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Abstract

Aim. Pericytes are multifunctional cells located at the blood-brain barrier (BBB).
They maintain BBB integrity, regulate cerebral blood flow and possess
immunological roles which indicate that pericytes could be the main players in
the pathophysiology of Multiple sclerosis (MS), a chronic inflammatory
demyelinating disease of the central nervous system (CNS). This study
investigated the role of pericytes in the pathophysiology of MS with a special
focus on vascular pathology. Methods. Experimental Autoimmune
Encephalomyelitis (EAE) models were induced with myelin oligodendrocyte
glycoprotein (MOG) or proteolipid protein (PLP). Two time-point models were
developed, 15 days (early EAE) and 40 days (late EAE) to investigate the
progression of both models. Cryosections of spinal cord and brain were assessed
for BBB leakage, demyelination, inflammation, axonal loss and gliosis, vascular
pathology, pericytes and fibrosis. Furthermore, to relate the obtained /in vivo
outcomes to pericyte function, cell culture of human brain vascular pericytes
(HBVP) were exposed to MS serum and compared to /n vivo data. Results and
Discussion. In both MOG and PLP induced EAE models, pericytes were
increased at lesion sites. In MOG EAE model pericyte coverage was decreased
on the endothelial walls but increased and scattered throughout the lesions. In
MOG EAE, detached PDGFRB+ and aSMA+ pericytes were present according to
co-localization studies with endothelium. On the other hand, PLP EAE model
showed increased PDGFRB+ pericytes accumulated at the vasculature
throughout the EAE tissue. Additionally, these pericyte accumulations were
enhanced at lesion sites in the white matter. Upon exposure of HBVP to MS
patient serum, it was found that pericytes proliferate upon contact with MS
serum and produce Collagen I & Collagen IV and Fibronectin which was in line
with our /n vivo findings. Conclusion: Abovementioned data implicates that
pericytes are possibly involved in both progression and suppression of EAE by

mediating fibrosis.

Keywords: Multiple Sclerosis, EAE, Pericytes, Fibrosis, Collagen I, Collagen IV



1 Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating and
neurodegenerative disease of the central nervous system (CNS). The incidence
of this disease varies depending on the geographical and ethnic (racial)
characteristics with a prevalence of 2-200/100000. Despite the rapid
accumulation of information in recent years, MS is still a complex disease with
unknown pathophysiology. It is believed that both autoimmune and infectious
mechanisms may play a role in MS (1). Genetic and environmental factors have
also been emerged as a potential factor for the onset of the disease (2-4).
Although the specific factors that trigger MS are not known, autoreactive T cells
and antibodies against CNS structures are believed to play a major pathogenic
role in the development of inflammation and tissue damage. The same
mechanism is also responsible for the progression of neurological disability and

function loss (5).

Immune histopathology of MS lesions indicate T and B lymphocytes infiltration
in the white matter of the brain and spinal cord (6-8). However, it is unknown
what the underlying antigenic structure is. It is understood that T lymphocytes
in MS react to myelin and activate macrophages with microglia and disrupt the
nerve axons by damaging their myelin sheath (9, 10). However, it is unknown
whether this is a primary reaction or an epiphenomenon that occurs during the
course of the disease. Although it is likely that autoreactive T cells mediate MS
pathogenesis, it is unclear which factor(s) trigger their migration to and
subsequent activation in the CNS (11). One important aspect in this regard is the
blood-brain barrier (BBB). The BBB hinders reachability of the CNS by immune
cells, however also secretes and/or mediates the release of chemoattractant
molecules as an interface between CNS cells and the immune system and is
therefore also responsible for mediating cell entry into the CNS. The determining
factors that play a role in cell migration into the CNS are currently being

investigated and subsequent novel treatment strategies are being considered.



Next, there is evidence of an immunological function of astrocytes and microglia
in CNS inflammation, however their specific roles in MS lesion pathology are still
controversial (12-15). In MS, both microglia and astrocytes are activated and
express a high level of major histocompatibility complex (MHC) class II molecules
(16) but on the other hand can also secrete anti-inflammatory cytokines such as
transforming growth factor beta (TGFB) and Interleukin 10 (IL-10) to suppress
T helper cell responses. It has also been shown that microglia and/or
macrophages play important roles as antigen presenting cells (17). Although the
role of T cells is known to be prominent in the pathogenesis of MS and
Experimental Autoimmune Encephalomyelitis (EAE), the importance of humoral
immune response in MS patients has gained great interest as well. Recently
reported MS pathology studies draw attention to the important contribution of B
cells in MS pathogenesis (18, 19).

MS is a heterogeneous disease when evaluated in terms of clinical, radiological
and treatment responses. In MS lesions, demyelination mechanisms are divided

into four separate patterns (20, 21):

Pattern 1: Macrophage related demyelination which is similar to EAE
model in which myelin is destroyed by the action of toxic products (tumor
necrosis factor a; TNFa, and nitric oxide; NO) released from activated
macrophages (22, 23).

Pattern 2: Lesions in this pattern are resembling the EAE model formed
by sensitizing against myelin oligodendrocyte glycoprotein (MOG), where areas
with destructed myelin are associated with the accumulation of immunoglobulin

and activated complement (24).

Pattern 3: Lesions contain an infiltrated bulk of inflammatory cells
consisting of macrophages, activated microglia and T cells, and there is a
significant loss of myelin associated glycoprotein (MAG). This pattern is
accompanied by a loss of oligodendrocytes and the presence of minimal

remyelination. It is believed that the loss of MAG leads to the development of



oligodendrogliopathy from distal to proximal area where necessary metabolic

needs of the axon cannot be met (25).

Pattern 4: In this pattern, rarely found in patients presenting a primary
progressive MS (PPMS), lesions are infiltrated by a bulk of inflammatory cells
including macrophages, activated microglia and T cells. However, there is no loss
of MAG and no presence of immunoglobulin or complement accumulation.
Interestingly, non-apoptotic oligodendrocyte death is observed in the white
matter area adjacent to the lesion. The latter suggest that a metabolic disorder
in oligodendrocytes can sensitize these cells especially against toxic damage by

inflammation (25).

Researchers have suggested that MS patients have intra-individual and inter-
individual heterogeneous lesions. In these studies, the researchers interpret their
findings as the evolution/development of a single pathophysiological mechanism

rather than the etiology of a heterogeneous disease (26).

Due to complexity and difficulty of taking samples from the CNS, different animal
models are used to simulate the disease in order to examine MS and the BBB. It
is possible to sort these models briefly as: 1. Autoimmune models; 2.Mutant

models, 3.Viral models and 4. Chemical based models.

Autoimmune models are mainly referred to as EAE, most common model used
for MS research. Although not exactly presenting MS, EAE simulates many steps
of MS. In the EAE model, various myelin forming proteins such as Myelin Basic
Protein (MBP), Proteolipid Protein (PLP) or MOG, are mixed with complete
Freund's adjuvant (CFA) and pertussis toxin (PTX) as whole or partial (antigen)
and injected into the subject animal. As a result, the BBB loses its integrity,
inflammatory cells infiltrate into the CNS and react against the myelin tissue (27).
EAE is a disease that is progressively worsening with the presence of
inflammation and demyelination. The clinical manifestation of the EAE model
varies depending on the species of the subject animal, the strain, and the type

of antigen used to generate autoimmunity. For example, MOG protein injection



in C57BL/6] mouse line results in a progressive paralyzed model. On the other
hand, PLP injection in Swiss James Lambert (SJL) mice results in a relapsing
remitting EAE model with attacks (28). As mutant models, mutant mice
containing mutant versions of proteins in their myelin structure have been
developed, these include the Shiverer mutant (MBP mutant) and Rumpshaker
Jimpy (PLP mutant). Besides, also MAG knockout mice have been developed
(28).

According to literature, many studies have investigated the relationship between
MS and the BBB with a main focus on the causes of deterioration of BBB integrity
and the inflammatory mechanisms that play a role in the process. However, there
are very few studies focusing on pericytes, which are a prominent component of
the BBB. Pericytes are part of the neurovascular unit (NVU) located around
and/or wrapping the endothelial wall and are responsible for a variety of
mechanisms in both healthy and disease conditions. Together with microvascular
smooth muscle cells, pericytes form microvascular mural cells. Pericyte
distribution is continuum along the walls of arterioles, venules and capillaries
(29). Their coverage and number is associated with the permeability of the
biological-barriers, a lower coverage correlates with a higher permeability (30).
Moreover, pericytes are able to regulate the capillary structure and diameter (31-
33) and even guide vessel sprouting (34, 35).

Pericytes are initially classified according to their location in the microvascular
system. However due to novel findings in several disease conditions where
pericytes are leaving the microvascular bed (36) and migrate or even proliferate
into different phenotypes in the perivascular area (37-39), this classification is
difficult to assess. To some degree it may be possible to track down if the cell is
a pericyte or smooth muscle cell based on its location, but pericytes have been
more prominently classified according to a number of co-localizations of intrinsic
and surface markers. Although the latter seems ‘problem solved’, it has actually
made it even more difficult. Different combinations of marker co-localizations are

present in pericytes, concluding that pericytes are multipotent cells which may



differentiate into other phenotypes depending on the need, the activation and/or
response. On top of this, pericytes function in a tissue-context-dependent
manner (40). Therefore, their organ-specific functional roles and phenotypic

heterogeneity as well as their origin remain poorly defined (40).

Even more, the phenotype of pericytes not only varies based on the organ tissue
and vessel size, but also on whether they are active or quiescent. It is found that
active pericytes tend to shorten their processes and increase their somatic
volume (41). Activated pericytes can regulate migration associated genes by
upregulating ADAM Metallopeptidase with Thrombospondin Type 1 Motif 1
(ADAMTS1) peptidase and downregulating TIMP Metallopeptidase Inhibitor 3
(TIMP3) (42). Other factors related to migration and motility of pericytes are
Vascular Endothelial Growth Factor (VEGF), Platelet-derived Growth Factor BB
(PDGF-BB) and Ciliary Neurotrophic Factor (CNTF) (39, 43). Pericytes can also
migrate upon upregulated cell surface proteases and angiogenesis. In recent
studies, it is demonstrated that pericytes control the migration of leukocytes in
response to inflammatory mediators by up-regulating the expression of adhesion
molecules and releasing chemo-attractants (44); however, under physiological
conditions they appear to be immune-suppressors. Activated pericytes further
guide angiogenesis upon injury. When activated, pericytes become highly
proliferative and migrate through the basal lamina. This migrating behavior of
pericytes is needed in order to activate its stem cell capacity (36). It is believed
that pericyte-originated cells migrate towards the newly formed vessels and
regulate its stability (45).

Pericytes regulate capillary permeability and contraction (31-33) and can secrete
cytokines, chemokines, NO and matrix metalloproteinases (MMPs). They further
express, gap junctions, tight junctions and focal adhesions with endothelial cells
(46) and promote reduction in vesicular transport (33) and endothelial tight
junction protein expressions (zona occludens, Z0O-1, claudin-5, occludin) (31, 33,
47). Generally accepted pericyte markers include Alpha Smooth Muscle Actin

(aSMA), Desmin, Regulator of G-protein Signaling 5 (RGS-5), Neuron-Glial



Antigen 2 (NG2), Platelet-derived Growth Factor Receptor Beta (PDGFRB) and
Amino-peptidase-N (CD13) (48, 49). Pericytes wrapping around capillaries are
expressing NG2*/aSMA", wrapping around venules are expressing NG2°/aSMA*
and wrapping around arterioles are expressing NG2*/aSMA*. Pericyte markers
CD146 and PDGFRp are expressed throughout the vascular bed (50).

Upon exposure to neurotransmitters, neuro-hormones and inflammatory
mediators, pericytes may change their phenotype into fibroblasts, smooth
muscle cells, macrophages, myofibroblasts, microglia and stromal cells (51, 52).
Furthermore, upon stimulation pericytes can secrete interleukin-1B, Interleukin-
6, TNFa, reactive oxygen species, NO, MMP2 and MMP9, Prostaglandin-E
receptors, TGFB (fibronectin increases), Monocyte Chemoattractant Protein-1
(MCP-1) and Interferon Gamma-Induced Protein 10 (IP-10) (53-57). Pericyte
detachment from endothelial cells and differentiation correlates with increased
vesicle numbers in endothelial cells, tight junction disruption, immune cell
recruitment, pericyte derived fibrin and collagen (scar formation), antigen
presentation on pericytes and Nuclear factor Kappa B (NfKB) translocation to the
nucleus (53-57).

Myofibroblasts are activated fibroblast-like and aSMA expressing cells, and it is
believed that pericytes are involved in fibrosis by differentiating into
myofibroblasts and secreting extracellular matrix (ECM) components (38, 58,
59). In several models such as spinal cord injury, dermal scarring, liver, lung and
kidney fibrosis, pericytes transdifferentiate into fibrogenic phenotypes and
produce collagen at the injured sites (37, 60, 61).

In a spinal cord injury model, Goritz et al. found that scar formation and fibrosis
are associated with the migration of pericytes. They primarily concluded that
there are two types of pericytes: Type A pericytes were marked by
PDGFRB*/CD13*/Desmin- and type B pericytes by aSMA*/Desmin*. The study
found out that type A pericytes (PDGFRB*/CD13*/Desmin’) detached from the
vascular bed and infiltrated the perivascular area where they contributed to scar

formation in the spinal cord injury (37). After detaching, pericytes who lost their



contact with capillaries also lost CD13 and PDGFRa expression, but remained
expressing PDGFR[. Moreover, these cells also became expressing the fibroblast
marker Fibronectin as well as temporarily expressed the myofibroblast marker
aSMA (62).

Fibrosis is characterized by an excessive accumulation of ECM components at
the site of injury. When fibrosis occurs, the tissue is no longer able to recover.
Research has found that PDGFRB+ pericytes are playing a crucial role in scar
formation in brain injury (63). It is further believed that PDGFRB+ pericytes may
express fibroblast-associated markers Collagen 1V, Fibronectin and fibroblast

surface proteins.

Until now, MS has been associated with gliosis, astrocytes mediating the lesions
in the brain and spinal cord, however there are no studies relating MS with
fibrosis. Besides, the role of pericytes in fibrosis has been investigated in organs
such as liver, kidney, lung, dermal scarring and spinal cord injury, but no study
has yet revealed the role of in particular fibrotic pericytes in MS. This thesis is
therefore the first study that thoroughly investigated the role of pericytes in the
pathophysiology of MS indirectly in two EAE mice models. Within these two EAE
models (MOG and PLP) both early stage (15 days) and late stage (40 days) EAE
models were developed to investigate pericytes at both time points and correlate
its function and/or role within the progression of the disease. Furthermore, the
obtained fibrotic pericyte response /n vivo and its proliferation ability was
compared with /n vitro studies where a pericyte cell line was exposed to MS

and/or healthy human serum.



2 Materials and Methods
2.1 MOG EAE Model

To generate the EAE model that mimics the progressive MS disease subtype,
C57BL/6 mice were immunized with MOG antigen and the first clinical findings
started to manifest after the 10-15th day of immunization. Kili¢ et al. observed
a stable progression after 30 days in this EAE model (27). Based on the
knowledge that the model becomes stable after the 30th day, experiments were
ended at the end of the 40th day. In order to find an answer to the question of
whether pericyte function is impaired in the early or late stage of the disease,
we proposed to work with two different groups of mice to be sacrificed at the
end of the 15th and 40th days after immunization. After three trials of
optimization, MOG EAE model induction is described below. All materials used in
this thesis project are listed with their corresponding manufacturer and catalog

numbers in Appendix I.

C57BL/6 wild type mice (Ethical approval number 2016-02, see Appendix II)
produced at Kog University Experimental Animal Production Center were used
for MOG EAE immunization. 6 weeks old female mice were used for the EAE
model as schematized in Figure 1. Both 40 days (SHAM n=11, MOG EAE n=13)
and 15 days (SHAM n=4, MOG EAE n=11) experimental groups were immunized
with the protocol described below. MOG35-55 (ANASPEC, AS-60130-10) was
dissolved in phosphate buffered saline (PBS) with a stock concentration of 2
mg/mL. 300 pg of MOG35-55 peptide per mouse (64) and CFA (Difco
laboratories, 263910) containing 800 pg of inactivated Mycobacterium
tuberculosis (65) were prepared as 1:1 (v/v) ratio with a total volume of 300 pl.
The SHAM group received PBS:CFA with a ratio of 1:1 (v/v). All immunizations
were subcutaneously (s.c) injected (300 ul divided) at four areas under isoflurane
anesthesia. Both SHAM and MOG EAE groups were followed by intraperitoneal
(i.p.) 500 ng/mice PTX (Sigma, P7208-50UG) injections 1 hour and 48 hours

after the immunization (27).



A second boost of immunization was injected 7 days after the first injection to
both SHAM and MOG EAE groups (Figure 1 and Table 1) (64). 1 hour after the

second boost, a 3™ PTX injection was administered i.p. to all groups.

Table 1: Overview of compounds used in the MOG EAE model.

Compound Stock Injected Total Ratio,
P Concentration Dose Volume Administration
MOG 2 mg/mL 300ug 150 pl
1:1, s.c.
CFA 5.33 mg/mL 800ug 150 pl
PTX 5 pg/mL 500ng 100 pl i.p.
”Nreurolprgrical EAE SCOF‘?,T,W?BW Change
Healthy C57BL/6 Chronic Paralysis

4. Boost subcutaneous
injection of MOG+CFA
5. After 1 hour 3i.p.
injection of PTX

I B |

Day 7

1. Subcutaneous
injection of MOG+CFA
2. After 1 hour 1%ti.p.
injection of PTX

3. After 48 hours 2"d
i.p. injection of PTX

Figure 1: Scheme of MOG EAE model setup.

Day 15 or 40

1

6. Cardiac perfusion and
collecting spinal cord
and brain in 4% PFA




Weight change and EAE scores of experimental animals were recorded every two

days. For clinical onset, score 1 was used as a reference.

Evaluation of EAE clinical findings:

e Measuring body weights

» Clinical EAE scoring of the tail and limbs (scales 0-5)

0 = Healthy

1 = Flaccid tail

2 = Ataxia or paralysis of the hind limbs

3 = Paralysis of the hind limbs and/or ataxia or paralysis of the fore limbs

4 = Ataxia or paralysis of all limbs

5 = Moribund

At days 15 or 40 after the immunization, mice were sacrificed with an overdose
of Ketamin/Xylazine anesthesia and directly followed by cardiac perfusion. Their
brain and spinal cord were isolated and stored in 4% paraformaldehyde (PFA)

for 24 hours and prepared for immunofluorescence and immunohistochemistry

studies.

2.2 PLP EAE Model

The EAE model produced by MOG injections mimics the PPMS, a chronic MS
subtype. On the other hand, Relapsing Remitting MS (RRMS) is more frequent
than PPMS (66). According to literature, the RRMS model manifests as a chronic
model in C57BI/6 mice strain, but mimics the RRMS model closer in SIL mice
strain. This SJL mice strain has been commonly used in the literature for
mimicking RRMS and is a better model for our hypothesis, however needs PLP

immunization instead of MOG

The PLP EAE model was generated in SIL mice strain by immunizing with PLP.
The first clinical EAE signs start to occur at days 6-8 post immunization (PI),
increase and decrease respectively during the follow-up and mimics the RRMS
form. 6 weeks old female SJL mice produced at Kog¢ University Experimental

Animal Production Center (Ethics approval number 2016-02, see Appendix II)
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were used for both 40 days (SHAM n=9, PLP EAE n=9) and 15 days (SHAM n=7,
PLP EAE n=7) experimental groups. PLP139-151 (Peptides International,
Louisville KY, PLP-3812-PI) was dissolved in PBS with a stock concentration of 1
mg/mL. With a total volume of 200 pl, a dose of 100 ug of PLP139-151 peptide
per mouse was emulsified with CFA (1:1) containing 533 pg inactivated
Mycobacterium Tuberculosis, and divided into four areas which were s.c. injected
to SJL mice under isoflurane anesthesia. In addition, 1 hour after immunization,
250 ng of PTX per mouse was administered i.p. as shown in Figure 2 and Table
2.

Evaluation of EAE Clinical Findings:

e Measuring body weights on a daily basis

« Daily clinical EAE scoring of the tail and limbs (scales 0-5)

0 = Healthy

1 = Flaccid tail

2 = Ataxia or paralysis of the hind limbs

3 = Paralysis of the hind limbs and/or ataxia or paralysis of the fore limbs

4 = Ataxia or paralysis of all limbs

5 = Moribund

In PLP EAE induced mice, body weight and clinical EAE scoring were monitored
every day. Also, because of the more severe clinical EAE outcome, mice with EAE
score above 3 received wet food in their cages and even i.p. 0.09% saline if
dehydration was observed. At days 15 or 40 after the immunization, mice were
sacrificed with an overdose Ketamin/Xylazine anesthesia and directly followed by

cardiac perfusion. Their brain and spinal cord were isolated and stored in 4%

PFA for 24 hours and prepared for immunofluorescence studies.

Since there are many EAE groups and SHAM groups and even between different
mouse strains, in this thesis, hereafter it is classified as MOG EAE 40, MOG SHAM
40, MOG EAE 15, and MOG SHAM 15 for MOG and SHAM groups for late stage
40 days and early stage 15 days in C57BI/6 mouse strain. Hereafter also, PLP

11



EAE 40, PLP SHAM 40, PLP EAE 15, and PLP SHAM 15 are classified for late stage

40 days and early stage 15 days in SJL mouse strain.

Table 2: Overview of compounds used in the PLP EAE model.

Stock Injected Total Ratio,
Compound . . )
Concentration Dose Volume Administration
PLP 1 mg/mL 100 ug 100 pl
1:1, s.c.
CFA 5.33 mg/mL 533 ug 100 pl
PTX 5 pg/mL 250 ng 50 ul i.p.
”rr\lreurological EAE Score + W,E,’,ig,ht Change
Healthy SIL RRMS
~F

—

Day O

1

Day 2

!

1. Subcutaneous
injection of PLP+CFA

injection of PTX

2. After 1 hour 1%ti.p.

3. After 48 hours 2nd
i.p. injection of PTX

Figure 2: Scheme of PLP EAE model setup.

Day 15 or 40

!

4. Cardiac perfusion and
collecting spinal cord
and brain in 4% PFA
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2.3 Immunofluorescence and Immunohistochemistry

2.3.1 Preparations of Cryosections
After cardiac perfusion brain and spinal cord tissues were left in 4% PFA for at

least 24 hours at 4°C and then respectively incubated in 10%, 20% and 30%
sucrose solutions (in 0.1M phosphate buffer) for cryopreservation until the
tissues dropped down to the bottom of the falcon tube for each sucrose
concentration. Freezing of the tissues was carried out at -20 °C in optimal cutting
temperature (OCT) compound. With the use of a Cryotome device, frozen brain
sections of 10 pm thickness were taken on poly-lysine coated glass slides. Frozen
brain and spinal cord sections of 10 um thickness were obtained from the areas

as shown in Figure 3.

A

Spinal cord

Figure 3: Schematic representation of sectioned areas of the brain and spinal
cord. A) Mouse brain cross-sections. B) Mouse spinal cord cryosections. Sections
were taken from the 6 levels as indicated in the spinal cord scheme. With one
cryosection, we were able to collect 6 different areas of the spinal cord which

increased the chance of encountering lesion areas.
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2.3.2 Luxol Fast Blue Staining
Luxol Fast Blue (LFB) staining (Abcam, ab150675) is used to show myelin in both

paraffin embedded and frozen tissues. Briefly, tissue slides were washed with
distilled water to remove cryo material and other debris. For defatting, samples
were incubated in a 1:1 alcohol-chloroform solution at room temperature
overnight and subsequently hydrated in distilled water. Samples were then
incubated in LFB Solution for 2-4 hours at 60°C. Then, samples were washed in
distilled water and transferred to lithium carbonate solution to differentiate the
staining. Next, washing was carried out with alcohol reagent until the white
matter remained blue and gray matter became colorless. The slides were washed
with distilled water, dehydrated with respectively 96% and 100% alcohol and

finally covered with Entellan. Images were captured with light microscopy.

2.3.3 Hematoxylin and Eosin Staining
The slides were left for 1 minute in distilled water to remove residues and cryo

material. Then, incubated in the following solutions: Respectively, Mayer's
Hemalum solution (Merck, 109249) for 3 minutes, running tap water to remove
excess staining, PBS for 5 minutes, Eosin Y-alcohol solution (Shandon, 6766007)
for 30 seconds, running tap water to remove excess staining, PBS for 5 minutes,
two times 100% ethanol for 2 minutes, and two times Xylene for 5 minutes.
Finally the tissues were covered with Entellan. Hematoxylin and Eosin (H&E)

images were captured with light microscopy.

2.3.4 Immunofluorescence Staining
Slides were dipped in distilled water a few times until the residues and OCT were

removed. Then, slides were incubated in methanol for 5 minutes at room
temperature to permeabilize cell membranes. Slides were three times washed in
Dulbecco’s phosphate buffered saline (DPBS) and Super Block (Thermo
Scientific™, PI37535) solution was added on top of each sample which was
within a circle marked by a PAP pen liquid blocker and incubated for 1 hour at
room temperature. The slides were kept humidified with the use of wet paper
towels in their boxes at all times. Next, the super block solution was removed,

and the first antibody of interest (diluted in Super Block solution) was added to
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on top of the sample and incubated for 1.5 hours at 37°C. The antibody solution
was removed, and the slides were washed with DPBS by dipping three times for
1 minute. Then, the secondary antibody of interest (diluted in super block
solution) was added on top of the sample and incubated for 1.5 hours at 37°C
in dark. Subsequently, the secondary antibody was removed, and was washed
again in DPBS, three times for 1 minute. Next, either the cells were mounted
with 4 ', 6-diamidino-2-phenylindole (DAPI, Abcam) containing mounting
medium or stained for another primary antibody for dual or triple series. In the
end, after mounting the samples, slides were covered by a cover glass and nail
polish was used to stabilize the coverglass on the slide. Fluorescent images were
taken with Leica DMi8 LCI microscope and processed with Leica LasX software.
Used antibody dilution factors are listed in Table 3. Three types of antibodies
have been used to track down pericytes, each having different pericyte marking
properties. For example, aSMA refers to both pericytes and smooth muscle cells,
while NG2 marks both pericytes and oligodendroglial cells. PDGFR is relatively
the most specific within these antibodies. However, it will be important to
evaluate each staining pattern separately to determine the role of the vascular

bed in disease pathogenesis.

Table 3: Antibodies and their dilution factors used for immunofluorescent
staining.

Primary . Secondary .

Target Antibody Ratio antibody Ratio

T-ymphocyte | Rabbit anti-CD8 | 1:100 | 0%t ENFrABDI 4,50
Goat anti-mouse , Donkey anti-goat )

BBB Leakage Albumin 1:50 FITC 1:200
. ] Goat anti-rat Alexa )

Macrophage Rat anti-F4/80 1:100 Fluor 594 1:200

Goat anti-mouse
Myelin Mouse anti-MBP | 1:100 | FITC or Goat anti- 1:200
mouse CY3

Rabbit anti- ) . . )

Pericyte PDGFRB 1:100 | Goat anti-rabbit CY3 | 1:200
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Pericyte / , .
Oligodendroglial Eagb't ant NGj 1:100 i i
Cell y3 conjugate
Pericyte / g
Smooth Muscle Mouse anp aSMA 1:100 - -
Cell FITC conjugated
Endothelium [B4 FITC 1:100 i i
conjugated
Astrocyte Rabbit anti-GFAP | 1:200 | Goat anti-rabbit CY3 | 1:200
Chicken anti- ) Goat anti-Chicken )
Neuron MAP2 1:100 FITC 1:200
Fibronectin Rabbit anti- | 4144 | Goat anti-rabbit CY3 | 1:200
Fibronectin
Apoptosis | Rabbit anti-CC3 | 1:100 | 0%t ENFTABDIL 4,50
Collagen I Rabbit anti- | .14 | Goat anti-rabbit CY3 | 1:200
Collagen I
Collagen IV Rabbit anti- | .44y | Goat anti-rabbit CY3 | 1:200
Collagen IV
Laminin Rabbit anti- | 4144 | Goat anti-rabbit CY3 | 1:200
Laminin
Microglia Rabbit anti-IBA1 | 1:100 | Goat anti-rabbit CY3 | 1:200
Pericytes? / A
Smooth Muscle Phce:)I:?.'S'r;tzIdTC 1:100 - -
Cell? U9
Nestin Rabbit anti-Nestin | 1:100 | Goat anti-rabbit CY3 | 1:200
TGFB1 Mouse anti-TGFB1 | 1:100 | 02t aFr}tT"Cmouse 1:200
Collagen | pobbit anti-LOXL2 | 1:100 | Goat anti-rabbit CY3 | 1:200
Crosslinking
Collagen | pobbit anti-LOXL3 | 1:100 | Goat anti-rabbit CY3 | 1:200
Crosslinking

Abbreviations: CD8, T-lymphocyte; F4/80, Macrophage; MBP, Myelin Basic Protein; PDGRp,
Platelet-derived Growth Factor Beta; NG2, Neuron-glial Antigen 2; aSMA, Alpha smooth Muscle
Actin; IB4, Isolectin; GFAP, Glial Fibrillary Acidic Protein; MAP2, Microtubule-associated protein;

CC3, Cleaved Caspase 3; IBA1l,

Ionized calcium binding adaptor molecule 1; TGFf1,

Transforming Growth Factor Beta 1; LOX, Lysyl Oxidase; FITC, Fluorescein Isothiocyanate;; CY3,

Cyanine.

2.4 In Vitro Pericyte Studies

2.4.1 Pericyte Culture
Human brain vascular pericytes (HBVP) were obtained from ScienceCell (#1200).

This cell line was cultured with Dulbecco's modified eagle medium (DMEM)
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containing L-glutamine and was further supplemented with 10% (v/v) fetal
bovine serum (FBS), 1% (v/v) penicillin/streptomycin (P/S) and 1% (v/v)
Amphotericin. The cells were seeded on poly-L-lysine (PLL) coated plates (For a
T75 flask: 15 pl of stock 10 mg/mL PLL in 10 mL of dH20 and incubate overnight
in incubator) and incubated at 37°C and 5% CO; and grown until 80-90%
confluency in either T25 or T75 culture flasks. Medium was changed every two-
three days. Subculturing was performed by gently trypsinizing cells with 0.05%
Trypsin/EDTA solution for 3-5 minutes at 37°C and 5% CO;, and subsequently
inhibited trypsin activity 1:1 (v/v) with 10% FBS containing culture medium. The
obtained cell suspension was washed twice with 10% FBS containing culture
medium by centrifuging the cell suspension at 1400 rpm for 3 minutes and
throwing away the supernatant. The cell pellet was dissolved in culture medium
and either subcultured in a new PLL coated flask or frozen for storage. For the
latter, 10% DMSO was added to the culture medium and the cells were aliquoted
as 500 000 cells/mL in cryovials. Cryovials were kept at least 48 hours in a Mr.

Frosty box in -80°C before transporting to a nitrogen tank.

2.4.2 xCELLigence and Pericyte Proliferation
The xCELLigence RTCA SP system includes a computer, an electronic sensor

analyzer, a workstation and a 96-well microtiter detection device (Figure 4). This
XCELLigence system is able to measure the impedance of selected wells and
analyzes the data with the RTCA software on the computer resulting in a
parameter called cell index. This so-called cell-index is representing the cell
status based on the detected cell electrode impedance. After seeding cells in the
special E-plate wellplates designed for xCELLigence, the system can monitor cell

attachment and proliferation.
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o RTCA Control Unit
RTCA Analyzer

— E-Plate 96
RTCA SP Station

Figure 4: The xCELLigence system.

Firstly, for each experiment it is important to perform an equilibration
measurement. For this, culture medium was added (50 pL) to the wells of an
xCELLigence E-plate. After equilibration to 37 °C, plates were inserted into the
XCELLigence station to measure the baseline impedance to ensure that all wells
and connections were working within acceptable limits. If one or more of the
wells/connections are not working, the system will give a warning, this will make
it possible to check your system and connections before wasting experiments

and/or expensive xXCELLigence plates.

HBVP were seeded in E-plates in duplicates per sample and incubated in the
XxCELLigence system to monitor cell proliferation in real-time. First, the optimal
cell density was measured for this cell line. HBVP cells were seeded in cell
densities ranging from 2500-40000 cells per well in duplicates and incubated for
72 hours at 37°C and 5% CO; in the xCELLigence system. Then, in another
experiment, serum working concentrations were assessed by exposing three
different cell seeding densities to either 10% serum or 2% serum (v/v) in culture
medium (with 1% FBS instead of 10%) (For ethical approval of patient material,
see Appendix III). Briefly, the cells were seeded with either 40000, 20000 or
10000 cells per well and incubated for 24 hours thereafter healthy human serum

(10% or 2%) or no serum (culture medium only) was added to the wells and
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was further incubated for a total of 100 hours. The effects of serum on the
susceptibility to either death or proliferation were to be observed. Finally, in a
novel setting, 24 hours after seeding HBVP, cells were exposed to MS patient
serum (n=3, in duplicates) and healthy human serum (n=3, in duplicates) with
the selected optimum cell density (20000 cells/well) and serum concentration
(10%). No serum but only culture medium was used as control. The impedance
value of each well was automatically monitored by the xCELLigence system for
100 hours and expressed as the cell-index value. The proliferation rate between
samples were calculated by their slopes between two time points after exposure.
This experiment makes it possible to investigate the direct effect of inflammatory
compounds, residing in the serum of MS patients, on the cleavage and
proliferation ability of pericytes and indirectly to investigate the effect on pericyte
survival ability. In the absence of living cells (only medium) or with a suspension
of dead cells, the cell index values will be close to zero. After attachment of cells
onto the electrode, the measured signal correlates linearly with cell number

throughout the experiment.

2.4.3 Fibrotic Activity of Pericytes
The fibrotic response of pericytes upon exposure to MS serum was investigated

in a cell culture study. 20000 HBVP cells/well were seeded in transparent flat-
bottom 96-wellplates and incubated overnight at 37°C and 5% CO; for cell
attachment. Culture medium was prepared as follows: DMEM (containing L-
glutamine) was supplemented with 1% FBS, 1% P/S and 1% amphotericin.
Then, after 24 hours, HBVP were exposed to 10% (v/v) MS (n=2, in triplicate)
and healthy human (n=2, in triplicate) serum, or no serum/only culture medium
(n=2, in triplicate) for 24 hours at 37°C and 5% CO.. Subsequently, the medium
was removed, and cells were washed twice with DPBS and fixed with 4%PFA for
30 min at room temperature respectively. Cells were stained for
immunofluorescent markers aSMA, collagen I, collagen IV and laminin as

described above.
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TGFpB1 secretion is known to mediate fibrosis (68, 69). To assess how HBVP react
upon this cytokine, HBVP pericytes were exposed to TGFB1. Briefly, 5000
cells/well were seeded in transparent flat-bottom 96-wellplates and incubated
overnight at 37°C and 5% CO; for cell attachment. Culture medium was prepared
as follows: DMEM (containing L-glutamine) was supplemented with 1% FBS, 1%
PS and 1% amphotericin. Then, after 24 hours, HBVP were exposed to 1 ng/mL
TFGPB1 in culture medium (n=3) and culture medium only was used as control
(n=3) for either 24 hours or 72 hours at 37°C and 5% CO,. Subsequently, the
medium was removed, and cells were washed twice with DPBS and fixed with
4%PFA for 30 min at room temperature respectively. Cells were stained for
fibronectin, collagen I, collagen IV and Cleaved Caspase 3 (CC3). Fluorescent
images were taken with Leica DMi8 LCI microscope and processed with Leica

LasX software.

2.6 Image] Analysis

Fluorescence microscopy images exported as Tiff files from LAS X program
(Leica, Germany) were imported and analyzed with Image] 1.52e (NIH, USA).
For cell counting, DAPI positive cells were marked with “Find Maxima” where
noise was adjusted to mark each cell as a single point. Fluorescent staining of
images was represented in integrated density or area (%). Briefly, Image Split
Channels > Take grayscale channel to be measured > Duplicate channel >
Threshold the duplicated channel (red on dark background) > Set Measurement
on the grayscale channel, Integrated Density and/or Area (%), Limit to

Threshold, Redirect to threshold image > Measure > Transfer data to Excel.

2.7 Statistical Analysis
Statistical analysis was performed with GraphPad Prism 5.02 (La Jolla, USA) by
using unpaired two-tailed students T-test with ***=p< 0.001, **=P< 0.01,

*=P< 0.05 and ns= non-significant.

20



3 Results and Discussion

3.1 Weight Change and EAE Scores

Clinical EAE scores and weight change follow-up were monitored every day or
every two days. The results were statistically analyzed by two-tailed unpaired t
test and p<0.05 was considered statistically significant.

Figure 5 and 6, show the weight change and EAE score graphs for MOG EAE 40
and MOG EAE 15 with their corresponding SHAM groups, representing a
progressive MS type. Figure 7 and 8, are the results of PLP EAE 40 and PLP EAE
15 with their corresponding SHAM groups, representing RRMS. Compared to
their corresponding SHAM groups, a significant weight loss was found for MOG
EAE 40, PLP EAE 40, and PLP EAE 15 groups, for P-values see Table 4-7. Only
MOG EAE 15 did not show a statistically significant weight change compared to
its SHAM group. This was however expected, since in our lab, the MOG EAE
model was a slowly progressing model with a peak around 24 days post 1t

immunization (17 days post 2" boost immunization) see Figure 5B.

A B
14000 OGEAE40 —MOG SHAM 40 >0 - MOG EAE40 ~MOG SHAM 40
S
= 130.00 = 2.50
b n
w +1
w) Q
*120.00 5 2.00
Q

g o
£ 110.00 S1s0
(&) [%/]
- [=]
= ©°
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2 g
3 90.00 & 0.50
[=] w
[=4]
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0 10 20 30 a0 0 10 20 30
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Figure 5: A) The body weight change (%) of late stage 40 days MOG EAE and
SHAM groups. Compared to SHAM, statistical significance was reached after 18
days PI. Data is shown as mean+SEM for MOG EAE 40 n=13 and MOG SHAM 40
n=11. B) EAE neurological scores (0-5) of late stage 40 days MOG EAE and SHAM
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groups. Compared to SHAM, statistical significance was reached after 6 days PI.
Data is shown as mean+SEM for MOG EAE 40 n=13 and MOG SHAM 40 n=11.

Table 4: Statistical p-values and corresponding symbols for weight change
(%) and EAE scores in MOG EAE 40 and MOG SHAM 40 groups.

Group Size | Group Size Weight Change (%) EAE Score
(n) (n)
Days PI MOG EAE [MOG SHAM | T-test MOG vs. SHAM | Statistical | T-test MOG vs. SHAM | Statistical
40 40 40 (P-Value) Symbol 40 (P-Value) Symbol

0 13 11 na na na na
2 13 11 0.50775 ns na na
4 13 4 0.25033 ns na na
6 13 11 0.39231 ns 0.04938 *

8 13 11 0.25029 ns 0.01612 *

10 13 4 0.08068 ns 0.03528 *

12 13 11 0.24118 ns 0.00919 *k
14 13 11 0.28568 ns 0.01106 *

16 13 11 0.16444 ns 0.00491 *k
18 13 11 0.01642 * 0.00647 xok
20 13 4 0.00427 *ok 0.06711 ns
22 13 4 0.00459 K 0.01059 *

24 13 9 0.02211 * 0.00019 Hokx
26 13 11 0.01447 * 0.00002 HkK
28 13 11 0.02603 * 0.00001 Hokk
30 8 11 0.01303 * 0.00020 *okk
32 13 11 0.00758 ok 0.00000 ok
34 13 4 0.00590 *k 0.00172 *x
36 13 11 0.03244 * 0.00005 *okk
39 8 11 0.00271 ok 0.00046 *okk
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Figure 6: A) The body weight change (%) of early stage 15 days MOG EAE and
SHAM groups. Compared to SHAM, there was no statistical significance reached
within the given 15 days. Data is shown as mean+SEM for MOG EAE 15 n=11
and MOG SHAM 15 n=4. B) EAE neurological scores (0-5) of early stage 15 days
MOG EAE and SHAM groups. Compared to SHAM, statistical significance was
reached after 10 days PI. Data is shown as mean+SEM for MOG EAE 15 n=11
and MOG SHAM 15 n=4.

Table 5: Statistical p-values and corresponding symbols for weight change

(%) and EAE scores in MOG EAE 15 and MOG SHAM 15 groups.

CQULD (el s Weight Change (%) EAE Score
(n) ()
Days PI MOG EAE | MOG SHAM | T-test MOG vs. SHAM | Statistical | T-test MOG vs. SHAM | Statistical

15 15 15 (P-Value) Symbol 15 (P-Value) Symbol
0 11 4 na na na na
2 11 4 0.91904 ns na na
4 11 4 0.23314 ns 0.31141 ns
6 5 na na na na na
8 11 4 0.79333 ns 0.39603 ns
10 11 4 0.66185 ns 0.04794 *
12 11 4 0.99880 ns 0.00573 *x
14 11 4 0.30306 ns 0.09800 ns
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Figure 7: A) The body weight change (%) of late stage 40 days PLP EAE and
SHAM groups. Compared to SHAM, statistical significance was reached after 8
days PI. Data is shown as mean+SEM for PLP EAE 40 n=9 and PLP SHAM 40
n=9. B) EAE neurological scores (0-5) of late stage 40 days PLP EAE and SHAM
groups. Compared to SHAM, statistical significance was reached after 8 days PI.
Data is shown as mean+SEM for PLP EAE 40 n=9 and PLP SHAM 40 n=9.

Table 6: Statistical p-values and corresponding symbols for weight change

(%) and EAE scores in PLP EAE 40 and PLP SHAM 40 groups.

APt (Elel ks Weight Change (%) EAE Score
(n) (n)

Days | PLP EAE | PLP SHAM | T-test PLP vs. SHAM | Statistical | T-test PLP vs. SHAM | Statistical
PI 40 40 40 (P-Value) Symbol 40 (P-Value) Symbol
0 9 9 na na na na
2 9 9 0.74351 ns na na
4 9 9 0.12129 ns na na
6 9 9 0.18214 ns na na
8 9 9 0.01793 * 0.00012 *oAK
10 9 9 0.00371 *x 0.00063 ok
12 9 9 0.00000 *oxx 0.00003 ok
14 9 9 0.00000 kK 0.00001 ok
15 9 9 0.00000 *oxx 0.00000 ok
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16 7 9 0.00000 *okok 0.00000 *okok
17 7 9 0.00000 ok 0.00000 ook
18 7 9 0.00000 *okok 0.00000 *okok
19 7 9 0.00000 *okok 0.00000 *okok
21 6 9 0.00007 ok 0.01222 *
23 6 9 0.00038 ok 0.00166 *k
25 6 9 0.00023 ok 0.00166 *k
26 6 9 0.00025 ok 0.00924 ok
27 6 9 0.00076 ok 0.00102 *x
28 6 9 0.00038 ok 0.00009 Kok
29 6 9 0.00111 o 0.00166 *x
30 6 9 0.00080 o 0.01787 *
32 6 9 0.00043 ook 0.00012 ok
32 6 9 0.00083 ok 0.00201 *x
33 6 9 0.00087 *okok 0.00001 kK
34 6 9 0.00064 ook 0.00000 kK
35 6 9 0.00039 ook 0.00000 kK
37 6 9 0.00016 ok 0.00079 kK
39 6 9 0.00253 koK 0.00064 *okk

25




>

120.00
110.00
100.00
50.00
80.00

70.00

Body Weight Change +SEM (%)

60.00

5

——PLP EAE 15 —PLP SHAM 15

e A —3
-.,#’;’ . -

;\'

10 15

Days post immunization

s 4.00 ——p|p EAE 15 < PLP SHAM 15

w350
+
@ 3.00
[=]
g 2.50
8200
¥
2150
§ 1.00
w 0.50
<
W 0.00

Days post immunization

Figure 8: A) The body weight change (%) of early stage 15 days PLP EAE and
SHAM groups. Compared to SHAM, statistical significance was stable after 13
days PI. Data is shown as mean+SEM for PLP EAE 15 n=7 and PLP SHAM 15
n=7. B) EAE neurological scores (0-5) of early stage 15 days PLP EAE and SHAM
groups. Compared to SHAM, statistical significance was reached after 10 days
PI. Data is shown as mean+SEM for PLP EAE 15 n=7 and PLP SHAM 15 n=7.

Table 7: Statistical p-values and corresponding symbols for weight change
(%) and EAE scores in PLP EAE 15 and PLP SHAM 15 groups.

S?nglzﬁ) Gm‘EE)Size Weight Change (%) EAE Score
Days |PLP EAE| PLP SHAM | T-test PLP vs. SHAM | Statistical | T-test PLP vs. SHAM | Statistical

PI 15 15 15 (P-Value) Symbol 15 (P-Value) Symbol
0 7 7 na na na na

1 7 7 0.48102 ns na na

2 7 7 0.01211 * na na

3 7 7 0.05006 ns na na

4 7 7 0.35583 ns na na

6 7 7 0.04709 * na na

8 7 7 0.08652 ns 0.05540 ns
10 7 7 0.01263 * 0.01522 *
11 7 7 0.06847 * 0.00043 *ox
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12 7 7 0.57026 ns 0.00763 *ox

13 7 7 0.04592 * 0.00013 ok
14 7 7 0.00009 HAK 0.00001 HAK
15 7 7 0.00003 ok 0.00002 ok

3.2 EAE Pathology

H&E and LFB staining were performed to assess demyelination and cell
infiltrates/accumulation at lesion sites. However, detailed investigations for
lesion sites were identified by immunofluorescence staining which allowed
double/triple marking and co-localizations. Figure 9 shows a schematic view of
the spinal cord and the expected findings. From both Figure 10 and Figure 11, it
is clearly shown that inflammation and infiltrated cells are accumulated in the
white matter areas particularly close to the pia mater site. Also, multiple lesion
spots are observed in the same brain or spinal cord section, indicating
heterogeneous BBB leakage. At the exact spots of cell infiltrations, decreased

LFB staining is observed, indicating loss of myelin at these areas.
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Figure 9: Schematic representation of the spinal cord and expected results in
the EAE model.

H&E

LFB

Figure 10: Spinal cord samples. Upper panel - H&E staining: Compared with
the SHAM group there is clearly accumulation of inflammatory cells in the lesion
regions (areas marked with red circles). Lower panel - LFB staining: Generally,

there is lost tissue integrity especially in the white matter. Reduced LFB staining
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in lesions in the white matter region indicate lost and/or non-intact myelin. The
representative sections in the figure are taken from the 4th level (see materials
and methods section) of the spinal cord (lumbar area). Lesions were mainly

found in sections 1 and 4 in all EAE models. Scale bars represent 500 pm.
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Figure 11: Brain samples. Upper panel - H&E staining: Compared with the
SHAM group there are several small spots with accumulation of inflammatory
cells in the lesion regions (areas marked with red circles). Of note is that these
spots in the brain are often close to ventricles. However in the cerebellum (no
data shown), these lesion spots are mainly in the white matter. Lower panel -
LFB: Overall integrity loss is present in the brain tissue, especially in the white
matter. Compared to SHAM, LFB staining is not dense or continuous in the EAE
white matter (red circles). This indicates lost myelin. Scale bars represent 500

pm.
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3.3 BBB Leakage

As mentioned in our hypothesis, we compared early stage (15days) and late
stage (40 days) EAE to assess the progression of the disease in terms of vascular
pathology and the role of pericytes. To this end, to show the time-dependent
effects and changes in the BBB and its subsequent leakage, albumin staining
was performed. Albumin staining showed BBB disrupted areas where albumin is
leaked into the perivascular area. As can be seen from Figure 12-14, SHAM
groups showed no leakage except the staining of the vascular bed. All EAE
groups showed either small spots (MOG EAE) or larger leakage spots (PLP EAE)
in the spinal cord and brain. Exceptionally in one mice, having a clinical score of
4 in the MOG EAE 40 group, there was much larger BBB leaked area, see Figure

14. This albumin leaked area contained also multiple large infiltrated cell clusters.
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Figure 12: Albumin staining in spinal cord sections of MOG and PLP groups.
Three different spinal cord sections are shown for each group. Albumin (green)
stains BBB leakage and DAPI (blue) stains cell nucleus. Dashed areas show

albumin leakage. The scale bars represent 250 pm.
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Figure 13: Albumin staining in brain/cerebellum sections of MOG and PLP
groups. Three different brain/cerebellum sections are shown for each group.
Albumin (green) stains BBB leakage and DAPI (blue) stains cell nucleus. Dashed

areas show albumin leakage. The scale bars represent 250 pym.
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B0 v 100)
Figure 14: Fluorescent images of spinal cord sections obtained by staining of
the BBB leakage with albumin in SHAM, MOG EAE 15 and MOG EAE 40 models.
In the SHAM group, albumin does not show any leakage in the tissue except
intact endothelial staining. On the other hand, in EAE models, albumin leaking
into the tissue is observed. It is especially noteworthy that leakage around
infiltrated cell clusters is observed. Over time, between early and late stage EAE,
the BBB leakage worsened and covered a larger area in the white matter. Upper
panel scale bars represent 500 pm. Lower panel represent corresponding

zoomed images with scale bars of 100 pm.

3.4 Inflammation

We next examined inflammatory cells, T lymphocytes marked with CD8 and
macrophages with F480, in order to see the time-dependent changes of
immunological cell infiltration in EAE versus SHAM groups. In the spinal cord
sections of MOG models, inflammatory cell infiltration started mild in MOG EAE
15 (Figure 15) and then increased in MOG EAE 40 (one mice with large lesion
(Figure 17). Due to the lack of images for the spinal cord sections of PLP EAE
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40, no comparison could be made for the early and late stage PLP EAE model.
However, the inflammatory cell infiltration in PLP EAE 15 is in line with the results
for albumin leakage (Figure 12-14). The increased inflammation in MOG EAE 40
(Figure 17) is showing a progressive process which is line with cell infiltration

and BBB deterioration.

Inflammation in the brain was mainly located around ventricles and in the

cerebellum (Figure 16).

[ c5781/6 - Spinal Cord CD8/F430/DAP! | | siL - spinal Cord CD8/F480/DAPI |
n=1 n=2 n=3 n=1 n=2 n=3

SHAM 15
SHAM 15

PLP EAE 15

wn B
L]
w
<
wify
O RN
OR
S

SHAM 40
SHAM 40

MOG EAE 40

Figure 15: T-lymphocyte marker CD8 (red) and macrophage marker F4/80
(green) staining merged with DAPI (blue) in spinal cord sections of MOG and PLP
groups. Dashed areas show inflammation. Three different spinal cord sections

are shown for each group. The scale bars represent 250 pum.
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Figure 16: T-lymphocyte marker CD8 (red) and macrophage marker F4/80
(green) staining merged with DAPI (blue) in brain/cerebellum sections of MOG
and PLP groups. Dashed areas show inflammation. Three different
brain/cerebellum sections are shown for each group. The scale bars represent
250 pum.
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Figure 17: Fluorescent images obtained from spinal cord sections of SHAM 15,
MOG EAE 15 and MOG EAE 40 models with inflammatory cell infiltration, CD8 (T-
lymphocyte) and F4-80 (macrophage). While no inflammatory cells were seen in
the SHAM group, a few number of T-lymphocytes and macrophages were
observed in the MOG EAE 15 group. In the MOG 40 EAE group, both increased
and clustered T-lymphocytes and increased and clustered macrophages were
detected in the lesion regions. In particular, an infiltration pathway from the
outer part of the tissue to the inner areas is noteworthy. Upper panel scale bars
represent 500 um. Lower panel represent corresponding zoomed images with

scale bars of 100 pm (except the image in the middle which is 250 pm).
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3.5 Demyelination

The validation for disease occurrence in EAE modeling is the detection of
demyelination areas in the tissue with MBP staining. BBB leakage and
inflammatory cells lead to invasion of lymphocytes, leukocytes and macrophages
into the brain and spinal cord. Myelin sheaths are degenerated and myelin is
removed from the environment by microglia. Demyelination progression leads to

the impedance of axonal signals.

Demyelination areas were assessed in both MOG and PLP models. In Figure 18
and Figure 19 it is shown that both EAE groups showed myelin loss compared to
their corresponding SHAM groups. Spinal cord sections from MOG EAE 15
showed multiple spots of complete demyelination, however in MOG EAE 40
myelin lost its compact density when compared to SHAM 15 and 40. This
indicates a chronic demyelination. On the other hand, in PLP EAE 15 and PLP
EAE 40, demyelination started at the border of the white matter with the gray
matter in PLP EAE 15 and progressed towards the edges of the tissue in the PLP
EAE 40 model. Moreover, in PLP EAE 40, there was also accumulation at the
edges of the white matter indicating possible remyelination which is not
unexpected given the fact that PLP models a RRMS type (Figure 20).

Demyelination areas were detected in the brain and cerebellum sections from
day 15 onwards (Figure 19). Multiple spots of demyelination were observed in

the white matter areas the cerebellum and around ventricles.
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Figure 18: Myelin marker MBP (red) merged with DAPI (blue) in spinal cord
sections of MOG and PLP groups. Dashed areas represent loss of myelin. Note
that in PLP EAE models, demyelination starts at the border of gray matter and
white matter in PLP EAE 15 and extends towards white matter over time in PLP
EAE 40. Three different spinal cord sections are shown for each group. The scale
bars represent 250 pm.
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Figure 19: Myelin marker MBP (red) merged with DAPI (blue) in
brain/cerebellum sections of MOG and PLP groups. Dashed areas represent loss
of myelin. Three different brain/cerebellum sections are shown for each group.

The scale bars represent 250 pm.
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Figure 20: Myelin marker MBP (Yellow) and DAPI (blue) in spinal cord sections
of PLP groups. Pictures are obtained with a regular photo camera capturing from
the ocular lens while the sample was illuminated with fluorescent light. Dashed
areas (upper panel) indicate demyelinated white matter areas with
corresponding spots (lower panel) with cell infiltrations/accumulations (white
arrows) in the white matter close to the pia mater. Note that, even areas without
cell accumulations show decreased myelin (orange/red, dashed areas upper
panel) compared to SHAM. Another observation is that myelin loss is increased
over time. PLP EAE 40 has relatively less myelin compared to PLP EAE 15. Also,
due to the RRMS type of PLP model, myelin debris and/or accumulations are
localized around lesion sites in the white matter of PLP EAE 40 model, possibly

indicating remyelination.
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3.6 Axonal Loss and Gliosis

One of the features of MS is axonal loss and gliosis (caused by GFAP positive
activated astrocytes). To this end, we examined astrocytes stained with GFAP
and neurons with Microtubule-associated Protein 2 (MAP2) to determine the

status of these cells in both EAE models.

When the spinal cord sections were examined (Figure 21-24), it was observed
that the density of GFAP positive astrocytes increased in PLP EAE model over
time (day 15 versus day 40) and the number of astrocytes increased significantly
in gray matter in PLP EAE 15. In PLP EAE 40, these astrocytes were still present
in high numbers but relatively lower compared to PLP EAE 15 (Figure 21 and
Figure 23). Of note is that these astrocyte were not increased gray matter in any
of the MOG models (Figure 22).

In brain sections (Figure 25), GFAP positive astrocytes were slightly increased
around ventricles but more importantly also increased in the white matter areas
of the brain and especially highly increased in the cerebellum of both MOG and
PLP EAE models. These astrocytes in the cerebellum were even more increased
in the white matter over time when MOG and PLP EAE 15 models were compared
to MOG and PLP EAE 40.

Neuronal marker MAP2 was overall decreased in density in all EAE models. Also
the border between gray matter and white matter was indistinct (Figure 22-24).
This may be due to either damaged and/or reduced stable axons. The border
between gray matter and white matter was the most affected area with loss of
both MAP2 and GFAP positive staining.
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Figure 21: Spinal cord sections of MOG and PLP groups marked for activated
astrocytes with GFAP (red) and mature neurons with MAP2 (green), merged with
DAPI (blue). Dashed areas show increased GFAP+. Dotted areas show
indistinctive border between gray matter and white matter. It is unknown
whether MAP2 or GFAP is decreasing and/or shortening in these areas. Three
different spinal cord sections are shown for each group. The scale bars represent
250 pum.
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Figure 22: Spinal cord sections of SHAM 15 and MOG EAE 15 stained for
activated astrocytes with GFAP (red) and mature neurons with MAP2 (green),
merged with DAPI (blue). Note the increased cell numbers (DAPI) in MOG EAE
15 group. Also, overall decreased MAP2 density is present at the border between
gray matter and white matter. No intensive astrocyte numbers are present in

grey matter (arrow). The scale bars represent 250 pym.
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Figure 23: Spinal cord sections of SHAM 15 and PLP EAE 15 stained for activated
astrocytes with GFAP (red) and mature neurons with MAP2 (green), merged with
DAPI (blue). Note the increased cell accumulations (DAPI) in the white matter
aligning the pia mater in MOG EAE 15 group. Also, a decreased GFAP and MAP2
density is present at the border between white matter and grey matter.
Interestingly, highly increased GFAP+ astrocyte numbers (arrow) were present

in grey matter. The scale bars represent 250 pm.
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Figure 24: DAPI (blue), GFAP (Yellow) and MAP2 (green) staining in spinal cord
sections of SHAM 40 and PLP EAE 40 groups. Pictures are obtained with a regular
photo camera capturing from the ocular lens while the sample was illuminated
with fluorescent light. Arrows show infiltration of cells. Dashed area represents
gray matter where a minimal amount of GFAP+ astrocytes are present, however
this is increased in the PLP EAE model. Doted area represents neuronal soma in
the gray matter, from which the border between gray matter and white matter
is not distinguishable. Note the diffused GFAP and MAP2 staining throughout the
spinal cord tissue in the PLP EAE model.
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Figure 25: Brain and cerebellum sections of MOG and PLP groups stained for
activated astrocytes with GFAP (red) and mature neurons with MAP2 (green),
merged with DAPI (blue). Arrows show increased GFAP+ areas. Three different
brain/cerebellum sections are shown for each group. The scale bars represent
250 pm.
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3.7 Pericytes in EAE

In order to investigate our main hypothesis, we used double/triple stainings with
DAPI for cell nucleus to track down pericytes. For this purpose, we used PDGFRp,
NG2, and aSMA which were expressed by pericytes and co-localized these with

endothelium markers Isolectin (IB4) or albumin (BBB leakage).

In the spinal cord sections (Figure 26), PDGFRB+ pericytes were increased
heterogeneously all over the tissue in MOG EAE 15 compared to SHAM 15. On
the other hand PDGFRB+ pericytes accumulated at lesion sites in MOG EAE 40
(Figure 26, 28 and 29). IB4 (either marking endothelium or activated microglia)
was increased in the gray matter of MOG EAE 40.

In PLP EAE 15, compared to SHAM 15, there were increased lesion sites in the
outer white matter area with tightly accumulated PDGFRB+ pericytes (Figure 26,
27 and 31). The appearance shows almost a band aid for the leaking
endothelium by wrapping up the infiltrates. These areas also showed increased
IB4 staining, even in the perimeter of the lesions. In PLP EAE 40, the same

scenario was present as PLP EAE 15.

In brain sections of MOG EAE 15 (Figure 27), PDGFRB+ pericytes are mainly
accumulated around ventricle zones but their appearance increases in MOG EAE
40 where they are closer to the pia mater and mainly also present in the white
matter of the cerebellum. Increase in IB4 was seen in larger lesions only. In PLP
EAE 15, PDGFRB+ pericytes were mainly accumulated around the ventricle zones
and in the white matter of the cerebellum as well. These were representing
enlarged vessels with cellular infiltrates, tightly wrapped up by increased
PDGFRB+ pericytes. The infiltration seems engulfed and controlled by pericytes.

IB4 staining also increased mainly in the cerebellum in PLP EAE model.
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Figure 26: Spinal cord sections of MOG and PLP groups stained for pericytes
with PDFRG (red) and endothelium with IB4 (green), merged with DAPI (blue).
A) Dashed areas represent affected (increased in PDFRGPB and IB4) regions. B)
Arrows show pericytes at affected areas. Note that in PLP EAE, PDFRGR+
pericytes are tightly wrapping up the endothelium and thereby constraining the
infiltrating cells. Three different spinal cord sections are shown for each group.

The scale bars represent 250 pm.

47



A C57BI/6 — Brain PDGFRB/IB4/DAPI I | SJL - Brain PDGFRB/IB4/DAPI |
n=1 n=2 n=3 n=1 n=2 n=3

SHAM 15
SHAM 15

............

\\\\\\\

n

=

w

<

L
OR
o

3

PLP EAE 15

SHAM 40
SHAM 40

MOG EAE 40
PLP EAE 40

o]

MOG EAE 40

Figure 27: Brain/cerebellum sections of MOG and PLP groups stained for
pericytes with PDFRGPB (red) and endothelium with IB4 (green), merged with
DAPI (blue). A) Dashed areas represent affected (increased in PDFRG[ and 1B4)
regions. B) Arrows show pericytes at affected areas, note the increased
PDFRGB+ pericytes around the endothelium. Three different brain/cerebellum

sections are shown for each group. The scale bars represent 250 um.
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Figure 28: Fluorescence images of spinal cord sections obtained with PDGFRf
and IB4 staining of SHAM 40, MOG EAE 15 and MOG EAE 40 groups. Dashed
area represents lesion area with increased PDGFRB and IB4 staining. White
arrows represent pericytes leaving endothelium. The scale bars represent: upper

panel 500 pm, lower panel 100 pm.

The smooth muscle cell marker aSMA is also expressed by pericytes, co-localized
with PDGFR it mainly marks larger vessels (Figure 30). In MOG EAE 40 model
it is shown that PDGFRB+ pericytes leave the endothelial wall and accumulate at
lesion sites (Figure 29). aSMA+ cells decrease around vessels either, but these
cells are mainly found as solely aSMA positive (when not attached to endothelial
wall) throughout the spinal cord tissue, accumulating in lesion sites only in MOG
EAE 40 model. In PLP EAE models, only PDGFRB+ pericytes are found in lesion
sites, no evidence is found for aSMA+ cells without attachment to endothelial
wall. Adjacent to enlarged vessels with engulfed cell infiltrates, in PLP EAE
models there was an accumulation of PDGFRB+ pericytes shown (Figure 32).

Albumin leakage is observed in the perimeter of these enlarged vessels.
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Figure 29: Fluorescence images of spinal cord sections obtained as a result of
PDGFRB and aSMA staining of SHAM 40, MOG EAE 15 and MOG EAE 40 groups.
Dashed areas represent affected areas with lesions. White arrows show
PDGFRB+ pericytes detached from the endothelium, dashed arrows show
aSMA+ cells detached from the endothelium. While PDGFRB+/aSMA+ cells were
detected in the SHAM group, this decreased in the MOG EAE 15 group. It is
noteworthy that PDGFRB+ pericytes moved away from the vessel enclosed by
aSMA+ pericytes (white arrows). In the MOG EAE 40 group, PDGFRB+aSMA+
cells, are decreased at the endothelium, however solely expressing PDGFRB+
(white arrows) and aSMA+ (dotted arrows) cells were found scattered
throughout the tissue but mostly found concentrated in the lesion regions. The
scale bars represent: upper panel 500 pm (image in the middle 250 pm), lower

panel 100 pym.
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Figure 30: Confocal image of PDGFRB+/aSMA+ pericyte wrapping around a

capillary of 10 um (endothelium is not shown).
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Figure 31: Fluorescence images of spinal cord sections obtained with PDGFRJ
and IB4 staining of SHAM 15 and PLP EAE 15 groups. Dashed areas show most
affected regions. Compared to SHAM, PDGFRB+ pericytes were increased and
accumulated around endothelium within the core of the lesion sites. It is
unknown whether local pericytes were proliferated at these sites, or whether
pericytes from the neighborhood migrated towards the lesion sites. Note also the
increased and scattered IB4 staining at these lesion sites. The scale bars

represent 250 pm.
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Figure 32: Fluorescence images of cerebellum sections obtained with PDGFR
and Albumin staining of SHAM 40 and PLP EAE 15 and PLP EAE 40 groups. A)
Compared to SHAM, PDGFRB+ pericytes were increased and accumulated (white
arrows) around endothelium within the core of the lesion sites. B) These lesion
sites (white arrows) were prominently in the white matter areas in the
cerebellum, or adjacent to ventricular zones in the brain. Note the leaked BBB
areas by albumin staining around these enlarged vascular lesion sites. The scale

bars represent: upper panel 250 pm, lower panel 50 pm.

Compared to SHAM 40 (Figure 33), and likewise PDGFRB+ pericytes, NG2+
pericytes/oligodendroglial cells were also found scattered through the white
matter but nearby the lesion sites in MOG EAE 40 model. In PLP EAE 15 model
(Figure 34), NG2+ pericytes/oligodendroglial cells are also scattered around the
lesion and its perimeter. However, in PLP EAE 40 model NG2+ scattering is

decreased to only the endothelial wall along the pia mater.

Furthermore, IBA1 is a microglia marker but recent evidence showed that
activated pericytes leave the endothelial wall (Figure 35C), proliferate and may
change in a microglia phenotype (70-72). According to the obtained IBA1

staining results in this study (Figure 35), it is obvious that there are two areas
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with IBA1+ cells. One part of this is in the grey matter, and the other part within
the lesion cores. Also, the lesion cores show decreased myelin and accumulated
cell infiltration. However, the question remains whether these IBA1+ cells are

pericyte derived cells or solely activated microglia or both simultaneously.

SHAM 40

Figure 33: Fluorescence images of spinal cord sections of SHAM 40 and MOG
EAE 40 obtained by staining with NG2 and IB4. In the SHAM group, NG2+
pericytes were found localized stable around the vessel (red arrow). Since NG2
antibody also stained oligodendroglial cells, it is understood that the free
circulating NG2+ cells are oligodendroglial cells in the perivascular regions (white
arrows). On the other hand, the scattered appearance of IB4 in the MOG EAE 40
group indicates that the endothelial wall is scattered and has lost its integrity.
NG2 positive pericyte/oligodendroglial cells were detected near the disrupted
endothelial structures which were in the core region of the lesions located
especially in the white matter near the pia mater. The scale bars represent 100

pm.
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Figure 34: Fluorescence images of spinal cord sections of SHAM and PLP EAE
models obtained by staining with NG2 and IB4. Dashed areas represent affected
areas with lesions. There is a scattered appearance of both NG2 and IB4 in PLP
EAE 15 group, which decreases for NG2 but slightly increases for IB4 in PLP EAE
40. The scale bars represent 250 pm.
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Figure 35: A) Fluorescence images of spinal cord sections obtained with IBA1
and MBP staining of SHAM 40 and MOG EAE 40 groups. B) Unmerged DAPI, MBP
and IBA1 staining for MOG EAE 40 group is shown. Dashed areas represent
affected areas with lesions, respectively, cell infiltration in DAPI image,
demyelination in MBP image and microglia activation and accumulation in IBA1
image. Compared to SHAM, IBA1+ microglia and/or activated pericytes (C) were
increased and accumulated around the core of the lesion sites (accumulated
DAPI+ cells). Note also the increased IBAl1+ cells in the grey matter (B).
Furthermore, the areas with myelin loss were increased in IBA1+ cells. D)
Corresponding H&E and LFB sections of the images in A&B. The scale bars

represent 100 pm.
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The fluorescence images obtained for PDGFRB staining were analyzed for
PDGFRB+ pericyte integrated density (Figure 36A&D), the covered area (Figure
B&E) and the total cells present in the spinal cord tissues (Figure 36C&F). The
integrated density was measured as a unit for the intensity of PDGFRB+, while
the area (%) was measured as a unit of PDGFRB+ fraction from the total
measured area. The total amount of DAPI+ cells were measured to assess cell
infiltration between groups p-values of t test measurements are shown in Table
8 and 9.

Results showed a non-significant change in PDGFRB+ integrated density
between SHAM 15 and MOG EAE 15 (Figure 36A), whereas in MOG EAE 40 this
change became significantly increased (*=p<0.05). This is in line with the
progressive MS type of MOG EAE model. In PLP EAE 15 and PLP EAE 40 (Figure
36D), both models showed significant increase in PDGFRB+ pericytes in the
spinal cord. In PLP EAE 40 model, pericytes were decreased compared to PLP
EAE 15. This could be due to the RRMS form of PLP EAE model. Hence, this
indicates that pericytes are very crucial in the progression of MS and RRMS. Of
note, in both MOG and PLP SHAM 15 groups, there has been an increase in
PDGFRB+ pericytes but these decreased over time on both MOG and PLP EAE
40 models. This results is in line with the increased cell count number for these
groups, indicating that upon exposure to CFA+PTX in the SHAM groups, cell
infiltration is present and pericytes are increased, however at the late stage this

phenomenon is recovered.

In relationship with the total DAPI+ cell numbers which show a significant
reduction between early and late stage SHAM groups (Figure 36C&F), it can be
concluded that in SHAM models, there is a slight response by pericytes or indirect
by pericytes via other infiltrated and/or proliferated cells which is in the first place
increased in the early stage models, but then decreased in the late stage models
of both MOG and PLP groups. A reason for the different cell numbers in SHAM
groups may be because the SHAM groups received CFA and PTX, which most
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possible triggered a mild inflammatory response in the initial stage but then
recovered after 40 days.

PDGFRB+ area (Figure 36B) was not changed between SHAM 15 and MOG 15,
however was significantly changed in MOG EAE 40. The latter indicates either
pericytes proliferated and covered a relatively larger area or activated pericytes
changed their morphology from finger shaped to a more protoplasmic cell

structure such as a myofibroblasts, increasing in cell area.

On the other hand, in PLP EAE 15 model (Figure 36E), pericytes significantly
covered a larger area compared to SHAM 15. However, this area decreased in
PLP EAE 40 and became nonsignificant compared to SHAM 40, indicating a

relapse phase.

Because of the differences between SHAM groups, the early and late EAE groups
could not be analyzed against each other, but could be analyzed only indirect via

its corresponding SHAM group.

57



A C
*
14.0 * 5.0 — 3.0 *
b4 ns ) o [ —
120 —— T g 325 ns
- ! = 4.0 =] —
% 10.0 © —ns_ x .
+ £ @ [ \ = 2.0
& @ 8.0 £3.0 . 3
€5 + J15
Ga 60 @ 2.0 £
oo 4.0 w < 1.0
a o - Q [a]
= a 1.0 -
gn 2.0 a [ 0.5
£ oo 0.0 2 0.0
- SHAM MOG SHAM MOG SHAM MOG SHAM MOG SHAM MOG SHAM MOG
EAE EAE EAE EAE EAE EAE
15 Days 40 Days 15 Days 40 Days 15 Days 40 Days
D F
350 %0 —* 30 T
£ 30.0 <80 ‘ ns < 2‘5 ' il
i * ‘aﬁ -
% 250 g — X
+ g o 6.0 ‘=" 2.0
E § 20.0 : 5.0 3 15
% 8150 @ 4.0 *
oo T o 3.0 % 1.0
2 T 100 e b
B : g 20 05
e mEmE s mu|
£ 00 0.0 © 0.0

SHAM PLP SHAM PLP

EAE
15 Days

EAE
40 Days

SHAM PLP SHAM PLP

EAE
15 Days

EAE
40 Days

SHAM PLP SHAM PLP
EAE EAE

15 Days 40 Days

Figure 36: Analysis of fluorescent images measured by the Imagel program on

spinal cord sections of early (15 days) and late stage (40 days) MOG and PLP

groups. PDGFRB+ areas were presented in integrated density values, and the

covered area in percentage. Also, the corresponding number of DAPI positive

cells were analyzed for all groups. Graphs are expressed as mean + SEM for n

= 3. Statistical data p <0.05 was considered significant: * = p <0.05; ** = p

<0.01; *** = p <0.001 and ns = non-significant.
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Table 8: P-values of unpaired two-tailed T-test for PDGFRB+ pericytes within

each group of EAE model. Statistical p-values were calculated according to the

data measured by Imagel program from fluorescent images of spinal cord

sections.
PDGFRB+ Pericyte
T-Test: P-value Integrated
. Symbol| Area | Symbol |DAPI+ Cell| Symbol
Density
SHAM 15 vs. MOG
C57BIl/6 0.69458 ns 0.19001 ns 0.24107 ns
EAE 15
SHAM 40 vs. MOG
C57BIl/6 0.04731 s 0.03862 * 0.01622 *
EAE 40
SHAM 15 vs. PLP EAE
SIL 15 0.03174 * 0.04690 * 0.00113 *ok
SHAM 40 vs. PLP EAE
SIL o 0.03355 * 0.09710 ns 0.00022 *okk

Table 9: P-values of unpaired two-tailed T-test for PDGFRB+ pericytes between

early and late stage models of each SHAM model. Statistical p-values were

calculated according to the data measured by Image] program from fluorescent

images of spinal cord sections.

PDGFRB+ Pericyte

T-Test: P-value |Integrated DAPI+
. Symbol | Area |Symbol Symbol
Density cells
SHAM 15 vs. SHAM
C57BIl/6 . 0.14832 ns 0.12264 ns 0.02163 *
SHAM 15 vs. SHAM
SIL . 0.11356 ns 0.01790 * 0.03170 *
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3.8 Fibrosis in EAE

Fibrosis is the condition when the balance between deposition and degradation
of collagen is disrupted leading to irreversible tissue dysfunction (73). Fibrotic
remodeling of ECM can be caused by fibroblasts, myofibroblasts and endothelial
cells or adipocytes, chondrocytes and osteocytes. Collagen is one of the major
strength and recoil components of ECM (73).

Fibronectin and laminin are examples of adhesive glycoproteins. Fibronectin can
increase by both leaking from the BBB and/or being produced by CNS resident
cells. According to literature fibronectin expresses in the form of aggregates in

chronic and relapsing remitting EAE lesions (74, 75).

In this study we aimed to investigate whether EAE/MS also shows signs of
fibrosis and in particular whether pericytes are contributing to fibrosis in EAE /in

vivo models.

Results showed that in both MOG and PLP EAE models (Figure 37 and Figure
38), fibronectin was increased at the lesion sites (infiltrated cell clusters).
Fibronectin was progressively increased in MOG EAE models over time, where
MOG EAE 40 showed the highest fibronectin accumulation (Figure 37). In PLP
EAE models, fibronectin was highly increased in both PLP EAE 15 and PLP EAE

40, and showed no difference over time (Figure 38).
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SHAM 40 MOG EAE 4

e
Figure 37: Fluorescence images of spinal cord sections obtained as a result of

fibronectin and aSMA staining of SHAM 40 and MOG EAE 40 groups. Dashed

areas represent affected areas with lesions. Fibronectin is found concentrated in

the lesion regions, however also shows ruptured endothelium (white arrows).

The scale bars represent: upper panel 500 um and lower panel 100 pm.
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SJL - Spinal Cord Fibronectin/IB4/DAPI

n=1 n=2 n=3

SHAM 40 PLP EAE 15 SHAM 15

PLP EAE 40

Figure 38: Spinal cord sections of PLP groups stained for fibronectin (red) and
merged with IB4 (green) and DAPI (blue). Dashed areas represent affected areas
with lesions. Three different spinal cord sections are shown for each group. The

scale bars represent 250 pym.
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Collagen I staining showed increase in both EAE models (Figure 39 and Figure
40). Compared to the corresponding SHAM groups (Figure 39), in MOG EAE,
Collagen I increase was seen progressive over time, whereas the PLP EAE model
first occurred with higher Collagen I in the early stage and decreased at the later
stage. When MOG EAE 40 was assessed from a closer look (Figure 40), it was
observed that Collagen I was appearing throughout the lesion site as ruptured

vessels and most possibly ECM in the perimeter.
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Figure 39: Spinal cord sections of MOG and PLP groups stained for Collagen I
(red) and merged with IB4 (green) and DAPI (blue). Dashed areas represent
affected areas with increased Collagen I. Three different spinal cord sections are

shown for each group. The scale bars represent 250 um.
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SHAM 40

Figure 40: Fluorescence images of spinal cord sections obtained as a result of
Collagen I and DAPI staining of SHAM 40 and MOG EAE 40 groups. Collagen I is
found concentrated in the lesion regions. Note that the vascular bed is no longer
intact in the MOG EAE 40 group and that Collagen I is found both in the ruptured

MOG EAE 40

vascular structures as well as throughout the lesion. The scale bars represent
100 pm.

Type IV collagen is required for the fibrotic response occurring in brain injury
(76). We further assessed Collagen IV in both EAE models, and it was revealed
that compared to Collagen I, Collagen IV is more present in the spinal cord tissue
of SHAM groups (Figure 41-44). When EAE models were investigated, MOG EAE
15 showed small ruptured vessels along the pia mater in the white matter (Figure
41 and Figure 42). This appearance increased over time and in the late stage
Collagen IV was also found scattered throughout the white matter within and

around the lesions.
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PLP EAE models showed both (early and late stage) similar increased Collagen
IV throughout the spinal cord tissue and most intense accumulated in the
vasculature structures at the lesion sites (Figure 41 and Figure 43). In particular,
compared to SHAM groups, the increased vascular structures (Collagen IV+) and
their increased thickness were noteworthy in PLP EAE model (Figure 43 and
Figure 44). This was in line with the appearance of PDGFRB+ pericytes, which
may indicate that these PDGFRB+ pericytes may be the Collagen IV producing
cells at the vascular lesion regions. Furthermore, increased IB4 was observed in
the perimeter of both Collagen I and IV in both PLP EAE models (Figure 41).

| C57BI/6 — Spinal Cord CollagenliV/1B4/DAPI | | SJL - Spinal Cord CollagenliV/1B4/DAPI |
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Figure 41: Spinal cord sections of MOG and PLP groups stained for Collagen IV
(red) and merged with IB4 (green) and DAPI (blue). Dashed areas represent
affected areas with increased Collagen 1IV. Three different spinal cord sections

are shown for each group. The scale bars represent 250 pum.
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SHAM 40
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MOG EAE 40

....................

MOG EAE 40

Figure 42: Fluorescence images of spinal cord sections obtained as a result of
Collagen IV and DAPI staining of SHAM 40 and MOG EAE 40 groups. Collagen 1V
is found concentrated in the lesion regions. Note that the vascular bed is no
longer intact in the MOG EAE 40 group and that Collagen 1V is found both in the
ruptured vascular structures as well as throughout the lesion. The scale bars

represent: upper and middle panel 100 um, lower panel 500 pm.
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SHAM 40 PLP EAE 15 PLP EAE 40
JIB4/DAPI /1B4/DAPI

Figure 43: Fluorescence images of spinal cord sections obtained as a result of
Collagen IV and DAPI staining of SHAM 40 and PLP EAE 14 and PLP EAE 40
groups. Collagen 1V is found concentrated in the vascular structures. Note that
the collagen is increased around the vasculature throughout the whole spinal
cord tissue in PLP EAE 15 and 40 with especially being accumulated at cell

infiltrating areas (white arrows). The scale bars represent 250 pm.

SHAM 15 PLP EAE 15

Collagen IV .-~ Collagen IV

Figure 44: Collagen IV (Yellow) staining in spinal cord sections of SHAM 15 and
PLP EAE 15 groups. Pictures are obtained with a regular photo camera capturing
from the ocular lens while the sample was illuminated with fluorescent light. Of
note is that the vasculature throughout the tissue in PLP EAE 15 shows thicker

Collagen 1V staining compared to SHAM (blue arrows).
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Lysyl oxidase (LOX) family members are responsible for enzymatic enhancement
of collagen crosslinking and therefore cause ECM stiffness (77). Mesenchymal
cells dominantly express LOXL1 subtype, and LOXL2 is mainly produced by
endothelial cells and fibroblasts. Pericytes express all LOX family members, but

most dominantly they express LOXL3 (78).

In a spinal cord section of PLP EAE 40, LOXL2 and 3 were stained and the results
showed that both LOXL2 and LOXL3 are present at the lesion sites (Figure 45).
Especially LOXL3 was highly increased around the cell clusters infiltrated in the
vessel structure along the pia mater. Note that LOXL2 showed overlapping with
IB4 indicating endothelial cells, while LOXL3 did not show overlapping with IB4

and showed a similar trend as PDGFRB+ pericytes.

Nestin is a marker that marks newly formed cells. According to literature,
PDGFRB+ cells also positive for Nestin+ are involved in fibrosis (79, 80).
However their role in CNS injury remains controversial. We analyzed in this study
whether Nestin+ cells are involved in EAE and correlated its presence with

PDGFRB and NG2 location in the spinal cord sections.

Both MOG and PLP-induced EAE models showed an increase in the number of
Nestin+ cells over time (Figure 46). This increase is especially present close to
the pia mater where inflammation is intense. In both MOG and PLP model Nestin
increases progressively between early and late stage EAE disease. In PLP EAE
15, it was remarkable that Nestin+ around the endothelial walls was in line with
PDGFR staining. In the late stage, PLP EAE 40, Nestin+ areas extended to a

larger part in the white matter.

Nestin+ cells could include newly formed pericytes, activated pericytes and/or
derived cells, and/or newly formed endothelium (neovascularization) or neural

progenitor cells.
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PLP EAE 40

/1B4/DAPI O /1B4/DAPI

Figure 45: Fluorescence images of spinal cord sections of PLP EAE 40 group
stained with LOXL2 or LOXL3 and merged with IB4 and DAPI. White arrows show
overlapping between LOXL2 and IB4, indicating endothelial cells. The scale bars
represent 250 um.
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Figure 46: Spinal cord sections of MOG and PLP groups stained for newly
formed cells with Nestin (red) and merged with aSMA (green) and DAPI (blue).
Dashed areas show increased Nestin. Three different spinal cord sections are

shown for each group. The scale bars represent 250 pum.

TGFB is a growth hormone that is chemotactic for white blood cells and
fibroblasts, Normally, TGFB inhibits the proliferation of epithelial cells but can be
a promoter of fibroplasia and angiogenesis as well. TGFB can promote
differentiation of fibroblasts into myofibrolasts leading to increased collagen

production and therefore presents a profibrotic function.

Assessment of TGFB1 staining (Figure 47) in MOG EAE model revealed that
TGFB1 was present at both early and late stage MOG EAE. Moreover, the
expression of TGFB1 was primarily found along the pia mater and in the

perimeter of the lesion sites.
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PLP EAE 15 showed an intense increase in TGFB1 compared to its corresponding
SHAM group. The overall TGFB1+ areas decreased over time in PLP EAE 40
compared to PLP EAE 15, but still remarkably increased compared to SHAM 40.
The TGFB1+ areas included mostly the perimeter of the lesion sites, along the
pia mater, and in the grey matter. In PLP EAE 40, TGFB1 in the gray matter was
decreased. It was also observed that there was minimal overlapping between
PDGFRPB and TGFB1 throughout the spinal cord tissue. The latter suggests that
pericytes are most possibly not the main source of increased TGFB1 in EAE. With
regard to IB4, GFAP and IBA1 staining it is most possible that TGFB1 is produced
by endothelial cells, activated astrocytes and microglia.
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Figure 47: Spinal cord sections of MOG and PLP groups stained for PDGFR]
(red) and merged with TGFB1 (green) and DAPI (blue). Dashed areas show
increased TGFB1. Three different spinal cord sections are shown for each group.

The scale bars represent 250 pm.
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3.9 Increased Pericyte Proliferation upon Exposure to MS Serum

In this essay, we first optimized the cell seeding densities (20000 cells/well)
(Figure 48) for the special designed xCELLigence E-plates and choose an optimal
serum concentration (10%) based on healthy human serum (Figure 49). Next
we incubated HBVP with healthy human serum and MS patient serum, and used

culture medium as control (Figure 50).

Both healthy and MS serum were remarkably increasing the proliferation rate of
pericytes compared to culture medium only, which is expected due to many
growth factors in serum (Figure 50). We quantified the proliferation rate by
calculating the slope between 40 and 80 hours which was 0.022+0.002 per hour
(meanxSD for n=2) for MS serum and 0.014+0.001 per hour (mean£SD for
n=2) for healthy serum. According to the data, it was revealed that pericytes
when exposed to MS serum had a tendency to significantly (t-test p value: 0.032)

proliferate faster compared to healthy serum.
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Figure 48: Cell proliferation of HBVP cell culture was measured by xCELLligence
device by seeding at different cell densities (ranging between 1250-25000

cells/well). Each line was determined by the average of duplicate wells.
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Figure 49: Cell proliferation of three different cell densities (40000, 20000 or
10000 cells/well) of HBVPs treated with two different serum concentrations (10%
or 2%) was measured by xCELLligence device. Each line was determined by the

average of duplicate wells.
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Figure 50: Cell proliferation was measured by XxCELLigence device after
exposure to 10% healthy human serum or MS patient serum. Each line was
determined as the average of triplicate wells. Line 1-2 represent MS serum from
two patients, line 3-4 present serum from 2 healthy individuals and line 5 is only

culture medium.
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3.10 Fibrogenic Pericytes

From our EAE /in vivo data we hypothesized that PDGFRB pericytes might be
involved in fibrosis producing collagen. Hereupon, in vitro pericytes were
exposed to MS patient serum and healthy human serum in order to assess
collagen production. Results (Figure 51) indicated that compared to normal
culture conditions pericytes produce increased collagen I and IV upon exposure
to any serum (healthy or MS), however there was an intense difference between
healthy and MS serum, Collagen I and IV were highly increased. Laminin on the
other hand (Figure 52) did not show any increase upon MS serum exposure

(there is an equal presence of intracellular laminin in all groups).

aSMA DAPI

Collagen I&IV Merged

Culture Medium

Healthy Serum

MS Serum

Figure 51: /n vitro cultured HBVP cells exposed to either culture medium
(control), healthy human serum or MS patient serum (10%, v/v) in triplicate for
24 hours. Cells were stained for Collagen I & IV and merged with DAPI for cell
nucleus. Increased Collagen deposits by pericytes were observed after exposure

to MS serum. Scale bars represent 250 pm.

75



aSMA DAPI Laminin Merged

i \
il
z 4
L _* ~
of%e o p, R
k‘-&, . -
250 pm 250 pm AT !

Healthy Serum Culture Medium

Q. A
250 um 250

Figure 52: /n vitro cultured HBVP cells exposed to either culture medium

MS Serum

250 um

(control), healthy human serum or MS patient serum (10%, v/v) in triplicate for
24 hours. Cells were stained for Laminin and merged with DAPI for cell nucleus.
No change in Laminin expression by pericytes were observed after exposure to

MS serum. Scale bars represent 250 pm.
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Pericytes /n vitro are generally believed to be activated pericytes and therefore
profibrogenic. Although expressing intrinsic TGFB1 in culture (Figure 53),
pericytes produced fibronectin deposit after exposure to external TFGB1 (Figure
54). The latter increased over time, where compared to control cells an intense

amount of fibronectin was produced.

MBhalloidin/Ds

Figure 53: /n vitro cultured HBVP in normal medium conditions stained for
TGFB1 and Phalloidin and merged with DAPI. Scale bar represents 50 um.

77



24 hr Exposure 72 hr Exposure
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TGFB1

Figure 54: /n vitro cultured HBVP cells exposed to TGFB1 for 24 hours and 72
hours. Culture medium was used as control. Pericytes were stained with
Phalloidin and Fibronectin and merged with DAPI for cell nucleus. A remarkable
increase over time was seen for Fibronectin production in pericytes exposed to

TGFpB1. Scale bars represent 50 pm.

Collagen I and IV were also produced upon TGFB1 exposure (Figure 55).
Collagen IV was interestingly more produced in the same time window compared
to Collagen 1. This results was in line with our /n7 vivo EAE models, were Collagen
IV was more abundant in the CNS vasculature structures as well as in the EAE

lesions. It is assumed that pericytes in EAE are producing mainly collagen IV due
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to either exposure to EAE serum (leaking from the BBB) or to TGFB1 produced
by surrounding endothelial cells, activated astrocytes of activated microglia. OF
note, there were a few cells CC3 positive hence were activated for cell death

after TGFB1 exposure.

Culture Medium

TGFB1

Figure 55: /n vitro cultured HBVP cells exposed to TGFB1 for 24 hours. Culture
medium was used as control. Left and middle panel: Pericytes were stained with
Phalloidin and Collagen I or Collagen IV and merged with DAPI for cell nucleus.
Right panel: Pericytes were stained with aSMA and CC3 (apoptosis marker) and
merged with DAPI for cell nucleus. Left and middle panel: TGFB1 exposure led
to a lightly increase in Collagen I and a higher increase in Collagen IV by
pericytes. Right panel: TGFB1 exposure was also inducing apoptosis (white

arrows) in pericytes. Scale bars represent 25 um.
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4 Discussion

In this project we aimed at investigating pericytes in the pathophysiology of MS
indirectly in two EAE /n vivo models and compared results with /n vitro pericyte
data. For this purpose, all features of MS/EAE (/in vivo paralysis, BBB leakage,
inflammation, demyelination, axonal loss and gliosis) have been analyzed in
brain and spinal cord sections in order to integrate and interpret pericyte data

as correctly as possible.

First of all, clinical EAE score and weight change have been monitored to assess
clinical EAE outcome in both MOG and PLP EAE models. Achieving statistical
significance in terms of weight change and EAE scores in EAE 40 groups, and
even a tendency to increase and decrease in the PLP EAE group (a clinical
representation of relapsing), all indicated successful model development for
both MOG EAE model and the PLP EAE model. According to our results, the first
change in the observation studies was seen in neurological EAE scoring. This
suggests that the neurological examination score is the most sensitive clinical
tracking system in the EAE model. The clinical observations started at the 6th
day in MOG EAE 40 model and on the 8th day in PLP EAE 40 model, which is
consistent with the literature (81, 82). On the other hand, based on clinical data
the success rate of MOG EAE induction in our laboratory was 60%, PLP EAE

induction was recorded as 100%.

Next we assessed BBB leakage and found that BBB leakage patterns between
MOG EAE and PLP EAE were in line with the clinical EAE scores and weight
changes. Since these clinical data were more severe for PLP EAE model, a more
increased BBB leakage was as expected. Furthermore, BBB leakage in the brain
was observed mainly along the pia mater, and in the brain around ventricles
and in the white matter of the cerebellum (Figure 14). In normal conditions,
ventricular zones and pia mater regions have the weakest BBB properties when
compared to capillaries. Therefore, in EAE models BBB leakage around these
areas is expected. Also, when PLP and MOG EAE models were compared in

terms of early stage and late stage, MOG EAE showed a progressive BBB
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leakage (covering larger area over time) whereas PLP EAE showed a decrease
in BBB leaked area over time. The latter is most possible due to the relapsing

remitting characteristic of the PLP model.

Inflammation was assessed with H&E and by lymphocyte and macrophage
staining and it was revealed that inflammatory cells were accumulated in cell
clusters close to the pia mater in the spinal cord white matter, next to

ventricular zones in the brain and in the white mater in the cerebellum.

Another key feature of MS/EAE is demyelination. This phenomenon was shown
with LFB staining and with MBP staining. Both methods, showed notable myelin
loss in the white matter areas of spinal cord and cerebellum. MOG EAE model
showed a progressive trend in myelin loss over time, however, PLP model also

showed signs of remyelination in the late stage.

Gliosis was shown in EAE with GFAP+ activated astrocytes/microglial cells (83).
GFAP positive projecting astrocytes were progressively increased over time
along the outer areas of the white matter close to the pia mater in both models,
however were minimal merged with cell accumulations/lesions. They mostly
formed a perimeter around these areas. On the other hand, astrocytes were
increased in the gray matter of spinal cord sections and in the white matter
areas in the cerebellum. Increased astrocytes in the gray matter were seen only
in PLP EAE model. Additionally, axonal loss was observed as decreased MAP2
stained areas, especially in spinal cord sections of MOG EAE 40 model (Figure
21).

Then, pericytes were analyzed with several markers in brain and spinal cord
sections of both EAE models. Generally when MOG and PLP models were
compared, PLP model possessed lesions which were more stable and PDGFRB+
pericytes were accumulated around the vascular structure, whereas in MOG
EAE model these lesions sites were scattered and PDGFRB+ pericytes were

scattered appearing.
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In the SHAM group, PDGFRB+ pericytes were found co-localized around the
vascular bed, wrapping the endothelium (Figure 31). This pattern was uniformly
observed in the spinal cord tissue and in line with literature (84). However, in
the MOG EAE 15 group, this order was deteriorated, whereas in the MOG EAE
40 group, PDGFRB+ pericytes were increased and scattered around
endothelium within and around the lesion sites. Particularly, pericytes
separated from the endothelium were observed in the lesioned areas with
increased cell infiltrations. In MOG EAE 40 group, there was a remarkable
increase in aSMA cells throughout the spinal cord tissue. NG2, marking
pericytes, showed a similar trend as PDGFRB+ cells. There was simultaneously
also increased and scattered IB4 staining at lesion sites, indicating either
neovascularization or ruptured vessel residues or activated microglia. IBA1
staining for microglia revealed increased and accumulated microglia at lesion

sites and gray matter of spinal cord sections.

Pericytes are cells of mesenchymal origin, normally contractile cells found in
the walls of the microvessels, but also in close contact with the underlying
endothelium. These cells play an important role in the integrity of the
microvascular system. According to the literature, injured pericytes that break
off from endothelial cells migrate to the interstitium. Pericytes leaving the
endothelium lead to decreased pericyte coverage on the endothelium and
weakening of the vessel wall leads to disruption of its integrity (85). Under
normal conditions, the wrapping pattern is dominant but in disturbed conditions
pericytes can detach and migrate with the formation of finger-like projections

followed by retraction of projections (36).

According to our immunofluorescence studies with /in vivo data from especially
PLP EAE model, we hypothesized that pericytes might be triggered by factors
leaking from the BBB and proliferate along the vessels thickening and wrapping
up the infiltrating bulk of cells. Therefore we exposed pericytes in culture to MS
and healthy human serum and found that pericytes proliferate faster upon

contact with MS patient serum. The latter indicates, that after BBB leakage, or
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even before if pericytes senses or detects (yet unknown) factors from the
luminal side of the vessel, it may respond by proliferating and thickening the
vessel wall. However, this mechanism would be valid for PLP EAE. In case of
MOG EAE we found scattered pericytes distributed over the lesion areas, and
no wall thickening was found, in contrary pericytes were detached from the
vessels. These findings however indicate that there are possible different
mechanisms involved in the occurrence and progression of both MOG and PLP
models /n vivo. Based on the pathway of these mechanisms, pericytes will
adjust themselves in either leaving the vessel, or proliferating and thickening
the vessel. The mechanisms on how pericytes mediate vessel stability in injured
conditions remains unclear (86). However, to underline the necessity of
pericytes, in a study of depleted pericytes in PDGFRB—/— animals it was found

that newly formed vessels rupture and collapse (45).

Changes in pericytes were detected in our /n vivo EAE model and together with
the obtained /n vitro data of proliferative behavior of pericytes upon MS serum
exposure, we hypothesized that immune events occurring in the blood are
triggering pericytes to proliferate and are most probably causing pericytes to

produce ECM at the lesion sites.

According to literature, TGFB1 was found to induce fibronectin and collagen
deposits by epithelial and mesenchymal cells in vitro (87). TGFB1 is able to
promote collagen accumulation and a fibrotic tissue response (69) but also
induces pericyte-myofibroblast trans-differentiation and causes fibrosis (68). In
addition, it is known that the interaction of pericytes with the endothelium
promote TGFB1 production which subsequently stimulates perivascular cell

proliferation (88).

We next tested whether pericytes are releasing ECM upon exposure to MS
serum and TGFB1 /n vitro. After exposing pericytes to MS serum, it was found
that pericytes /n vitro are releasing Collagen I, Collagen IV and Fibronectin in
the same trends as in MOG and PLP EAE /n vivo models. In line with other

studies, increased PDGFRB+ cells were found in the /in vivo EAE lesions, where
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simultaneously also Collagen is accumulated, suggesting a possible contribution
of these cells to fibrosis in EAE (89).

Pericytes did however produce more Collagen IV than Collagen I in EAE models

/n vivo and upon exposing to TGFB1 in cell culture experiments.

To assess which cell causes Collagen crosslinking/deposits in the EAE models,
we next stained for LOXL2 and LOXL3. LOXL2 is more abundant in endothelial
cells and fibroblasts, and LOXL3 in pericytes. We found that in lesion regions
with infiltrated bulk of cells, LOXL3 was more abundant within the core,
whereas LOXL2 was also present but in less amount. These LOXL2+ areas was

remarkable colocalized with IB4, indicating endothelial cells.

To summarize, all MS/EAE features were shown in MOG and PLP EAE models.
Although both models have the majority of these features in common, they
distinguish in several factors indicating different mechanisms of EAE
development are present. In addition to these key features, this study
investigated the role of pericytes in this pathologic frame. Importantly, it was
found that pericytes play a role in fibrosis and act different in both EAE models

in terms of BBB involvement and disease progression.
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5 Conclusion

In conclusion, it can be said that pericytes play a crucial role in the development
of MS and that detachment of pericytes from the surrounding of the vessel has
a negative effect on the disease progression such as presented in MOG EAE
model which has a typical PPMS presentation. However, proliferating pericytes
found around disturbed vessels may have a positive effect on sustaining the
disease progression. By acting as a wall defensing the leaking BBB and
thickening the barrier it may actually work literally as a band aid, also explaining
the relapsing remitting form of PLP EAE model. All these data are observational
and in fact insufficient to explain whether pericytes have a primary effect on
the pathogenesis of the disease. In order to explore the underlying molecular
mechanisms, pericytes should be investigated in detail in further studies for
proteomics, transcriptomics and epigenetic changes in both EAE models.
Pericytes contributing to fibrosis together with Collagen IV as a BBB wall
amplifier may be explored as a therapeutic target to improve recovery after
MS/EAE attacks.
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