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Summary

English summary

Much like firewalls that protect computer networks from attacks, the central nervous system
(CNS) barriers safeguard the brain from harmful substances and invading immune cells.
Specifically, the blood-brain barrier (BBB) and the blood-CSF barrier (BCSFB) protect the brain
from the fluctuating environment of the blood to maintain homeostasis within the CNS, which
is required for proper neuronal functioning. Just as a compromised firewall leaves a computer
system vulnerable to crashes, the disruption of the brain barriers fuels disease progression in
many neurological disorders. This ‘crash’ of the neurological network is present in diseases
like multiple sclerosis (MS) and Alzheimer’s disease (AD). Consequently, the development of
a therapy that aims at restoring the integrity and function of these barriers can limit immune
cell infiltration, reduce neuroinflammation and potentially slow the progression of these
neurological disorders.

Considering the emerging role of the immune system in influencing CNS components, we
focused on the impact of adaptive immune cells on brain barrier integrity. To accomplish this,
we used a mouse model deficient in recombination activating gene 2 (Rag2”-), which lacks
mature T and B cells. Through adoptive transfer experiments in Rag2”- mice, we demonstrated
that the absence of T cells, but not B cells, compromised brain barrier integrity. This finding
was further supported by T and/or B cell depletion experiments in wild type mice.
Furthermore, we specifically identified regulatory T cells (Tregs) as important T cell subset for
the observed effects on the brain barrier integrity. As Tregs are known to secrete interleukin
(IL)-34, we investigated the potential involvement of this cytokine in the modulation of brain
barrier integrity. Our results revealed that IL-34 treatment improved brain barrier integrity
both in vitro and in vivo. Moreover, we showed reduced levels of IL-34 in the plasma of mouse
models for AD and MS. Remarkably, replenishment of IL-34 alleviated the disruption of brain
barriers observed in these AD and MS mouse models. In conclusion, we propose that Tregs
play a significant role in maintaining brain barrier integrity in both healthy and diseased
conditions through the expression of IL-34. These findings contribute to a better
understanding of the intricate relationship between Tregs and brain barrier function, opening
up new possibilities for therapeutic interventions in neurological disorders.



Summary

Rag2”
T cells ) . A
Impaired brain et
barrierintegrity; By
- @ = o = : . ®
f G ) i )
S e ——— ] D
« Leakage :\

[ ) « Tight junctions ' .
Adoptive « Astrocyte endfeet Depletion
transfer sealing capacity

"""""""""""""""" e N
T cells fotnel bialn T cells
o barrier integrity <“:
.o ‘ “ ol o] e @ -0 %
= >
. J/

® (]
® ?
IL-34 —
Finding 1: Tregs impact the brain barrier integrity /
In vitr_o impqct _of IL-34 on In vivoimpact of IL-34 on
brain barrier integrity brain barrier integrity
“ i.v. IL-34 treatment of mice
e Primary ChP cells N\ with barrier disruption
{ ) e ImmCPE cells \
(, ; o HIBCPP cells \
' \ '
« Endotoxemic mice
| i Treatment of e Rag2’mice
’-J barrier cells with o AppM-F mice
Sonopenas). IL-34 ¢ EAE mice
(] (]
®es 00°
oo o]
e ® o
Finding 2: Treatment with IL-34 reverses barrier leakage
v

Conclusion: Tregs impact brain barrier integrity through the secretion of IL-34

)

Graphical summary Rag2, recombination activating gene 2; Treg, regulatory T cell; IL-34, interleukin-34; ChP,
choroid plexus; ImmCPE, murine immortalized ChP epithelial cells; HIBCPP, human malignant ChP papilloma cells;
i.v., intravenous; LPS, lipopolysaccharides; App, amyloid precursor protein; EAE, experimental autoimmune
encephalomyelitis; endotoxemic mice: wild type mice that received an LPS-trigger.
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Part 1: Introduction

Part 1: Introduction

1.1. The brain barriers: the firewall of our neurological network

The central nervous system (CNS) can be compared to a computer network that controls the
body’s functions. It receives input from various sensory organs, processes this information,
and then sends output to control movement and behaviour. Much like a firewall that protects
a computer network from external threats, tightly sealed barriers safeguard the brain from
neurotoxic substances and pathogens. The three main barriers, the blood-brain barrier (BBB),
the blood-cerebrospinal fluid (CSF) barrier (BCSFB) and the blood-arachnoid barrier, are
crucial in separating the CNS parenchyma from the fluctuating environment of the blood (Fig.
1) (Engelhardt et al, 2017). Next to providing a physical barrier, they regulate the selective
passage of molecules in and out of the brain (Cousins et al, 2022; Mastorakos & McGavern,
2019). As a result, the brain is able to maintain a strictly regulated homeostatic environment
required for optimal neuronal functioning (Engelhardt & Sorokin, 2009). Besides the three
main barriers, the CNS compartments of the spinal cord and retina also have specialized
barrier systems, respectively, the blood-spinal cord barrier and the blood-retina barrier.
However, these share a lot of the properties with the main barriers (De Bock et al, 2014).

a Barriers at the surface of the human brain b Blood-brain barrier
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Figure 1: Overview of the barriers in the central nervous system (CNS). (A) The meninges are built up of three
membranes: the dura, arachnoid, and pia mater. Recently, a fourth layer has been described between the
arachnoid and pia mater, the so-called subarachnoidal lymphatic-like membrane (SLYM), but this is still under
debate (Mgllgard et al, 2023). Sheet-like trabeculae span the cerebrospinal fluid (CSF)-filled subarachnoid space
(SAS) that is located in between the arachnoid and pia mater. The arachnoid mater provides a barrier between
the fenestrated blood vessels in the dura mater and the CSF. (B) The blood-brain barrier (BBB) restricts passage
of blood-borne molecules into the CNS parenchyma and consists of specialized endothelial cells, connected via
tight junctions, an endothelial basement membrane (BM), and a glia limitans. The latter is made up of astrocyte
endfeet and a parenchymal BM. At postcapillary venules, the endothelial BM and glia limitans are not fused,
creating a perivascular space. (C) The blood-CSF barrier (BCSFB) restricts the diffusion of molecules from the
blood into the CSF and is located at the choroid plexus (ChP). The barrier consists of tightly connected epithelial
cells. (D) Coronal section of the human brain. MA, meningeal arteries; MV, meningeal veins; ML, meningeal
lymphatics. Figure adapted from (Engelhardt et al, 2017).
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Part 1: Introduction

1.1.1. The blood-brain barrier

The brain is a highly metabolically active organ that requires a continuous supply of oxygen
and glucose (Raichle & Gusnard, 2002). Unlike some other organs, the brain does not have its
own energy reserves to meet these high demands. Therefore, energy is provided through an
extensive network of brain vasculature. The BBB is found within this extensive vascular
network and is composed of specialized endothelial cells that line the lumen of the brain
capillaries (Fig. 1B). These endothelial cells are unique in that they are tightly sealed by tight
junctions (TJs) and adherens junctions (AJs), creating a physical barrier that limits the
paracellular permeability (Kadry et al, 2020). Additionally, the transcellular movement of
molecules across the endothelial cells of the BBB is limited due to the absence of fenestration
and the extremely low degree of pinocytosis (Daneman, 2012). However, several transport
mechanisms exist to ensure the transport of essential molecules and metabolites in and out
of the CNS. These mechanisms include passive diffusion, facilitated diffusion and active
transport. In addition, some substances have the potential to reach the brain but are
prevented to do so by the action of efflux transporters actively pumping the molecules out of
the CNS parenchyma (Begley & Brightman, 2003). Moreover, endothelial cells of the BBB
contain enzymes that allow for the metabolization and inactivation of various compounds
(Daneman, 2012). Together, the ‘physical barrier’, the ‘transport barrier’, and the ‘metabolic
barrier’ protect the brain from harmful substances, but on the flip side of the coin, they also
limit drug entry into the brain (Pardridge, 2005).

TJs form fusion sites, or so-called ‘kissing points’, in the plasma membranes of two adjacent
endothelial cells (Fig. 2) (Wolburg & Lippoldt, 2002). The main components of TJs are claudins,
occludins and zonula occludens (ZOs) proteins (Gloor et al, 2001). Both occludins and claudins
are integral membrane proteins. Even though their sequence homology is minimal, they are
structurally very similar. They have four transmembrane domains, two extracellular loops and
a cytoplasmic carboxy-terminal tail (Wolburg & Lippoldt, 2002). Claudins are sufficient for the
formation of TJ strands, whereas occludins do not appear to be essential in this process. This
is demonstrated by a study

VE-cadherin Catenins _ vinculin

Adherans friction B/y a where the deletion of claudin-5,
the most highly expressed
75 claudin in adult brain
RNy | endothelium, results in early
: , death in mice due to a leaky BBB
- (Nitta et al, 2003). In contrast,
Tight junction - Claudin

mice with a deleted occludin

. gene are viable, indicating that

1 . ope

L 203 these proteins are not critical for
BBB formation (Saitou et al,

Figure 2: Tight junctions (TJs) and adherens junctions (AlJs) in the 2000). However, occludins
blood-brain barrier. TJs consist of a complex of transmembrane mainly appear to be important in
proteins, including claudins and occludins, that are connected to the the regulation of TJs (Yu et al,
actin cytoskeleton via zonula occludens (Z0)-1, -2, and -3 proteins. Als 2005). Both occludins and
consist of vascular endothelial (VE)-cadherin linked to the actin

cytoskeleton via catenins (a/B/y) and vinculin. Image created with claudins are _b"dgEd to ?he
BioRender. cytoskeleton via ZO scaffolding




Part 1: Introduction

proteins, including ZO-1, -2, and -3. The ZO proteins are peripheral membrane proteins of the
membrane-associated guanylate kinase-like protein (MAGUK) family (Kadry et al, 2020). They
bind to occludins and claudins through PDZ interaction motifs and, on the other hand, to actin
via their COOH-terminus, thereby contributing to the stabilization of the TJ complex (Wolburg
& Lippoldt, 2002; Kadry et al, 2020). TJs not only prevent the paracellular passage of molecules
between EC but also separate the membrane of the endothelial cells in an apical and basal
domain. This polarization, typically a feature of epithelia, restricts the movement of lipids and
proteins within the membrane from the apical to the basal part (Mandel et al, 1993).

Next to TJs, Als also play an important role in cell-cell adhesion (Fig. 2) (Engelhardt & Sorokin,
2009). The main component of Als in the BBB is a transmembrane glycoprotein known as
vascular endothelial (VE)-cadherin. This Ca?*-dependent adhesion protein couples adjacent
endothelial cells through homophilic interactions. Intracellularly, catenins bridge VE-cadherin
to the actin cytoskeleton, stabilizing the Al complex (Dejana et al, 2008). More specifically, the
cytoplasmic domain of VE-cadherin binds to B- and y-catenin, which subsequently bind to the
actin cytoskeleton via a-catenin and vinculin (Meng & Takeichi, 2009).

The BBB is not solely composed of the core EC monolayer. In fact, it is closely associated with
perivascular astrocytic endfeet, perivascular neurons, pericytes and microglia (Fig 1B). In
addition to its cellular components, the BBB is also encompassed by two basement
membranes (BMs): the inner capillary BM, secreted by endothelial cells and pericytes, and
the outer parenchymal BM, mainly secreted by astrocytic endfeet (Daneman & Prat, 2015;
Engelhardt et al, 2017). Combined, the parenchymal BM and astrocytic endfeet form the glia
limitans. At the level of capillaries, the capillary BM, and the glia limitans are fused. However,
at postcapillary venules, the adjacent BMs create a perivascular space that contains antigen-
presenting cells (APCs), such as perivascular macrophages, and fluid (Engelhardt et al, 2016).
Together, these cellular and acellular components of the BBB establish a functional and
structural unit known as the neurovascular unit (NVU) (Engelhardt et al, 2017).

Pericytes are embedded in the capillary BM and send finger-like projections to endothelial
cells, attaching to them via N-cadherin in peg-and-socket junctions (Brown et al, 2019). They
play a key role in maintaining BBB integrity, promoting angiogenesis, and microvascular
stability (Armulik et al, 2010; Brown et al, 2019). Furthermore, pericytes exhibit contractile
properties through the expression of alpha-smooth muscle actin (a-SMA), tropomyosin, and
myosin. This allows them to modulate the diameter of capillaries, thereby regulating the
cerebral blood flow in response to neuronal activity (Brown et al, 2019; Armulik et a/, 2011).
Astrocytes, which can be distinguished by the expression of vimentin and glial fibrillary acidic
protein (GFAP), are the most abundant type of glial cells in the CNS. These cells are involved
in a range of physiological and biochemical processes. For example, their endfeet contribute
to the homeostasis of ions, amino acids, neurotransmitters, and water in the brain (Abbott et
al, 2006). Additionally, astrocytes extend processes to neurons and contact blood vessels with
their endfeet, enabling communication between neurons and the microvasculature. In
response to synaptic activity, intracellular Ca%* levels rise and vasodilatory factors are secreted
from the endfeet to regulate cerebral blood flow (Anderson & Nedergaard, 2003). Moreover,
in vitro studies have shown that astrocytes can enhance BBB integrity by reinforcing TJs and
regulating the transport of molecules across the brain endothelium (McAllister et al, 2001;
Dehouck et al, 1990; Abbott et al, 2006).
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1.1.2. The blood-cerebrospinal fluid barrier

While most blood vessels in the CNS are protected by a BBB, two specialized structures lack
tightly packed endothelial cells: the circumventricular organs (CVOs) and the choroid plexus
(ChP) (Mastorakos & McGavern, 2019). Both structures lie within the interconnected
ventricles of the brain, which are filled with CSF. The CVOs are attached to the third and fourth
ventricles and serve as a direct connection between the brain and peripheral blood. The
fenestrated blood vessels allow the CVOs to monitor blood-borne molecules (sensory CVOs)
and to secrete neuroendocrine hormones into the bloodstream (secretory CVOs) (Morita et
al, 2016). The ChP is a cauliflower-like structure which is present in all four ventricles. This
structure has an extensive capillary network, of which the endothelial cells lack TJs and a glia
limitans, consequently allowing molecules to diffuse freely from the blood into the ChP
stroma. However, a layer of epithelial cells covers the fenestrated capillaries providing a
barrier between the blood and the CSF in the ventricles, known as the blood-CSF barrier
(BCSFB) (Fig. 1C) (Mastorakos & McGavern, 2019; Cousins et al, 2022). In contrast to the
endothelial cells of the blood vessels in the ChP and the ependymal cells lining the ventricles,
the ChP epithelial cells are tightly connected by TJs, similar to those found at the BBB.
Nonetheless, they express different isoforms of claudins and varying levels of occludins and
Z0Os, leading to a 10-15 times lower resistance compared to the BBB (Kratzer et al, 2012; Saito
& Wright, 1984). Additionally, similar transport mechanisms as in the BBB regulate the influx
and efflux of molecules in and out of the CSF. The epithelial cells also provide an enzymatic
barrier with antioxidant and metabolizing enzymes (Strazielle & Ghersi-Egea, 2013).

Next to limiting the movement of molecules from the ChP stroma to the CSF, the epithelial
cells of the ChP are also responsible for the production of the CSF. They do this at a remarkable
rate of 350 pl per min, producing approximately 500 ml of CSF per day in an average adult
human (Cserr, 1971). CSF is composed Periarterial Perivenous
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space (SAS), which surrounds the CNS. From there, CSF can flow into the perivascular spaces
of the arteries that penetrate the brain parenchyma. Next, CSF can leave this periarterial space
and enter the brain parenchyma, where it exchanges with ISF (Jessen et al, 2015). Therefore,
the fluid needs to cross the glia limitans, established by astrocyte endfeet. In this process, the
water channel aquaporin 4 (AQP4), expressed by these endfeet, is believed to play an
important role (Trillo-Contreras et al, 2019). CSF movement clears away the interstitial solutes
to perivenous drainage pathways. Researchers were able to visualize this process via injection
of fluorescent tracers in the cisterna magna of mice, a region where CSF is accessible, and
subsequent two-photon imaging (lliff et al, 2012). Further drainage happens either directly
through the veins or via the SAS to the cervical lymphatic system (Johnston et al, 2004). This
mechanism that operates during our sleep promotes a healthy and functional brain as toxic
substances that have accumulated during the day are cleared from the brain parenchyma.
During ageing, the glymphatic activity is strongly decreased which might contribute to the
progression of neurodegenerative diseases, such as Alzheimer’s disease (AD), where clearance
of accumulated AB peptides is disturbed (Jessen et al, 2015).

1.1.3. Barriers at the surface of the brain

The blood-arachnoid barrier is the least explored and structurally most intricate among all
brain barriers. The barrier is part of the meninges; a three-layered structure located at the
surface of the brain and spinal cord. From the outmost to the innermost, the meninges is made
up of the dura, arachnoid and pia mater (Fig. 1A) (Mastorakos & McGavern, 2019). The latter
two, together referred to as the leptomeninges, are separated by the CSF-filled SAS. Sheet-
like trabeculae divide the SAS into different CSF compartments and connect the pia to the
arachnoid mater (Weller, 2005). The arachnoid mater consists of two layers of epithelial cells
that are linked with TJs and express efflux transporter. This barrier separates the dura mater
from the CSF in the SAS. In the dura mater, blood vessels are fenestrated, and thus, open for
diffusion of water and solutes from the periphery. Consequently, the arachnoid barrier can be
seen as a blood-CSF barrier at the surface of the brain (Mastorakos & McGavern, 2019;
Engelhardt et al, 2017). The pia mater is a single-cell layer that covers the surface of the brain.
Arteries that penetrate the CNS from the SAS are also ensheathed by a layer of pial cells, while
veins are only covered by groups of pial cells (Engelhardt et al, 2017). The cells of the pia mater
are not joined together by Tls, but they are connected through gap junctions and
desmosomes. As a result, the pia mater allows for the passage of water, solutes, and immune
cells while preventing the crossing of erythrocytes (Hutchings & Weller, 1986; Alcolado et al,
1988; Weller, 2005). Of note, a recent study proposes a fourth meningeal layer, called the
subarachnoid lymphatic-like membrane (SLYM) (Mgllgard et al, 2023). Mgligard and
colleagues suggest that the SLYM subdivides the SAS into two different compartments and
serves as a tight barrier for solutes larger than 3 kilodaltons (kDa). However, the validity of
these findings remains a topic of debate and many researchers disagree with the presence of
the SLYM.
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1.1.4. The brain: not an immune-privileged site anymore

For a long time, the brain was believed to be completely sealed off from the immune system.
This immune-privileged status of the brain took root a century ago when it was observed that,
only in the brain, heterologous tumours or development of embryonic tissue could survive
(Murphy & Sturm, 1923; Medawar, 1948). Moreover, some anatomical features of the CNS
further fed this concept, such as the presence of the tight brain barriers and the lack of
lymphatic vasculature that enables immunosurveillance (Fabry et al, 2008; Wekerle, 2006). All
of this led to the prevailing view that the brain and the immune system live largely separate
and only clash when immune cells start attacking the body’s own cells in diseases such as
multiple sclerosis (MS). This concept of CNS immune privilege has been extensively reviewed,
debated and reinterpreted (Engelhardt et al, 2017; Forrester et al, 2018; Louveau et al, 2015a).
Meanwhile, it is becoming increasingly clear that the brain has its own resident immune cells
and that immune cells circulate at the fluid-filled brain borders (Fig. 4).
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Figure 4: The brain borders: an anatomical site for neuro-immune interactions. The triple-layered membranes
of the meninges surround the brain. The dura mater serves as an important immune centre containing abundant
immune cells, including T cells, B cells, mast cells, dendritic cells (DCs), monocytes, and plasma cells. Overlying
the meninges, the skull contains bone marrow that is functionally connected to the meninges and underlying
brain and serves as a local source of immune cells. Another brain border, the choroid plexus (ChP), is situated
within the ventricles of the brain and produces cerebrospinal fluid (CSF), which contains T cells. The stroma of
the ChP contains stromal myeloid cells, such as macrophages and DCs. Another specific type of tissue-resident
macrophages, the epiplexus macrophages, are located at the ventricular side of the ChP epithelium. Numerous
lymphatic efflux routes exist for the drainage of brain interstitial fluid containing proteins and immune cells via
the CSF. Lastly, perivascular spaces exist surrounding penetrating brain vasculature that contains CSF and
resident immune cells, such as the perivascular macrophages. dCLN, deep cervical lymph node; HSC,
hematopoietic stem cell. Image created via Biorender.

Microglia, the primary resident immune cells of the brain, provide the tissue with innate
immune sensing, inflammatory effector functions and tissue repair services. Under
homeostatic conditions, most of the CNS compartments are inaccessible for circulating
myeloid cells while upon certain perturbations circulating myeloid cells can be recruited to
the parenchyma. In addition to microglia, the healthy brain contains dendritic cells (DCs) and

6



Part 1: Introduction

to a lower extent also T, B, and natural killer (NK) cells, although whether these latter
populations are truly brain-resident remains controversial (Mrdjen et al, 2018; Korin et al,
2017). Interestingly, Pasciuto et al. recently identified a population of brain resident CD4* T
cells present in both the healthy mouse and human brain. Brain resident CD4* T cells are
distinct from circulating CD4* T cells and regulate microglia maturation (Pasciuto et al, 2020).
Moreover, mice that develop without CD4* T cells present a defect in pruning immature
neuronal connections during development, leading to excessive numbers of synapses and
abnormal behaviour (Pasciuto et al, 2020).

Next to parenchymal immune cells, also immune cells at the different brain borders, including
the meninges, choroid plexus (ChP), CNS-draining lymph nodes and the perivascular spaces,
play a crucial role in immune surveillance (Fig. 4). In these compartments, various immune
cells can sample CNS antigens (Rustenhoven et al, 2021; Mazzitelli et al, 2022; Pulous et al,
2022), protect the brain from pathogenic insults (Fitzpatrick et al, 2020), manipulate
behavioural paradigms (Ribeiro et al, 2019; Filiano et al, 2016) and provide immune cells to
the brain during health and in response to diverse insults (Herisson et al, 2018; Brioschi et al,
2021; Cugurra et al, 2021). Recently, a local source of immune cells at the brain borders,
namely the bone marrow of the skull, was identified that responds to signals carried in the
CSF, prompting it to produce and release immune cells (Cugurra et al, 2021). Altogether, these
recent findings push us away from the concept that the CNS is a strict immune-privileged site
to a more nuanced and complex view in which the brain barriers divide the CNS into
compartments that differ with respect to their accessibility to the immune system
(Engelhardt et al, 2017).

1.1.5. The role of CNS brain barriers in neurological diseases

As mentioned above, the brain barriers are fundamental components that ensure proper
functioning of the CNS. Consequently, the breakdown of these barriers is involved in various
neurological disorders, such as MS, stroke, brain trauma, and AD (Profaci et al, 2020; Cai et
al, 2018; Balusu et al, 2016; Engelhardt et al, 2022). The loss of barrier integrity results in
infiltration of immune cells and impaired transport and clearance of molecules, thereby
contributing to disease progression (Engelhardt et al, 2017). Notably, the entry of immune
cells can be both beneficial and detrimental. On one hand, immune cells can cause neuronal
dysfunction, injury, and neurodegeneration. On the other hand, they can enter the CNS to
clear debris and repair injuries.

In this thesis, we will focus on the relationship between the brain barriers and two neurological
diseases, namely AD and MS. Therefore, a comprehensive overview of these diseases and their
implications on the brain barriers will be given below. In addition, we will use
lipopolysaccharides (LPS) as inflammatory trigger to induce brain barrier leakage both in vitro
and in vivo. LPS is a major component of the outer membrane of Gram-negative bacteria that
is often used for studying inflammation-induced barrier disruption. LPS is shown to directly
increase brain barrier permeability by decreasing the expression and altering the distribution
of TJs, including ZO-1 and claudin-5 (Veszelka et al, 2007; Seok et al, 2013; Cheng et al, 2018).
LPS binding to the Toll-like receptor 4 (TLR4) on brain barrier cells, leading to expression of
the nuclear factor-k-gene binding (NF-kB), plays an important role in this process of TJ damage
(Tiruppathi et al, 2008; Cheng et al, 2018).
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1.2. Alzheimer’s disease

1.2.1. Current facts and figures of AD

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder of the CNS underlying
60-80% of all dementia cases (Burns & lliffe, 2009; Jellinger, 1998). Worldwide, over 55 million
people are affected by dementia and this number is expected to rise to 139 million in 2050
(World Alzheimer Report 2022: Life after diagnosis: Navigating treatment, care and support,
2022). As the world’s population is ageing, both the death toll and the costs are accelerating.
Globally, the annual cost of dementia is estimated at USS 1 trillion, which is set to double by
2030 (Cummings et al, 2022). In addition to this economic burden, the number of AD-related
deaths has more than doubled, whereas deaths from heart disease, the leading cause of
death, decreased by 7.3% (2022 Alzheimer’s disease facts and figures, 2022). Moreover, in
Belgium, dementia has become the number one cause of death (Sciensano). The rise in AD
deaths likely results from two factors: a real increase in the number of deaths attributed to
AD, and secondly, improved reporting of AD-related deaths over time (Tejada-Vera, 2013).
Altogether, the increasing prevalence and mortality of AD impose a major public health crisis.
This highlights the urgency for developing therapies to prevent, delay the onset and slow the
progression of the disease.

1.2.2. Symptoms and pathological hallmarks of AD

Patients suffering from AD are characterized by progressive and disabling deficits in cognitive
function. Memory loss is one of the earliest and most prominent symptoms of AD, manifested
in difficulties with recalling recently acquired information, names, and faces, problems with
word-finding and repeatedly asking the same questions. As the disease progresses, patients
may experience a decline in their learning, abstract thinking, and problem-solving abilities.
Speech disturbances and problems with visuospatial orientation further impair daily-life
activities and result in confusion and social withdrawal. Moreover, cognitive decline may lead
to alterations in personality and behaviour such as increased agitation, apathy, and
depression. In later stages, motor functions deteriorate and patients become completely bed-
bound and dependent on others for their care (2022 Alzheimer’s disease facts and figures,
2022). AD ultimately becomes fatal, often due to acute conditions such as aspiration
pneumonia (Brunnstrom & Englund, 2009). The overall duration of the disease is subjective to
individual variability, for instance, age and biological sex, and varies between 15 and 24 years
(Vermunt et al, 2019). Taken together, the burdensome symptoms and the long duration of
iliness greatly impact the daily life of the patients, their families, caregivers, and the healthcare
system.

Pathologically, AD brains are distinguished by atrophy of the medial temporal lobe, including
the hippocampus and the frontal lobe. Additionally, due to the loss of both white and grey
matter, the brain ventricles become enlarged (Halliday et al, 2003). The main molecular
hallmarks of AD are the accumulation of amyloid-beta (AB) peptides into senile plaques in
the extracellular matrix between neurons and the formation of neurofibrillary tangles (NFT)
composed of hyperphosphorylated Tau (p-Tau) proteins inside neurons (Fig. 5). These
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pathological changes result in synaptic and neuronal loss, causing neurodegeneration and,
ultimately, symptoms associated with AD (Jellinger, 1998).

Healthy brain | Alzheimer's brain

Amyloid beta

Axon (contains
_ plaques

many microbules)

%

Stabhilizing
tau protein

Healthy I Disintegrating
microtubule ‘ microtubule

Figure 5: The pathological hallmarks of Alzheimer’s disease (AD). The AD brain is characterized by atrophy of
the medial temporal and frontal lobe, leading to enlarged ventricles. Molecularly, there is deposition of amyloid-
beta (AB) protein in senile plaques outside the neurons and formation of neurofibrillary tangles (NFTs) composed
of hyperphosphorylated Tau protein inside the neurons. This results in the loss of synapses which ultimately
leads to neurodegeneration and cognitive decline. Image created with BioRender.

AP peptides are formed as by-products of the proteolytic cleavage of the amyloid precursor
protein (APP), a transmembrane protein abundantly expressed in the brain and primarily
localized in the synapses of neurons (O’Brien & Wong, 2011). While the physiological function
of soluble APP remains largely unclear, it is thought to contribute to various processes such as
neurite outgrowth, synaptic plasticity, and synaptogenesis (Pearson & Peers, 2006). There are
at least two ways in which APP can be processed: the non-amyloidogenic and the
amyloidogenic pathway. The first pathway involves cleavage by the enzyme a-secretase,
which hinders AB formation and generates the neuroprotective sAPPa fragment.
Alternatively, sequential cleavage by B-secretase and then y-secretase produces AB peptides
(Fig. 6A). Depending on the exact site of cleavage, different isoforms of A can be produced
with ABag and ABa4;, consisting of respectively 40 and 42 amino acids, being the most abundant
(LaFerla et al, 2007). During disease, these AR peptides can assemble into oligomers, fibrils
and eventually amyloidogenic plaques (Fig. 6B) (Serrano-Pozo et al, 2011). While ABao is
produced at higher levels, AB42 is typically more prevalent in the extracellular plaques
(lwatsubo et al, 1994). The AB4; variant is thought to be more neurotoxic due to its greater
hydrophobicity and higher tendency to form aggregates (Jarrett et al, 1993). Therefore, the
ratio between these AP species is an important factor for the rate of amyloidogenesis (Jan et
al, 2008).
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Figure 6: Schematic overview of amyloid precursor protein (APP) processing and AP aggregation. (A) The
processing of APP occurs through two pathways. In the non-amyloidogenic pathway, APP is sequentially cleaved
by a- and y-secretase, producing neuroprotective sAPPa fragments. In the amyloidogenic pathway, APP is
cleaved by B- and y-secretase, forming AR peptides. (B) The AR monomers are the building blocks of AR
oligomers, which aggregate to form fibrils, and ultimately amyloid plaques. Image created with BioRender.

Tau is a microtubule-associated protein that plays a vital role in maintaining the structural
integrity of neurons. It is encoded by the microtubule-associated protein Tau (MAPT) gene and
is predominantly found in the axons, where it binds with tubulin to regulate microtubule
stability, dynamics and axonal transport (Barbier et al, 2019; Kent et al, 2020). Besides its role
as a microtubule-binding protein, the physiological function of Tau remains unclear, as Tau
knockout (KO) mice do not show major developmental abnormalities compared to wild type
mice (Hummel et al, 2016). However, Tau is reported to play a role in a wide range of
physiological processes, including neuronal maturation, glucose metabolism, motor function
and myelination (Kent et al, 2020). The functioning of Tau is tightly controlled by its
phosphorylation status, with a delicate balance between kinases and phosphatases ensuring
its normal activity (Igbal et al, 2005). In AD, this balance between kinases and phosphatases is
disrupted, leading to the hyperphosphorylation of Tau (p-Tau) and its inability to bind to
microtubules. Consequently, there is a breakdown in the microtubule structure, the
accumulation of p-Tau in NFTs, and ultimately neuronal degeneration (Fig. 5) (Igbal et al,
2005). In early AD stages, Tau seeding typically starts in the entorhinal cortex and further
propagates to the hippocampus and neocortex, as categorized by the Braak staging (Braak &
Braak, 1995). Remarkably, brain atrophy and associated cognitive decline correlate strongly
with this pattern of Tau accumulation, not with AB deposition (Giannakopoulos et al, 2003).

In addition to the deposition of AB plaques and the formation of NFTs, neuroinflammation
has emerged as a third important hallmark of AD. Neuroinflammation is defined as the innate
immune response to CNS tissue damage (Heneka et al, 2015). During this response, brain
resident cells, such as microglia and astrocytes, become activated and show elevated
production of various immune molecules and inflammatory mediators, including
inflammatory cytokines, factors of the complement pathway, nitric oxide (NO), and reactive
oxygen species (ROS) (Dujardin et al, 2022; McAlpine & Tansey, 2008; Wyss-Coray & Rogers,
2012; Maier et al, 2008; Guillot-Sestier & Town, 2013). Upon chronic activation, the
detrimental effects predominate the beneficial roles of these immune cells, leading to
neurotoxicity and, eventually, AD pathogenesis (Heneka et al, 2015; Frost et al, 2019). In
addition, studies have shown that neuroinflammation occurs early during AD pathogenesis
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and is not simply a response to AB and p-Tau plaques. For instance, it is shown that astrocytic
and microglial activation precedes AP deposition and that inflammatory changes can already
be detected in the CSF of patients with mild cognitive impairment (Heneka & O’Banion, 2007;
Heppner et al, 2015). This is further supported by genome-wide association studies (GWAS)
showing that genes associated with innate immunity and inflammation are linked with AD
development (Bis et al, 2020; Kamboh et al, 2012). For instance, immune receptors, such as
CD33 and triggering receptor expressed on myeloid cells 2 (TREM2), and other genes involved
in the regulation of the immune function in and outside the CNS are identified as risk genes
(Kamboh et al, 2012; Sierksma et al, 2020). Moreover, Xie et al. recently demonstrated that
low-grade peripheral inflammation exacerbates AD pathology in AD mice, reflected by
increased microglial activation, Ap pathology, and neuronal dysfunction (Xie et al, 2021).

1.2.3. The App"-°"mouse model for preclinical AD research

Transgenic mouse models are powerful resources to gain a better understanding of the
pathogenesis of AD in humans and to evaluate potential therapeutic approaches. Most of
these mouse models are based on the genetic mutations present in familial AD, namely in the
APP gene and in the y-secretase subunit genes presenilin 1 (PSEN1) and presenilin 2 (PSEN2).
The first-generation mouse models often used a transgenic APP overexpression strategy. An
excessive amount of APP results in increased AP aggregation, and consequently, mice that
exhibit AD pathology. However, overexpression may affect the physiological functions of APP,
resulting in side effects unrelated to AD (Saito et al, 2014). Therefore, Saito et al. developed a
second-generation transgenic mouse model, called the App":®F mice, using a knock-in
approach of the APP gene. These transgenic mice overcome the undesired side effects
associated with the first-generation model, as APP is expressed at wild type levels. The APP
gene has a humanized AB region along with three mutations linked to familial AD: the
Swedish "NL", the Iberian "F", and the Arctic "G" mutations (Nilsson et al, 2014). The Swedish
mutation causes increased production of total AB, while the Iberian mutation only elevates
neurotoxic ABs; production (Saito et al, 2014). The Arctic mutation promotes AB aggregation
by facilitating oligomerization and reducing proteolytic degradation (Nilsson et al, 2014). Of
note, multiple mutations within the same APP gene are typically not present in human
patients. This raises the concern that these mutations could interact with one another, which
may limit the accuracy of this model in representing the human disease (Yshii et al, 2022).
However, a significant advantage of the App":¢F model compared to first-generation models
is the absence of mutations in the PSEN1 gene. This is particularly relevant when investigating
the interplay between the immune system and AD, as PSEN1 expression has been identified
in splenocytes, including T cells. The possibility of off-target PSEN1 processing in T cells could
lead to aberrant physiological processes unrelated to AD (Yshii et al, 2022).

1.2.4. The latest developments in AD therapy

Currently, the US Food and Drug Administration (FDA) has approved seven drugs for AD, of
which five are only symptomatic treatments (Pardo-Moreno et al, 2022; Reardon, 2023a).
Symptomatic medication does not change the underlying pathology of AD but rather
alleviates the neurological symptoms. They work either by inhibiting the breakdown of the
neurotransmitter acetylcholine (e.g. donepezil, galantamine, rivastigmine) or by blocking the
binding of the neurotransmitter glutamate to the N-methyl-D-aspartate receptor (e.g.
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memantine), thereby enhancing cognitive performance (Pardo-Moreno et al, 2022). More
recently, the FDA approved two disease-modifying therapies: aducanumab and lecanemab.
These are monoclonal antibodies that target the AB plaques in the brain. Aducanumab
showed a reduction in AP aggregates in patients with mild cognitive impairment or mild AD.
However, the clinical benefits were shown to be inconclusive (Tampi et al, 2021). In contrast,
data from the phase lll clinical trials of lecanemab suggested significant cognitive benefits for
early AD patients (van Dyck et al, 2023). However, the effects on cognition are small and there
are concerns about the safety of the drug (Reardon, 2023a). Additionally, although not yet
FDA-approved, donanemab was shown to significantly slow cognitive and functional
deterioration in AD patients. This monoclonal antibody also specifically targets the AB plaques
and has demonstrated a remarkable 40% reduction in cognitive decline compared to the
placebo group (Reardon, 2023b).

The lack of effective disease-modifying drugs highlights the need to change gears and rethink
the strategies for therapy development. The current focus lies on targeting pathogenic AB or
p-Tau aggregates. However, AD is a complex disease that should be tackled on multiple fronts.
In recent years, it became clear that the immune system is a key player in AD, leading to the
idea that immune-regulatory therapies could hold great potential.

1.2.5. The brain barriers in AD

In AD, the leakiness of the brain barriers is increased (Balusu et al, 2016; Cai et al, 2018). As
described above, AD is characterized by the presence of AB plaques, NFTs and
neuroinflammation, leading to neurodegeneration and cognitive decline (Burns & lliffe, 2009).
In addition, evidence shows that early cerebrovascular dysfunction contributes to AD onset
and progression (Starr et al, 2009; Montagne et al, 2015; van de Haar et al, 2016). The
dysfunction of the BBB results in aberrant transport, and subsequently, the failure of AB
clearance from the CNS, leading to the accumulation of AR in the brain instead of being
transported to the peripheral circulation (Tarasoff-Conway et al, 2015). Additionally, structural
components of the neurovascular unit, including pericytes, astrocytes, endothelial cells and
Tls are affected in AD, thereby contributing to impaired clearance. Moreover, BBB dysfunction
has been shown to accelerate AB generation and promote neuroinflammation (Cai et al,
2018). Conversely, A aggregates can induce barrier disruption, setting off a vicious cycle that
exacerbates AP accumulation and fuels the progression of AD (Song et al, 2017). In addition,
AP also upregulates the expression of vascular adhesion molecules, promoting the entry of
leukocytes into the brain that contribute to neuroinflammation (Pietronigro et al, 2016). At
the BCSFB, AB accumulation is associated with morphological and functional changes of the
ChP epithelial (CPE) cells. These changes lead to decreased CSF production, increased
permeability, impaired AB clearance, and recruitment of immune cells into the CNS, thereby
amplifying AD progression (Balusu et al, 2016; Solar et al, 2020). Interestingly, the
Vandenbroucke lab found that intracerebroventricular injection of ABi.4; oligomers induces
morphological alterations of CPE cells, loss of BCSFB integrity, and increased ChP
inflammation. These effects were linked to increased activity of matrix metalloproteinases
(MMP) (Brkic et al, 2015). Moreover, they showed that tumour necrosis factor receptor-1
(TNFR1) signaling is involved in these detrimental events in the ChP. Specifically, TNFR1
deficiency resulted in preservation of BCSFB integrity and no upregulation of MMP expression
in AD mouse models, providing an interesting therapeutic target (Steeland et al, 2018).

12



Part 1: Introduction

1.2.6. The adaptive immune system in AD

The formation of AB plaques outside neurons and NFTs inside neurons have been well-known
AD hallmarks for decades. More recently, while shifting away from the notion of the brain as
an immune-privileged site, it became clear that both peripheral and central inflammation also
contribute to AD pathogenesis and progression (Heneka et al, 2015; Walker et al, 2019; Xie et
al, 2021). While the interaction between the innate immune system and AD pathology is
extensively studied, the role of the adaptive immune system remains largely unknown. The
hypothesis that the adaptive immune system contributes to AD pathogenesis is supported by
a study in which animmune-deficient AD mouse model was generated, namely the Rag-5xFAD
model. To generate this model, recombination activating gene 2 (Rag2)/IL-2 receptor gamma
(112-ry) double-knockout mice were crossed with the AD mouse model 5xFAD (Marsh et al,
2016). This Rag-5xFAD model lacks T and B cells and thus lacks an adaptive immune response.
The model exhibits dramatically increased AP pathology and greatly exacerbated
neuroinflammation. Additionally, they showed that repopulation of the missing adaptive
immune cells via bone marrow transplantation diminished AR pathology (Marsh et al, 2016).
In contrast, a study by Spani et al showed reduced AP pathology in a different AD mouse model
(APP/PSEN1) crossed with Rag2-deficient (Rag2”") mice. Moreover, the replenishment of
adaptive immune cells enhanced microgliosis and increased phagocytosis of AP aggregates in
8-month-old mice. Although these results are contrasting, they suggest an important role for
adaptive immune cells in AD pathology. More evidence comes from a recent study on multiple
large cohorts of patients with AD that showed an adaptive immune response in the blood and
CSF of these individuals (Gate et al, 2020). However, it remains unclear whether, and to what
extent adaptive immune cells enter the brain and contribute to neuroinflammation in AD
patients.

One important part of the adaptive immune system is the T cell response. During AD,
peripheral immune cells travel from the CSF to the deep cervical lymph nodes of the lymphatic
system, where they can react to brain antigens (Louveau et al, 2015b). Moreover, evidence
shows that besides the role of peripheral T cells in AD pathology, T cells can also infiltrate the
brain. As a response to inflammatory AD pathology, CD8* T cells can enter the brain, interact
with microglia near the plaques, and induce cytotoxic effects (Unger et al, 2020; Rogers et al,
1988; Gate et al, 2020; Togo et al, 2002). CD4* T cells can also infiltrate the brain and act
destructively, analogous to CD8* T cells. However, some CD4* subtypes can reduce innate
inflammation and limit neuronal damage and degradation (Bryson & Lynch, 2016). A third type
of T cells known to invade the brain are regulatory T cells. Multiple groups have provided
evidence for an overall protective role of Tregs in restoring memory deficits, reducing plaque
load, and decreasing microglial activation in AD models (Baek et al, 2016; Dansokho et al,
2016; Alves et al, 2017). Taken together, the interplay between the adaptive immune system
and AD remains unclear. Nonetheless, interfering with the adaptive immune system to alter
AD development might hold therapeutic potential.
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1.3. Multiple sclerosis

1.3.1. Current facts and figures of MS

Multiple sclerosis (MS) is a chronic demyelinating disease of the CNS that impacts around 2,8
million individuals worldwide. The prevalence of the disease has risen by 30% since 2013,
which is accompanied by a growing economic burden (Walton et al, 2020). Of note, the
increased prevalence can be partially attributed to improved reporting and diagnosis. MS is
the most common non-traumatic disabling condition of young adults that is present in both
developed and developing countries (Dobson & Giovannoni, 2019). The exact causes and
mechanisms behind the disease are not well-known. Nonetheless, the risk of MS increases
with the distance from the equator, which may be attributed to factors such as vitamin D
insufficiency and ultraviolet B (UVB) exposure. Additionally, women are twice as likely to have
the disease (Walton et al, 2020).

1.3.2. Symptoms and pathological hallmarks of MS

In MS, the immune system attacks the insulating covers of the brain, spinal cord, and optic
nerves, which results in impaired signal transduction between neurons, and eventually axonal
degeneration and neurological deficits. The disease has a highly variable and unpredictable
course, with different clinical forms existing. The most common form is relapsing-remitting
MS (RRMS), which is characterized by periods of symptoms lasting around 1-3 weeks (relapse),
followed by a recovery phase (remission). Often, patients transition to secondary progressive
MS (SPMS), in which the relapses occur more frequently (Weiner, 2008). Around 10-15% of
patients experience progressive MS from the onset, called primary progressive MS (PPMS)
(Charabati et al, 2023). This MS subtype relates to higher degenerative processes and reduced
inflammatory response. The symptoms experienced during MS attacks can vary widely among
patients and within the same individual over different attacks. Common symptoms include
muscle weakness, visual disturbances, difficulty with walking, numbness and dysfunction of
the urinary and intestinal systems (Ghasemi et al, 2017). Although the exact cause of MS
remains elusive, it is widely believed that the disease is caused by a complex interplay
between genetic and environmental factors. Epstein-Barr virus infection is the most
extensively studied non-genetic factor, but also vitamin D insufficiency, obesity and smoking
may be involved in the susceptibility to MS (Ascherio, 2013). Additionally, several genes are
shown to be associated with MS, with one of the strongest risk genes being the major
histocompatibility complex (MHC) human leukocyte antigen (HLA) gene, specifically the DR2
haplotype. The protein encoded by this gene is present on the surface of T cells, where it plays
an important role in the recognition of antigens (Weiner, 2008; Dyment et al, 2004). This gene,
along with other risk genes associated with the immune system, strongly suggests that MS is
not a disease originating in the brain, but rather a disorder of the immune system.

Hence, MS is considered to be an autoimmune disease characterized by inflammatory plaques
in the white and grey matter of the CNS, infiltration of leukocytes, disruption of the BBB and
neurodegeneration (Frohman et al, 2006). The formation of the demyelinating lesions is
initiated by the infiltration of myelin specific CD4* T helper cells, namely Thl and Th17 cells,
into the CNS (Fig. 7). Remarkably, both healthy individuals and MS patients have these
autoreactive T cells circulating in the peripheral blood (Pette et al, 1990). However, in healthy
people, these T cells remain in a naive state and are kept under control by regulatory T cells
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(Tregs), whereas in MS patients, these T cells are activated by an unknown trigger. The
activated T cells can cross the damaged BBB and migrate into the CNS, where they can interact
again with APCs, such as macrophages and B cells, that present a myelin antigen. Alternatively,
T cells can also invade the CNS through the BCSFB and blood-leptomeningeal barrier (BLMB),
which provide access to the CSF and subpial space, respectively (Fig. 7) (Charabati et al, 2023).
Once reactivated, the encephalitogenic T cells release pro-inflammatory cytokines, resulting
in further disruption of the BBB and subsequent infiltration and/or activation of
macrophages, microglia and astrocytes (Weiner, 2008; Frohman et al, 2006; Compston &
Coles, 2002). Consequently, macrophages and microglia initiate the inflammatory attack on
myelin sheaths and oligodendrocytes, which are the cells that produce myelin in the CNS. This
triggers axonal degeneration and eventually results in the neurological symptoms associated
with MS. More recently, this view was adapted by studies indicating that not only CD4* T cells
but also CD8* T cells and B cells play a role in the development of inflammatory lesions in MS
(Wagner et al, 2020; Machado-Santos et al, 2018). Notably, B cells seem to be important as
APCs, generating activated myelin-reactive T cells, rather than producing antibodies (Zamvil &
Hauser, 2021).

B CNSinvasion and immune reactivation

'
_ ] : ; Effector :7 3
A Activation of peripheral immunity st T cell
@© = {
BLMB a of E;i"
Th1  Th17 Blood- =< 3 SYW_ 8
Naive R P = Ed < =
S ® leptomeningeal o 5 Macrophage | ; N f &
] barrier = @ \%/
APCs Pro- p g =
inflammatory
cytokines Booe 2
B cell . ® Fenestrated choroidal
® vessel <
a Macrophage & L
x o =
Monocytes BCSFB —g_ bl Effector S g
— Blood- = g Tcell £ =
cereprospinal SE 1 5 b3
fluid barrier 2 3 2
o @ o
Anti 7\
® inflammatory @ ;E_\: ¥
- cytokines e = 1 »h
W, a & N Macrophage 4 ! h)
, ) - BBB S Paed g 3
g © B Effector
Regulatory Blood-brain = >~ Teel @ §
Tcells barrier 2 y ak =<
© ARS 7 S
i = | .3 >
C Anti-inflammatory response & e i;
N\

Figure 7: Current perspective of multiple sclerosis (MS) pathogenesis. (A) T cells become activated in the
periphery by antigen presenting cells (APCs), such as dendritic cells (DCs), macrophages and B cells. The secretion
of pro-inflammatory cytokines causes further activation of macrophages and disruption of the blood-brain
barrier (BBB). (B) Self-reactive T cells infiltrate the CNS through the BBB, the blood-leptomeningeal barrier
(BLMB) and the blood-cerebrospinal fluid barrier (BCSFB). The BBB provides direct access to the brain, while the
BCSFB provides access to the CSF, and thus, indirectly to the parenchyma. The BLMB provides access to the
subpial space and, to some extent, the CSF. Once in the CNS, the T cells become reactivated by local APCs. (C)
Impairment of anti-inflammatory responses, managed by regulatory T cells, contributes to MS pathogenesis.
Image created with BioRender based on (Charabati et al, 2023).

In healthy individuals, Tregs produced in the thymus are essential for maintaining immune
tolerance and preventing autoimmune diseases (Vignali et al, 2008). Interestingly, in MS,
defects in the number and/or function of Tregs have been reported, such as reduced
suppressive capacity, stability and migratory potential (Dominguez-Villar & Hafler, 2018; Li et
al, 2019; Venken et al, 2008). In MS mouse models, adoptive transfer of functional Tregs
suppressed self-reactive T cell-induced inflammation and boosted remyelination (Curotto de
Lafaille et al, 2008; Dombrowski et al, 2017). These findings imply that a cell-based therapy
centred on Tregs might be an interesting approach for treating MS.
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Intriguingly, researchers have challenged the view of MS as an autoimmune disorder and
propose that MS might be a primary degenerative disorder, such as AD and Parkinson’s
disease (Stys et al, 2012). This is supported by a study where oligodendrocyte death and
microglia activation preceded the infiltration of lymphocytes in early MS lesions of RRMS
patients (Barnett & Prineas, 2004). These findings indicate that loss of oligodendrocytes might
be the root cause of MS that, on one hand, activates the innate immune response to clear the
debris and, on the other hand, triggers a secondary immune cell infiltration in response to
myelin shedding (Stys et al, 2012). Further evidence comes from the fact that most anti-
inflammatory drugs are effective in RRMS patients, but not in PPMS patients (Charabati et al,
2023). Altogether, the adaptive immune system plays a prominent role in MS pathogenesis,
however, the exact mechanisms underlying MS remain uncertain.

1.3.3. The EAE mouse model for preclinical MS research

MS pathogenesis and potential therapeutic strategies have been extensively studied using the
experimental autoimmune encephalomyelitis (EAE) mouse model (Robinson et al, 2014, 8).
EAE in mice is either induced by immunization with myelin antigens in adjuvant, which leads
to the activation of autoreactive T cells, or by the adoptive transfer of these activated auto-
antigen T cells (Croxford et al, 2011). Their target antigens are mostly myelin basic protein
(MBP), proteolipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG). This process
leads to infiltration of T cells and monocytes in the brain, and demyelination of axons, which
are features like those observed in MS patients. However, it is essential to view the results
obtained from the EAE model with a critical lens. The model is based on inflammation induced
by self-reactive CD4* T cells against one or a few myelin antigens, which does not take into
account the complex responses of CD8* T cells and B cells (Lassmann & Bradl, 2017).

1.3.4. Latest developments in MS therapy

In contrast to the unmet clinical need in AD therapy, many disease-modifying therapies for MS
have received FDA approval. MS drugs act on the peripheral immune system and work through
three main mechanisms: immunomodulation, inhibition of immune cell trafficking and
immunodepletion (Charabati et al, 2023). Most of these therapies target the relapsing stages
of MS that are characterized by an inflammatory attack. Unfortunately, they are often not
effective for patients suffering from PPMS. Immunomodulatory drugs, such as IFN-
treatment, can limit the pro-inflammatory phenotype of CD4* and CD8* T cells and boost anti-
inflammatory Treg cell production (Baecher-Allan et al, 2018). Anti-trafficking drugs limit the
entry of immune cells into the CNS. For example, natalizumab does this by blocking very late
antigen-4 (VLA-4), which is a surface receptor used by circulating leukocytes to migrate into
the CNS (Brandstadter & Katz Sand, 2017). Immunodepletion can be done for both T and B
lymphocytes. For instance, ocrelizumab is an anti-CD20 monoclonal antibody that effectively
depletes B cells (Greenfield & Hauser, 2018). Interestingly, this treatment is also shown to be
effective for PPMS patients (Montalban et al, 2017). Taken together, many advancements
have been made in the development of disease-modifying therapies for MS, however, a lot of
these drugs are still associated with notable side effects. Additionally, effectively treating
progressive MS continues to be a major hurdle that requires a deeper understanding of the
disease and its subtypes.
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1.3.5. The brain barriers in MS

In MS, a chronic inflammatory and demyelinating disease of the CNS, the breakdown of the
BBB is a key hallmark (Charabati et al, 2023). Increased permeability of the BBB is believed to
be an early event in MS that allows immune cells, such as T cells and monocytes, to infiltrate
the CNS. Once in the CNS, they attack the myelin sheath and contribute to neuroinflammation,
resulting in demyelination, axonal loss and ultimately neurodegeneration (Engelhardt et al,
2022). Typically, immune cells can cross endothelial cells by rolling, adhesion and diapedesis.
Cell-cell adhesion is facilitated through the interaction between integrins expressed on
leukocytes and their ligands expressed on endothelial cells. Notably, integrins such as
lymphocyte function-associated antigen-1 (LFA-1) and VLA-4 engage with intercellular
adhesion molecules-1 (ICAM-1) and vascular adhesion molecules-1 (VCAM-1) situated on the
surface of endothelial cells (Charabati et al, 2023). Normally, endothelial cells of the BBB have
low expression of VCAM-1 and ICAM-1. However, inflammatory conditions upregulate the
expression of these surface adhesion molecules, and additionally, reduce junctional integrity
(Engelhardt et al, 2022). Thus, a first wave of immune cell infiltration can increase the
permeability of the BBB by releasing pro-inflammatory cytokines, leading to a massive second
wave of self-reactive T cell infiltration (Balasa et al, 2021). This results in a self-feeding loop
eventually causing neurodegeneration and symptoms associated with MS. The first wave of
immune cells is believed to enter through the BCSFB (Reboldi et al, 2009) and/or the blood-
leptomeningeal barrier (Bartholomaus et al, 2009), as shown in rodent models. Notably, a role
for C-C motif chemokine ligand 20 (CCL20), a chemokine constitutively expressed on ChP
epithelial cells, was shown for T cell entry across the BCSFB (Reboldi et al, 2009).

While the mechanisms of immune infiltration described above are mainly based on CD4* T
cells, self-reactive CD8* T cells employ additional mechanisms suggested to rely on antigen
presentation in MHC-I by BBB endothelial cells (Galea et al, 2007). This is supported by a recent
study of Aydin et al. that shows that BBB endothelial cells can present exogenous antigens to
CD8* T cells both in vitro and in vivo (Aydin et al, 2023). Specifically, these endothelial cells can
take up and process self-antigens from both the luminal (i.e., blood side) and abluminal side,
and subsequently present these antigens in MHC-1 to CD8* T cells that circulate in the
bloodstream. During inflammation, adhesion molecules are upregulated allowing CD8* T cells
to adhere and recognize their antigen. It was previously proposed that antigen recognition on
brain endothelial cells results in crawling of CD8* T cells over the BBB followed by diapedesis
across the BBB. However, the authors demonstrated that upon antigen recognition, these
autoantigen CD8" T cells receive a stop signal and induce endothelial apoptosis and
breakdown of the inflamed BBB. Notably, besides antigen recognition, the activation of naive
CD8* T cells requires a second signal. This antigen-independent signal is mediated by the
interaction between co-receptors CD80 and CD86 on the APC and CD28 on T cells. However,
there is ongoing debate regarding the presence of these co-stimulatory molecules on
endothelial cells. Interestingly, studies have revealed that adhesion molecules such as ICAM-
1 and VCAM-1 can serve as alternative co-stimulatory signals for T cell activation in the
absence of CD80 and CD86, providing an alternative mechanism for CD8* T cell activation at
the BBB (Pober et al, 2017). Limiting immune cell trafficking across the BBB has been successful
in treating RRMS. For example, natalizumab targets VLA-4 on leukocytes and significantly
reduces the formation of new lesions (Baecher-Allan et al, 2018). Interestingly, besides
preventing T cell infiltration, these therapies might also play an important role in inhibiting
CD8*T cell-mediated BBB breakdown (Aydin et al, 2023).
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1.3.6. The adaptive immune system in MS

In contrast to AD, the involvement of the adaptive immune response in MS onset and
progression is more evident. As mentioned above, particularly T cells, and to a lesser extent B
cells, play a crucial role in the pathogenesis of MS. Among CD4* T cells, the Thl and Th17
subsets are primarily implicated in the disease process, targeting myelin proteins in the CNS
(Charabati et al, 2023). These T cell subsets secrete pro-inflammatory cytokines such as
interferon-gamma (IFNy), tumour necrosis factor-alpha (TNFa), interleukin (IL)-6, IL-12, and
IL-23. Amongst other things, these cytokines activate microglia and monocytes, facilitate
inflammatory cell infiltration, disrupt the brain barriers, and contribute to neurodegeneration
(Charabati et al, 2023). Additionally, accumulating evidence shows a role for CD8* T cells in
MS. CD8* T cells are more abundant in active MS lesions compared to CD4* T cells and their
expansion is shown in the blood and CSF of MS patients (Lassmann, 2019). However, it remains
unclear whether these T cells are detrimental or beneficial (Wagner et al, 2020). Some studies
show a suppressive effect of CD8* T cells on myelin-specific CD4* T cell activity (Baughman et
al, 2011), while other studies reveal that CD8* T cells also contribute to the damaging of the
myelin sheaths and oligodendrocytes, leading to demyelination and disease progression. The
latter is supported by the close proximity of CD8* T cells to oligodendrocytes and their
polarization of cytolytic granules towards these cells (Saxena et al, 2008). In contrast, Tregs
exert a protective role in MS by suppressing immune responses and secreting anti-
inflammatory cytokines (Dominguez-Villar & Hafler, 2018). Lastly, B cells mainly act as APCs,
presenting myelin antigens to T cells and promoting their activation (Zamvil & Hauser, 2021).
Moreover, B cells can interact with other immune cells and secrete pro-inflammatory
cytokines, further amplifying the inflammatory response within the CNS (Li et al, 2018).
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The blood-brain barrier (BBB) and the blood-cerebrospinal fluid barrier (BCSFB) play a critical
role in protecting the brain parenchyma from harmful substances and immune cells and
maintaining a stable milieu for neuronal function. Amongst other factors, the presence of
these tight barriers funded the idea of the brain as an immune-privileged site. However, more
recent findings have indicated a more complex interplay between the immune system and the
brain than previously assumed, thereby changing this perspective. It is now widely accepted
that the brain barriers divide the central nervous system (CNS) into compartments that differ
with respect to their accessibility to the immune system. Intriguingly, disruption of the brain
barriers is a common feature in many neurological disorders, including multiple sclerosis (MS)
and Alzheimer’s disease (AD), allowing infiltration of innate and adaptive immune cells that
contribute to the disease. The precise mechanisms involved are not yet fully understood,
however, reversing or halting this barrier breakdown might be a promising avenue for
treating these diseases. To understand the dysfunction of the brain barriers in disease states,
it is important to have a more comprehensive understanding of how they function in non-
inflammatory conditions. In addition, emerging evidence shows that T cells home to the brain
and shape different CNS components. For instance, T cells patrol brain borders during immune
surveillance (Engelhardt et al, 2017), and recently identified brain-resident CD4* T cells were
shown to regulate microglia maturation (Pasciuto et al, 2020).

Consequently, we hypothesized that the adaptive immune system, particularly T cells, could
potentially shape the integrity of the CNS barriers. Therefore, in this thesis, we aim to
investigate whether a lack of adaptive immunity impacts the integrity of the BBB and the
BCSFB. To achieve this, we make use of Rag2”" mice, a mouse model that lacks adaptive
immunity (Shinkai et al, 1992), and reconstitution via adoptive transfer of T and/or B cells.
Additionally, to verify findings in this model, we make use of antibody-mediated depletion of
T and B cells in wild type mice.

Secondly, if interesting differences occur, we will dive deeper into T and/or B cell subsets and
try to pinpoint a specific lymphocyte subset important in shaping and/or maintaining the
brain barriers. Moreover, we aim to unravel the mechanisms by which this specific
lymphocyte subset ensures proper brain barrier functionality in healthy conditions and in
mouse models of AD and MS. For the latter, we make use of transgenic App":-¢F mice and
experimental autoimmune encephalomyelitis (EAE) mice to model AD and MS, respectively.

Overall, the goal of this thesis is to contribute to a more complete understanding of the effect
of the adaptive immune system on the brain barriers in health and disease, and
consequently, improve the ability to treat and manage neurological disorders.
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3.1. Characterization of the Rag2”- mouse model

3.1.1. The permeability of the brain barriers is increased in Rag2”" mice

The adaptive immune response comprises the humoral and cell-mediated response,
respectively mediated by B and T lymphocytes. As described before, the role of the adaptive
immune system is evident in diseases like MS and is becoming increasingly prominent in
diseases like AD. However, since the brain was long considered to be sealed off from the
immune system, the impact of the adaptive immune cells on CNS components in non-
pathological conditions is still an area of intensive research. To investigate the effect of the
adaptive immune system on the CNS barriers, the Rag2”- mouse model was used. These mice
fail to generate mature T or B lymphocytes and thus lack an adaptive immune response. To
confirm adaptive immune deficiency in this model, flow cytometry was performed on
splenocytes extracted from Rag2”- mice. Analysis confirmed a lack of CD3* T cells and CD19*
B cells (Fig. 8A). Next, the leakiness of the BCSFB and the BBB of mice with and without a
functional adaptive immune system, respectively wild type and Rag2”- mice, were compared.
For this, 4 kilodalton (kDa) fluorescein isothiocyanate (FITC)-dextran was intravenously (i.v.)
injected and systemically circulated for 15 min (Fig. 8B). Subsequently, BBB and BCSFB leakage
was assessed. For the BBB, different regions were separately analysed, namely the
hippocampus, cortex, and cerebellum. Mice were perfused with PBS to remove all the blood
present in the brain. To look at the BCSFB leakage, CSF was taken by cisterna magna puncture.
Next, fluorescence was quantified as a measure of the leakage of FITC-dextran across the BBB
and BCSFB. Measurement of fluorescence showed significantly higher leakage of FITC-dextran
from the blood into the CSF and the brain parenchyma of the hippocampus, cortex, and
cerebellum in Rag2”/~ mice (Fig. 8C-D).

3.1.2. Tightjunctions are impaired in the brain barriers of Rag2”" mice

Besides determining the permeability of the BCSFB and the BBB, tight junctional integrity was
evaluated. The BCSFB and BBB have differences in tight junctional proteins, however, ZO-1 is
important in both barriers. Confocal imaging revealed a more diffuse distribution of ZO-1
protein in Rag2”~ mice compared to wild type mice (Fig. 9). At the level of the BCSFB, total ZO-
1 expression did not show a statistically significant difference, although a noticeable trend is
visible. However, when the maximal length of continuous ZO-1 expression was measured, a
significant difference was observed between wild type and Rag2”~ mice (Fig. 9A). Additionally,
the distribution of continuous ZO-1 length was analysed, revealing a significant reduction in
Z0-1 fragments longer than 20 pm in Rag2”- mice compared to wild type mice, while shorter
fragments did not show a difference (Fig. 9A). Among the different regions where the BBB is
present, only at the level of the cerebellum a significant reduction in ZO-1 expression in Rag2
/~mice compared to wild type mice was observed (Fig. 9B).
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Figure 8: Increased permeability of the blood-cerebrospinal fluid barrier (BCSFB) and the blood-brain barrier
(BBB) in Rag2”- mice. (A) Flow cytometry was performed on splenocytes from wild type and Rag2”" mice to
confirm a lack of CD3* T cells and CD19* B cells in Rag2”- mice. (B) The relative brain barrier permeability was
determined by measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran that leaked into the CSF
and brain parenchyma of the hippocampus, cortex, and cerebellum after intravenous (i.v.) injection. Mice were
sedated with ketamine/xylazine and perfused with D-PBS to remove FITC-dextran-containing blood from the
circulation. Next, CSF was isolated via cisterna magna puncture and the brain regions were isolated. Lastly,
fluorescence was measured in the CSF and, after overnight formamide extraction, in the brain regions. (C)
Relative BCSFB permeability was determined in the CSF 15 min after i.v. injection of 4 kDa FITC-dextran. (D)
Relative BBB permeability was determined in the hippocampus, cortex, and cerebellum 15 min after i.v. injection
of 4 kDa FITC-dextran. Data are shown as mean * SEM (n=5/6 mice per group). Statistical significance was
determined by two-tailed Student’s t-test; *p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 9: Impaired zonula occludens-1 (ZO-1) protein expression in the blood-cerebrospinal fluid barrier
(BCSFB) and the blood-brain barrier (BBB) of Rag2”- mice. (A) On top: representative confocal images of ZO-1
(red) and DAPI (blue) immunostaining in the choroid plexus of wild type and Rag2”- mice. Below: a comparison
of total ZO-1 signal, the maximal length of continuous ZO-1 (um), and the distribution of the lengths of continuous
ZO-1 (um) in wild type and Rag2”- mice. (B) On top: representative confocal images of ZO-1 (green) and CD31
(red) immunostaining at the vasculature of the hippocampus, cortex, and cerebellum of wild type and Rag2”
mice. Below: a comparison of total ZO-1 signal in hippocampus, cortex, and cerebellum of wild type and Rag2”
mice. Data are shown as mean + SEM (n=3/4 mice per group). Quantification was done by Junhua Xie. Statistical
significance was determined by two-tailed Student’s t-test; *p < 0.05.
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3.1.3. The sealing capacity of astrocyte endfeet is reduced in Rag2”" mice

The BBB is a complex and organized structure with both cellular and acellular components,
wherein astrocytes play a pivotal role in ensuring barrier integrity (Engelhardt et al, 2017). This
critical function is attributed to the endfeet of astrocytes, which function as sealing structures
around blood vessels. To evaluate whether the sealing capacity of these endfeet is
compromised in Rag2”" mice, potentially contributing to increased BBB permeability,
immunostaining with aquaporin 4 (AQP4) antibodies was done, followed by confocal
microscopy imaging. Subsequently, a line was drawn through the blood vessels, and the AQP4
signal intensity along this axis was quantified (Fig. 10A). The maximum intensity signals of
several blood vessels were determined and compared between wild type and Rag2”" mice.
The results revealed a significant reduction in the sealing capacity of astrocytes in the Rag2”
mice (Fig. 10B).
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Figure 10: Less sealing capacity of astrocyte endfeet in Rag2”- mice. (A) Astrocyte endfeet, surrounding brain
vessels, were stained on brain sections of wild type and Rag2”- mice with anti-aquaporin 4 (AQP4) antibody and
visualized by confocal microscopy. On top: representative confocal images of AQP4 staining. Below: the intensity
of the staining was determined along a line through each blood vessel and plotted. (B) Left: measurements of
multiple blood vessels were merged. Right: the maximum AQP4 intensities were compared between wild type
and Rag2”" mice. Data are shown as mean * SEM (n=5 per group). Quantification was done by Junhua Xie.
Statistical significance was determined by two-tailed Student’s t-test; ** p < 0.01.
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3.2. Brain barrier integrity in presence and absence of T and B cells

3.2.1. T cell adoptive transfer in Rag2”" mice rescues brain barrier integrity

To determine whether replacing the missing adaptive immune cell populations in the
periphery could reverse the effects of immune deficiency on brain barrier integrity in Rag2”
mice, adoptive transfer of mature T and/or B cells was performed. CD3* T cells and CD19* B
cells were isolated from the spleen of a wild type donor and i.v. injected into Rag2”- acceptor
mice (Fig. 11A). One week after adoptive transfer, leakage of the barriers was assessed
similarly as described above (Fig. 11B). The results demonstrated that adoptive transfer of T
cells leads to a reduction in permeability of both the BBB and BCSFB in Rag2”- mice (Fig. 11B-
C). Transfer of B cells alone did not restore barrier integrity, while the combined transfer of T
and B cells did, indicating a main role of T cells in this process.
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Figure 11: T and B cell adoptive transfer improves the blood-CSF barrier (BCSFB) and blood-brain barrier (BBB)
integrity in Rag2” mice. (A) Spleens were isolated from wild type donor mice. T and/or B cells were isolated and
subsequently adoptively transferred to Rag2”" acceptor mice. (B) The relative BCSFB permeability was
determined by measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran in the CSF 15 min after
intravenous (i.v.) injection. (C) The relative BBB permeability was determined in the hippocampus, cortex, and
cerebellum 15 min after i.v. injection of 4 kDa FITC-dextran. Data are shown as mean * SEM (n=4/5 mice per
group). Statistical significance was determined by one-way ANOVA and Dunnett’s multiple comparisons test; ***
p <0.001, **** p <0.0001, ns: non-significant.
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3.2.2. Tcell depletion in wild type mice promotes brain barrier disruption

To validate the effects of T cells on barrier integrity observed in Rag2”" mice, antibody-
mediated depletion of T and/or B cells in wild type mice was performed (Fig. 12A). CD3¢
polypeptide chain antibody against the T cell receptor (TCR) complex was used for T cell
depletion, while an antibody against B220, an isoform of CD45 expressed on B cells, was used
for B cell depletion. Non-reactive isotype antibodies were used as a control. The depletion of
T and B cells was verified by flow cytometry (data not shown). Consistent with the findings
above, T cell depletion significantly increased the permeability of the BCSFB and BBB, while B
cell depletion had no significant impact on barrier integrity (Fig. 12B-C). Furthermore, the
depletion of both T and B cells resulted in a comparable increase in barrier permeability as T
cell depletion alone.
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Figure 12: T and B cell depletion in wild type mice impairs the blood-CSF barrier (BCSFB) and blood-brain barrier
(BBB). (A) In wild type mice, antibodies against T cells were intraperitoneally (i.p.) injected every 3 days for 15
days. Antibodies against B cells were i.p. injected every 5 days for 15 days. Wild type mice injected with non-
reactive isotype antibodies were used as control. (B) The relative BCSFB permeability was determined by
measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran in the CSF 15 min after intravenous (i.v.)
injection. (C) The relative BBB permeability was determined in the hippocampus, cortex, and cerebellum 15 min
after i.v. injection of 4 kDa FITC-dextran. Data are shown as mean * SEM (n=4/5 mice per group). Statistical
significance was determined by one-way ANOVA and Dunnett’s multiple comparisons test; **p < 0.01, *** p <
0.001, ns: non-significant.
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3.2.3. The presence of Tregs is essential for brain barrier integrity

The previous findings identified the impact of T cells, but not B cells, on barrier integrity in
non-inflammatory conditions. Consequently, it is important to pinpoint these effects to a
specific T cell subtype. Interestingly, a study in mouse models of ischemic stroke indicated that
adoptive Treg treatment protects against BBB disruption (Li et al, 2013). Tregs are
immunosuppressive CD4* T cells that maintain immune homeostasis and prevent
autoimmunity (Vignali et al, 2008). Besides their role in cerebral ischemia, a reduction of the
functionality and/or number of Tregs is common in many other neurological disorders, such
as in AD and MS. Remarkably, disruption of the brain barriers is a key factor in the
pathogenesis of MS and is increasingly being recognized as a prominent factor in the
progression of AD. However, it remains unclear whether there is a direct link between the
dysfunction and reduction of Tregs and the compromised integrity of the brain barriers in
these diseases. Therefore, the capacity of Tregs to directly impact the brain barriers was
investigated under normal physiological conditions. To this end, CD4*CD25* Tregs were
isolated from wild type donors and adoptively transferred into Rag2”/" mice to determine
whether they could restore the impaired barrier function that was previously observed in this
mouse model (Fig. 13A). Brain barrier leakage was assessed after i.v. injection of FITC-dextran,
as described before. Results showed a significant decrease in BCSFB and BBB permeability
upon transfer of Tregs (Fig. 13B-C).
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Figure 13: Regulatory T cells (Treg) adoptive transfer improves blood-CSF barrier (BCSFB) and blood-brain
barrier (BBB) integrity in Rag2”- mice. (A) Spleens were isolated from wild type donor mice. CD4*CD25* cells
were isolated and subsequently adoptively transferred to Rag2”" acceptor mice. (B) The relative BCSFB
permeability was determined by measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran in the
CSF 15 min after intravenous (i.v.) injection. (C) The relative BBB permeability was determined in the
hippocampus, cortex, and cerebellum 15 min after i.v. injection of 4 kDa FITC-dextran. Data are shown as mean
+ SEM (n=4/5 mice per group). Statistical significance was determined by two-tailed Student’s t-test; *p < 0.05,
**p <0.01.
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Additionally, antibody-mediated depletion of Tregs was performed to validate the effects seen
in Rag2”/- mice (Fig. 14A). Depletion of the Tregs was done with anti-CD25 antibody and was
verified by flow cytometry analysis (data not shown). Subsequently, brain barrier leakage was
assessed as described before. The results revealed that the leakiness of the BCSFB and BBB
was significantly increased in wild type mice without Tregs (Fig. 14B-C). These findings are
consistent with the results observed in Rag2”- mice and point to an important role for Tregs
in maintaining brain barrier integrity.
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Figure 14: Regulatory T (Treg) depletion impairs the blood-CSF barrier (BCSFB) and blood-brain barrier (BBB)
in wild type mice. (A) In wild type mice, antibodies against Treg cells were intraperitoneally (i.p.) injected every
3 days for 15 days. Wild type mice injected with non-reactive isotype antibodies were used as control. (B) The
relative BCSFB permeability was determined by measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-
dextran in the CSF 15 min after intravenous (i.v.) injection. (C) The relative BBB permeability was determined in
the hippocampus, cortex, and cerebellum 15 min after i.v. injection of 4 kDa FITC-dextran. Data are shown as
mean t SEM (n=5/6 mice per group). Statistical significance was determined by two-tailed Student’s t-test;
*p<0.05, **p < 0.01.
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3.3. The mechanisms behind the effect of Tregs on brain barrier integrity

3.3.1. Tregs possibly exert their effect on the brain barriers through IL-34

Interestingly, in the lab of Prof. Bieke Broux (UHasselt), they recently discovered that in
untreated RRMS patients, the percentage of IL-34 expressing Tregs is decreased compared to
those of healthy individuals (Fig. 15A, data not published). In addition, Jin et al. showed that
IL-34 restored in vitro BBB disruption induced by pro-inflammatory cytokines through the
upregulation of TJ proteins (Jin et al, 2014). Altogether, these data suggest that IL-34 plays a
crucial role in Treg function. Lack of IL-34 might negatively impact disease progression and
possibly affect the integrity of the brain barriers. Therefore, there is a need to clarify if IL-34
expressed by Tregs has an impact on the brain barriers in neuroinflammatory conditions, and
if so, how this process works.

IL-34 acts through binding of three receptors: colony-stimulating factor 1 receptor (CSF-1R),
receptor-type protein-tyrosine phosphatase-zeta (PTP-{) and syndecan-1 (Lin et al, 2008;
Nandi et al, 2013; Segaliny et al, 2015). RNA-sequencing databases suggest that mainly CSF-
1R is highly expressed on the ChP and brain microvessels (Fig. 15C). Moreover, the study by
Jin et al. showed that CSF-1R is expressed on endothelial cells of the BBB and that inhibition
of the receptor ablates the positive effect IL-34 has on pro-inflammatory cytokine-induced
BBB disruption in vitro (Jin et al, 2014). Additionally, the lab of Prof. Bieke Broux showed the
presence of the CSF-1R on the human brain microvascular endothelial cell line hCMEC/D3 (Fig.
15B). This has led to the hypothesis that IL-34 might exert the protective effect on the brain
barriers through binding of the CSF-1R.
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Figure 15: Regulatory T cells (Tregs) secrete interleukin (IL)-34 that possibly impacts brain barriers through
colony-stimulating factor 1 receptor (CSF-1R) binding. (A) Data from the lab of Prof. Bieke Broux (UHasselt)
shows that peripheral Tregs from healthy controls produce IL-34, which is significantly reduced in Tregs from
relapsing-remitting multiple sclerosis (RRMS) patients, as measured by flow cytometry (data not published).
(B) In the lab of Prof. Bieke Broux, they showed that CSF-1R is expressed on human brain microvascular
endothelial cell line hCMEC/D3 (data not published). (C) RNA-sequencing data shows mRNA expression levels
of the CSF-1R, receptor-type protein-tyrosine phosphatase-zeta (PTP-{) and syndecan-1 in brain microvessels
and the choroid plexus (ChP). Created with GENEVESTIGATOR. WGA, Wheat germ agglutinin.
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3.3.2. Invitro application of IL-34 restores brain barrier disruption

To investigate whether IL-34 impacts the integrity of the brain barriers, in vitro transwell
experiments were performed. First, ChP epithelial (CPE) cells were isolated from wild type and
Rag2” mice, and subsequently seeded onto a semi-permeable filter within the upper chamber
of a transwell insert. Over time, the cells formed a tightly interconnected monolayer, which
was assessed by monitoring the trans-epithelial electrical resistance (TEER), and experiments
were started when both wild type and Rag2”- CPE cells reached a similar TEER (Fig. S1). These
in vitro barrier systems closely mimic the in vivo situation, wherein the apical section of the
transwell insert represents the CSF side, while the basal compartment represents the blood
side of the CPE cells. Consequently, the permeability of the barriers was assessed by
introducing 4 kDa FITC-dextran to the blood side, followed by the measurement of fluorescent
leakage into the apical section, and thus the CSF. CPE cells of both wild type and Rag2”- mice
were treated with IL-34 for 8 hours to assess whether this improves in vitro BCSFB integrity.
Cells treated with PBS were used as a control. At the 6-hour timepoint, FITC-dextran was
added, and 2 hours later, leakage was measured (Fig. 16A). Analysis revealed a statistically
significant reduction in BCSFB permeability of CPE cells derived from Rag2”- mice with the
addition of IL-34, as compared to PBS treatment (Fig. 16A). In wild type primary CPE cells, no
difference in permeability was observed. Additionally, in the lab of Prof. Bieke Broux, they
performed similar transwell experiments on primary brain capillary endothelial cells isolated
from wild type and Rag2”~ mice. Consistent with our findings for the BCSFB, results revealed
a significant decrease in leakage when brain capillary endothelial cells from Rag2”- mice were
treated with IL-34 (Fig. S2).

Furthermore, the human malignant ChP papilloma cell line (HIBCPP) and a murine
immortalized CPE cell line (ImmCPE) were evaluated in a similar transwell experiment. HIBCPP
cells, derived from a malignant ChP papilloma of a Japanese woman, exhibit key features of a
functional BCSFB, such as the formation of TJs, development of a high TEER and low
permeability for macromolecules (Ishiwata et al, 2005). Additionally, ImmCPE cells were
created in the host lab by transgenic overexpression of an SV40 large T-antigen fragment
under the control of a lymphotropic papovavirus (LPV) promoter (Pauwels et al, 2022). Both
cell lines were seeded onto transwell inserts until a tight single-cell layer was formed, which
was assessed by monitoring the TEER (Fig. S1). For these cell lines, an LPS trigger was used to
induce barrier leakage. Accordingly, treatment with LPS resulted in increased leakage
following FITC-dextran administration, as compared to PBS treatment. Stimulation of HIBCPP
and ImmCPE cells with IL-34 showed significant restoration of LPS-induced leakage, but not
completely to wild type levels (Fig. 16B-C). Additionally, when IL-34 was co-administered with
FITC-dextran at the 6-hour timepoint, a significant reduction in barrier permeability was
observed, equivalent to the condition where IL-34 was present from the beginning (Fig. 16B-
Q).
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Figure 16: In vitro administration of interleukin (IL)-34 rescues leakage of primary choroid plexus epithelial
(CPE) cells from Rag2”/~ mice and LPS-treated human and mouse BCSFB cell lines. (A) Primary choroid plexus
epithelial (CPE) cells were isolated from wild type and Rag2” mice and seeded in the apical compartment of a
transwell system. Cells were stimulated for 8 hours with IL-34. PBS treatment was used as control. At the 6-hour
timepoint, 4 kDa FITC-dextran was added to the basal compartment (blood side), and 2 hours later, leakage was
determined by measuring fluorescence in the apical compartment (CSF side). (B) Murine immortalized CPE cells
(ImmCPE) and (C) human malignant ChP papilloma (HIBCPP) cells were seeded in the apical compartment of a
transwell system. Leakage was induced by an LPS trigger. PBS treatment was used as control. Cells were treated
for 8 hours or 2 hours with IL-34. Leakage was determined as described above. Data are shown as mean + SEM
(n=2/3 per group). Statistical significance was determined by two-tailed Student’s t-test for (A) and one-way
ANOVA and Tukey’s multiple comparisons test for (B) and (C); *p < 0.05, **p <0.01, *** p < 0.001, **** p <
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3.3.3. Invivo administration of IL-34 restores brain barrier disruption

Previous findings showed an impact of IL-34 on brain barrier integrity in vitro. To validate
whether these effects can be translated to an in vivo context, mice that exhibit brain barrier
leakage were treated with IL-34. More specifically, IL-34 was administered at regular intervals
of 2 hours over a 24-hour period to Rag2”- mice (Fig. 17A). The dosage of recombinant mouse
IL-34 was calculated to obtain levels consistent with those observed under physiological
conditions in the blood (41,2 pg/mL). At the 24-hour timepoint, leakage was determined by
measuring fluorescence in the CSF and brain parenchyma after i.v. injection of 4 kDa FITC-
dextran. Results showed that administration of IL-34 significantly decreased BBB and BCSFB
leakage in Rag2”- mice (Fig. 17B-C).
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Figure 17: In vivo administration of interleukin (IL)-34 rescues blood-CSF barrier (BCSFB) and blood-brain
barrier (BBB) leakage in Rag2”-. (A) Rag2”- mice were treated with intravenous (i.v.) IL-34 injections every 2
hours for a period of 24 hours. (B) The relative BCSFB permeability was determined by measuring the level of 4
kDa fluorescein isothiocyanate (FITC)-dextran in the CSF 15 min after i.v. injection. (C) The relative BBB
permeability was determined in the hippocampus, cortex, and cerebellum 15 min after i.v. injection of 4 kDa
FITC-dextran. Data are shown as mean + SEM (n=5/6 mice per group). Statistical significance was determined by
two-tailed Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001.
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The findings above provide insights into the impact of IL-34 on brain barrier integrity in a non-
inflammatory context. To further explore the effects of IL-34 on the brain barriers in a different
context, brain barrier leakiness was evaluated in wild type mice where systemic inflammation
was mimicked by an LPS trigger (i.e., endotoxemic mice). A preliminary experiment was
performed to determine the minimal dosage of LPS required to induce brain barrier leakage.
Based on previous experiments in the host lab, it was known that a dosage of 20 ug LPS was
insufficient to induce leakage. Therefore, doses of 50 pg, 150 pg, and 300 pg LPS were
evaluated in wild type mice via i.p. injection, followed by i.v. injection of 4 kDa FITC-dextran
to assess leakage in the prefrontal cortex (for the BBB) and CSF (for the BCSFB) (Fig. S3). The
results indicated leakage at the 50 pg LPS dose, although statistical significance was not
achieved for the BCSFB due to the small number of mice used and the death of some mice.
Subsequently, wild type mice were administered the 50 pg LPS dose via i.p. injection, and IL-
34 was administered at regular 2-hour intervals over a 24-hour period (Fig. 18A). Fluorescence
measurements revealed a significant decrease in permeability of the BCSFB and BBB following
IL-34 treatment in Rag2”- mice (Fig. 18B-C). These in vivo results suggest that IL-34 has the
ability to restore brain barrier integrity, which is consistent with the in vitro findings.
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Figure 18: In vivo administration of interleukin (IL)-34 rescues blood-CSF barrier (BCSFB) and blood-brain
barrier (BBB) leakage in wild type mice with LPS-induced peripheral inflammation. (A) Wild type mice were
treated with intravenous (i.v.) IL-34 injections every 2 hours for a period of 24 hours. At the 1-hour timepoint,
mice received an intraperitoneal (i.p.) LPS trigger (50 ug) to induce brain barrier leakage. (B) The relative BCSFB
permeability was determined by measuring the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran in the
CSF 15 min after i.v. injection. (C) The relative BBB permeability was determined in the hippocampus, cortex, and
cerebellum 15 min after i.v. injection of 4 kDa FITC-dextran. Data are shown as mean * SEM (n=5/6 mice per
group). Statistical significance was determined by two-tailed Student’s t-test; ****p < 0.0001.
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3.3.4. Blockade of CSF-1R has minimal impact on the brain barriers

To assess whether IL-34 exerts its effects on brain barrier integrity through binding of the CSF-
1R, mice were treated with a low dose (75 mg/kg) of CSF-1R small molecule inhibitor
pexidartinib (PLX3397). Wild type mice were provided with PLX3397-supplemented food for a
duration of 9 days, while control mice received food with the same composition but without
PLX3397 (Fig. 19A). The food was weighed before and after the PLX3397 treatment period to
evaluate the average food intake per mice. No significant difference in food intake was
observed between the two treatment groups (Fig. 19B). Subsequently, brain barrier integrity
was determined after i.v. injection of 4 kDa FITC-dextran. Results showed a minor increase in
BCSFB leakage, but no significant differences in BBB leakage were observed after CSF-1R
inhibition (Fig. 19C-D).
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Figure 19: Colony-stimulating factor 1 receptor (CSF-1R) inhibition has minimal impact on the blood-CSF barrier
(BCSFB) and no impact on the blood-brain barrier (BBB) integrity in wild type mice. (A) Wild type mice were
treated with food supplemented with PLX3397 (PLX) or control food. At day 9, mice were sacrificed, and BBB
leakage was determined. (B) The food was weighed before and after PLX treatment per cage and divided by the
number of mice in the cage to determine average food uptake per mouse (in g). Two cages per treatment group
were used. (C) The relative BCSFB permeability was determined by measuring the level of 4 kDa fluorescein
isothiocyanate (FITC)-dextran in the CSF 15 min after i.v. injection. (D) The relative BBB permeability was
determined in the hippocampus, cortex, and cerebellum 15 min after i.v. injection of 4 kDa FITC-dextran. Data
are shown as mean + SEM (n=5/7 mice per group). Statistical significance was determined by two-tailed Student’s
t-test; ***p < 0.001, ns: non-significant.
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3.4. The impact of IL-34 in neurological disease models

3.4.1. IL-34 is reduced in mouse models for AD and MS

Brain barrier disruption is a common feature in many neurological disorders, such as AD and
MS (Cai et al, 2018; Balusu et al, 2016; Engelhardt et al, 2022). In MS, brain barrier disruption
results in the influx of pro-inflammatory cells that contribute to the disease, while in AD,
impaired barrier integrity hinders clearance of AB plaques. In its turn, these inflammatory cells
and AP plaques can cause further disruption of the brain barriers, contributing to a vicious
cycle that progressively worsens AD and MS. Consequently, restoring barrier integrity holds
promising therapeutic potential for these and other neurological disorders. Interestingly, the
lab of Prof. Bieke Broux showed a reduced number of IL-34 expressing Tregs in untreated
RRMS patients (Fig. 15A). Therefore, we determined the concentration of IL-34 present in the
plasma of mouse models of AD and MS, namely the App":-¢F and EAE models, by enzyme-
linked immunosorbent assay (ELISA). In 35-week-old App"-¢F mice, the IL-34 concentration in
the plasma was significantly lower compared to age-matched wild type control mice (Fig. 20A).
Similarly, this decrease was seen in EAE mice 16 and 26 days after disease induction (Fig. 20B).
The results showed no significant difference in IL-34 concentration in the plasma of EAE mice
7 days after induction compared to naive EAE mice. This can be attributed to the fact that
these mice have a clinical score of zero, and thus, do not yet have leakage of the brain barriers
(Fig. 208B).
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Figure 20: The interleukin (IL)-34 concentration in the plasma of experimental autoimmune encephalomyelitis
(EAE) and App"-¢* mice is lower compared to wild type mice. (A) IL-34 concentration was determined in the
plasma of 35-week-old App"-°F mice and age-matched wild type controls by enzyme-linked immunosorbent
assay (ELISA). (B) IL-34 concentration was determined in the plasma of EAE mice 7 days, 16 days, and 26 days
after immunization with MOGss.3s peptide by ELISA. Naive EAE mice were used as control. Statistical significance
was determined by two-tailed Student’s t-test (A) and one-way ANOVA (B); ****p < 0.0001.
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3.4.2. 1L-34 treatment partially rescues brain barrier disruption in EAE and App"°F mice

Previous findings showed a reduced concentration of IL-34 in the plasma of EAE and AppNt-F¢

mice. Additionally, we have demonstrated that in vivo administration of IL-34 restored brain
barrier integrity in Rag2”- mice and LPS-induced barrier leakage in wild type mice. As brain
barriers are disrupted in EAE and App"-F¢ mice, we hypothesized that IL-34 administration
might improve barrier integrity in these disease models. Therefore, IL-34 was administered to
EAE and App"F¢ mice 3 times a day for 3 days in a row (Fig. 21A, D). Non-treated wild type,
EAE and App":FC mice were used as control. At the day 3, brain barrier leakage was
determined after i.v. injection of 4 kDa FITC-dextran. The results showed a significant decrease
in the BCSFB permeability of IL-34-treated App"--¢F and EAE mice, as compared to control mice
(Fig. 21B, E). The BBB leakage observed in App"-¢F mice was completely restored by IL-34
treatment in the hippocampus and cerebellum (Fig. 21C). However, results showed no
significant reduction in BBB permeability in the cortex of these mice, although a noticeable
trend was observed. In IL-34-treated EAE mice, BBB permeability was significantly lowered in
the cortex and cerebellum, but not in the hippocampus (Fig. 21F). However, in the
hippocampus, non-treated EAE mice did not show an increased barrier leakage compared to
wild type mice, therefore, IL-34 does not have any beneficial impact.
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Figure 21: Interleukin (IL)-34 partially restores blood-brain barrier (BBB) and blood-CSF barrier (BCSFB)
disruption in experimental autoimmune encephalomyelitis (EAE) and App™:-* mice. (A/D) App"-°F / EAE mice
were treated with intravenous (i.v.) IL-34 injections 3 times a day for 3 days in a row. Non-treated App"°f / EAE
and wild type mice were used as control. (B/E) The relative BCSFB permeability was determined by measuring
the level of 4 kDa fluorescein isothiocyanate (FITC)-dextran in the CSF 15 min after i.v. injection. (C/F) The relative
BBB permeability was determined in the hippocampus, cortex, and cerebellum 15 min after i.v. injection of 4 kDa
FITC-dextran. Data are shown as mean + SEM (n=3/6 mice per group). Statistical significance was determined by
one-way ANOVA with Tukey’s multiple comparisons test; *p <0.05, **p < 0.01, ****p < 0.0001, ns: non-
significant.
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Part 4: Discussion

In the CNS, protective barriers shield the brain from the constantly changing environment of
the blood. These brain barriers, including the blood-brain barrier (BBB) and the blood-CSF
barrier (BCSFB), maintain a precisely controlled milieu within the CNS necessary for optimal
neuronal function. Besides providing physical protection, they also play a critical role in
shaping immune responses within the CNS. Disruption of these barriers results in impaired
brain function, as observed in neurological disorders such as Alzheimer’s disease (AD) and
multiple sclerosis (MS). In AD, impaired barriers hinder the clearance of AB peptides from the
brain, leading to their accumulation and the formation of AB plaques, a hallmark feature of
AD. Furthermore, the presence of these AB plaques, in turn, induces barrier disruption,
thereby amplifying AD pathogenesis. In addition, impaired brain barriers might allow
infiltration of pro-inflammatory immune cells, which contribute to neuroinflammation seen in
AD. In MS, brain barrier disruption is a prominent feature that results in the infiltration of
immune cells. Infiltrating self-reactive T cells mount an inflammatory attack against the
insulating covers of the brain, spinal cord, and optic nerves, leading to impaired
communication between neurons. This triggers axonal degeneration and neurological deficits
associated with MS. Moreover, the pro-inflammatory T cells cause further disruption of the
brain barriers, worsening disease progression. Consequently, tightening the brain barriers
holds therapeutic potential for these neurological disorders.

T cells improve brain barrier integrity

In contrast to the long-held belief of the brain as an immune-privileged site, accumulating
evidence highlights a dynamic interaction between T cells and the CNS. For instance, T cells
carry out immune surveillance at the borders of the CNS and are important in modulating CNS
components, such as microglia (Engelhardt et al, 2017; Pasciuto et al, 2020). Based on these
findings, we aimed to explore the role of adaptive immune cells in shaping and/or maintaining
brain barriers. Therefore, we compared the brain barrier integrity in Rag2”/~ mice, a mouse
model that lacks mature T and B lymphocytes, with wild type mice. The Rag2”- mice exhibited
increased brain barrier leakage, both at the BBB and BCSFB, demonstrating the impact of
adaptive immune cells on the permeability of the barriers. In addition, these mice showed an
impaired distribution of ZO-1 in the CPE cells that form the BCSFB and reduced sealing capacity
of astrocyte endfeet in the BBB. These findings provide possible mechanisms underlying the
observed increase in barrier leakage. On top of that, replacing the missing T cells, effectively
reversed the effects of immune deficiency on brain barrier integrity. Despite these effects,
Rag2”/- mice are not embryonic lethal, however, the absence of T and B cells might affect brain
development and homeostasis. For instance, Pasciuto et al. showed that microglia require
CD4* T cells for their maturation and synaptic pruning function (Pasciuto et al, 2020).
Additionally, several studies show behavioural abnormalities in Rag-deficient mice (Cushman
et al, 2003; Rattazzi et al, 2013, 2015). Thus, in Rag2”~ mice, the lack of T and B cells might
show an impact on both the formation and the maintenance of the brain barriers. To avoid
the interference of these abnormalities, we investigated the effect of acquired immune
deficiency on the maintenance of the brain barriers by depleting adaptive immune cells in wild
type mice. This revealed that the depletion of T cells, but not B cells, increased brain barrier
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permeability. Altogether, these data proof that T cells modulate the integrity of the brain
barriers.

The effects on the brain barrier integrity can be attributed to Tregs

Tregs are immunosuppressive CD4* T lymphocytes marked by the expression of the
transcription factor Forkhead box P3 (FoxP3) and the interleukin 2 (IL-2) receptor a-chain
(CD25) (Vignali et al, 2008). Their importance in maintaining immune homeostasis and
preventing autoimmunity is achieved through various mechanisms, including secretion of anti-
inflammatory cytokines such as IL-10 and transforming growth factor (TGF)-B, direct cell-cell
contact, and metabolic disruption of effector T cells (Vignali et al, 2008). Besides their
immunosuppressive role, healthy Tregs were shown to have regenerative capacity. For
instance, Tregs can induce remyelination by promoting oligodendrocyte precursor cell
differentiation and potentiate the recovery of neurological injury (Dombrowski et al, 2017; Ito
et al, 2019). Additionally, depletion of Tregs has been shown to worsen the pathophysiology
of cerebral ischemia, a disease characterized by the influx of innate and adaptive immune cells
and a compromised BBB (ladecola & Anrather, 2011; Li et al, 2013). Consequently, we
postulated that the previously observed effects on brain barrier integrity by T cells might be
attributed to Tregs specifically. Next to ischemic stroke, many other neurological disorders,
such as AD and MS, exhibit decreased functionality and/or abundance of Tregs (Ciccocioppo
et al, 2019). Moreover, disruption of the brain barriers is a common characteristic of AD and
MS, implying a potential association between Treg dysfunction and impairment of brain
barrier integrity. Consequently, we investigated whether there is a direct link between the
absence of Tregs and the impaired brain barrier integrity in the Rag2”- mouse model. Our
findings revealed that reconstitution of Tregs in Rag2”- mice improved brain barrier leakage.
In contrast, Treg depletion in wild type mice increased barrier permeability. Conclusively, this
showed that Tregs positively impact brain barrier integrity.

Of note, Tregs for adoptive transfer were isolated from wild type donor mice by positive
selection of CD4* pre-enriched T cells labelled with CD25 antibody, which recognizes the a
chain of the IL-2 receptor (IL2-Ra). However, CD25 is also expressed on activated T cells, B cells
and to a lower extent on DCs. Thus, the CD4*CD25* fraction may contain activated CD4* T cells
in addition to Tregs. To address this issue, fluorescent-assisted cell sorting (FACS) could be
performed based on the expression of FoxP3. However, since FoxP3 is an intracellular
transcription factor, its staining is not suitable for isolating viable Tregs. A possible solution is
to make use of FoxP3¢" knock-in mice and perform FACS sorting for CD4*GFP* cells. Similarly,
depletion with anti-CD25 antibody is not exclusive for Tregs. Alternatively, mice that express
diphtheria toxin receptor (DTR) in Tregs can be used for transient Treg depletion.
Consequently, the potential impact of activated CD4* T cells on brain barrier permeability
cannot be entirely excluded. Nevertheless, in SPF wild type mice the population of activated
CD4* T cells is relatively low (Pasciuto et al, 2020).

IL-34 restores brain barrier disruption

As mentioned above, Li and colleagues demonstrated a protective effect of Tregs in a mouse
model of cerebral ischemia, including protection against BBB disruption. Interestingly, these
effects were observed prior to Treg infiltration into the brain, suggesting that their
neuroprotective activity is peripheral in nature. This could be facilitated by releasing
protective mediators into the peripheral blood or by targeting other peripheral cells that
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subsequently impact the site of brain injury (Li et al, 2013). Tregs are known to produce the
cytokine IL-34, which is a potential candidate protective mediator. Indeed, evidence shows
that IL-34 has suppressive functions in allogeneic immune responses and mediates transplant
tolerance (Bézie et al, 2015). Additionally, in a recent study, rodent models deficient in IL-34
(1I-347") were generated to investigate its role in Treg development and function (Freuchet et
al, 2022). The results revealed that the absence of IL-34 increased the severity of dextran
sulfate sodium (DSS)-induced colitis in comparison to control animals. Furthermore, the
authors evaluated the suppressive function of CD4* Tregs in vivo using a rat model of wasting
disease induced by i.v. transfer of T CD4*CD45RChe" effector cells in //2rg7- animals. The
findings indicated that //347- CD4* Tregs were unable to control the development of wasting
disease, while CD4* Tregs from [L-34*/* rats efficiently controlled the progression of the
disease. Moreover, /I-347- mice exhibited slightly worsened EAE progression, while adenoviral-
mediated IL-34 overexpression resulted in delayed development of EAE, as compared to
control mice. Interestingly, the lab of Prof. Bieke Broux (UHasselt) discovered a decreased
percentage of IL-34 expressing Tregs in RRMS patients. Hence, these data provide evidence
that IL-34 is an important player in the suppressive functions of Tregs.

The main receptor for IL-34 is the CSF-1R, which is a class Il receptor tyrosine kinase (Lin et al,
2008). The cytokine shares this receptor with the macrophage colony-stimulating factor (M-
CSF), however, they have low sequence homology and are different in biological activity and
signal activation (Chihara et al, 2010). The CSF-1R is mainly expressed in myeloid lineage cells,
such as microglia, in which IL-34 is required for survival and proliferation (Wang et al, 2012).
However, RNA-sequencing data shows that the CSF-1R is also highly expressed in the ChP and
on vascular endothelial cells in the brain. Additionally, a study by Jin et al. provided evidence
for the presence of the CSF-1R on brain vascular endothelial cells by immunostaining.
Moreover, they showed that in vitro induced BBB disruption by the pro-inflammatory
cytokines IL-1B and TNF-a could be rescued by IL-34. More specifically, IL-34 upregulated T)
proteins such as claudin-5 and occludin, while the addition of a CSF-1R inhibitor prevented
this IL-34 effect (Jin et al, 2014). Based on these findings, we hypothesized that Treg-derived
IL-34 directly impacts brain barrier integrity through binding of the CSF-1R. To address this,
we performed in vitro transwell assays with primary CPE cells from Rag2”- mice, murine
ImMmCPE cells, and human HIBCPP cells. These experiments demonstrated that direct
application of IL-34 restored BCSFB integrity in Rag2”- primary CPE cells and rescued LPS-
induced BCSFB disruption in both ImmCPE and HIBCPP cells. Interestingly, similar transwell
assays were performed for primary BBB cells in the lab of Prof. Bieke Broux (UHasselt).
Consistent with our findings for the BCSFB, their results also demonstrated a direct effect of
IL-34 on the BBB integrity in primary brain microvascular endothelial cells from Rag2”- mice.
Currently, transwell experiments on human brain microvascular endothelial cells (hRCMEC/D3)
and murine brain endothelial cells (bEnd.3) are ongoing. These findings support that IL-34 has
the capability to directly enhance the integrity of the brain barriers in vitro. In a future step,
the mechanisms behind this improvement of the brain barriers can be investigated by looking
into the effect of IL-34 on TJ expression, with a main emphasis on ZO-1 expression. As
mentioned above, we observed a reduced sealing capacity of astrocyte endfeet in the Rag2”
mouse model. Consequently, it could be of interest to explore the potential effect of IL-34 on
this aspect, e.g., via co-culture experiments with brain vascular endothelial cells and
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astrocytes. Additionally, the in vivo effect on astrocyte endfeet can be analysed in IL-34 treated
endotoxemic mice.

Based on these in vitro studies, we aimed to validate the observed effect of IL-34 in an in vivo
context. To this end, IL-34 was administered at regular intervals to Rag2”" mice at a dose
equivalent to physiological levels of IL-34 detected in the blood. Rag2”~ mice are characterized
by impaired brain development and early brain barrier leakage in non-inflammatory
conditions. In addition, wild type mice that received an LPS trigger were included to investigate
inflammation-induced brain barrier leakage. Our findings demonstrated that IL-34 treatment
effectively improved brain barrier integrity in both Rag2”- mice and LPS-treated wild type
mice. However, it should be noted that the CSF-1R is highly expressed in macrophages,
including microglia. In the CNS, IL-34 produced by neurons binds to the CSF-1R on microglia,
promoting their differentiation and proliferation (Wang et al, 2012). Given that microglia are
part of the neurovascular unit of the BBB, these cells possibly contribute to the observed in
vivo effects of IL-34 on the brain barrier integrity. However, several studies show that the
depletion of microglia does not impact the BBB integrity (Parkhurst et al, 2013; Elmore et al,
2014). Interestingly, a recent paper by Drieu and colleagues demonstrated that
leptomeningeal and perivascular macrophages regulate CSF flow dynamics under homeostatic
conditions (Drieu et al, 2022). These macrophages, which reside along the vasculature, exert
this function by regulating the arterial motion. Depletion of these macrophages results in the
accumulation of extracellular matrix proteins and obstruction of the perivascular spaces,
possibly impairing brain barrier function. Given that these cells express the CSF-1R, treatment
with IL-34 might impact their function. Consequently, they might also play a role in the
observed in vivo IL-34 effects on the brain barrier integrity. Additionally, macrophage
populations are also residing at the BCSFB, namely the epiplexus macrophages at the apical
epithelial surface of the ChP and the stromal macrophages in the stromal space between
epithelial and endothelial layers of the ChP. While the role of these macrophages in BCSFB
maintenance is unknown, IL-34 stimulation of these macrophages might also contribute to
improved brain barrier integrity. Nevertheless, our in vitro experiments provide evidence of a
direct effect of IL-34 on the integrity of the brain barriers, which means that the impact of
microglia and macrophages would be additive to the direct effects of IL-34. To investigate this,
in vitro co-culture experiments of brain barrier cells together with microglia and macrophages
can be performed to study their impact on brain barrier integrity.

IL-34 possibly works through other mechanisms than CSF-1R

IL-34 mainly acts through binding of the CSF-1R. Additionally, Jin et al. showed that inhibition
of the CSF-1R depletes the protective effect of IL-34 on the BBB in vitro (Jin et al, 2014). To
verify the mechanism of action of IL-34, a selective small molecule inhibitor of the CSF-1R,
namely PLX3397, was orally administered to wild type mice. Our findings indicated that
PLX3397-mediated inhibition of the CSF-1R had no significant impact on BBB integrity and only
minimal effects on BCSFB integrity. Given the high expression of the CSF-1R in myeloid lineage
cells, completely blocking the CSF-1R results in depletion of microglia in the brain parenchyma
(Elmore et al, 2015, 2014). Therefore, a low dose (75 mg/kg) of PLX3397 was used to avoid
microglia depletion (Han et al, 2020). Nonetheless, it is possible that this low dose is not
sufficient for blocking the CSF-1R on the brain vascular endothelial cells and CPE cells, which
might explain why we see only minimal effect on brain barrier integrity.
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Furthermore, in line with previous findings from the lab of Prof. Bieke Broux (UHasselt) and
others demonstrating the presence of CSF-1R on endothelial cells of the BBB, we aimed to
determine whether the CSF-1R is also expressed on CPE cells. Therefore, immunostainings
were performed on brain cryosections, but we were unable to show the presence of the
receptor on CPE cells. To overcome potential limitations in our staining protocol, we
implemented several optimization steps. For example, antigen retrieval, which involves the
use of citrate buffer and heat treatment to enhance the accessibility of the target antigen for
antibody binding. Additionally, we used brain sections with different durations of tissue
fixation, including overnight and 4-hours fixation. Despite these efforts, we were unable to
obtain successful staining of the CSF-1R on CPE cells. Nevertheless, various strategies can be
employed to achieve successful staining in the future. For instance, validating different
antibodies for the CSF-1R and alternative antigen retrieval methods, such as enzymatic antigen
retrieval using proteinase K instead of heat-induced antigen retrieval. Additionally, cutting
thicker sections using a vibratome or utilizing non-fixed samples are also options that can be
explored.

Taken together, these findings suggest that IL-34 possibly works through alternative
mechanisms rather than CSF-1R binding. Besides CSF-1R, IL-34 binds to two other receptors:
receptor-type protein-tyrosine phosphatase-zeta (PTP-{) and syndecan-1 (Nandi et al, 2013;
Segaliny et al, 2015). Up to now, PTP-C is shown to be expressed on neuronal progenitors and
glial cells. IL-34 binding to the receptor results in the activation of pathways that inhibit the
proliferation, clonogenicity and motility of the target cells. Syndecan-1, on the other hand, is
mainly found on myeloid cells, and to a lower extent on epithelial and endothelial cells
(Bernfield et al, 1992). Syndecan-1 does not have intrinsic signalling activity, but rather serves
as a cell adhesion molecule and co-receptor. More specifically, the receptor modulates the
interaction between IL-34 and CSF-1R and controls the bioavailability of IL-34 by acting as a
sponge. Additionally, IL-34 action on syndecan-1 was found to induce cellular migration of
myeloid cells. In follow-up experiments, the presence of the CSF-1R, PTP-{ and/or syndecan-1
can be verified in CPE cells and brain vascular endothelial cells by immunostainings and
Western blot. Additionally, the impact of IL-34 binding to PTP-{ and syndecan-1 on brain
barrier integrity can be investigated. In vitro transwell assays can be performed with the
addition of selective blockers for CSF-1R, PTP-{ or syndecan-1, and combinations of these
blockers. If the observed effect of IL-34 on the brain barrier integrity diminishes in the
presence of these blockers, it would indicate that these receptors are involved in mediating
the IL-34 effect. Moreover, considering that IL-34 is a cytokine that has been recently
identified, there may exist additional receptors that have yet to be discovered, which could
contribute to the modulation of brain barrier integrity.

IL-34 improves brain barrier integrity in neurological disease models

As mentioned before, impaired brain barriers are common in many neurological diseases,
including AD and MS, and, the disruption of the brain barrier leads to the infiltration of pro-
inflammatory cells, exacerbating the disease progression. Additionally, in AD, compromised
barrier integrity impairs the clearance of AB peptides. These inflammatory cells and AR
plagues contribute to a detrimental cycle, further compromising brain barrier function and
worsening the conditions of AD and MS. Consequently, sealing these barriers is a promising
therapeutic avenue for AD and MS. Interestingly, a decrease in Treg number and/or
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functionality is also a characteristic feature of AD and MS. In MS patients, a decrease in the
number of Tregs has been demonstrated in the peripheral blood, accompanied by a
diminished immunosuppressive capacity compared to healthy individuals (Li et al, 2013;
Venken et al, 2008). This reduction in Treg function can contribute to the development of
autoreactivity and inflammation within the CNS, which are typical hallmarks of MS. Similarly,
in AD patients, a reduction of immunosuppressive properties of Tregs has been shown
(Ciccocioppo et al, 2019; Faridar et al, 2020). Moreover, Tregs were demonstrated to have
neuroprotective effects in rodent models of both AD and MS (Baek et al, 2016; Koutrolos et
al, 2014). On top of that, the lab of Prof. Bieke Broux (UHasselt) revealed a reduced number
of IL-34-expressing Tregs in the blood of RRMS patients. Based on these findings, we
hypothesized that the dysregulation in the number or activity of Tregs in individuals with AD
and MS possibly results in reduced secretion of IL-34. This, in turn, could have detrimental
effects on the integrity of the brain barriers. Therefore, we determined the levels of IL-34
present in the plasma of mouse models of AD and MS, respectively the App"-¢F and EAE
models. The results revealed a lower IL-34 concentration in the plasma of App"-¢f and EAE
mice, as compared to age-matched controls.

Our previous data revealed a protective effect of IL-34 on the brain barriers both in vitro and
in vivo, under non-inflammatory conditions as well as in the presence of LPS-induced
peripheral inflammation. Together with the finding that IL-34 is reduced in the plasma of
AppNteF and EAE mice, we hypothesized that replenishing IL-34 to its normal physiological
levels could potentially restore the observed brain barrier disruption in these mice. To test
this hypothesis, mice were treated with IL-34 at regular intervals using a concentration
equivalent to physiological levels in the blood. While the precise mechanisms of I1L-34 action
remain elusive, we demonstrated that IL-34 treatment rescued brain barrier disruption in both
App"-6F and EAE mice.

Interestingly, the most pronounced impact of I1L-34 was observed on the BCSFB of AppN:-¢-F
and EAE mice. Both the BBB and BCSFB are composed of polarized brain barrier cells
characterized by TJs and Als. As a result, their apical and basal regions exhibit distinct
characteristics, including potentially differing expression profiles of membrane receptors. In
our in vitro and in vivo experiments, we propose that IL-34 exerts its effects from the blood
side of the brain barriers, rather than from the CSF or brain parenchymal side. Therefore, we
added IL-34 to the blood side in our transwell experiments and administered IL-34 through i.v.
injections in our in vivo studies. Notably, accumulating evidence suggests that T cells tend to
accumulate predominantly in the perivascular spaces during inflammation, rather than
infiltrating the brain parenchyma (McCandless et al, 2006; Engelhardt et al, 2017). This
observation raises the possibility that Tregs secrete IL-34 within the perivascular space, where
the cytokine can exert its effects on the BBB from the parenchymal side, rather than the blood
side. Conclusively, a future objective is to explore whether Treg-derived IL-34 also impacts the
BBB from the parenchymal side.

Future objectives

While our data revealed an impact of IL-34 on the brain barrier integrity in App"-¢* and EAE
mice, it remains unclear whether there is a direct link between the dysfunction of Tregs and
the impaired brain barriers in these mouse models. Therefore, future research is required to
elucidate whether it is Treg-derived IL-34 specifically that impacts the brain barrier integrity.
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One possible strategy is the generation of Treg-specific IL-34 knockout (KO) mice. This can be
obtained through crossbreeding of a mouse model that has FoxP3 promoter-driven Cre
recombinase with a mouse line containing the IL-34 gene flanked by LoxP sites. In these mice,
EAE can be induced to model MS or App":¢F mice can be used to model AD. By comparing the
brain barrier integrity of these mouse models with full IL-34 KO mice and wild type controls,
the contribution of Treg-derived IL-34 to brain barrier function can be determined.
Nevertheless, our data from Rag2”- mice showed that brain barrier integrity is already
impaired in baseline conditions even in the absence of inflammation. This suggests that mice
lacking Treg-specific IL-34 may exhibit impaired development of the brain barriers prior to the
onset of AD or MS. To address this issue, an inducible knockout system could be generated.
An alternative approach involves the development of a Treg-specific IL-34 overexpression
model. This can be achieved by introducing the IL-34 gene downstream of a strong,
constitutive promoter, but interrupted by a stop codon flanked by LoxP sites. Through
crossbreeding this mouse model with FoxP3-Cre mice, a Treg-specific IL-34 overexpression
model can be generated. This mouse model has a proper formation of the brain barriers and
can be used to investigate whether IL-34 overexpression can rescue the brain barrier
disruption in App"-¢F and EAE mice.

Additionally, the exact signalling pathways induced by IL-34 in brain vascular endothelial cells
and CPE cells remain unclear. To gain insights into these pathways, bulk RNA sequencing can
be performed on these cells after stimulation with IL-34. More specifically, human and mouse
cell lines can be used for the BCSFB (HIBCPP and ImmCPE) and the BBB (hCMEC/D3 and
bEnd.3). Similar to our transwell experiments, inflammation-related brain barrier disruption
can be induced by an LPS-trigger. Alternatively, brain vascular endothelial cells and CPE cells
can be isolated directly from App"-¢F and EAE mice. Subsequently, these primary cells can be
cultured and treated with IL-34, comparing them to non-treated cells. In this way, differentially
expressed genes and related pathways can be identified in these different conditions.
Moreover, the effect of IL-34 on TJ expression markers can be verified in these in vitro models.

Conclusion

The results presented in this thesis reveal that Rag2”~ mice have compromised brain barriers,
indicating a role of the adaptive immune system in shaping brain barriers. Through adoptive
transfer and depletion experiments in Rag2”- and wild type mice, we demonstrated that this
effect on the brain barriers can be pinpointed to Tregs specifically. From the literature, it is
known that Tregs secrete IL-34, and in addition, we showed that IL-34 rescues brain barrier
disruption both in vitro and in vivo. Based on these findings, we propose that Tregs play a key
role in maintaining brain barrier integrity through the secretion of IL-34. However, the precise
mechanisms by which IL-34 exerts its effects on brain barriers remain elusive, as inhibition of
CSF-1R showed only minimal impact. This indicates the involvement of alternative pathways
or receptors through which IL-34 might operate, which will need further research.
Additionally, brain barrier disruption is observed in neurological diseases, such as AD and MS.
Remarkably, our data revealed that IL-34 treatment effectively restores brain barrier integrity
in mouse models of AD and MS. Taken together, these findings hold great promise for the
development of Treg-based therapy aimed at restoring brain barrier function in these
neurological disorders.
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Housing and ethics statement Mice were housed in individually ventilated cages with 14h
light/10h dark cycles and ad libitum food and water in specific pathogen-free (SPF) conditions.
In all experiments age- and gender-matched wild type littermates were used. All animal
studies were conducted in compliance with governmental and EU guidelines for the care and
use of laboratory animals and were approved by the ethical committee of the Faculty of
Sciences, Ghent University, Belgium.

Mouse models Rag2”- mice are deficient in the RAG2 gene and fail to generate mature T and
B lymphocytes (RRID:IMSR_JAX:008449, Jackson Laboratory). App":-¢F mice carry the Arctic,
Swedish, and Iberian mutations as described in (Saito et al, 2014) . Rag2”- and App":-* mice
were maintained in our animal house at the VIB Center for Inflammation Research. EAE mice
were generated by immunization of 8 to 15-week-old C57BL/6 wild type mice with the MOGss.
s55/CFA Emulsion PTX Hooke Kit (EK-2110; Hooke Laboratories) following the manufacturer’s
guidelines. Briefly, mice were subcutaneously injected with an emulsion of MOGss.ss in
complete Freund’s adjuvant (CFA) two times (total of 200 pg/mouse), followed by
administration of pertussis toxin (PTX, 121 ng/mouse) in Dulbecco’s phosphate buffered saline
(D-PBS, 14190-094; Gibco), first on the day of immunization and then again 24 h later. Clinical
signs of disease were scored on a scale of 0-5 following the scoring guide of Hooke
Laboratories. For all experiments, C57BL/6 J mice were used as a control.

Quantification of BBB and BCSFB permeability The BCSFB and BBB permeability was
evaluated according to the methods described before (Vandenbroucke et al, 2012). Shortly, 4
kDa FITC-labelled dextran (FD4-1G; Sigma-Aldrich) was injected i.v. 15 min before CSF
collection. CSF was obtained from the fourth ventricle via cisterna magna puncture using
needles made from borosilicate glass capillary tubes (B100-75-15; Sutter Instruments) (Balusu
et al, 2016; Vandenbroucke et al, 2012). Next, mice were anaesthetized with a lethal dose of
ketamine/xylazine (100 mg/kg ketamine; 20 mg/kg xylazine) and perfused with D-PBS/heparin
(0.2% heparin, H-3125; Sigma-Aldrich), afterwards, brain regions were isolated and snap
frozen in liquid nitrogen. CSF was diluted 100-fold in sterile D-PBS and the BCSFB leakage was
measured by quantifying fluorescence at Aex/Aem = 485/520 nm on the FLUOstar Omega (BMG
Labtech). Brain samples were finely cut and incubated overnight at 37°Cin formamide (47671,
Sigma-Aldrich) while shaking and in the dark. The next day, the supernatant was collected
after centrifugation at 400 g-forces (g) for 7 min. The degree of BBB leakage was determined
by measuring fluorescence at Aex/Aem = 485/520 nm on the FLUOstar Omega.

Cell lines and cell culture For BCSFB-related in vitro assays, the human malignant ChP
papilloma cell line HIBCPP (Ishiwata et al/, 2005) and the murine immortalized ChP epithelium
cell line immCPE (Pauwels et al, 2022) were used. The HIBCPP cells and immCPE cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM)/F12 medium (11320033; Gibco)
supplemented with respectively 10% or 20% fetal calf serum (FCS), in laminin (L2020; Sigma-
Aldrich)-coated flasks. Media were further supplemented with non-essential amino acids (M-
7145; 100x solution Sigma), L-glutamine (BE17-605 F; Lonza), Na-pyruvate (S-8636; Sigma-
Aldrich), penicillin-streptomycin (P4333; 100x solution Sigma-Aldrich). All cells were cultured
at 37 °Cand 5% CO..
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Immunohistochemistry For ZO-1, CSF-1R and IL-34 immunostainings on brain sections, mice
were transcardially perfused with ice-cold 4% paraformaldehyde (PFA) in D-PBS. After
overnight fixation of the brains in 4% PFA at 4°C, 18 um cryosections were cut using a cryostat
(Micron HM500) and mounted on slides. After air drying, sections were again fixated with 4%
PFA for 8 min and antigen retrieval was performed in 1/100 citrate buffer (52031; Dako). After
two washing steps with PBS, samples were blocked for 1 h at room temperature (RT) with 5%
normal goat serum (NGS) and 0.3% Triton X-100 (10789704001; Roche) in PBT (0.5% bovine
serum albumin (BSA, 001-000-162; Jackson ImmunoResearch), 0.02% Triton X-100 in 1X PBS),
and then incubated with anti-ZO-1 primary antibody (1/500, 617300; Invitrogen) and anti-
CD31 primary antibody (1/100, DIA-310; Dianova) or anti-CSF-1R primary antibody (1/100, 14-
1152-81; Invitrogen) and anti-IL-34 primary antibody (1/200, AF5195; R&D systems) diluted in
blocking buffer. After incubation overnight at 4 °C, samples were washed with PBS and
incubated with goat anti-rabbit DyLight633 secondary antibody (1/400, 35562; ThermoFisher
Scientific) for Z0O-1, goat anti-rat DyLight488 secondary antibody (1/400, SA5-10018;
ThermoFisher Scientific) for CD31, goat anti-rat DyLight488 secondary antibody (1/400, SA5-
10018; ThermoFisher Scientific) for CSF-1R and donkey anti-sheep DyLight647 secondary
antibody (1/400, 713-605-147; Jackon ImunnoResearch) for IL-34 diluted in PBT with 0.1%
Triton X-100 for 90 min at RT. Finally, a 4',6-Diamidino-2-Phenylindole (DAPI, 1/1000, D1306;
Invitrogen) staining was performed to counterstain the nuclei and the slides were mounted
with polyvinyl alcohol (PVA) mounting medium with DABCO (Merck). Images were acquired
using a confocal laser scanning microscope (Zeiss LSM780) and were analysed with Zen
software.

For AQP4 immunostainings on brain sections, mice were transcardially perfused with ice-cold
4% PFA in D-PBS. After overnight fixation of the brains in 4% PFA at 4°C, the brains were
embedded in low-gelling agarose (A4018-50G; Sigma-Aldrich) and 50 um sections were cut
using the Leica VT1200 S Vibratome. After washing the sections with PBS, samples were
blocked for 45 min at RT with 5% NGS and 0.5% Triton X-100 in PBS. Next, samples were
incubated with anti-AQP4 primary antibody (1/1000, 429 006; Synaptic systems) diluted in
blocking buffer ON at 4°C. After washing with PBS, samples were incubated with goat anti-
chicken Alexa Fluor 568 (1/1000, A-11041; Invitrogen) secondary antibody diluted in blocking
buffer. Finally, DAPI (1/1000, D1306; Invitrogen) was performed to counterstain nuclei for 5
min, and samples were mounted on slides with PVA mounting medium with DABCO. Images
were acquired using a confocal laser scanning microscope (Zeiss LSM780) and were analysed
with Zen software.

Adoptive transfer The adoptive transfer of T and B cells was conducted on a 1:1 donor-to-
acceptor mouse basis according to sex. Spleens were isolated from wild type mice and
transferred to fluorescence-activated cell sorting (FACS) buffer (PBS, 0.5% BSA). Next, spleens
were passed through a cell strainer (70 um) (734-0003; BD Falcon) to make a single-cell
suspension. The cells were precipitated by centrifugation for 6 min at 300 g and 4°C. After
discarding the supernatant, red blood cells were removed using Ammonium-Chloride-
Potassium (ACK) lysing buffer (10-548E; Lonza Bioscience). The cell pellet was resuspended in
separation buffer (PBS, pH 7.2, 0.5% BSA, 2 mM ethylenediaminetetraacetic acid (EDTA)).
Dead cells were stained with Trypan Blue (0.4%, 15250061; Gibco) and live cells were counted
using a hematocytometer. T, B and Treg cells were further isolated by negative selection using
the mouse Pan T cell isolation kit 1l (130-095-130; Miltenyi Biotec), the mouse Pan B cell
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isolation kit Il (130-104-443; Miltenyi Biotec) and the mouse CD4*CD25" Regulatory T Cell
Isolation Kit (130-091-041; Miltenyi Biotec) following the manufacturer’s guidelines. Rag2”
mice were reconstituted with 8 million of T, B cells in a total volume of 200 ul via tail vein
injections. Control mice were injected with 200 pl of PBS. After 7 days, barrier integrity was
determined as described above.

Antibody-mediated depletion In wild type mice, T cells were depleted by intraperitoneal (i.p.)
injections of 300 pg/mouse of InVivoPlus anti-mouse CD3e antibody (BPO001-1; BioXcell)
dissolved in PBS every 3 days for 15 days. B cells were depleted by i.p. injections of 300
ug/mouse of InVivoMAb anti-mouse B220 (BE0067; BioXcell) dissolved in PBS every 5 days for
15 days. Treg cells were depleted by i.p. injections of 300 pg/mouse of InVivoMAb anti-mouse
CD25 (BEO012; BioXcell) dissolved in PBS every 3 days for 15 days. Control animals received
i.p. injections of 300 pg/mouse InVivoMAb rat 1gG2a isotype control (BEO089; BioXcell),
InVivoMADb polyclonal rat IgG (BE0094; BioXcell) and InVivoMADb rat IgG1 isotype control, anti-
horseradish peroxidase (BEO08S; BioXcell) dissolved in PBS for respectively T, B and Treg cells.
On day 16, barrier integrity was determined as described above. Depletion was verified by
staining of blood lymphocytes with fixable viability dye, CD45-BUV810; CD3-APC; CD19-BV605.

Transwell assay To identify the in vitro effect of IL-34 on brain barrier integrity, hCMEC/D3,
bEnd.3, ImmCPE and HIBCPP cell lines were grown on transwell collagen-coated membrane
0.4um pore size inserts (CLS3495-24EA; Sigma-Aldrich) in a 24-well plate. Before transferring
the cells to the inserts, dead cells were stained with Trypan Blue (0.4%, 15250061; Gibco) and
live cells were counted using a hematocytometer. To each insert, 1,5 x 102 cells in 300 pl were
added, and 500 pl of medium was added to the basal compartment. Confluency was
determined by measuring the transepithelial/transendothelial electrical resistance (TEER)
using the EVOM2 epithelial volt/ohm meter (World Precision Instruments). When the cells
reached confluency, the following conditions were applied: PBS for 6h (control), LPS (1 pg/mL,
tirl-pelps; InvivoGen) for 6h, LPS (1 pg/mL) together with IL-34 (50 ng/mL, 5195-ML-010; R&D
systems) for 6h, and LPS (1 pg/mL) for 6h with the addition of IL-34 (50 ng/mL) after 4h. At the
6h timepoint, 4 kDa FITC-dextran (FD4-1G; Sigma-Aldrich) was added to the basal
compartments of the 24-well plate. After 2h, samples were taken from the apical
compartment, followed by measuring the fluorescence at Aex/Aem = 485/520 nm on the
FLUOstar Omega (BMG Labtech).

Choroid plexus isolation and primary transwell assay Brains were isolated from wild type and
Rag2”/ mice and excess blood was washed off. ChP was dissected from the lateral and third
ventricles, immersed in DMEM/F12 medium (11320033; Gibco) and centrifuged at 1000 rpm
for 5 min. The cell pellet was washed with Hanks’ Balanced Salt Solution (HBSS, 14175053;
Gibco) and incubated in HBSS supplemented with 0.2% pronase (537088; Calbiochem) for 7
min at 37°C while shaking. After the digestion reaction was stopped by adding DMEM/F12,
cells were centrifuged at 1000 rpm for 5 min, cells were resuspended in DMEM/F12 medium
and 300 pl was added to transwell collagen-coated membrane 0.4um pore size inserts
(CLS3495-24EA; Sigma-Aldrich). To the basal compartment, 500 ul of medium was added.
Confluency was determined by measuring the TEER using the EVOM2 epithelial volt/ohm
meter (World Precision Instruments). When the cells reached confluency, 4 kDa FITC-dextran
(FD4-1G; Sigma-Aldrich) was added to the basal compartments of the 24-well plate. After 2h,
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samples were taken from the apical compartment, followed by measuring the fluorescence at
Aex/Aem = 485/520 nm on the FLUOstar Omega (BMG Labtech).

In vivo administration of IL-34 Recombinant mouse IL-34 (74,16 pg in 200 pl per mouse, 5195-
ML-010; R&D systems) was i.v. injected every 2h for 24h in Rag2”- mice and wild type mice.
Wild type mice additionally received an LPS injection (50 pg in 200 pl per mouse) at the 1h
timepoint. At the 24h timepoint, the mice were sedated, and the barrier integrity was
determined as described above. EAE and App"-¢F mice were i.v. injected 3 times a day for 3
days in a row with recombinant mouse IL-34 (74,16 pg in 200 pul per mouse, 5195-ML-010;
R&D systems) or with sterile D-PBS as control. Six hours after the last injection, mice were
sedated, and the barrier integrity was determined as described above.

Plasma isolation Blood was taken from EAE and App"-¢f mice by heart punction and
centrifuged at 1300 g and 4°C for 10 min. Supernatant was taken and centrifuged again at
2400 g and 4°C for 15 min.

Measurement of IL-34 by ELISA To determine the level of IL-34 in the plasma App":¢F mice,
35- week-old mice and age-matched wild type controls were used. For EAE, mice of 7 days, 16
days, and 26 days after immunization with MOGss.55 were used. Naive EAE mice were used as
control. The level of IL-34 in the plasma of EAE and App"“®* mice was determined using the
LEGEND MAX™ Mouse IL-34 ELISA kit (439107; BioLegend) following the manufacturer’s
guidelines.

Flow cytometry Mice were sedated with a lethal dose of ketamine/xylazine (100 mg/kg
ketamine; 20 mg/kg xylazine) and blood was collected from the right ventricle. Next, mice
perfused with D-PBS/heparin (0.2% heparin, H-3125; Sigma-Aldrich) and brains were collected
in serum-free RPMI medium (27016021; Gibco) supplemented with 3% FCS on ice. Brain
samples were cut into small pieces and incubated at 37°C for 30 min, with pipetting up and
down every 10 min. The single-cell mixture was passed through a cell strainer (70 um) (734-
0003; BD Falcon) and the cell suspension was centrifugated at 400 g and 4°C for 7 min. The
cell pellet was resuspended in 30% percoll (17-0891-02; GE Healthcare) in HBSS (14175053;
Gibco). After centrifugation at 600 g and 4°C for 10 min, the cell pellet was resuspended in
staining buffer with fixable viability dye, CD45-BUV810; CD3-APC; CD19-BV605.

Oral PLX-3397 treatment Inhibition of the CSF-1R in wild type mice was done via oral
administration of pexidartinib (PLX-3397). PLX-3397 (HY-16749; MedChemExpress) was
formulated into the AIN-76A rodent diet (Research Diets Inc., New Brunswick NJ USA) at a
dose of 75 mg/kg. Control mice received AIN-76A rodent diet without PLX-3397. After 9 days
of ad libitum administration, the mice were sedated, and the barrier integrity was determined
as described above.

Statistics Data are shown as mean + SEM. Two-tailed Student’s t-test for parametric data was
used to compare two groups. One-way ANOVA with Dunnett's or Tukey’s multiple
comparisons test was used to compare 3 or more groups. GraphPad Prism 9.0 was used for
statistical analysis. Differences were considered significant at p < 0.05.

47



References

References

2022 Alzheimer’s disease facts and figures (2022) Alzheimer’s & Dementia 18: 700-789

Abbott NJ, Ronnback L & Hansson E (2006) Astrocyte—endothelial interactions at the blood—brain barrier. Nat
Rev Neurosci 7: 41-53

Alcolado R, Weller RO, Parrish EP & Garrod D (1988) The Cranial Arachnoid and Pia Mater in Man: Anatomical
and Ultrastructural Observations. Neuropathology and Applied Neurobiology 14: 1-17

Alves S, Churlaud G, Audrain M, Michaelsen-Preusse K, Fol R, Souchet B, Braudeau J, Korte M, Klatzmann D &
Cartier N (2017) Interleukin-2 improves amyloid pathology, synaptic failure and memory in Alzheimer’s
disease mice. Brain : a journal of neurology 140: 826—842

Anderson CM & Nedergaard M (2003) Astrocyte-mediated control of cerebral microcirculation. Trends in
Neurosciences 26: 340-344

Armulik A, Genové G & Betsholtz C (2011) Pericytes: Developmental, Physiological, and Pathological Perspectives,
Problems, and Promises. Developmental Cell 21: 193-215

Armulik A, Genové G, Mae M, Nisancioglu MH, Wallgard E, Niaudet C, He L, Norlin J, Lindblom P, Strittmatter K,
et al (2010) Pericytes regulate the blood—brain barrier. Nature 468: 557-561

Ascherio A (2013) Environmental factors in multiple sclerosis. Expert Rev Neurother 13: 3-9

Aydin S, Pareja J, Schallenberg VM, Klopstein A, Gruber T, Page N, Bouillet E, Blanchard N, Liblau R, Kérbelin J, et
al (2023) Antigen recognition detains CD8+ T cells at the blood-brain barrier and contributes to its
breakdown. Nat Commun 14: 3106

Baecher-Allan C, Kaskow BJ & Weiner HL (2018) Multiple Sclerosis: Mechanisms and Immunotherapy. Neuron 97:
742-768

Baek H, Ye M, Kang G-H, Lee C, Lee G, Choi D Bin, JungJ, Kim H, Lee S, Kim JS, et al (2016) Neuroprotective effects
of CD4+CD25+Foxp3+ regulatory T cells in a 3xTg-AD Alzheimer’s disease model. Oncotarget 7: 69347—
69357

Balasa R, Barcutean L, Mosora O & Manu D (2021) Reviewing the Significance of Blood—Brain Barrier Disruption
in Multiple Sclerosis Pathology and Treatment. Int J Mol Sci 22: 8370

Balusu S, Brkic M, Libert C & Vandenbroucke RE (2016) The choroid plexus-cerebrospinal fluid interface in
Alzheimer’s disease: more than just a barrier. Neural Regen Res 11: 534-537

Barbier P, Zejneli O, Martinho M, Lasorsa A, Belle V, Smet-Nocca C, Tsvetkov PO, Devred F & Landrieu | (2019)
Role of Tau as a Microtubule-Associated Protein: Structural and Functional Aspects. Frontiers in Aging
Neuroscience 11

Barnett MH & Prineas JW (2004) Relapsing and remitting multiple sclerosis: Pathology of the newly forming
lesion. Annals of Neurology 55: 458—468

Bartholomaus I, Kawakami N, Odoardi F, Schlager C, Miljkovic D, Ellwart JW, Klinkert WEF, Fliigel-Koch C, Issekutz

TB, Wekerle H, et al (2009) Effector T cell interactions with meningeal vascular structures in nascent
autoimmune CNS lesions. Nature 462: 94-98

48



References

Baughman EJ, Mendoza JP, Ortega SB, Ayers CL, Greenberg BM, Frohman EM & Karandikar NJ (2011)
Neuroantigen-specific CD8+ regulatory T-cell function is deficient during acute exacerbation of multiple
sclerosis. Journal of Autoimmunity 36: 115-124

Begley DJ & Brightman MW (2003) Structural and functional aspects of the blood-brain barrier. In Peptide
Transport and Delivery into the Central Nervous System, Prokai L & Prokai-Tatrai K (eds) pp 39—-78. Basel:
Birkhauser

Bernfield M, Kokenyesi R, Kato M, Hinkes MT, Spring J, Gallo RL & Lose EJ (1992) Biology of the syndecans: a
family of transmembrane heparan sulfate proteoglycans. Annu Rev Cell Biol 8: 365—-393

Bézie S, Picarda E, Ossart J, Tesson L, Usal C, Renaudin K, Anegon | & Guillonneau C (2015) IL-34 is a Treg-specific
cytokine and mediates transplant tolerance. J Clin Invest 125: 3952—-3964

Bis JC, Jian X, Kunkle BW, Chen Y, Hamilton-Nelson KL, Bush WS, Salerno WJ, Lancour D, Ma Y, Renton AE, et al
(2020) Whole exome sequencing study identifies novel rare and common Alzheimer’s-Associated
variants involved in immune response and transcriptional regulation. Molecular Psychiatry 25: 1859—
1875

Braak H & Braak E (1995) Staging of alzheimer’s disease-related neurofibrillary changes. Neurobiology of Aging
16:271-278

Brandstadter R & Katz Sand | (2017) The use of natalizumab for multiple sclerosis. Neuropsychiatr Dis Treat 13:
1691-1702

Brioschi S, Wang W-L, Peng V, Wang M, Shchukina I, Greenberg ZJ, Bando JK, Jaeger N, Czepielewski RS, Swain A,
et al (2021) Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the CNS borders. Science
373: eabf9277

Brkic M, Balusu S, Wonterghem EV, Gorlé N, Benilova I, Kremer A, Hove IV, Moons L, Strooper BD, Kanazir S, et
al (2015) Amyloid B Oligomers Disrupt Blood—CSF Barrier Integrity by Activating Matrix
Metalloproteinases. J Neurosci 35: 12766-12778

Brown LS, Foster CG, Courtney J-M, King NE, Howells DW & Sutherland BA (2019) Pericytes and Neurovascular
Function in the Healthy and Diseased Brain. Frontiers in Cellular Neuroscience 13

Brunnstrom HR & Englund EM (2009) Cause of death in patients with dementia disorders. Eur J Neurol 16: 488—
492

Bryson KJ & Lynch MA (2016) Linking T cells to Alzheimer’s disease: from neurodegeneration to neurorepair.
Current Opinion in Pharmacology 26: 67-73

Burns A & lliffe S (2009) Alzheimer’s disease. BMJ 338

Cai Z, Qiao P-F, Wan C-Q, Cai M, Zhou N-K & Li Q (2018) Role of Blood-Brain Barrier in Alzheimer’s Disease. J
Alzheimers Dis 63: 1223-1234

Charabati M, Wheeler MA, Weiner HL & Quintana FJ (2023) Multiple sclerosis: Neuroimmune crosstalk and
therapeutic targeting. Cell 186: 1309-1327

Cheng X, Yang Y-L, Yang H, Wang Y-H & Du G-H (2018) Kaempferol alleviates LPS-induced neuroinflammation and
BBB dysfunction in mice via inhibiting HMGB1 release and down-regulating TLR4/MyD88 pathway.
International Immunopharmacology 56: 29-35

Chihara T, Suzu S, Hassan R, Chutiwitoonchai N, Hiyoshi M, Motoyoshi K, Kimura F & Okada S (2010) IL-34 and
M-CSF share the receptor Fms but are not identical in biological activity and signal activation. Cell Death
Differ 17: 1917-1927

49



References

Ciccocioppo F, Lanuti P, Pierdomenico L, Simeone P, Bologna G, Ercolino E, Buttari F, Fantozzi R, Thomas A, Onofrj
M, et al (2019) The Characterization of Regulatory T-Cell Profiles in Alzheimer’s Disease and Multiple
Sclerosis. Sci Rep 9: 8788

Compston A & Coles A (2002) Multiple sclerosis. The Lancet 359: 1221-1231

Cousins O, Hodges A, Schubert J, Veronese M, Turkheimer F, Miyan J, Engelhardt B & Roncaroli F (2022) The
blood—CSF-brain route of neurological disease: The indirect pathway into the brain. Neuropathology

and Applied Neurobiology 48: 12789

Croxford AL, Kurschus FC & Waisman A (2011) Mouse models for multiple sclerosis: Historical facts and future
implications. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease 1812: 177-183

Cserr HF (1971) Physiology of the choroid plexus. Physiological Reviews 51: 273-311
Cugurra A, Mamuladze T, Rustenhoven J, Dykstra T, Beroshvili G, Greenberg ZJ, Baker W, Papadopoulos Z, Drieu
A, Blackburn'S, et al (2021) Skull and vertebral bone marrow are myeloid cell reservoirs for the meninges

and CNS parenchyma. Science 373: eabf7844

Cummings J, Lee G, Nahed P, Kambar MEZN, Zhong K, Fonseca J & Taghva K (2022) Alzheimer’s disease drug
development pipeline: 2022. Alzheimer’s & Dementia: Translational Research & Clinical Interventions 8

Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y, Yee H & Lafaille JJ (2008) Adaptive Foxp3+ Regulatory T
Cell-Dependent and -Independent Control of Allergic Inflammation. Immunity 29: 114-126

Cushman J, Lo J, Huang Z, Wasserfall C & Petitto JM (2003) Neurobehavioral Changes Resulting from Recombinase
Activation Gene 1 Deletion. Clinical and Vaccine Immunology 10: 13—-18

Daneman R (2012) The blood—brain barrier in health and disease. Annals of Neurology 72: 648-672

Daneman R & Prat A (2015) The Blood—Brain Barrier. Cold Spring Harb Perspect Biol 7: a020412

Dansokho C, Ait Ahmed D, Aid S, Toly-Ndour C, Chaigneau T, Calle V, Cagnard N, Holzenberger M, Piaggio E,
Aucouturier P, et al (2016) Regulatory T cells delay disease progression in Alzheimer-like pathology.

Brain : a journal of neurology 139: 1237-1251

De Bock M, Vandenbroucke RE, Decrock E, Culot M, Cecchelli R & Leybaert L (2014) A new angle on blood—CNS
interfaces: A role for connexins? FEBS Letters 588: 1259-1270

Dehouck M-P, Méresse S, Delorme P, Fruchart J-C & Cecchelli R (1990) An Easier, Reproducible, and Mass-
Production Method to Study the Blood—Brain Barrier In Vitro. Journal of Neurochemistry 54: 1798-1801

Dejana E, Orsenigo F & Lampugnani MG (2008) The role of adherens junctions and VE-cadherin in the control of
vascular permeability. Journal of Cell Science 121: 2115-2122

Dobson R & Giovannoni G (2019) Multiple sclerosis — a review. European Journal of Neurology 26: 27-40

Dombrowski Y, O’Hagan T, Dittmer M, Penalva R, Mayoral SR, Bankhead P, Fleville S, Eleftheriadis G, Zhao C,
Naughton M, et al (2017) Regulatory T cells promote myelin regeneration in the central nervous system.
Nat Neurosci 20: 674—680

Dominguez-Villar M & Hafler DA (2018) Regulatory T cells in autoimmune disease. Nat Immunol 19: 665—673

Dujardin P, Vandenbroucke RE & Van Hoecke L (2022) Fighting fire with fire: The immune system might be key in
our fight against Alzheimer’s disease. Drug Discovery Today 27: 1261-1283

50



References

van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M, Kanekiyo M, Li D, Reyderman L, Cohen S, et al
(2023) Lecanemab in Early Alzheimer’s Disease. N Engl J Med 388: 9-21

Dyment DA, Ebers GC & Sadovnick AD (2004) Genetics of multiple sclerosis. Lancet Neurol 3: 104-110

Elmore MRP, Lee RJ, West BL & Green KN (2015) Characterizing Newly Repopulated Microglia in the Adult Mouse:
Impacts on Animal Behavior, Cell Morphology, and Neuroinflammation. PLOS ONE 10: e0122912

Elmore MRP, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice RA, Kitazawa M, Matusow B, Nguyen H,
West BL, et al (2014) Colony-Stimulating Factor 1 Receptor Signaling Is Necessary for Microglia Viability,
Unmasking a Microglia Progenitor Cell in the Adult Brain. Neuron 82: 380-397

Engelhardt B, Carare RO, Bechmann |, Fligel A, Laman JD & Weller RO (2016) Vascular, glial, and lymphatic
immune gateways of the central nervous system. Acta Neuropathologica 132: 317-338

Engelhardt B, Comabella M & Chan A (2022) Multiple sclerosis: Immunopathological heterogeneity and its
implications. European Journal of Immunology 52: 869-881

Engelhardt B & Sorokin L (2009) The blood-brain and the blood—cerebrospinal fluid barriers: function and
dysfunction. Semin Immunopathol 31: 497-511

Engelhardt B, Vajkoczy P & Weller RO (2017) The movers and shapers in immune privilege of the CNS. Nat
Immunol 18: 123-131

Fabry Z, Schreiber HA, Harris MG & Sandor M (2008) Sensing the microenvironment of the central nervous
system: Immune cells in the central nervous system and their pharmacological manipulation. Curr Opin
Pharmacol 8: 496-507

Faridar A, Thome AD, Zhao W, Thonhoff JR, Beers DR, Pascual B, Masdeu JC & Appel SH (2020) Restoring
regulatory T-cell dysfunction in Alzheimer’s disease through ex vivo expansion. Brain Commun 2:
fcaall2

Filiano AJ, Xu Y, Tustison NJ, Marsh RL, Baker W, Smirnov |, Overall CC, Gadani SP, Turner SD, Weng Z, et al (2016)
Unexpected role of interferon-y in regulating neuronal connectivity and social behaviour. Nature 535:
425-429

Fitzpatrick Z, Frazer G, Ferro A, Clare S, Bouladoux N, Ferdinand J, Tuong ZK, Negro-Demontel ML, Kumar N,
Suchanek O, et al (2020) Gut-educated IgA plasma cells defend the meningeal venous sinuses. Nature
587:472-476

Forrester JV, McMenamin PG & Dando SJ (2018) CNS infection and immune privilege. Nat Rev Neurosci 19: 655—
671

Freuchet A, Salama A, Bézie S, Tesson L, Rémy S, Humeau R, Regue H, Flippe L, Peterson P, Vimond N, et al (2022)
IL-34 deficiency impairs FOXP3+ Treg function and increases susceptibility to autoimmunity.

2022.02.04.479184 d0i:10.1101/2022.02.04.479184 [PREPRINT]

Frohman EM, Racke MK & Raine CS (2006) Multiple Sclerosis — The Plaque and Its Pathogenesis. N Engl J Med
354:942-955

Frost GR, Jonas LA & Li YM (2019) Friend, Foe or Both? Immune Activity in Alzheimer’s Disease. Frontiers in Aging
Neuroscience 11: 1-20

Galea |, Bernardes-Silva M, Forse PA, van Rooijen N, Liblau RS & Perry VH (2007) An antigen-specific pathway for
CD8 T cells across the blood-brain barrier. Journal of Experimental Medicine 204: 2023-2030

51



References

Gate D, Saligrama N, Leventhal O, Yang AC, Unger MS, Middeldorp J, Chen K, Lehallier B, Channappa D, De Los
Santos MB, et al (2020) Clonally expanded CD8 T cells patrol the cerebrospinal fluid in Alzheimer’s
disease. Nature 577: 399-404

Ghasemi N, Razavi S & Nikzad E (2017) Multiple Sclerosis: Pathogenesis, Symptoms, Diagnoses and Cell-Based
Therapy. Cell 1 19: 1-10

Giannakopoulos P, Herrmann FR, Bussiére T, Bouras C, Kévari E, Perl DP, Morrison JH, Gold G & Hof PR (2003)
Tangle and neuron numbers, but not amyloid load, predict cognitive status in Alzheimer’s disease.
Neurology 60: 1495-1500

Gloor SM, Wachtel M, Bolliger MF, Ishihara H, Landmann R & Frei K (2001) Molecular and cellular permeability
control at the blood-brain barrier. Brain Res Brain Res Rev 36: 258-264

Greenfield AL & Hauser SL (2018) B-cell Therapy for Multiple Sclerosis: Entering an era. Annals of Neurology 83:
13-26

Guillot-Sestier M-V & Town T (2013) Innate immunity in Alzheimer’s disease: a complex affair. CNS & neurological
disorders drug targets 12: 593-607

van de Haar HJ, Burgmans S, Jansen JFA, van Osch MJP, van Buchem MA, Muller M, Hofman PAM, Verhey FRJ &
Backes WH (2016) Blood-Brain Barrier Leakage in Patients with Early Alzheimer Disease. Radiology 281:
527-535

Halliday GM, Double KL, Macdonald V & Kril JJ (2003) Identifying severely atrophic cortical subregions in
Alzheimer’s disease. Neurobiol Aging 24: 797-806

Han J, Fan Y, Zhou K, Zhu K, Blomgren K, Lund H, Zhang X-M & Harris RA (2020) Underestimated Peripheral Effects
Following Pharmacological and Conditional Genetic Microglial Depletion. Int J Mol Sci 21: 8603

Heneka MT, Carson MJ, Khoury J El, Landreth GE, Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T, Vitorica J,
Ransohoff RM, et al (2015) Neuroinflammation in Alzheimer’s disease. The Lancet Neurology 14: 388—
405

Heneka MT & O’Banion MK (2007) Inflammatory processes in Alzheimer’s disease. Journal of Neuroimmunology
184: 69-91

Heppner FL, Ransohoff RM & Becher B (2015) Immune attack: the role of inflammation in Alzheimer disease.
Nature Reviews Neuroscience 16: 358—-372

Herisson F, Frodermann V, Courties G, Rohde D, Sun Y, Vandoorne K, Wojtkiewicz GR, Masson GS, Vinegoni C,
Kim J, et al (2018) Direct vascular channels connect skull bone marrow and the brain surface enabling
myeloid cell migration. Nat Neurosci 21: 1209-1217

Hummel A van, Bi M, Ippati S, Hoven J van der, Volkerling A, Lee WS, Tan DCS, Bongers A, Ittner A, Ke YD, et al
(2016) No Overt Deficits in Aged Tau-Deficient C57Bl/6.Mapttm1(EGFP)Kit GFP Knockin Mice. PLOS ONE
11: e0163236

Hutchings M & Weller RO (1986) Anatomical relationships of the pia mater to cerebral blood vessels in man. J
Neurosurg 65: 316-325

ladecola C & Anrather J (2011) The immunology of stroke: from mechanisms to translation. Nat Med 17: 796—
808

Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, Benveniste H, Vates GE, Deane R, Goldman SA, et al
(2012) A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of
interstitial solutes, including amyloid B. Sci Transl Med 4: 147ral11

52



References

Igbal K, Alonso A del C, Chen S, Chohan MO, El-Akkad E, Gong C-X, Khatoon S, Li B, Liu F, Rahman A, et al (2005)
Tau pathology in Alzheimer disease and other tauopathies. Biochim Biophys Acta 1739: 198-210

Ishiwata I, Ishiwata C, Ishiwata E, Sato Y, Kiguchi K, Tachibana T, Hashimoto H & Ishikawa H (2005) Establishment
and characterization of a human malignant choroids plexus papilloma cell line (HIBCPP). Hum Cell 18:
67-72

Ito M, Komai K, Mise-Omata S, lizuka-Koga M, Noguchi Y, Kondo T, Sakai R, Matsuo K, Nakayama T, Yoshie O, et
al (2019) Brain regulatory T cells suppress astrogliosis and potentiate neurological recovery. Nature 565:
246-250

Iwatsubo T, Odaka A, Suzuki N, Mizusawa H, Nukina N & Ihara Y (1994) Visualization of A beta 42(43) and A beta
40 in senile plagues with end-specific A beta monoclonals: evidence that an initially deposited species
is A beta 42(43). Neuron 13: 45-53

Jan A, Gokce O, Luthi-Carter R & Lashuel HA (2008) The Ratio of Monomeric to Aggregated Forms of AB40 and
AB42 Is an Important Determinant of Amyloid-B Aggregation, Fibrillogenesis, and Toxicity. J Biol Chem
283:28176-28189

Jarrett JT, Berger EP & Lansbury PT (1993) The carboxy terminus of the beta amyloid protein is critical for the
seeding of amyloid formation: implications for the pathogenesis of Alzheimer’s disease. Biochemistry
32:4693-4697

Jellinger KA (1998) The neuropathological diagnosis of Alzheimer disease. Journal of Neural Transmission,
Supplement 5: 97-118

Jessen NA, Munk ASF, Lundgaard | & Nedergaard M (2015) The Glymphatic System: A Beginner’s Guide.
Neurochem Res 40: 2583-2599

Jin' S, Sonobe Y, Kawanokuchi J, Horiuchi H, Cheng Y, Wang Y, Mizuno T, Takeuchi H & Suzumura A (2014)
Interleukin-34 Restores Blood—Brain Barrier Integrity by Upregulating Tight Junction Proteins in
Endothelial Cells. PLOS ONE 9: e115981

Johnston M, Zakharov A, Papaiconomou C, Salmasi G & Armstrong D (2004) Evidence of connections between
cerebrospinal fluid and nasal lymphatic vessels in humans, non-human primates and other mammalian
species. Cerebrospinal Fluid Res 1: 2

Kadry H, Noorani B & Cucullo L (2020) A blood—brain barrier overview on structure, function, impairment, and
biomarkers of integrity. Fluids and Barriers of the CNS 17: 69

Kamboh MI, Demirci FY, Wang X, Minster RL, Carrasquillo MM, Pankratz VS, Younkin SG, Saykin AJ, Jun G, Baldwin
C, et al (2012) Genome-wide association study of Alzheimer’s disease. Translational Psychiatry 2: e117—
ell7

Kent SA, Spires-Jones TL & Durrant CS (2020) The physiological roles of tau and AB: implications for Alzheimer’s
disease pathology and therapeutics. Acta Neuropathol 140: 417-447

Korin B, Ben-Shaanan TL, Schiller M, Dubovik T, Azulay-Debby H, Boshnak NT, Koren T & Rolls A (2017) High-
dimensional, single-cell characterization of the brain’s immune compartment. Nat Neurosci 20: 1300—
1309

Koutrolos M, Berer K, Kawakami N, Wekerle H & Krishnamoorthy G (2014) Treg cells mediate recovery from EAE
by controlling effector T cell proliferation and motility in the CNS. Acta Neuropathol Commun 2: 163

Kratzer 1, Vasiljevic A, Rey C, Fevre-Montange M, Saunders N, Strazielle N & Ghersi-Egea J-F (2012) Complexity
and developmental changes in the expression pattern of claudins at the blood-CSF barrier. Histochem

Cell Biol 138: 861-879

53



References

LaFerla FM, Green KN & Oddo S (2007) Intracellular amyloid-beta in Alzheimer’s disease. Nat Rev Neurosci 8:
499-509

Lassmann H (2019) Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple Sclerosis.
Frontiers in Immunology 9

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

Li P, Gan Y, Sun B-L, Zhang F, Lu B, Gao Y, Liang W, Thomson AW, Chen J & Hu X (2013) Adoptive regulatory T-cell
therapy protects against cerebral ischemia. Ann Neurol 74: 458-471

Li R, Patterson KR & Bar-Or A (2018) Reassessing B cell contributions in multiple sclerosis. Nat Immunol 19: 696—
707

Li Y-F, Zhang S-X, Ma X-W, Xue Y-L, Gao C, Li X-Y & Xu A-D (2019) The proportion of peripheral regulatory T cells
in patients with Multiple Sclerosis: A meta-analysis. Multiple Sclerosis and Related Disorders 28: 75-80

Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E, Halenbeck R, Wu G, Zhou A, Behrens D, et al (2008) Discovery of
a Cytokine and Its Receptor by Functional Screening of the Extracellular Proteome. Science 320: 807—
811

Louveau A, Harris TH & Kipnis J (2015a) Revisiting the Mechanisms of CNS Immune Privilege. Trends Immunol 36:
569-577

Louveau A, Smirnov |, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, Derecki NC, Castle D, Mandell JW, Lee KS, et al
(2015b) Structural and functional features of central nervous system lymphatic vessels. Nature 523:
337-341

Machado-Santos J, Saji E, Troscher AR, Paunovic M, Liblau R, Gabriely G, Bien CG, Bauer J & Lassmann H (2018)
The compartmentalized inflammatory response in the multiple sclerosis brain is composed of tissue-
resident CD8+ T lymphocytes and B cells. Brain 141: 20662082

Maier M, Peng Y, Jiang L, Seabrook TJ, Carroll MC & Lemere CA (2008) Complement C3 Deficiency Leads to
Accelerated Amyloid B Plague Deposition and Neurodegeneration and Modulation of the
Microglia/Macrophage Phenotype in Amyloid Precursor Protein Transgenic Mice. The Journal of
Neuroscience 28: 6333 LP — 6341

Mandel LJ, Bacallao R & Zampighi G (1993) Uncoupling of the molecular ‘fence’ and paracellular ‘gate’ functions
in epithelial tight junctions. Nature 361: 552-555

Marsh SE, Abud EM, Lakatos A, Karimzadeh A, Yeung ST, Davtyan H, Fote GM, Lau L, Weinger JG, Lane TE, et al
(2016) The adaptive immune system restrains Alzheimer’s disease pathogenesis by modulating
microglial function. Proceedings of the National Academy of Sciences of the United States of America
113: E1316-E1325

Mastorakos P & McGavern D (2019) The anatomy and immunology of vasculature in the central nervous system.
Sci Immunol 4: eaav0492

Mazzitelli JA, Smyth LCD, Cross KA, Dykstra T, Sun J, Du S, Mamuladze T, Smirnov |, Rustenhoven J & Kipnis J
(2022) Cerebrospinal fluid regulates skull bone marrow niches via direct access through dural channels.
Nat Neurosci 25: 555-560

McAllister MS, Krizanac-Bengez L, Macchia F, Naftalin RJ, Pedley KC, Mayberg MR, Marroni M, Leaman S, Stanness

KA & Janigro D (2001) Mechanisms of glucose transport at the blood-brain barrier: an in vitro study.
Brain Res 904: 20-30

54



References

McAlpine FE & Tansey MG (2008) Neuroinflammation and tumor necrosis factor signaling in the pathophysiology
of Alzheimer’s disease. Journal of inflammation research 1: 29-39

McCandless EE, Wang Q, Woerner BM, Harper JM & Klein RS (2006) CXCL12 Limits Inflammation by Localizing
Mononuclear Infiltrates to the Perivascular Space during Experimental Autoimmune
Encephalomyelitis1. The Journal of Immunology 177: 8053—-8064

Medawar PB (1948) Immunity to homologous grafted skin; the fate of skin homografts transplanted to the brain,
to subcutaneous tissue, and to the anterior chamber of the eye. BrJ Exp Pathol 29: 58-69

Meng W & Takeichi M (2009) Adherens Junction: Molecular Architecture and Regulation. Cold Spring Harb
Perspect Biol 1: a002899

Mgllgard K, Beinlich FRM, Kusk P, Miyakoshi LM, Delle C, Pla V, Hauglund NL, Esmail T, Rasmussen MK, Gomolka
RS, et al (2023) A mesothelium divides the subarachnoid space into functional compartments. Science
379: 84-88

Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, Toga AW, Jacobs RE, Liu CY, Amezcua L,
et al (2015) Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85: 296—-302

Montalban X, Hauser SL, Kappos L, Arnold DL, Bar-Or A, Comi G, de Seze J, Giovannoni G, Hartung H-P, Hemmer
B, et al (2017) Ocrelizumab versus Placebo in Primary Progressive Multiple Sclerosis. New England
Journal of Medicine 376: 209-220

Morita S, Furube E, Mannari T, Okuda H, Tatsumi K, Wanaka A & Miyata S (2016) Heterogeneous vascular
permeability and alternative diffusion barrier in sensory circumventricular organs of adult mouse brain.
Cell Tissue Res 363: 497-511

Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, Lelios I, Heppner FL, Kipnis J, Merkler D, et al
(2018) High-Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct

Myeloid Subsets in Health, Aging, and Disease. Immunity 48: 380-395.e6

Murphy JB & Sturm E (1923) CONDITIONS DETERMINING THE TRANSPLANTABILITY OF TISSUES IN THE BRAIN. J
Exp Med 38: 183-197

Nandi S, Cioce M, Yeung Y-G, Nieves E, Tesfa L, Lin H, Hsu AW, Halenbeck R, Cheng H-Y, Gokhan S, et al (2013)
Receptor-type protein-tyrosine phosphatase T is a functional receptor for interleukin-34. J Biol Chem
288:21972-21986

Nilsson P, Saito T & Saido TC (2014) New Mouse Model of Alzheimer’s. ACS Chem Neurosci 5: 499-502

Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse M & Tsukita S (2003) Size-selective loosening of
the blood-brain barrier in claudin-5-deficient mice. J Cell Biol 161: 653—-660

O’Brien RJ & Wong PC (2011) Amyloid Precursor Protein Processing and Alzheimer’s Disease. Annual Review of
Neuroscience 34: 185-204

Pardo-Moreno T, Gonzalez-Acedo A, Rivas-Dominguez A, Garcia-Morales V, Garcia-Cozar FJ, Ramos-Rodriguez JJ
& Melguizo-Rodriguez L (2022) Therapeutic Approach to Alzheimer’s Disease: Current Treatments and
New Perspectives. Pharmaceutics 14: 1117

Pardridge WM (2005) The blood-brain barrier: bottleneck in brain drug development. NeuroRx 2: 3—14

Pasciuto E, Burton OT, Roca CP, Lagou V, Rajan WD, Theys T, Mancuso R, Tito RY, Kouser L, Callaerts-Vegh Z, et
al (2020) Microglia Require CD4 T Cells to Complete the Fetal-to-Adult Transition. Cell 182: 625-640.e24

55



References

Pauwels MJ, Xie J, Ceroi A, Balusu S, Castelein J, Van Wonterghem E, Van Imschoot G, Ward A, Menheniott TR,
Gustafsson O, et al (2022) Choroid plexus-derived extracellular vesicles exhibit brain targeting
characteristics. Biomaterials 290: 121830

Pearson HA & Peers C (2006) Physiological roles for amyloid B peptides. J Physiol 575: 5-10

Pette M, Fujita K, Kitze B, Whitaker JN, Albert E, Kappos L & Wekerle H (1990) Myelin basic protein-specific T
lymphocyte lines from MS patients and healthy individuals. Neurology 40: 1770-1770

Pietronigro E, Zenaro E & Constantin G (2016) Imaging of Leukocyte Trafficking in Alzheimer’s Disease. Frontiers
in Immunology 7

Pober JS, Merola J, Liu R & Manes TD (2017) Antigen Presentation by Vascular Cells. Frontiers in Immunology 8

Profaci CP, Munji RN, Pulido RS & Daneman R (2020) The blood-brain barrier in health and disease: Important
unanswered questions. Journal of Experimental Medicine 217: e20190062

Pulous FE, Cruz-Hernandez JC, Yang C, Kaya Z, Paccalet A, Wojtkiewicz G, Capen D, Brown D, Wu JW, Schloss MJ,
et al (2022) Cerebrospinal fluid can exit into the skull bone marrow and instruct cranial hematopoiesis
in mice with bacterial meningitis. Nat Neurosci 25: 567-576

Raichle ME & Gusnard DA (2002) Appraising the brain’s energy budget. Proceedings of the National Academy of
Sciences 99: 10237-10239

Rattazzi L, Cariboni A, Poojara R, Shoenfeld Y & D’acquisto F (2015) Impaired sense of smell and altered olfactory
system in RAG-1-/- immunodeficient mice. Frontiers in Neuroscience 9

Rattazzi L, Piras G, Ono M, Deacon R, Pariante CM & D’Acquisto F (2013) CD4+ but not CD8+ T cells revert the
impaired emotional behavior of immunocompromised RAG-1-deficient mice. Trans/ Psychiatry 3: e280—
€280

Reardon S (2023a) FDA approves Alzheimer’s drug lecanemab amid safety concerns. Nature 613: 227-228

Reardon S (2023b) Alzheimer’s drug donanemab: what promising trial means for treatments. Nature 617: 232—
233

Reboldi A, Coisne C, Baumjohann D, Benvenuto F, Bottinelli D, Lira S, Uccelli A, Lanzavecchia 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

Ribeiro M, Brigas HC, Temido-Ferreira M, Pousinha PA, Regen T, Santa C, Coelho JE, Marques-Morgado |, Valente
CA, Omenetti S, et al (2019) Meningeal y& T cell-derived IL-17 controls synaptic plasticity and short-term
memory. Sci Immunol 4: eaay5199

Robinson AP, Harp CT, Noronha A & Miller SD (2014) Chapter 8 - The experimental autoimmune
encephalomyelitis (EAE) model of MS: utility for understanding disease pathophysiology and treatment.
In Handbook of Clinical Neurology, Goodin DS (ed) pp 173-189. Elsevier

Rogers J, Luber-Narod J, Styren SD & Civin WH (1988) Expression of immune system-associated antigens by cells
of the human central nervous system: Relationship to the pathology of Alzheimer’s disease.
Neurobiology of Aging 9: 339-349

Rustenhoven J, Drieu A, Mamuladze T, de Lima KA, Dykstra T, Wall M, Papadopoulos Z, Kanamori M, Salvador AF,

Baker W, et al (2021) Functional characterization of the dural sinuses as a neuroimmune interface. Cell
184: 1000-1016.e27

56



References

Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S, Iwata N & Saido TC (2014) Single App knock-in mouse
models of Alzheimer’s disease. Nat Neurosci 17: 661-663

Saito Y & Wright EM (1984) Regulation of bicarbonate transport across the brush border membrane of the bull-
frog choroid plexus. J Physiol 350: 327-342

Saitou M, Furuse M, Sasaki H, Schulzke J-D, Fromm M, Takano H, Noda T & Tsukita S (2000) Complex Phenotype
of Mice Lacking Occludin, a Component of Tight Junction Strands. MBoC 11: 4131-4142

Saxena A, Bauer J, Scheikl T, Zappulla J, Audebert M, Desbois S, Waisman A, Lassmann H, Liblau RS & Mars LT
(2008) Cutting Edge: Multiple Sclerosis-Like Lesions Induced by Effector CD8 T Cells Recognizing a
Sequestered Antigen on Oligodendrocytesl. The Journal of Immunology 181: 1617-1621

Segaliny Al, Brion R, Mortier E, Maillasson M, Cherel M, Jacques Y, Le Goff B & Heymann D (2015) Syndecan-1
regulates the biological activities of interleukin-34. Biochim Biophys Acta 1853: 1010-1021

Seok SM, Kim JM, Park TY, Baik EJ & Lee SH (2013) Fructose-1,6-bisphosphate ameliorates lipopolysaccharide-
induced dysfunction of blood—brain barrier. Arch Pharm Res 36: 1149-1159

Serrano-Pozo A, Frosch MP, Masliah E & Hyman BT (2011) Neuropathological Alterations in Alzheimer Disease.
Cold Spring Harb Perspect Med 1: a006189

Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V, Mendelsohn M, Charron J, Datta M, Young F & Stall AM (1992)
RAG-2-deficient mice lack mature lymphocytes owing to inability to initiate V(D)J rearrangement. Cell
68: 855-867

Sierksma A, Lu A, Mancuso R, Fattorelli N, Thrupp N, Salta E, Zoco J, Blum D, Buée L, De Strooper B, et al (2020)
Novel Alzheimer risk genes determine the microglia response to amyloid-$ but not to TAU pathology.
EMBO Molecular Medicine 12: e10606

Solar P, Zamani A, Kubi¢kova L, Dubovy P & Joukal M (2020) Choroid plexus and the blood—cerebrospinal fluid
barrier in disease. Fluids and Barriers of the CNS 17: 35

Song J, Choi S-M, Whitcomb DJ & Kim BC (2017) Adiponectin controls the apoptosis and the expression of tight
junction proteins in brain endothelial cells through AdipoR1 under beta amyloid toxicity. Cell Death Dis
8:e3102

Starr JM, Farrall AJ, Armitage P, McGurn B & Wardlaw J (2009) Blood—brain barrier permeability in Alzheimer’s
disease: a case—control MRI study. Psychiatry Research: Neuroimaging 171: 232-241

Steeland S, Gorlé N, Vandendriessche C, Balusu S, Brkic M, Van Cauwenberghe C, Van Imschoot G, Van
Wonterghem E, De Rycke R, Kremer A, et al (2018) Counteracting the effects of TNF receptor-1 has
therapeutic potential in Alzheimer’s disease. EMBO Molecular Medicine 10: e8300

Strazielle N & Ghersi-Egea JF (2013) Physiology of Blood—Brain Interfaces in Relation to Brain Disposition of Small
Compounds and Macromolecules. Mol Pharmaceutics 10: 1473-1491

Stys PK, Zamponi GW, van Minnen J & Geurts JJG (2012) Will the real multiple sclerosis please stand up? Nat Rev
Neurosci 13: 507-514

Tampi RR, Forester BP & Agronin M (2021) Aducanumab: evidence from clinical trial data and controversies.
Drugs Context 10: 2021-7-3

Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans E, Axel L, Rusinek H, Nicholson C,

Zlokovic BV, et al (2015) Clearance systems in the brain-implications for Alzheimer disease. Nat Rev
Neurol 11: 457-470

57



References

Tejada-Vera B (2013) Mortality from Alzheimer’s disease in the United States: data for 2000 and 2010. NCHS
Data Brief: 1-8

Tiruppathi C, Shimizu J, Miyawaki-Shimizu K, Vogel SM, Bair AM, Minshall RD, Predescu D & Malik AB (2008) Role
of NF-kB-dependent Caveolin-1 Expression in the Mechanism of Increased Endothelial Permeability
Induced by Lipopolysaccharide *. Journal of Biological Chemistry 283: 4210-4218

Togo T, Akiyama H, Iseki E, Kondo H, Ikeda K, Kato M, Oda T, Tsuchiya K & Kosaka K (2002) Occurrence of T cells
in the brain of Alzheimer’s disease and other neurological diseases. Journal of neuroimmunology 124:
83-92

Trillo-Contreras JL, Toledo-Aral JJ, Echevarria M & Villadiego J (2019) AQP1 and AQP4 Contribution to
Cerebrospinal Fluid Homeostasis. Cells 8: 197

Unger MS, Li E, Scharnagl L, Poupardin R, Altendorfer B, Mrowetz H, Hutter-Paier B, Weiger TM, Heneka MT,
Attems J, et al (2020) CD8(+) T-cells infiltrate Alzheimer’s disease brains and regulate neuronal- and
synapse-related gene expression in APP-PS1 transgenic mice. Brain, behavior, and immunity 89: 67-86

Vandenbroucke RE, Dejonckheere E, Lint PV, Demeestere D, Wonterghem EV, Vanlaere |, Puimege L,
Hauwermeiren FV, Rycke RD, Guire CM, et al (2012) Matrix Metalloprotease 8-Dependent Extracellular
Matrix Cleavage at the Blood—CSF Barrier Contributes to Lethality during Systemic Inflammatory
Diseases. J Neurosci 32: 9805-9816

Venken K, Hellings N, Thewissen M, Somers V, Hensen K, Rummens J-L, Medaer R, Hupperts R & Stinissen P (2008)
Compromised CD4+ CD25high regulatory T-cell function in patients with relapsing-remitting multiple
sclerosis is correlated with a reduced frequency of FOXP3-positive cells and reduced FOXP3 expression
at the single-cell level. Immunology 123: 79-89

Vermunt L, Sikkes SAM, van den Hout A, Handels R, Bos I, van der Flier WM, Kern S, Ousset P-J, Maruff P, Skoog
I, et al (2019) Duration of preclinical, prodromal, and dementia stages of Alzheimer’s disease in relation
to age, sex, and APOE genotype. Alzheimer’s & Dementia 15: 888—-898

Veszelka S, Paszt6i M, Farkas AE, Krizbai I, Dung NTK, Niwa M, Abrahdm CS & Deli MA (2007) Pentosan polysulfate
protects brain endothelial cells against bacterial lipopolysaccharide-induced damages. Neurochemistry
International 50: 219-228

Vignali DAA, Collison LW & Workman CJ (2008) How regulatory T cells work. Nat Rev Immunol 8: 523-532

Wagner CA, Roqué PJ, Mileur TR, Liggitt D & Goverman JM (2020) Myelin-specific CD8+ T cells exacerbate brain
inflammation in CNS autoimmunity. J Clin Invest 130: 203-213

Walker KA, Ficek BN & Westbrook R (2019) Understanding the Role of Systemic Inflammation in Alzheimer’s
Disease. ACS Chem Neurosci 10: 3340-3342

Walton C, King R, Rechtman L, Kaye W, Leray E, Marrie RA, Robertson N, La Rocca N, Uitdehaag B, van der Mei |,
et al (2020) Rising prevalence of multiple sclerosis worldwide: Insights from the Atlas of MS, third
edition. Mult Scler 26: 1816-1821

Wang Y, Szretter KJ, Vermi W, Gilfillan S, Rossini C, Cella M, Barrow AD, Diamond MS & Colonna M (2012) IL-34
is a tissue-restricted ligand of CSF1R required for the development of Langerhans cells and microglia.
Nat Immunol 13: 753-760

Watanabe T, Dohgu S, Takata F, Nishioku T, Nakashima A, Futagami K, Yamauchi A & Kataoka Y (2013) Paracellular

barrier and tight junction protein expression in the immortalized brain endothelial cell lines bEND.3,
bEND.5 and mouse brain endothelial cell 4. Biol Pharm Bull 36: 492—-495

58



References

Weiner HL (2008) A shift from adaptive to innate immunity: a potential mechanism of disease progression in
multiple sclerosis. J Neurol 255 Suppl 1: 3-11

Wekerle H (2006) Breaking ignorance: the case of the brain. Curr Top Microbiol Immunol 305: 25-50
Weller RO (2005) Microscopic morphology and histology of the human meninges. Morphologie 89: 22-34

Wichmann TO, Damkier HH & Pedersen M (2022) A Brief Overview of the Cerebrospinal Fluid System and Its
Implications for Brain and Spinal Cord Diseases. Frontiers in Human Neuroscience 15

Wolburg H & Lippoldt A (2002) Tight junctions of the blood—brain barrier: development, composition and
regulation. Vascular Pharmacology 38: 323-337

World Alzheimer Report 2022: Life after diagnosis: Navigating treatment, care and support (2022)

Woyss-Coray T & Rogers J (2012) Inflammation in Alzheimer disease-a brief review of the basic science and clinical
literature. Cold Spring Harbor perspectives in medicine 2: a006346

Xie J, Gorlé N, Vandendriessche C, Van Imschoot G, Van Wonterghem E, Van Cauwenberghe C, Parthoens E, Van
Hamme E, Lippens S, Van Hoecke L, et al (2021) Low-grade peripheral inflammation affects brain
pathology in the AppNL-G-Fmouse model of Alzheimer's disease. Acta Neuropathologica
Communications 9: 163

Yshii L, Mascali L, Kouser L, Lemaitre P, Marino M, Dooley J, Burton O, Haughton J, Callaerts-Vegh Z, Strooper BD,
et al (2022) The AppNL-G-F mouse model of Alzheimer’s disease is refractory to regulatory T cell
treatment. 2022.03.11.483903 doi:10.1101/2022.03.11.483903 [PREPRINT]

Yu ASL, McCarthy KM, Francis SA, McCormack JM, Lai J, Rogers RA, Lynch RD & Schneeberger EE (2005)
Knockdown of occludin expression leads to diverse phenotypic alterations in epithelial cells. Am J Physiol

Cell Physiol 288: C1231-1241

Zamvil SS & Hauser SL (2021) Antigen Presentation by B Cells in Multiple Sclerosis. N Engl J Med 384: 378-381

59



Attachments

Attachments
A C
600 HIBCPP
NE 400
Q
- =3
-2 x 2004
= 0_ .........................
[RTET
-200 — T T T T T 1
01 2 3 4 5 6
Time after seeding (days)
B
300+
wild type
e Rag2'/'
o~
£ 2004
Q
=)
i
1 100
|_
0 1 1 1 1 1 1 I 1

1 2 3 4 5 6 7 8
Time after seeding (days)

Figure S1: Trans-epithelial electrical resistance (TEER) shows when confluency is reached by cells grown on
transwell inserts. (A) The resistance is measured with the EVOM2 Epithelial Volt/Ohm meter by placing two
electrodes in the basal compartment and the transwell insert. TEER is calculated by multiplying the surface area
of the transwell (in cm?) with the resistance (in Ohm, Q) measured. Each transwell insert has a surface area of
0.33 cm? (B) TEER of wild type and Rag2”" mice in days after seeding the cells on the transwell insert. (C) TEER
of the human malignant choroid plexus papilloma cell line (HIBCPP) in days after seeding the cells on the
transwell insert. Of note, the TEER of murine immortalized choroid plexus epithelial cells (ImmCPE) was not

measured.
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Figure S2: In vitro administration of interleukin (IL)-34 rescues leakage of primary brain microvascular
endothelial cells from Rag2”- mice. Primary brain microvascular endothelial cells were isolated from wild type
and Rag2”" mice and seeded in the apical compartment of a transwell system. Cells were stimulated for 24 hours
with IL-34. PBS treatment was used as control. At the 22-hour timepoint, 3 kDa FITC-dextran was added to the
basal compartment (blood side), and 2 hours later, leakage was determined by measuring fluorescence in the
apical compartment (brain parenchymal side). Wild type results are not shown. Data are shown as mean + SEM
(n= 3 per group). Statistical significance was determined by two-tailed Student’s t-test; ***p <0.001, ns: non-
significant. Results were obtained in the lab of Prof. Bieke Broux (UHasselt).
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Figure S3: Wild type mice show brain barrier leakage at a dosage of 50 ug lipopolysaccharides (LPS). Three
dosages of LPS; 50 pg, 150 pg, and 300 pg, were administered to wild type mice by intraperitoneal injections.
PBS-injected mice were used as control. Brain barrier leakage was determined in the prefrontal cortex for the
blood-brain barrier (BBB) and in the cerebrospinal fluid (CSF) for the blood-CSF barrier (BCSFB) 15 min after
intravenous injection of 4 kDa fluorescein isothiocyanate (FITC)-dextran. Data are shown as mean + SEM (n=2/3
mice per group). Statistical significance was determined by one-way ANOVA and Dunnett’s multiple comparisons
test; *p < 0.05.
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