils to migrate into the brain ventricles. The expression 
of the neutrophil chemoattractant gene CXCL2 was higher in progressive MS donors relative 
to controls (chapter 3). This likely results in the observed accumulation of neutrophils in the 
choroid plexus stroma and partly in the epithelium from progressive MS donors (chapter 5). 
Several cytokines may contribute to the recruitment of granulocytes to the choroid plexus 
[67]. Although one donor drives the observed upregula-
tion of CXCL2 in MS (chapter 3), when removed from the 
analysis, another neutrophil chemokine gene (CXCL8) is 
significantly upregulated. The same trend is maintained for 
CXCL1 and CXCL2 (Fig. 3). Although the CSF from pro-
gressive MS and control donors has similar concentrations 
of CXCL1 and CXCL2 [38], local expression at the choroid 
plexus may suffice for neutrophil recruitment.
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We speculate that, in progressive MS, the choroid plexus chronically produces chemokines 
leading to a slight but steady infiltration of neutrophils. Neutrophil chemoattractants may 
accumulate as a result of chronic inflammation. Infiltrated neutrophils further contribute to 
chemokine production, ROS secretion and oxidative stress. Future studies may unravel the 
relationship between inflammatory signals, infiltrating neutrophils and ROS in progressive 
MS. Interestingly, the expression of CEACAM8 (coding for the granulocyte marker CD66b) 
was downregulated in the choroid plexus of Alzheimer’s disease donors [65]. The contrast 
of these two diseases highlights the inflammatory component of MS and the specific role of 
granulocytes in MS pathology. 

The role of granulocytes in MS pathology is not clear yet. Despite their known pro-inflamma-
tory functions, a recent study showed that infiltrating neutrophils are protective in EAE [32], 
in line with the T cell suppressive function observed in vitro [79]. It remains unclear if neutro-
phils infiltrating through the choroid plexus are also protective in progressive MS. Although 
choroid plexus granulocytes did not express MHCII (chapter 5), they may interact with the 
local immune populations in other ways, including cross-presenting antigen or secreting 
immunosuppressive signals  [32,79]. The isolation of choroid plexus granulocytes may be 
complicated due to their low frequency but would allow studying these interactions in vitro. 
Alternatively, the pro- or anti-inflammatory profile of choroid plexus granulocytes could be 
investigated by multiplex immunohistochemistry.

In sum, our findings suggest an involvement of granulocytes and, more specifically, neutro-
phils at the choroid plexus in progressive MS, but their functions and migration patterns are 
still largely unknown.

CD8+ T cells in the choroid plexus of progressive MS patients
T cells are an important player in MS. In chapter 5, we report an accumulation of CD8+ T cells 
in the choroid plexus of MS donors. While CD8+ T cells predominate in MS lesions [43], the 
CD4+ subset is enriched in the CSF [51]. Therefore, choroid plexus CD8+ T cells may reside in 
the stroma instead of migrating into the CNS via the CSF. 

Determining the role of choroid plexus CD8+ T cells in MS is challenging. This could be a 
memory population reminiscent of previous inflammation, or it may play an active immu-
nological role in MS pathology. The high cytotoxicity of CD8+ T cells could be detrimental 
when directed towards CNS cells or immunosuppressive—and thus protective—when target-
ed towards myelin-specific CD4+ T cells [3,61,62]. A better understanding of the phenotype 
and dynamics of CD8+ T cells in the choroid plexus will clarify implications for MS pathology. 

Natural killer cells in the choroid plexus
In chapter 6, we revealed the local accumulation of CD56bright NK cells in MS periventricular 
pathology. The relative contribution of the blood-brain and blood-CSF barriers was indi-
rectly assessed by studying immune cells from post-mortem blood and choroid plexus from 
the same donors, respectively. Circulating CD56bright NK cells from MS donors presented an 
activated and migratory phenotype, indicating their potential to infiltrate into the inflamed 
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brain. At the choroid plexus, we detected by immunohistochemistry that CD56bright NK cells 
are more abundant in MS donors than in controls. We speculate that CD56bright NK cells acti-
vated in the periphery infiltrate the brain directly via the blood-brain barrier and indirectly via 
the choroid plexus and CSF. Tracking of NK cells in acute and chronic animal models for MS 
may clarify the relative contribution of the brain barriers to NK cell infiltration into the CNS. 

We postulate that NK cell infiltration is a response mounted in progressive MS to suppress 
neuroinflammation. We base this on a) the specific enrichment of the CD56bright subset (chap-
ter 6), b) clinical data showing the expansion of circulating CD56bright NK cells upon anti-CD25 
MS therapies [5,76], and c) in vitro evidence of the killing capacity of CD56bright NK cells 
against auto-reactive T cells [77]. Future studies may identify the specific and collateral tar-
gets of CD56bright NK cells in MS brain pathology. 

The use of animal models for MS can aid in the understanding of NK cell dynamics and 
functions in brain pathology. However, mouse NK cells do not express CD56. Murine NK cell 
subsets are distinguished based on CD27 expression, but their function does not correlate 
completely with their human counterparts [28]. CD27hi murine NK cells are strong cytokine 
producers with high cytotoxicity; in contrast, this function is typically attributed to the human 
CD56dim subset, although the cytotoxic capacity of human CD56bright NK cells may be under-
estimated [27]. This limitation may partly explain the contradicting results of a beneficial 
[25,80] or detrimental [75] role of NK cell depletion in EAE. Moreover, NK cell knockout mod-
els typically rely on the marker NK1.1, which is also present in other innate lymphoid cells or 
NK T cells [80] and cannot distinguish the different NK cell subsets. The use of non-human 
primate models may partially tackle these limitations, as they present CD56+ and CD56- NK 
cell subsets similar to the human CD56bright and CD56dim NK cells, respectively [30].

The choroid plexus as a port of immune cell migration into the 
CNS
Recent magnetic resonance imaging studies have confirmed that the choroid plexus from MS 
patients is inflamed [33,55] and enlarged [55], in correlation with disease activity [20]. Active 
RRMS patients present a larger choroid plexus than controls, and progressive MS patients 
show a similar trend [55]. In chapters 5 and 6, we studied the density of immune cells at 
the choroid plexus, so a larger volume in MS donors may have led us to underestimate the 
absolute differences in the immune cell counts relative to controls. As a surrogate measure 
of inflammation, Ricigliano et al. [55] used translocator protein positron emission tomogra-
phy and found no differences between progressive MS and control donors. This new in vivo 
evidence is compatible with our post-mortem findings of a lack of myeloid differences (chap-
ter 5). However, these studies emphasize the need to investigate the post-mortem choroid 
plexus from scarce but highly inflammatory RRMS donors and to use new, leukocyte-based 
markers of inflammation in clinical studies of progressive patients.

Immune alterations predominate within the stromal compartment of the choroid plexus, 
as assessed by IHC in chapter 5. Although technical limitations may decrease the chance 
of detecting immune cells in the epithelium, a study of the whole choroid plexus from 
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Alzheimer’s disease donors [65] identified immune alterations that were absent from the iso-
lated epithelium [4]. Still, choroid plexus leukocytes can transiently occupy the epithelium 
on their way toward the CNS as a response to neuroinflammation and neurodegeneration. 
Chapter 6 provides indirect evidence for a contribution of the choroid plexus to the accumu-
lation of CD56bright NK cells in the CSF and lesions of progressive MS patients. 

We postulate that the choroid plexus has a time-dependent immunological role throughout 
MS pathology. The human choroid plexus may accommodate the first waves of neuroinflam-
mation at the onset of MS, as seen in murine EAE involving T cells [53] and in MS involving 
macrophages [55]. At these early stages, the choroid plexus is overrun with infiltrating leu-
kocytes and thus gains volume [55]. As the disease progresses and inflammation becomes 
chronic, inflammation at the choroid plexus would dampen. However, unknown triggers such 
as myelin, cytokines, hypoxia or ROS may contribute to a subtle inflammatory environment, 
sustaining the upregulation of adhesion molecules and chemokines (Vercellino et al. [72]; 
chapter 3) and thereby facilitating leukocyte infiltration (Vercellino et al. [72]; chapters 5 and 
6). This, in turn, would influence periventricular pathology in progressive MS. The functions 
of these infiltrating leukocytes remain unknown, but the choroid plexus has been regarded 
as an “educational gate” [60] that actively recruits and supports pro-resolving immune cells. 
Indeed, this selectivity is in line with the lack of correlation between the choroid plexus size 
and the proportion of certain leukocytes in the blood [20].

Our studies support the view of the choroid plexus as a port of CNS-immunosurveillance, but 
other brain barriers are involved in MS pathology. Lesion-forming immune cells in progressive 
MS mostly infiltrate through the blood-brain barrier [15], while cortical degeneration is accen-
tuated by meningeal inflammation [71]. Moreover, the scarce number of B cells and plasma 
cells in the choroid plexus suggests that those accumulated in the CSF of MS patients may 
originate mostly from the meninges. 

In sum, our findings from chapters 3, 5 and 6 describe the immune composition of the cho-
roid plexus in the absence of neurological disease and reveal the involvement of the innate 
(granulocytes and NK cells) and adaptive (T cells) immune systems at the choroid plexus in 
progressive MS. We postulate that the choroid plexus is a secondary source of immune cells 
in response to the brain’s chronic neuroinflammation. In light of these findings, new questions 
arise: Does choroid plexus inflammation further promote damage or does it drive repair? Do 
choroid plexus-derived immune cells penetrate the brain parenchyma? Are antigen-present-
ing cells in the choroid plexus stroma presenting CNS antigens to T cells? If so, what are the 
antigens and where do these cells drain to? Future research should address these questions 
to elucidate the immune-related functions of the choroid plexus and how they can be mod-
ulated in disease. 

sTrucTural inTegriTy of The choroid plexus in progressive Ms
The choroid plexus is a highly organised structure consisting of a vascularised stroma envel-
oped by a tight epithelium. Structural alterations of the choroid plexus have been described 
in neurological disease [10,57,59,65], including progressive MS [36], as summarized in Table 1 
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from the General Introduction. As discussed above, the choroid plexus is enlarged in RRMS 
as a result of inflammation. In progressive MS, lower levels of the tight junction protein clau-
din-3 have been reported in the choroid plexus epithelium relative to controls [36]. However, 
compensatory mechanisms by other claudins may occur [17], and the structural and function-
al implications of this alteration are unclear. Our data from chapter 3 indicates a lack of major 
structural damage in the blood-CSF barrier of progressive MS donors. Leukocyte infiltration 
can still occur, as it was shown that tight junctions remain intact upon paracellular migration 
of neutrophils across the choroid plexus epithelium [67].

a criTical look aT The MeThods eMployed

Choroid plexus heterogeneity
There are four choroid plexuses in the CNS, located in each of the brain ventricles. In this 
thesis, we have focused on lateral choroid plexuses. Their bigger size and easier accessibil-
ity make them a common choice when investigating the choroid plexus. This facilitates the 
comparison of our studies with the literature but leaves the third and fourth human ventricle 
choroid plexuses unexplored. Studies in rodents have revealed the transcriptional, cellular 
and secretory heterogeneity among the different choroid plexuses [13,41], which seems to 
be conserved in humans [41]. Epithelial cells are among the most regionalised cell types, pos-
sibly leading to secretome differences [13]. The question remains whether the same immune 
and secretory alterations observed in the lateral choroid plexus of progressive MS patients 
also occur in the third and fourth choroid plexuses. 

Heterogeneity also occurs within each choroid plexus: epithelial cells form a continuum of 
maturation with the less differentiated brain ependyma, while the vasculature presents arte-
rio-venous zonation [13]. This may confound our immunohistochemical studies, as we could 
not select the same region among all samples. Moreover, the choroid plexus contains epithe-
lial and endothelial cells, immune cells (Vercellino et al. [72] and chapter 5), pericytes [13,34], 
smooth muscle actin positive cells [13], fibroblasts [13], neural and glial cells [13]. Regional 
diversity within the choroid plexus may determine secretory and migratory patterns, and their 
elucidation may improve our understanding of the choroid plexus. 

Studying human CNS tissue
In this thesis, we extensively used human post-mortem CNS tissue. These are precious sam-
ples that provide insight into the pathology but are not exempt from limitations. Post-mortem 
human tissue can only show a snapshot of a dynamic pathological process. Moreover, several 
comorbidities typically coexist by the time of death. Peripheral infections may affect the 
inflammatory status of the choroid plexus, while psychological diseases are associated with a 
differential inflammatory profile in the choroid plexus [16]. This increases variability and may 
hinder subtle differences. MS-specific treatments can further confound the results. However, 
RRMS and progressive MS patients under immunosuppressive treatment still presented an 
enlarged choroid plexus relative to healthy controls [55]. In sum, despite limitations, using 
human post-mortem tissue provides valuable information on disease pathology.
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Bulk vs single-cell techniques
We have employed a range of techniques to better understand the human choroid plexus 
throughout this thesis. In chapter 3, we screened transcriptomic alterations at the choroid 
plexus of progressive MS donors with bulk RNA-sequencing. The identification of secretion-re-
lated genes led us to focus on the epithelium. However, the predominance of epithelial cells 
within the choroid plexus may have prevented the detection of changes in less abundant cell 
populations. Moreover, protein validation within the choroid plexus tissue at the cellular level 
proved tricky. As discussed in chapter 2, more recent single-cell sequencing technologies 
would reduce the bias towards abundant cells, simultaneously revealing the identity of the 
affected cell types. We expect that future studies investigating single-cell gene expression at 
the human choroid plexus in the context of MS may reveal new subtle alterations. However, 
the choroid plexus is a tough tissue to digest (Dani et al. [13]; Yang et al. [78]; chapter 6), and 
only approaches like single-nucleus RNA-sequencing—that provide a proxy of the transcrip-
tome from individual cells [21]—may be feasible at the choroid plexus.

To study the immune landscape at the choroid plexus, we used two different approaches: 
immunohistochemistry (IHC) and mass cytometry by time of flight (CyTOF). The dense vas-
cularisation of the choroid plexus leads to high numbers of circulating immune cells relative 
to other tissues such as the brain. IHC allowed us to determine the location of the cells and 
exclude those in the circulation. Although it is a low throughput technique, multiplex panels 
(chapter 6) are increasingly common and can tackle this limitation. The higher dimension-
ality of CyTOF (chapter 6) permits a wider screening, but our results were confounded by 
circulating immune cells. Technically, this could be prevented by the perfusion of the tissue 
before isolation or by the use of residency vs circulatory markers, but these have to be further 
developed.

Modelling the BCSBF
In vitro models of the choroid plexus epithelium have enabled scientists to study permeabil-
ity and immune cell trafficking across the blood-CSF barrier [50,54,58,74]. However, to fully 
model the choroid plexus epithelium in vitro, cells should form a polarised monolayer kept 
together by adherens and tight junctions, with low permeability but a functional expression 
of specific transporters. Current models are either cell lines that lack some of the properties 
from the original tissue—the human choroid plexus papilloma (HIBCPP) cell line originates 
from a malignant papilloma—or primary cells from species other than human—murine [73], 
porcine [2,26] and non-human primate [14]. To our knowledge, there are no published pro-
tocols for the isolation and culture of epithelial cells from the human choroid plexus. The 
company ScienCell offers such primary cells (Catalog #1310) but does not provide a valida-
tion or isolation protocol. Although their purity was demonstrated recently [69], these cells 
do not display the typical cobblestone-like appearance and come at a high cost. 

In chapter 3, we used a common model for human choroid plexus epithelial cells. HIBCPP 
cells establish a functional barrier but lack contact inhibition and a cobblestone-like appear-
ance [31,54]. Using whole choroid plexus explants, we saw that many genes with higher 
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Fig. 4: Epithelial cells can be isolated from human postmortem choroid plexus. Briefly, the whole 
isolated choroid plexus was washed with cold PBS and incubated with Trypsin-EDTA (0.25%). Then, 
the supernatant enriched in epithelial cells was collected and washed. A cytospin was prepared and 
the smears of cells were stained to assess purity. Cells were fixed in 4% paraformaldehyde for 10 min 
and permeabilised with 0.1% PBS-Tween20. Cells were stained with anti-actin as a cytoskeletal marker 
(#A12379 diluted 1:400); anti-cytokeratin 18 as an epithelial marker (CK18, #ab133263 diluted 1:50) and 
anti-CD45 as an immune cell marker (#M0701 diluted 1:100). 

expression in MS vs control choroid plexus were also upregulated in hypoxia. However, 

HIBCPP cells only upregulated ADM in response to hypoxia but not SERPINE1 or STC2. A 

primary culture of choroid plexus epithelial cells could be used to determine whether epi-

thelial cells alone can mimic the observed responses to hypoxia or, as our experiments with 

HIBCPP cells suggest, these can also take place at the stroma. For this purpose, we have 

set out to establish a protocol to isolate epithelial cells from post-mortem choroid plexus 

(Fig. 4); however, the culture should be optimised to promote plating efficacy and obtain a 

primary human in vitro model. This model would also be useful to study the transmigration 

of NK cells, T cells or granulocytes upon different stimuli such as cytokines, ROS or debris. 

HIBCPP cells constitutively express ICAM1 [50], which is absent from the normal human cho-

roid plexus epithelium and only present upon neurological insult [29]. Therefore, a publicly 

available protocol for the primary cell culture of human choroid plexus epithelial cells could 

be a valuable tool for brain barrier researchers to study the secretory, barrier and immune 

properties of the choroid plexus.
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iMplicaTions of This Thesis for MulTiple sclerosis paTienTs

Understanding of MS aetiology and pathology
The aetiology of MS remains unknown. The knowledge gathered on the highly inflammatory 

RRMS type creates a bias towards the outside-in model. This views MS as a primarily autoim-

mune disease and distracts us from studying the underlying cytodegeneration occurring in 

chronic, progressive phases, more in line with the inside-out model [66]. In this thesis, we have 

investigated the role of the choroid plexus in secondary and primary progressive MS donors. 

We used post-mortem tissue from donors who have suffered from MS for many years, so we 

cannot speculate on the origins of the disease. Instead, this thesis helps in understanding the 

response of the choroid plexus to MS pathology. Moreover, the chronicity of progressive MS 

may better align with other classical neurological diseases. As discussed above, we detected 

similarities between the choroid plexus secretory responses to progressive MS and other 

diseases such as Alzheimer’s disease, frontotemporal dementia and schizophrenia [35,44,65]. 

In chronic diseases, neuroinflammation and neurodegeneration within the CNS can trigger 

the secretory, neuroprotective and immune responses that we observe in the choroid plexus. 

Contrarily, choroid plexus alterations in RRMS patients may involve more acute inflammation 

[53]. Thus, the involvement of the choroid plexus in MS may show a multi-phasic behaviour 

consisting of an active role in early neuroinflammation and a secondary protective response 

to CNS damage in progressive phases (Fig. 1).

The future of MS therapies from the perspective of the choroid 
plexus: neuroprotective and regenerative therapies
In progressive MS, neurodegeneration predominates over immune cell infiltration [15]. We 

and others speculate that it is precisely in this MS stage that neuroprotective and regenera-

tive therapies could shine, combined with anti-inflammatory drugs [15,45]. 

The choroid plexus is strategically located to influence brain pathology via the flow of CSF. 

The choroid plexus can respond to damage either in a compensatory, neuroprotective way 

or, if failure occurs, by further amplifying the CNS damage. Thus, once neuroinflammation is 

harnessed by conventional therapies, MS patients may benefit from therapeutically boosting 

the neuroprotective functions of the choroid plexus. This may involve accelerating its intrinsic 

secretory properties with certain drugs (such as VCE-004.8 [49]) or viral vectors [64]), or by 

supplementing the patient with additional choroid plexus healthy tissue through transplanta-

tion [63]. Transplants of choroid plexus epithelial cells have proven effective in animal models 

of neurological disease [6,7,42]. However, although well-tolerated, their clinical translation 

has not been successful to date [48]. In sum, the development of choroid plexus-targeted 

therapies could help promote the survival and health of viable neurons and restore damaged 

neuronal circuitry in neuropathological conditions like progressive MS.
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general conclusions
Throughout this thesis, we have aimed to improve our understanding of the human choroid 
plexus in the context of progressive MS. We characterised the choroid plexus immune land-
scape and described secretory and immunological alterations that may constitute a response 
to CNS pathology. We propose that the strategic location and functions of the choroid plexus 
make it an ideal candidate for therapeutically promoting neuroprotection and CNS repair in 
neurological diseases.
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The choroid plexus is a tissue located in the brain ventricles with secretory, immunological 
and barrier functions in the central nervous system (CNS). The choroid plexus is highly vas-
cularized and produces cerebrospinal fluid (CSF) that nourishes and protects the CNS. The 
choroidal stroma is surrounded by a layer of epithelial cells forming an interface with the 
periphery known as the blood-CSF barrier (BCSFB). Immune cells densely populate the cho-
roid plexus. These consist mainly of myeloid cells but also lymphocytes and can reside in the 
stroma, in the epithelium, or traffic in and out of the CNS. The choroid plexus can be seen as 
a watchtower of the brain. Its strategic position facilitates the monitoring of signals from the 
CSF and the subsequent response to neurological damage. 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the CNS that affects 
2.8 million people worldwide. In MS, inflammatory processes destroy the myelin sheaths 
around neuronal axons. Damaged axons and inflammation eventually lead to neuronal death, 
particularly in progressive phases of the disease. MS lesions frequently occur in periventricu-
lar regions of the brain bathed by the CSF. The choroid plexus, as the primary producer of 
CSF and a barrier for immune cell trafficking, may have a role in MS pathology. However, an 
in-depth characterization of the choroid plexus and its potential alterations in progressive MS 
was lacking and is the topic of this thesis. 

Sequencing technologies are a powerful tool to screen the transcriptome. In chapter 2, we 
review the knowledge and guidelines for using RNA-sequencing in brain barrier research. 
In chapter 3, we performed RNA-sequencing at the choroid plexus to unbiasedly explore 
possible secretory, immune and structural changes in progressive MS. We discovered altera-
tions related to hypoxia, secretion and neuroprotection, but only subtle immunological and 
no barrier changes. A subset of the genes upregulated in progressive MS code for secreted 
proteins, such as PAI-1, ADM and STC2. These proteins have been assigned neuroprotective 
properties and may reach the brain via the flow of CSF. In line with this, we found that MS 
patients with more severe disease had higher levels of PAI-1 in their CSF relative to those 
with milder MS.

Several of the genes upregulated in progressive MS belong to the hypoxia-inducible factor 
(HIF) pathway (chapter 3). The HIF pathway promotes cell survival in low oxygen conditions. 
The exposure of choroid plexus explants to hypoxia resulted in a similar transcriptional profile 
to that seen in progressive MS. However, damage signals such as reactive oxygen species 
may also contribute to the hypoxia responses at the choroid plexus. Thus, in progressive MS, 
a state of (virtual) hypoxia at the choroid plexus may activate the HIF pathway, leading to the 
secretion of neuroprotective factors. 

Moreover, our sequencing study detected a higher expression of HIF1A-AS3, a long non-cod-
ing RNA antisense of the HIF1A gene, in the choroid plexus from progressive MS donors 
relative to that of controls. In chapter 4, we set out to unravel the role of HIF1A-AS3 in the 
HIF pathway. Our initial results suggest that HIF1A-AS3 is a target gene of the transcription 
factor HIF-1ɑ that exerts negative feedback control over the HIF pathway. We speculate that 
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targeting the HIF pathway at the choroid plexus of progressive MS patients could promote 
neuroprotective secretory responses that boost CNS repair.

Inflammation has also been reported at the choroid plexus in MS. However, our sequenc-
ing study only detected the upregulation of one inflammation-related gene in progressive 
MS donors. This highlighted the lack of knowledge on the human choroid plexus immune 
landscape, so we set out to investigate it in chapters 5 and 6. First, we characterized the 
density and location of the main immune cell populations at the choroid plexus with immu-
nohistochemistry. Both in progressive MS donors and non-neurological controls, we found 
macrophages and dendritic cells abundantly populating the stroma (chapter 5). These anti-
gen-presenting cells were often close to T cells, suggesting constitutive immunosurveillance. 
In progressive MS, CD8+ T cells, granulocytes, and CD56bright natural killer (NK) cells accumu-
lated in the choroid plexus (chapters 5 and 6). The higher density of granulocytes, mostly 
neutrophils, may be related to the upregulation of the neutrophil chemoattractant CXCL2 
and other chemokines in progressive MS (chapter 3). Choroid plexus immune cells can 
influence periventricular regions of the brain locally –after migration across the BCSFB– or 
remotely –by the secretion of cytokines from the choroidal stroma. Using mass cytometry, we 
investigated the immune populations in the periventricular brain, choroid plexus and blood 
from MS donors and controls with or without neurological disease (chapter 6). We detected 
a CD56bright NK cell signature in the brain of progressive MS donors. Circulating CD56bright NK 
cells presented an activated and migratory phenotype suggesting direct and indirect infiltra-
tion through the blood-brain and blood-CSF barriers, respectively. 

The functional consequences of choroid plexus inflammation in progressive MS remain 
unknown, but CD8+ T cells, granulocytes and CD56bright NK cells are potent cytotoxic cells. 
While cytotoxicity can be detrimental to the CNS, immune cells infiltrating through the cho-
roid plexus may target autoreactive lymphocytes. Thus, in progressive MS, the choroid plexus 
may act as a port for immunosuppressive cells into the CNS.

In sum, this thesis broadens the knowledge of the human choroid plexus in health and 
disease. We have provided a comprehensive overview of the choroid plexus immune popu-
lations. Moreover, we uncovered secretory and immunological alterations in progressive MS 
that can influence periventricular pathology. We hope that our findings will help initiate the 
development of choroid plexus-targeting therapies that boost neuroprotection and promote 
repair in neurological diseases like MS.
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O plexo coroideo é un tecido situado nos ventrículos cerebrais que ten funcións secretoras, 
inmunolóxicas e de barreira no sistema nervioso central (SNC). Trátase dun tecido  altamente 
vascularizado que produce líquido cefalorraquídeo (LCR), o cal nutre e protexe o SNC. O 
estroma do plexo coroideo está rodeado por unha capa de células epiteliais que forman unha 
interface coa periferia coñecida como a barreira sangue-LCR (BSLCR). O plexo coroideo está 
densamente poboado por células inmunitarias, principalmente mieloides pero tamén linfoci-
tos, que poden residir no estroma, no epitelio, ou entrar e saír do SNC. Polo tanto, o plexo 
coroideo pode verse como unha atalaia do cerebro que, dende a súa posición estratéxica, 
facilita a detección de sinais do LCR e a subsecuente resposta ao dano neurolóxico.

A esclerose múltiple (EM) é unha enfermidade crónica, inflamatoria e desmielinizante do 
SNC que afecta arredor de 2,8 millóns de persoas en todo o mundo. Na EM, procesos 
inflamatorios destrúen as vaíñas de mielina arredor dos axóns neuronais. Os axóns danados 
e a inflamación conducen á morte neuronal, especialmente nas fases progresivas da enfer-
midade. As lesións da EM ocorren con frecuencia en rexións periventriculares do cerebro, 
bañadas polo LCR. O plexo coroideo, como principal produtor de LCR e barreira para o 
tráfico de células inmunitarias, pode estar implicado na patoloxía da EM. Porén, faltaba unha 
caracterización en profundidade do plexo coroideo e das súas posibles alteracións na EM 
progresiva, o cal é o tema desta tese.

As tecnoloxías de secuenciación son unha ferramenta poderosa para examinar o transcrip-
toma. No capítulo 2, revisamos os coñecementos e as pautas para usar a secuenciación 
de ARN na investigación das barreiras cerebrais. No capítulo 3, realizamos secuenciación 
de ARN no plexo coroideo para explorar de forma imparcial posibles cambios secretores, 
inmunolóxicos e estruturais na EM progresiva. Descubrimos alteracións relacionadas coa 
hipoxia, a secreción e a neuroprotección, pero apenas sutís cambios inmunolóxicos e ningún 
na barreira. Un subconxunto dos xenes regulados positivamente na EM progresiva codifican 
para proteínas secretadas, como PAI-1, ADM e STC2. Certos estudos atribuíron propiedades 
neuroprotectoras a estas proteínas, que poden chegar ao cerebro a través do fluxo de LCR. 
En consonancia con iso, descubrimos que os pacientes con EM máis grave tiñan niveis máis 
altos de PAI-1 no LCR en comparación con aqueles cunha patoloxía máis leve.

Varios xenes regulados positivamente na EM progresiva pertencen á vía do factor inducible 
pola hipoxia (HIF) (capítulo 3). A vía HIF promove a supervivencia celular en condicións 
de déficit de osíxeno. A exposición de explantes do plexo coroideo a hipoxia deu lugar 
a un perfil transcripcional similar ao observado na EM progresiva. Non obstante, os sinais 
de dano, como as especies reactivas do osíxeno, tamén poden contribuír ás respostas de 
hipoxia no plexo coroideo. Así, na EM progresiva, un estado de hipoxia (virtual) no plexo 
coroideo pode activar a vía HIF, levando á secreción de factores neuroprotectores.

Ademais, o noso estudo de secuenciación detectou unha maior expresión de HIF1A-AS3, 
un ARN longo non codificador na cadea antisentido do xene HIF1A, no plexo coroideo de 
doantes con EM progresiva en comparación co dos controis. No capítulo 4, propuxémonos 
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desvelar o papel de HIF1A-AS3 na vía HIF. Os nosos resultados iniciais suxiren que HIF1A-AS3 
é un xene albo do factor de transcrición HIF-1ɑ que exerce un control de retroalimentac-
ión negativa sobre a vía HIF. Especulamos que modificar a vía HIF no plexo coroideo dos 
pacientes con EM progresiva podería promover respostas secretoras neuroprotectoras que 
potencien a reparación do SNC.

A inflamación no plexo coroideo foi descrita previamente na EM. Porén, o noso estudo de 
secuenciación só detectou a regulación positiva dun xene relacionado coa inflamación en 
doantes con EM progresiva. Isto puxo de manifesto a falta de coñecemento sobre a paisaxe 
inmune no plexo coroideo humano, polo que nos propuxemos investigala nos capítulos 5 
e 6. En primeiro lugar, caracterizamos a densidade e localización das principais poboac-
ións de células inmunitarias no plexo coroideo mediante inmunohistoquímica. Tanto en 
doantes con EM progresiva como en controis sen enfermidades neurolóxicas, atopamos 
macrófagos e células dendríticas poboando abundantemente o estroma (capítulo 5). Estas 
células presentadoras de antíxenos adoitaban estar próximas ás células T, o que suxire unha 
inmunovixilancia constitutiva. Na EM progresiva, as células T CD8+, os granulocitos e as 
células asasinas naturais con expresión alta de CD56 (coñecidas como CD56bright NK cells) 
acumúlanse no plexo coroideo (capítulos 5 e 6). A maior densidade de granulocitos, na 
súa maioría neutrófilos, pode estar relacionada coa regulación positiva do quimioatraente 
de neutrófilos CXCL2 e outras quimiocinas na EM progresiva (capítulo 3). As células inmu-
nitarias do plexo coroideo poden influír nas rexións periventriculares do cerebro de forma 
local –despois da migración a través do BCSFB– ou remotamente –mediante a secreción 
de citocinas do estroma coroideo. Usando citometría de masas, investigamos as poboac-
ións inmunitarias no cerebro periventricular, no plexo coroideo e no sangue de doantes 
con EM e controis con ou sen enfermidades neurolóxicas (capítulo 6). Detectamos unha 
sinatura de células CD56bright NK no cerebro de doantes con EM progresiva. As células san-
guíneas CD56bright NK presentaron un fenotipo activado e migratorio que suxire infiltración 
directa e indirecta a través das barreiras hematoencefálica e sangue-LCR, respectivamente. 
Aínda que descoñecemos as consecuencias funcionais da inflamación do plexo coroideo na 
EM progresiva, as células T CD8+, os granulocitos e as células CD56bright NK son potentes 
células citotóxicas. Aínda que a citotoxicidade pode ser prexudicial para o SNC, as células 
inmunolóxicas que se infiltran a través do plexo coroideo poden dirixirse aos linfocitos autor-
reactivos. Así, na EM progresiva, o plexo coroideo pode actuar como un porto para as células 
inmunosupresoras no SNC.

En suma, esta tese amplía o coñecemento do plexo coroideo humano en condicións de saúde 
e enfermidade. Ofrecemos unha visión xeral das poboacións inmunes do plexo coroideo. 
Ademais, descubrimos alteracións secretoras e inmunolóxicas na EM progresiva que poden 
influír na patoloxía periventricular. Agardamos que os nosos descubrimentos axuden a iniciar 
o desenvolvemento de terapias dirixidas ao plexo coroideo que potencien a neuroprotec-
ción e promovan a reparación de enfermidades neurolóxicas como a EM.



215

A
ppen

d
ic

es

saMenvaTTing
De plexus choroideus is een stukje hersenweefsel in de ventrikels met verschillende functies 
voorde optimale werking van het centrale zenuwstelsel (CZS). De belangrijkste functie van 
dit sterk gevasculariseerde weefsel is de productie van hersenvocht (ook wel liquor cerebro-
spinalis of CSF genoemd) die het CZS voedt en beschermt. Daarnaast is het stroma van de 
plexus choroideus omgeven door een laag epitheelcellen die een barrière vormt met de 
periferie welke bekend staat als de bloed-CSF-barrière (BCSFB). Naast de epitheel cellen zijn 
er ook veel immuun cellen te vinden in de plexus choroideus. Dit zijn   voornamelijk myeloïde 
cellen en lymfocyten, die zowel in het stroma, maar ook dichtbij of tussen het epitheel zich 
kunnen bevinden en o.a. de plexus choroideus gebruiken om het CZS in en uit te kunnen 
gaan. Daarom wordt de plexus choroideus ook gezien als een soort poortwachter van de 
hersenen omdat de strategische positie het monitoren van signalen van zowel het CSF als de 
periferie vergemakkelijkt, en het daardoor goed kan reageren op veranderingen die bijvoor-
beeld optreden bij neurologische schade.

Multiple sclerose (MS) is een chronische inflammatoire en demyeliniserende ziekte van het 
CZS die wereldwijd 2,8 miljoen mensen treft. Bij MS komen grote aantallen cellen van het 
immuun systeem het CZS binnen en zorgen voor schade aan de myeline-omhulsels rondom 
de uitlopers van zenuwcellen. Dit leidt tot een beschadigingen van deze zenuw uitlopers, 
waardoor deze niet goed hun signalen kunnen overbrengen en zelfs uiteindelijk afsterven, 
iets wat vooral in progressieve fases van de ziekte gebeurt. Zulke MS-ontstekingen (ook wel 
MS-laesies genoemd) komen vaak voor gebieden rondom de ventrikels die in nauw contact 
staan met het hersenvocht. Daardoor denken wij dat de plexus choroideus, als de primaire 
producent van het hersenvocht en als regulator van immuun cel migratie,  een belangrijke rol 
kan spelen gedurende de MS-pathologie. Een diepgaande karakterisatie van de plexus cho-
roideus en mogelijke veranderingen ervan in progressieve MS ontbrak echter tot op heden 
en is het onderwerp van dit proefschrift.

Sequentietechnologieën zijn een krachtig hulpmiddelen om het transcriptoom in kaart te 
brengen. In hoofdstuk 2 bespreken we de kennis en richtlijnen voor het gebruik van RNA-
seq in hersenbarrièreonderzoek. In hoofdstuk 3 hebben we RNA-seq uitgevoerd op de 
plexus choroideus om mogelijke secretoire, immuun- en structurele veranderingen in de 
hersenen van progressieve MS patiënten te onderzoeken. We ontdekten veranderingen ger-
elateerd aan hypoxie (zuurstof tekort), secretie en neuroprotectie, met daarnaast subtiele 
immunologische veranderingen en geen barrièreveranderingen. Een subset van de genen 
die hoger tot expressie komen in progressieve MS codeert voor uitgescheiden eiwitten, zoals 
PAI-1, ADM en STC2. Deze eiwitten hebben neuroprotectieve eigenschappen en kunnen de 
hersenen bereiken via het hersenvocht. Daarnaast hebben we gevonden dat MS-patiënten 
met een ernstig ziekte verloop een hogere hoeveelheid van PAI-1 in hun hersenvocht hadden 
ten opzichte van MS-patiënten met een milder ziekteverloop.

Verschillende genen die hoger tot expressie komen in progressieve MS behoren tot de 
hypoxie-induceerbare factor (HIF) route (hoofdstuk 3). De HIF-route bevordert de overleving 
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van cellen als er weinig zuurstof aanwezig is. De blootstelling van stukjes plexus choroide-
us in kweekbakjes aan hypoxie, resulteerde in een transcriptioneel profiel dat vergelijkbaar 
is met het profiel van progressieve MS patiënten. Schadesignalen zoals reactieve zuurstof 
deeltjes kunnen echter ook bijdragen aan de hypoxiereacties in de plexus choroideus. Bij 
progressieve MS kan een toestand van (virtuele) hypoxie in de plexus choroideus dus de HIF-
route activeren, wat leidt tot de afscheiding van neuroprotectieve factoren.

Bovendien detecteerde onze RNA-sequencing studie een hogere mate van expres-
sie van HIF1A-AS3, een lange niet-coderende RNA-antisense van het HIF1A-gen, in de 
plexus choroideus van progressieve MS-donoren in vergelijking met die van controles. In  
hoofdstuk 4 hebben we de rol van HIF1A-AS3 in de HIF-route proberen te ontrafelen. Onze 
eerste resultaten suggereren dat HIF1A-AS3 een doelwit gen is van de transcriptiefactor 
HIF-1ɑ dat een negatieve feedbackcontrole uitoefent over de HIF-route. We speculeren dat 
het moduleren van de HIF-route op de plexus choroideus van progressieve MS-patiënten 
neuroprotectieve secretoire reacties zou kunnen bevorderen die mogelijk het herstel van het 
CZS stimuleren.

Eerdere studies hebben laten zien dat de plexus choroideus ook tekenen van ontsteking 
vertoont tijdens MS. Onze RNA-seq studie detecteerde echter alleen een hogere expressie 
van één ontstekings gerelateerd gen bij progressieve MS. Dit benadrukte het gebrek aan 
kennis over het immunologische landschap van de plexus choroideus, iets wat we verder in 
kaart hebben gebracht in hoofdstuk 5 en 6. Eerst hebben we de dichtheid en locatie van de 
belangrijkste immuuncel populaties in de plexus choroideus gekarakteriseerd met immuno-
histochemie. Zowel bij progressieve MS-donoren als bij niet-neurologische controles vonden 
we dat zowel macrofagen als dendritische cellen het stroma rijkelijk bevolkten (hoofdstuk 5).  
Deze antigeen presenterende cellen bevinden zich vaak dicht bij T-cellen, wat wijst op con-
stitutieve immuun surveillance. Bij progressieve MS hopen CD8+ T-cellen, granulocyten en 
CD56bright natural killer (NK)-cellen zich op in de plexus choroideus (hoofdstukken 5 en 6).  
De hogere dichtheid van granulocyten, meestal neutrofielen, kan verband houden met de 
hogere expressie levels van een stofje dat neutrofielen aantrekt (CXCL2) in progressieve MS 
(hoofdstuk 3). Daarnaast kunnen deze immuun cellen van de plexus choroideus andere 
hersengebieden rondom de ventrikels lokaal beïnvloeden –na migratie over de BCSFB– of 
op afstand –door de afscheiding van cytokinen uit het stroma. Met behulp van een speciale 
techniek (CyTOF) hebben we de immuun populaties in de periventriculaire hersen gebieden, 
de plexus choroideus en het bloed van MS-donoren en controles met of zonder neurolo-
gische aandoening onderzocht (hoofdstuk 6). Uit deze studies kwam vooral een specifieke 
CD56bright NK-cel handtekening naar voren. Circulerende CD56bright NK-cellen vertoonden 
een geactiveerd en migrerend fenotype, wat aangeeft dat zij zowel direct als indirecte het 
CZS kunnen infiltratie door respectievelijk de bloed-hersen- en bloed-CSF-barrières.

De functionele gevolgen van een ontstoken plexus choroideus bij progressieve MS blijft tot 
op heden onbekend, maar CD8+ T-cellen, granulocyten en CD56bright NK-cellen zijn krachtige 
cytotoxische cellen. Hoewel cytotoxiciteit aan de ene kant schadelijk kan zijn voor het CZS, 
kunnen immuun cellen die door de plexus choroideus migreren ook zorgen voor de eliminatie 
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van autoreactieve lymfocyten die o.a. bijdragen aan de myeline schade. Bij progressieve MS 
kan de plexus choroideus dus mogelijk fungeren als een poort voor immunosuppressieve 
cellen naar het CZS.

Samenvattend hebben we in dit proefschrift meer inzicht verkregen in de menselijke plexus 
choroideus in gezondheid en ziekte. We hebben een uitgebreid overzicht gegeven van de 
aanwezige immuun populaties alsmede hun veranderingen. Bovendien hebben we secre-
toire en immunologische veranderingen in progressieve MS ontdekt die de pathologie van 
het CZS kunnen beïnvloeden. We hopen dat onze bevindingen zullen helpen bij het initiëren 
van de ontwikkeling van therapieën die gericht zijn op de plexus choroideus om neuropro-
tectie te versterken om zo het herstel van neurologische ziekten zoals MS te bevorderen.
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