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ABSTRACT

Neuroinflammation (NI) is a key player in neurodegenerative diseases, such as
multiple sclerosis (MS). Magnetic resonance imaging is the gold standard imaging
method for diagnosis of MS, however, better diagnostic tools are needed for the
follow-up of disease progression, earlier diagnosis, and assessment of patients’
response to therapy. Positron emission tomography (PET) is a sensitive and selective
functional imaging method for investigating mechanisms of diseases at a molecular
level. NI can be visualised in PET by targeting the 18 kDa translocator protein
(TSPO), which is upregulated during NI on the mitochondria of glial cells.

This study aimed to evaluate the properties of ['*F]GE-180, a 2" generation
TSPO PET radiotracer, in a unilateral model of acute NI and evaluate the efficacy of
immunomodulatory drugs, anti-VLA-4 and dimethyl fumarate (DMF), in two
different focal rat models of experimental autoimmune encephalomyelitis (EAE),
the /DTH-EAE and fMOG-EAE models. The applied methods were in vivo PET
imaging, digital autoradiography, and immunohistochemical (IHC) staining.

Study I indicated improved binding potential of ['*F]GE-180 over the 1
generation tracer [''C]PK 11195 and showed that the unilateral model of acute NI is
suitable for the evaluation of novel PET tracers of NI. Study II indicated that anti-
VLA-4 had no short-term treatment effects in the fDHT-EAE-rat model. However,
discontinuation of the treatment caused a rebound that could be detected with
['8F]GE-180. Study III showed, that short-term, but not long-term, DMF treatment
decreases uptake of ['*F]GE-180 in the fDTH-EAE rat model, and no rebound effect
was detected after halting the treatment for 10 weeks. Nevertheless, the efficacy of
DMF was detected using IHC for CD4" and CD8" cells. No DMF treatment effect
was observed in the f/MOG-EAE model.

In conclusion, focal animal models of NI are applicable for evaluating novel PET
tracers. Furthermore, efficacy assessment of immunomodulatory drugs can be
evaluated using TSPO PET when the tracer is binding to the same biomarker that the
drug is affecting.

KEYWORDS: PET, TSPO, [!'C]PKI11195, ["F]GE-180, animal model,
neuroinflammation, multiple sclerosis, LPS, EAE
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TIVISTELMA

Keskushermoston tulehdus on tila, joka ilmenee useissa hermorappeuma-
sairauksissa, kuten pesidkekovettumataudissa (MS-tauti). MS-taudin kuvantamis-
diagnostiikan ensisijainen menetelmé on magneettikuvaus, mutta uusia diagnostisia
menetelmia tarvitaan taudin mahdollisimman varhaiseksi toteamiseksi, etenemisen
seuraamiseksi, ja uusien lddkehoitojen tehon arvioimiseksi. Positroniemissio-
tomografia (PET) on kajoamaton kuvantamismenetelmd, jonka avulla on mahdol-
lista seurata aivojen tulehdusreaktiota hyddyntdmailld tulehduksen aikana yli-
ilmentyvéin translokaatioproteiiniin (TSPO) sitoutuvia PET-merkkiaineita.

Tamén tutkimuksen tavoitteena oli verrata TSPO-molekyyliin sitoutuvan toisen
sukupolven PET-merkkiaineen (['®F]GE-180) sekd jo kiytdssid olevan merkkiaineen
(["'C]PK11195) ominaisuuksia akuutin tulehduksen rottamallissa. Lisaksi tavoit-
teena oli arvioida immuunivastetta muokkaavien ladkkeiden, anti-VLA-4:n ja
dimetyylifumaraatin, tehokkuutta lyhyt- ja pitkdaikaishoidossa fDTH-EAE- ja
/MOG-EAE-malleissa, joissa rotille aiheutetaan pesédkkeinen autoimmuuni-
enkefalomyeliitti. Tulehdusreaktiossa tapahtuvia muutoksia seurattiin hyddyntéen in
vivo ['®F]GE-180-PET-kuvantamista, autoradiografiaa, sekd kudosvarjdyksia.

Ensimmdisessd osatyossd ['*F]GE-180-merkkiaineen havaittiin soveltuvan
["'CIPK11195-merkkiainetta paremmin aivotulehduksen kuvantamiseen eldin-
malleissa: aivojen tulehdusalue oli merkittdvasti suurempi ja merkkiaineen
sitoutumiskyky ja spesifisyys parempi. Toisessa osatydssd anti-VLA-4-1d4dkehoidon
vaikutusta ei ollut mahdollista seurata ['*F]GE-180-PET-kuvantamisella fDTH-
EAE-mallin kroonisen tulehduksen vaiheessa. Hoidon lopettamisen jilkeen
ilmenevi voimakas tulehduksen uudelleenaktivoituminen oli kuitenkin mahdollista
havaita PET-kuvauksella. Kolmannessa osatydssd dimetyylifumaraatin havaittiin
hillitsevan tulehdusta fDTH-EAE-mallissa lyhytaikaishoidossa yhden viikon hoidon
jélkeen, mutta ei endd myohemmissa aikapisteissd, eikd fMOG-EAE-mallissa.

Tamé vaitoskirjatutkimus osoitti, ettd pesdkkeisen tulehduksen rottamalleja
voidaan hyoddyntdd uusien tulehdusta kuvantavien PET-merkkiaineiden, sekd
immuunivastetta muokkaavien ladkkeiden tehokkuuden arvioinnissa.

AVAINSANAT: PET, TSPO, [''CIPKI11195, ['|F]GE-180, eldinmalli, aivo-
tulehdus, multippeliskleroosi, lipopolysakkaridi, pesikkeinen EAE
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fMRI Functional magnetic resonance imaging
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GM Grey matter
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Nrf2 Nuclear factor erythroid 2—related factor 2

OSEM3D Ordered-subsets expectation maximisation algorithm in three
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1 Introduction

Neuroinflammation (NI) is an event in which the immune system activates against
the nervous system of the body. There are diseases where NI is thought to be the
primary cause, such as multiple sclerosis (MS) or encephalitis, or diseases where NI
occurs as a secondary response, such as Alzheimer’s disease (AD), stroke or
traumatic brain injury (TBI) (Naegele and Martin, 2014; Ritzel et al., 2019). The
process involves both the resident glial cells within the brain parenchyma and
immune cells from the periphery. The proceeding is highly variable according to the
inflammatory signal, whether it being infection, mechanical damage, toxic
metabolites, or autoimmunity (Yang and Zhou, 2018).

MS is a chronic disease with inflammatory, demyelinating, and
neurodegenerative components, where both autoimmunity and infection are thought
to play a role (Dobson and Giovannoni, 2019; Lassmann, 2018). Given that the exact
pathomechanism remains unresolved, complex genetic and environmental interplay
has been recognised as an almost certain purpose for pathology (Dobson and
Giovannoni, 2019). The somewhat unknown aetiology of the disease provides
challenges for both treatment and diagnostics. In the past two decades, remarkable
progress has been made in the field of immunomodulatory treatment, which can
reduce symptom relapses and partially also the progression of the disease (Hauser
and Cree, 2020).

MS is a disease with an increasing female/male ratio with the onset ~30 years
for females and ~40 years for males, with a latitude gradient and high prevalence in
the Nordic countries (Pirttisalo et al., 2019; Westerlind et al., 2014). Because MS is
common in young adults, and the disease causes only a modest reduction in life
expectancy (Lunde et al., 2017), there is a lack of biopsies for research purposes
from the early stage of the disease. Furthermore, because the disease path often
conveys after 15-20 years of onset, animal models are needed to depict the different
aspects of the disease especially in the early stage (Lassmann and Bradl, 2017).
Considering that non-animal models (NAMs) for MS are scarce, there is a great
number of animal models representing numerous aspects of the disease by applying
various species and different methods to produce the condition (Burrows et al., 2018;
Kipp et al., 2017; Procaccini et al., 2015). There are animal models, which are
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Introduction

induced by active immunisation using an antigen or a peptide, toxic models that
induce demyelination, passive models caused by adoptive transfer, virus-induced
models, and spontaneous, transgenic models (Bjelobaba et al., 2018). The mentioned
models cause disseminated symptoms, which can be detected throughout the brain
and spinal cord, i.e. the central nervous system (CNS). There are also models of focal
inflammation, which are present at a predetermined area in the CNS (Matyszak and
Perry, 1995).

There have been advances in diagnosing MS recently. While the neurological
symptoms, lesions in magnetic resonance imaging (MRI), and cerebrospinal fluid
(CSF) samples remain the gold standard for diagnosing MS (Brownlee et al., 2017),
one possible approach to discover NI is positron emission tomography (PET) (de
Paula Faria et al., 2014; van der Weijden et al., 2021). Rissanen et al. (2014) have
shown that diffuse NI can be visualised by targeting the 18-kDa translocator protein
(TSPO). The first generation TSPO PET tracer, ['!C]JPK 11195, has been successfully
applied in clinical research (Rissanen et al., 2014), but it suffers from several
drawbacks, such as poor signal-to-noise ratio. Thus, second generation TSPO tracers
have been evolved to improve radiotracer qualities (Alam et al., 2017; Best et al.,
2019). In MS studies, evaluation of abnormal TSPO expression has provided insight
into the effect of immunomodulatory drugs (Ratchford et al., 2012).

The aim of this study was to identify, whether acute and chronic focal animal
models can be applied for the evaluation of TSPO PET tracers and whether NI can
be detected by the specific radiotracers (Figure 1; Studies I, II, III). In addition, the
more chronic focal models (studies II and III) were applied in efficacy assessment
of disease-modifying pharmaceuticals of MS, anti-VLA-4 and dimethyl fumarate
(DMF), using TSPO PET imaging and immunohistochemistry (IHC).

Study | Study I Study il
Comparison of Evaluation of Evaluation of dimethyl
TSPO tracers anti-VLA-4 fumarate
% Acute fLPS-NI-model fDTH-EAE-model MDTH-EAE | | MOG-EAE
° ;
= NP
© i3 B
R - - -
gl =
=
. || reriGeE-180 n‘ﬁgw
3 Y
8
o ["'CIPK11195
k] N
4 oRH
{1\.:
CJ
>
4 NN 4 Dimethyl fumarate
g . \
g Anti-VLA-4 - JJ\/YOCHJ
= o
JC

Figure 1. Outline of the thesis.

13



2 Review of the Literature

2.1 Neuroinflammation and multiple sclerosis

NI is an event that occurs in many neuropathological conditions of the CNS. Nl is a
key player in both CNS injury as well as neurodegenerative diseases, such as MS,
AD, Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) (Yang and
Zhou, 2018). Previously it has been thought that the CNS is an immune-privileged
organ based on the finding that allografts survived in the brain for longer periods
than in the periphery. Other reasonings were, that neurons have a limited
regeneration capacity, there is a low number of antigen-presenting cells (APCs) in
the CNS, and the CNS was thought to lack a lymphatic system. Recent findings have
shown that these statements were not completely accurate (Engelhardt et al., 2017;
Negi and Das, 2018). When speaking about the CNS immune response, the special
features, which are not detected in the peripheral nervous system, need to be
considered. Firstly, anatomically the CNS is a closed structure protected by the
blood-brain barrier (BBB) as well as the CSF barrier of the choroid plexus and the
meninges. Secondly, there is indeed a special lymphatic system surrounding the dura
mater, called the glymphatic system (Aspelund et al., 2015; Louveau et al., 2015;
Stephenson et al., 2018). Thirdly, the antigen presenting cells are different to the
periphery (Negi and Das, 2018).

The BBB consists of the tight junctions between the cerebrovascular endothelial
cells and the glia limitans consisting of astrocytic feet and the parenchymal basement
membrane. In the CNS, the neurovascular unit is an operating unit connecting the
periphery with the parenchyma (Figure 2) (Kugler et al., 2021). The neurons are
protected and nourished by the myelin sheath, which is produced by the
oligodendrocytes (Ransohoff, 2018). Myelin consists primarily of myelin basic
protein (MBP), the multilamellar structural myelin proteolipid protein (PLP), and
myelin oligodendrocyte glycoprotein (MOG) on the superficial membrane
(Ambrosius et al., 2020; Goverman et al., 1993). Astrocytes are maintaining
homeostasis and refining synaptic connections by extending their processes to
millions of synapses, and they have an active role in creating the BBB (Matejuk and
Ransohoff, 2020). Microglia are contributing to homeostasis by removing synaptic
elements by phagocytosis. Within the CNS, active immune surveillance is operated
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by the glial cells, including microglia, astrocytes, oligodendrocytes, and
oligodendrocyte progenitor cells (OPCs) (Negi and Das, 2018; Yang and Zhou,
2018). Because these are the first line of defence against pathogens in the CNS, they
can be considered the innate immune system of the brain and spinal cord. After an
inflammatory event, inflammatory mediators, such as CD4" and CD8" T
lymphocytes, macrophages, and antibody (Ab) releasing B-lymphocytes enter the
parenchyma. In addition, the endothelial cells play a key role in the inflammatory
process (Lyman et al., 2014).

Other suggested entities modulating the neuroinflammatory processes are the
human microbiome (Bell et al., 2018; Hanninen, 2017) and the toll-like receptor
(TLR) activation by lipopolysaccharide (LPS), which is the main component of the
outer membrane of gram-negative bacteria (Landén et al., 2016).

Neuron

e
Oligodendrocyte

Astrocyte

Pericytes Glia limitans

brane

®© © | ol o ® | ©® ©® o & @ o o o | @ e | rngothelium

Blood vessel Mono.cyte

o "
lumen . Lymphocyte s} st.- Neutrophil

Figure 2. The neurovascular unit. The neurovascular unit in the CNS is an operating unit
connecting the periphery, i.e. the blood circulation, with the parenchyma of the brain, in
which the neurons are protected and nourished by the myelin sheath produced by the
oligodendrocytes, astrocytes are maintaining homeostasis and refining synaptic
connections, and microglia contribute to homeostasis by removing synaptic elements
by phagocytosis.
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211 The role of microglia in neuroinflammation

To detect neuroinflammation, a valid marker that reflects the inflammatory process
must be identified (Calder et al., 2013). Currently, there is no consensus over which
biomarkers would differentiate the events related to acute or chronic low-grade
inflammation best. Microglia have been suggested as one of such biomarkers.
Microglia are intrinsic cells of the brain and of myeloid origin differing significantly
from peripheral macrophages. The expression transcripts that microglia are
expressing are CD11b, CD40, CD45, CD80, CD86, CD68, F4/80, chemokine
receptor CX3CRy, purinoceptors PoY 1> and P,Y 13, suppressor of cytokine signalling
protein SOCS;3, triggering receptor TREM,, transmembrane protein TMEM 19, G-
protein-coupled receptor GPRas, sialic-acid-binding immunoglobulin-like lectins
SIGLEC, and spalt-like transcription factor SALL;, which of TMEMi9, P2Y 12, and
SALL, are somewhat microglia specific (Matejuk and Ransohoff, 2020; Silvin and
Ginhoux, 2018). It has recently been shown that adult microglia display remarkably
similar transcriptomes despite their location (Matejuk and Ransohoff, 2020), while
spatial and temporal heterogeneity has been suggested to occur both inter- and
intraregionally (Silvin and Ginhoux, 2018). The post-natal microglia express
developmental complexity demonstrated with genes associated with proliferation,
metabolism, and motility (Matejuk and Ransohoff, 2020).

Microglia are local key players in NI, whereas in the normal state they promote
homeostasis of the brain. In the normal state, the microglial phenotype appears as a
small elliptical soma surrounded by branched processes, while in a disease state the
cell bodies enlarge and processes retract showing a phagocytic appearance.
Homeostasis is maintained during development by refining synaptic networks and
pruning synapses, promoting developmental apoptosis, removing cell corpses, and
promoting neuronal survival and their positioning. In the adult brain, microglia
optimise network properties, produce antimicrobial peptides and increase synaptic
plasticity, thus contributing to learning (Ransohoff, 2016). These findings have been
established by preclinical observations using modern imaging and sequencing
techniques (Hickman et al., 2013; Nimmerjahn et al., 2005; Zhang et al., 2014).
Microglia are in contact with neurons by connecting their processes to neuronal
somas, which in disease states can be disturbed, leading to a lack of stimuli from the
injured neurons and exposure of the neurons to plasma proteins (Matejuk and
Ransohoff, 2020; Ransohoff, 2016). Despite many efforts, no durable subset-
categorisation for the microglia has been identified in the healthy brain (Burns et al.,
2020), but the paradigm of microglial subsets is becoming more evident as opposed
to microglia being described as a multitasking cell type that transforms its phenotype
(Bisht et al., 2016; Tremblay, 2021).

In disease states, the microglia can become ‘activated’, in regards to the
pathological state, and the morphology of the cell changes to a more amoeboid-like
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structure (Guerrero and Sicotte, 2020; Yang and Zhou, 2018). In addition, during a
neuroinflammatory state, the astrocytes become activated, which is referred to as
astrogliosis.

2.1.2 Multiple sclerosis

Pathologist Jean-Martin Charcot was the first one to correlate clinical symptoms of
MS to the pathological changes in tissues collected post mortem describing them as
“la sclérose en plaques” that occur in the brain and spinal cord (Charcot, 1875;
Kumar et al., 2011; Lubetzki, 2018). Currently, MS is described as an autoimmune
disease with a strong neuroinflammatory component along with primary or
secondary neurodegeneration. It causes demyelinating lesions primarily in the white
matter (WM), but also diffuse neurodegeneration in the grey matter (GM) and
normal-appearing white matter (NAWM). MS occurs typically at the age of 2040
years and reduces life expectancy by some 7 years (Lunde et al., 2017).

The disease is classified into four categories: relapsing-remitting MS (RRMS),
secondary progressive MS (SPMS), primary progressive MS (PPMS), and highly
active MS (HAMS), sometimes referred to as aggressive MS (AMS), which is
essentially a subcategory of RRMS with the rapid accumulation of deficits (Diaz et
al., 2019). The majority of patients, some 80% of the cases (Compston and Coles,
2008), start with the relapsing forms of MS (RMS) (Figure 3), which later turns into
slowly progressing SPMS some 10 to 15 years after disease onset (Lassmann, 2019).
In a smaller subset of patients, the disease occurs as PPMS, the type which is
dominating the patients with late-onset. The symptoms include spasticity and pain
of limbs, fatigue, cognitive impairment, as well as sexual, bladder, and bowel
dysfunction (Thompson et al., 2018b). These result in irreversible neurological
decline with accumulating disability. While the exact pathomechanisms of the
disease is unknown, multifactorial aetiology has been suggested.

Evidence suggests that the actiology of MS is an interplay between many genetic
and environmental factors. The biggest independent genetic risk factors have been
identified to be the major histocompatibility complex (MHC) region and the human
leukocyte antigen (HLA) DR15 serotypes (Harbo et al., 2013; Jelcic et al., 2018).
The clinical concordance rate is some 25% for monozygotic twins compared to that
of 5% for dizygotic twins (Compston and Coles, 2008). Considering that there is a
clear latitude dependence in MS prevalence, risk factors increasing incidence are
lack of vitamin D uptake (Munger et al., 2004), adolescent BMI of >27 (Manni et
al., 2019), and Epstein-Barr virus (EBV) infection (Alfredsson and Olsson, 2019;
Bjornevik et al., 2022). There is also circumstantial evidence of environmental
factors contributing to the risk of MS, such as organic solvents and shift work (Mar
et al., 2018), while reduced risk has been associated with nicotine, alcohol, and
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coffee consumption (Alfredsson and Olsson, 2019). Interestingly, while the EBV
infection has been identified universally in almost all MS patients, the
cytomegalovirus infection has been suggested to have a protective role to MS (Alari-
Pahissa et al., 2018). There is also an increasing female-to-male sex incidence ratio,
currently being 2.5:1, or depending on the geographical location even up to 3.6:1,
suggesting the role of sex hormones or the X-chromosome on MS incidence (Harbo
etal., 2013; Magyari and Sorensen, 2019). Recently, the microbiome of the olfactory
tract, oral cavity, and gut has been suggested to have a role in disease incidence (Bell
et al., 2018) and cow milk casein has been shown to exacerbate symptoms in
individuals with loss of tolerance to bovine casein (Chunder et al., 2022).

CIs Relapsing MS (without treatment) Progressive MS (without treatment)

Role of neuroinflammation

Neurodegeneration

tStart of treatment

0 5 10 15 30

Time (years)

Figure 3. The course of MS. The black line illustrates the natural course of relapsing MS, which
is the most common form of the disease. Here, the relapses are characterised by a
neuroinflammatory component (grey background) and progression is related to
neurodegeneration (blue background). The disease starts with the clinically isolated
syndrome (CIS), and after the diagnosis of MS, relapses occur until the patient reaches
the progressive phase with a gradual decline of physical abilities. EDSS score is
indicated on the left. With the current effective disease-modifying therapies, the course
of the disease can be dramatically different. After the start of treatment (blue thick
arrow), relapses can be abolished totally, but silent progression (dashed line), which is
independent of relapses, still occurs. After Hauser and Cree 2020 and Raffel et al. 2016.
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21.21 Pathogenesis of multiple sclerosis

There is debate over whether MS is primarily a neuroinflammatory or
neurodegenerative disease (Giovannoni et al., 2022; Trapp and Nave, 2008).
Indisputably, there is a clear neuroinflammatory component from the adaptive
immune system, indicating T and B cells as key players of the pathology. Since the
disease is limited to the CNS and leaves the peripheral nervous system intact (Hauser
and Cree, 2020), it appears that the T and B cells would be selectively recruited by
autoantigens. Theories suggest either initiation of CNS antigen release into the
periphery or, as the extrinsic model suggests, systemic infectious stimulus leading to
an immune attack towards the CNS, both leading to release of antigens into the
periphery exacerbating the attack towards the CNS (Thompson et al., 2018b). Also,
innate immunity seems to play a role, while there is evidence of both the
proinflammatory role of peripheral macrophages and the CNS resident microglial
activation by secretion of cytokines, chemokines, free radicals, and glutamate
(Thompson et al., 2018b). In the progressive phase of MS, the role of the
compartmentalised immune response decreases (Figure 3) and the pathological
events become more diffuse, manifesting as degeneration of demyelinated axons,
astrogliosis, and microglial activation (Thompson et al., 2018b). Recent evidence
shows that chronic active inflammation contributes to disability accumulation with
patients who have slowly expanding, smoldering MS plaques (Absinta et al., 2019).

One of the hallmarks of MS is the concurrent demyelinated WM and GM lesions
with preserved axons (Charcot, 1875) and destroyed oligodendrocytes (Babinski,
1885). Within the lesions, which are often located in the WM around the ventricles
or the GM of the cortex, cerebellum, or the spinal cord, T and B lymphocytes as well
as plasma cells can be observed around post-capillary venules (Jehna et al., 2015;
Lassmann, 2018). Remyelination can occur at the site when OPC’s are recruited. The
stage of NI and axonal destruction can vary between patients but also within an
individual between lesions, and NI changes accompanied by axonal damage can be
detected in remyelinating or inactive lesions, or even in the NAWM (Kornek et al.,
2000; Lassmann, 2018).

The pathogenesis of MS lesions can be divided into four patterns. The pattern I
is characterised by T cells and macrophage driven damage. In Pattern I, the immune
reaction against myelin is driven by B cells excreting antibodies and the complement.
Patterns III and IV include oligodendrocyte atrophy. In pattern III, the damage
resembles hypoxia-induced vascular or mitochondrial dysfunction, and pattern IV
results in genetic susceptibility of oligodendrocytes to immune attacks. It appears
that pattern II can be detected in almost all acute lesions, while the other patterns are
less common (Compston and Coles, 2008; Lucchinetti et al., 2005).

MS lesions can be divided into active, inactive, and remyelinated lesions
(shadow plaques). The first two are characterised by phagocytic activity in the rim,
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possibly due to microglial activation, and reduced activity of phagocytic cells,
mostly macrophages, in the core of the demyelinated lesion (Lassmann, 2019). In
addition to the focal lesions, there is more diffuse neurodegeneration ongoing in the
NAWM and the normal-appearing grey matter (NAGM). These account for the
steady increase of brain and spinal cord atrophy, with the rate of 0.5-1.5% being
more pronounced in the progressive phase (Lassmann, 2019; Thompson et al.,
2018b). Thus, neurodegeneration and progression of the disecase are not directly
connected with the focal, neuroinflammatory component of MS (Giovannoni et al.,
2022; Kipp et al., 2017).

Jelcic and colleagues (2018) discovered, that in patients with the HLA DR15
haplotype, self-reactive peripheral, myelin-specific CD4" T cells are elevated, and
their proliferation is driven by memory B cells and production of IFN-y, which in
turn activates macrophages (Jelcic et al., 2018). They also recognised the protein
RASGRP2 on the surface of B cells and in the parenchyma, which generates the
autoproliferative response from the T cells. The inflammatory infiltrates in an
emerging MS lesion consists mainly of CD8" T cells, while the CD4" T cells are
sparse. This indicates, that the CD4" T cells may initiate the neuroinflammatory
process in MS, but the effector cells in the lesions would be CD8" T cells and CD20*
B cells, which mediate the demyelination (Lassmann, 2019).

Apparent qualitative differences in lesion pathology between PPMS and SPMS
have not been detected (Lassmann, 2019). The microglia are present in all stages of
MS lesions, having a role in both lesion expansion and remyelination (Guerrero and
Sicotte, 2020). In addition, CD40 expressed on macrophages, but also B cells and
monocytes, have been shown to play a crucial role in priming encephalitogenic T
cells in autoimmune diseases (Aarts et al., 2019).

21.2.2 Diagnosis of multiple sclerosis

The diagnosis of MS is primarily based on the evaluation of clinical symptoms,
visualisation of focal abnormalities using MRI, and laboratory testing of
inflammatory markers in the CSF (Thompson et al., 2018a). A diagnosis requires
dissemination in both time and space, meaning that there has to be damage on
different days and in different areas of the brain (Raffel et al., 2016). A definite
pathological diagnosis would require pathological samples, however, there is limited
availability to biopsy tissue (Filippi et al., 2012). Therefore, less invasive methods
are applied. MRI remains to be the gold standard imaging method for diagnostics of
MS due to its ability to detect WM lesions (Galassi et al., 2016).

In Finland, diagnosis is founded on the McDonald criteria 2017, which describes
the diagnostic parameters when defining MS (Kéypé hoito, 2020; Thompson et al.,
2018a). In the majority of patients, the disease begins with a clinically isolated
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syndrome (CIS) lasting from 24 h to 1 month, which, in the case of incidental MRI
findings, is often followed by a second episode. In addition, lesions that are not
causing symptoms can be detected in MRI, and in this case, the diagnosis is called
radiologically isolated syndrome (Kaypa hoito, 2020).

The diagnosis route starts by assessing the clinical symptoms often using the
EDSS (Expanded Disability Status Scale). The EDSS scores activities of daily living
and ability to walk on an ordinal scale from 0—10, where 0-3.5 indicates impairment
with no effect on mobility, 4-7.5 indicates impaired mobility, 8-9.5 indicates
restriction to bed, and 10 indicates death due to MS. Being that EDSS is not the
perfect measure of inability, due to its insensitivity to measure changes within an
individual, it remains to be the most popular one in clinical settings (Chard and Trip,
2017). After clinical evaluation, the patient is directed to MR imaging where
gadolinium (Gd) enhancing Ti-weighted lesions, or T,-weighted lesions are
observed. The laboratory testing of CSF samples can also be evaluated (Chard and
Trip, 2017). Inflammatory activity due to demyelination can be detected from the
CSF by elevated oligoclonal immunoglobulin G (IgG) bands (Raffel et al., 2016).

Predicting the course of the disease and therapeutic effect is difficult. Chung and
colleagues (2020) suggested that the first year EDSS result (>3.5) and the
radiological number of lesions, as well as their location, may be used as predictors
(Chung et al., 2020). One possible tool that has been suggested is the “Universal
Immune Simulator Framework™ (UISS), to which personalised immunological
parameters can be inserted to model MS dynamics in patients (Pappalardo et al.,
2020).

2.1.2.3 Treatment of multiple sclerosis

There are currently 19 FDA-approved medications for MS (Goldschmidt and
McGinley, 2021; Li et al., 2019). However, there is a great need to improve the
therapy of MS since the disease is affecting young adults and no treatment is
currently highly effective in the late progressive phase of MS. With effective disease-
modifying treatment, the natural course of MS, illustrated in Figure 3, has been
modified so that relapses have almost disappeared, but the silent progression is still
occurring (Giovannoni et al., 2022; Hauser and Cree, 2020).

Pharmacotherapy of MS can be divided into acute treatment of relapses and
immunomodulatory treatment aiming at reduced relapse frequency (Kipp et al.,
2017). Historically, the treatment of relapses using corticosteroids was the only
treatment of MS until 1993, when interferon-§ was introduced. During the following
decade, only glatiramer acetate came to the market, before natalizumab and the other
immunomodulatory therapies were introduced. Despite the remarkable progress that
has been made in the field of MS therapeutics, especially for the relapsing disease
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during the past two decades, it is still a major goal for researchers to identify
pathological processes behind the disease (Filippi et al., 2012). There is a vast
number of potential medications approved by the United States Food and Drug
Administration (FDA) and European Medicines Agency EMA to treat MS (Table 1).
Disease-modifying treatment can be categorised into nine classes depending on the
mechanism of action and the administration route (McGinley et al., 2021). These
include the interferon f’s and glatiramer acetate, which were the first injectables for
MS. In addition, there is teriflunomide, sphingosine 1-phosphate modulators,
fumarates, cladribine, and monoclonal Ab’s.

The challenging treatment decision is performed by the physician and the
patient, and is evaluated based on the disease type, patient needs, and preferences
(Visser et al., 2020). Hauser and Cree (2020) suggest as the first therapy option, in
the case of CIS or RMS, the oral medications fingolimod or DMF. In the
unfavourable forms of CIS or RMS, the starting therapy can be ocrelizumab or
natalizumab, whereas in the case of active SPMS, it can be siponimod. In the case of
PPMS, the only alternative was suggested to be ocrelizumab (Hauser and Cree,
2020). This is due to alemtuzumab and mitoxantrone having toxic side effects.

In this thesis, the injectable monoclonal Ab (mAb), natalizumab (anti-VLA-4,
TYSABRI), which affects the B cell populations (Kemmerer et al., 2020), and the
oral treatment, DMF (Carrithers, 2014a; Carrithers, 2014b; Mrowietz et al., 2018;
Prosperini and Pontecorvo, 2016), were applied. Natalizumab is more effective in
the treatment of RRMS compared most available therapies. It is a humanised
recombinant mAb binding to the very late activating antigen-4 (VLA-4), i.e. the 04-
subunit of a4Pl and a4PB7 integrins, which are expressed on the surface of all
leukocytes excluding neutrophils. Thus, the drug inhibits the a4-mediated adhesion
of leukocytes to their counterreceptors. These include the vascular cell adhesion
molecule-1 (VCAM-1), expressed on activated vascular endothelium, and the
mucosal addressin cell adhesion molecule-1 (MadCAM-1) present in the
gastrointestinal tract on vascular endothelial cells. When this receptor interaction is
disrupted, transmigration of leukocytes into the inflamed parenchyma is prevented
(EMA, 2004). It was later discovered that compromising the immune system with
natalizumab in people exposed to the John Cunningham virus (JVC) have an
increased risk for progressive multifocal leukoencephalopathy (PML) (Goldschmidt
and McGinley, 2021). Due to the risk of PML, natalizumab can only be prescribed
via a restricted prescription program TOUCH® Prescribing Program (FDA, 2020).
It was discovered in the clinical study, ASCEND, that anti-VLA-4 treatment slowed
down the progression of upper extremity disability in SPMS, however, it did not
hinder ambulatory disability or delay disease progression evaluated using the EDSS.
This indicates that there is no efficacy at a chronic stage of the disease. Despite its
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clinical efficacy in RRMS, natalizumab therapy often needs to be discontinued,
causing a rebound effect in which pathology worsens (Giacomini, 2018).

DMF (BG-12), on the contrary, is an oral drug, which MOA is unclear, but has
been indicated to reduce relapse rate and radiological signs of disease activity
(Valencia-Sanchez and Carter, 2020). DMF has peripheral effects, which reduce
short-term oxidative stress and activates antioxidant effects (Yadav et al., 2019).
This is due to the activation of the transcription factor Nrf2, which is responsible for
redox balance. An increase in oxidised isoprostanes, monocyte counts, and
monocyte-derived oxidative processes have been observed when using DMF. In
addition, after these events, changes in T cell numbers have been detected (Carlstrom
etal., 2019). The central effects of DMF relate to the reduction of the T cell migration
potential (Holm Hansen et al., 2020). The effect of DMF has been studied in several
clinical settings: the CONFIRM (Efficacy and Safety Study of Oral BG-12 With
Active Reference in Relapsing-Remitting Multiple Sclerosis); and DEFINE
(Determination of the Efficacy and Safety of Oral Fumarate in Relapsing-Remitting
MS).
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2.2 Experimental models of neuroinflammation and
demyelination

Non-animal models (NAMs), such as in silico modelling with computational
techniques or in vitro cell models, can be applied, to some extent, to NI research
(Cavalli et al., 2020; Lorenzetti et al., 2020; Mammana et al., 2018). MS disease
dynamics and current treatments have been studied in silico, which can be applied
to plan treatment strategies in the future (Pappalardo et al., 2020). However, data
from NAMs can be accepted only when their outcome reliability can be confirmed
and protection of human health can be achieved (Lorenzetti et al., 2020). This is why
in silico and in vitro results are always confirmed by in vivo animal models, due to
the complexity of immunological responses (Parravicini et al., 2020). An example
of the complex nature of NI is the macrophage reactions, which are dependent on the
tissue context and the activating stimuli, being consequently different in vivo and in
vitro (Ransohofft, 2016).

Currently, all animal experiments are required to be performed according to
“Animal Research: Reporting of In Vivo Experiments” (ARRIVE) 2.0 guidelines
(Percie du Sert et al., 2020). The guidelines are applied to promote reproducible
science by transparent reporting of studies (NC3RS, 2021). ARRIVE checklist
focuses on detailed reporting of experiments to allow others to reproduce the data.
This checklist includes proper reporting of the study design, sample size, the
inclusion and exclusion criteria, as well as whether randomisation and blinding were
applied. Furthermore, the outcome measures, statistical methods, and results should
be clearly described. In addition, a detailed description of the experimental animals
and procedures performed on them is required. The responsibility of precise
reporting lies on both the operating researcher as well as the journal editors and
reviewers (Kilkenny et al., 2012; Percie du Sert et al., 2020).

There are multiple ways in which animal models of NI and demyelination can
be induced, illustrated in Figure 4. The earliest reports of induced NI date back to
the ‘30s (Rivers and Schwentker, 1935; Rivers et al., 1933), when acute disseminated
encephalomyelitis (ADEM), a disease that had recently been discovered in humans,
was attempted to be established in macaque monkeys. Rivers and Schwentker (1935)
made repeated injections of alcohol-ether rabbit brain extracts in aqueous emulsions
to the parenchyma of the monkeys and reported myelin destruction as well as
symptoms related to CNS pathologies, such as ataxia, paralysis, and blindness. This
disease is nowadays known as experimental autoimmune encephalomyelitis (EAE)
(Billiau and Matthys, 2001). These findings were extended by others (Kabat et al.,
1947; Morgan, 1947), but Jules Freund, after whom the immunoadjuvant Freund’s
adjuvant was named (Billiau and Matthys, 2001), wanted to induce the condition in
guinea pigs, due to its profitable way of sensitisation of the skin and capacity to
produce Ab’s (Freund et al., 1947). Together with T. M. Pisani (1947), he was able
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to induce aseptic encephalomyelitis and radiculitis after just one subcutaneous (s.c.)
injection of rabbit brain extract and heat-killed Mycobacterium tuberculosis bacteria
(TB) in a water-in-paraffin-oil emulsion.

Adjuvants are substances that turn non-antigenic substances into antigens and
increase levels of circulating Ab’s (White, 1967). Complete Freund’s adjuvant
(CFA), which contains heat-killed TB, and incomplete Freund’s adjuvant (IFA),
with no TB, are the most common ways to cause autoimmune diseases in
experimental animals even nowadays (Billiau and Matthys, 2001). In the 1940s,
EAE was, in some species, found to result from a single injection of brain extract. In
mice and guinea pigs, CFA is always needed to create EAE, while some rat strains
can be induced without it (White, 1967).

The features that the animal models are presenting while depicting MS, are
inflammatory lesions dominated by CD8" T cells and B-cells, with a lesser
contribution from CD4" T cells, since CD4" T cells are triggering the inflammatory
cascade, but not dominant in an established lesion. Also, these inflammatory lesions
are characterised by profound microglial activation and the contribution of astrocytes
forming the glial scar (Lassmann and Bradl, 2017).

Focal Encephalithogen/toxin

Adoptive transfel
of CD4*, CD8*, or
Th17 cells

Immunisation
with MBP,
MOG, PLP,
brain tissue,

or lymph node

tissue

Transgenic
modification of IL-12,
TNF-a, or IFN-y

IO

Oocyte

Figure 4. Different methods in which animal models of NI can be induced.
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2.2.1 Disseminated models

MS is a disease, which has only been recognised in humans (Bjelobaba et al., 2018).
Thus, there is no single experimental model to reproduce all pathological aspects of
MS (Lassmann and Bradl, 2017). Depending on the research question, variable
methods to create MS-like lesions exist (Table 2). Active immunisation using a CNS
antigen, such as MOG, MBP, or PLP, together with a strong adjuvant, results in an
acute or chronic inflammatory reaction mediated mainly by CD4" T cells resulting
in axonal degeneration followed by secondary demyelination. Generally, it appears,
that active immunisation of rats, guinea pigs, and primates with MOG resembles M'S
better than immunisation of mice (Lassmann and Bradl, 2017). The Marmoset EAE
has been considered to have the closest resemblance to MS to other types of EAE
models due to the high degree of homology with genes encoding myelin and immune
cells resulting in similar lesion morphology and histology as in MS lesions (Pomeroy
et al., 2005). The fundamental difference between the active immunisation models
and MS pathology is, that when the antigen depot causing the inflammatory
demyelination in the active models is removed, the disease subsides, reflecting a
need for persistent stimulation from the periphery (Lassmann and Bradl, 2017).

Despite its flaws, EAE by active immunisation remains to be the most used
model to depict multiple sclerosis, however, there are several other ways of inducing
MS-like symptoms in animals (Figure 4) (Glatigny and Bettelli, 2018). In the viral
models, inflammation and demyelination are induced by exposure to Theiler's
murine encephalomyelitis virus, the mouse hepatitis (corona) virus (MHV), or the
canine distemper virus. An advantage regarding the viral models is the inflammatory
demyelination without active immunisation using brain tissue, because it may be a
more natural process in regards to the aetiology of MS in humans, even though there
has been no direct virus identified as a causal factor for MS (Lassmann and Bradl,
2017).

Moreover, there is the passive EAE, i.e. the adoptive transfer models, in which
T cells or pathogenic auto-Ab’s from previously immunised animals are transferred
to naive animals, acquiring a neuroinflammatory disease (Lassmann and Bradl,
2017). The animals from which the T cells are obtained, can be immunised with
tissue extract from lymph nodes or myelin-specific proteins (Bjelobaba et al., 2018).
These models are beneficial when studying the surveillance and entrance of T cells
into the CNS (Lassmann and Bradl, 2017). However, the adoptive transfer might not
be encephalitogenic enough to cause demyelination in the animal (Bjelobaba et al.,
2018).

Furthermore, spontaneous EAE is achieved by using transgenic models, which
express T cell or B cell receptors of encephalitogenic T cells (Lassmann and Bradl,
2017). Through transgenic methods or genetic ablation even humanised T cell
receptor (TCR) models can be created (Ben-Nun et al., 2014).
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Whereas the previously mentioned models readily induce NI, the toxin-induced
disseminated models cause direct demyelination without axonal interference,
contributing to oligodendrocyte death and OPC migration, following remyelination
(Burrows et al., 2018). The toxins can be ethidium bromide,
lysophosphatidylcholine, or cuprizone. There are also models combing active
immunisation with toxin administration, resulting in a model of de- and
remyelination with inflammatory components (Lassmann and Bradl, 2017).

2.2.2 Focal models

When considering the models of MS, the commonly used disseminated models form
small focal lesions in the brain and spinal cord, which can be difficult to quantify by
molecular imaging and to follow longitudinally, because the location of the lesions
varies spatially in time. To create localised lesions, stereotactic injection of
encephalitogens into the brain or spinal cord can be applied (Lassmann and Bradl,
2017). By using this method, many clinical pathologies with inflammatory,
neoplastic, or neurodegenerative features can be induced, such as models of AD, PD,
MS, gliomas, or epilepsy (Mori et al., 2000; Tetard et al., 2016). The specific location
of the injection is determined by the target coordinates (Paxinos and Watson, 1986).

The focal models can be divided into acute and more chronic models. Injection
of a toxin, such as LPS, unilateral acute NI occurs within a few hours of the injection
(Montero-Menei et al., 1994). The inflammation emerges without killing the
adjacent cells (Couch et al., 2011). Intracranial LPS binds to an LPS-binding protein
(LBP) thus activating the immune system. The LBP merges with the toll-like
receptor 4 (TLR4), which subsequently activates regulatory proteins, e.g. the NFxB,
inducing transcription of pro-inflammatory genes and interferons (Alberts et al.,
2008). The injection of LPS unilaterally leaves the contralateral hemisphere intact
and free of inflammation (Couch et al., 2011).

In studies of MS, focal inflammatory demyelinating lesions can be induced when
localisation of the lesion needs to be precise and reproducible (Lassmann and Bradl,
2017). Intracerebral injection of pro-inflammatory cytokines, such as TNF-o and
IFN-y into the GM, augment cortical inflammatory lesions after immunisation of the
animal with spinal cord homogenates or myelin fragments, e.g. MOG (Merkler et
al., 2006). Unlike the WM or spinal cord targeted persisting lesions, the cortical
lesions created by stereotactic injection of cytokines on previously immunised
animals creates a transient inflammatory infiltration followed by demyelination of
the GM (Merkler et al., 2006). This fMOG-EAE resembles the MS lesion pathology
of pattern II lesions described in 2.1.2.1, which are T cell and macrophage dominated
lesions with IgG and complement depositions followed by demyelination and
disintegration of the BBB (Serres et al., 2009a).
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Another model, one depicting hallmarks of the pattern I lesions, is the focal
delayed-type hypersensitivity (fDTH-EAE) model, where there is inflammatory
infiltration of T cells and macrophages, but IgG and complement depositions are
absent (Broom et al., 2005). The basis for this model comes from the discovery of
Dienes in 1929, that a dermal hypersensitization after exposure to TB is of delayed-
type rather than immediate-type allergenic reaction (Dienes, 1929). The fDTH-EAE
model is created by intracerebral injection of heat-killed Bacillus Calmette-Guérin
(BCG) and subsequent immunisation with CFA, after which a large, predictable
lesion depicting hallmarks of MS lesions, such as monocyte recruitment, T cell
infiltration, axonal and myelin damage, upregulation of matrix metalloproteinases,
as well as microglial activation can be observed (Anthony et al., 1998; Matyszak and
Perry, 1995). The intradermal sensitisation initiates a DTH lesion in the skin as well
as at the site of the cerebral BCG deposit (Broom et al., 2005). Spatial localisation
of the /DTH-EAE lesion is aimed at brain structures, such as the striata, which cause
no overt clinical phenotype and therefore, no comorbidities or suffering for the
animals (Broom et al., 2005). Previous studies applying the fDTH-EAE describe
hyperintensity on a T, MRI in addition to Gd enhancement of the lesion, 2 weeks
after peripheral immunisation, indicating BBB breakdown, which is resealed about
4 weeks after immunisation (Broom et al., 2005). The lesion evolves and enlarges
over time creating a chronic state where axonal damage can be observed behind the
resealed BBB (Broom et al., 2005). Without the peripheral activation of the lesion,
BCG remains sequestered in the brain parenchyma for months (Matyszak and Perry,
1998; Matyszak et al., 1997) The T, MRI pattern in the fDTH-EAE and fMOG-EAE
at day 14 are remarkably similar, despite their differences in histopathology (Serres
et al., 2009a).
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Table 2. Disseminated and focal models of NI and demyelination.
=z
T g ANIMAL ENCEPHALITOGEN/
8 g LOCATION SPECIES/ TOXIN/ENDOTOXIN | PHENOTYPE REFERENCE
= g STRAIN (ADMINISTRATION)
Disseminated | Guinea pig Rabbit brain extract + | Paralysis and (Freund et al.,
CFA (s.c.) lesions 1947)
Disseminated |Rhesus monkey/ | CSF and CFA Increase of T (Kabat et al.,
Common cells and IgG 1951; Pomeroy et
marmoset/ al., 2005)
Macaque
Disseminated |C57BL/6 mouse |Proteolipid protein Limp tail, (Tompkins et al.,
(PLP)+TB paralytic 2002)
z .
o disease
|—
f,’:, Disseminated | Lewis rat/ Myelin Chronic (Storch et al.,
Z Dark Agouti rat/ | oligodendrocyte relapsing or 1998)
g BN rat glycoprotein progressive,
= inflammation,
E demyelination,
= axonal loss
o
b4 Disseminated | Dog Spinal cord + CFA Varying disease | (Summers et al.,
course: ataxia, |1984)
plegia
Focal Lewis rat Heat-killed BCG DTH-EAE with | (Matyszak and
(intracerebral) + CFA | no overt Perry, 1995)
phenotype
Focal Lewis rat IFA s.c. + MOG-EAE with | (Merkler et al.,
intracerebral TNF-a & | no overt 2006)
IFN-y phenotype
Disseminated |SJL/J mouse Theiler's murine Chronic CD4+ | (Njenga et al.,
encephalomyelitis T-and CD8+ T |2004)
virus cell
inflammation
demyelination
B Disseminated |Mouse Mouse hepatitis Encephalitis, (Bailey et al.,
(%) (corona) virus (MHV) |acute axonal 1949; Lassmann
= damage and Bradl, 2017)
=z demyelination,
(7] paralytic
E disease
> Focal, Dog Canine distemper Non- (Summers et al.,
periventricular virus inflammatory 1984)
lesions, varying
systemic
symptoms:

fever, lethargy
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rd
m 8 ANIMAL ENCEPHALITOGEN/
8 g LOCATION SPECIES/ TOXIN/ENDOTOXIN | PHENOTYPE REFERENCE
= 2 STRAIN (ADMINISTRATION)
" Disseminated | SJL/J mouse Adoptive transfer of Relapsing (Cross and Raine,
"'>J w MBP reactive T cells |remitting EAE: | 1990)
= + MBP and TB in IFA | limp tail,
% <Zt (s.c.) weakness,
a )
2 E plegia
Disseminated |Mouse Cuprizone (p.o.) De- and (Kipp et al., 2009)
remyelination
Disseminated |Mouse Cuprizone (p.o.) De- and (Lehto et al.,
peripheral remyelination, |2017; Nack et al.,
immunisation glial activation, |2019)
(MOGss-s5) axonal injury,
paralysis, limp
tail
Disseminated |Zebrafish Lysophosphatidyl- Apoptotic (Xu et al., 2016)
a choline neuronal death,
g (LPC) demyelination
2 Focal 57L/6 mouse LPC (intracerebral) + | De- and (Lamport et al.,
= peripheral remyelination, [2019)
X immunisation immune & T cell
,9 (MOG35-s5) activation,
cytokine release
Focal Lewis rat Lipopolysaccharide Acute NI (Montero-Menei et
(LPS; intracerebral) al., 1994)
Focal S-D rat Ethidium bromide De- and (Levine and
(intraventricular) remyelination Reynolds, 1999)
Disseminated |SJL/J and Pertussigen, TB, & Mononuclear (Munoz et al.,
BALB/c mice mouse spinal cord in |and 1984)
Lewis rat CFA polymorphonucl
ear infiltration
Disseminated |C57BL/6xDBA/2 |Expression of MBP encephalopathy | (Goverman et al.,
o specific TCR with primary 1993)
E axonal injury
8 Disseminated |SJL/J Expression of MOG MOG (Pdllinger et al.,
4 specific TCR autoreactive B | 2009)
é cells,
- demyelination
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2.3 Molecular imaging of neuroinflammation

The components of the innate immune system are adequate targets for several
different imaging strategies (Dorward et al., 2012). These include ultrasound, MRI,
computer tomography (CT), single-photon emission computed tomography
(SPECT), PET, and optical imaging (Wu and Shu, 2018). The method of imaging
depends on which aspect of a disease needs to be visualised, whether it being BBB
breakdown, inflammation, WM/GM damage, or axonal loss (Nathoo et al., 2014).
In the *70s, CT was discovered by Hounsfield and Cormack, and used for the
detection of MS lesions in the brain (Hershey et al., 1979). Later on, in the ‘80s, MRI
was discovered, and it quickly became the gold standard to visualise MS pathology.
However, linking MRI outcome and clinical EDSS scores is challenging (Chard and
Trip, 2017). There are reports of worsening neurological symptoms in a patient while
the number of Gd-enhancing lesions remained the same. This situation is called the
clinico-radiological paradox (Barkhof, 2002; Chard and Trip, 2017), which has led to
a need for more pathologically specific measures that indicate disease activity and the
status of the lesions. One of the suggested methods to detect functional changes in the
CNS has been PET imaging. While SPECT, that uses monoenergic radioisotopes that
emit a single gamma photon, has been utilised in some studies of multiple sclerosis
(Pozzilli et al., 1991), PET, that uses positron emitters, has become more popular
during recent years (Airas et al., 2015b; Duncan, 1998). Multimodal imaging, in which
two or more detection methods are combined, such as structural and functional
imaging modalities, has provided a tool in which many parameters can be visualised
simultaneously or consecutively (Coda et al., 2021; Wu and Shu, 2018).

2.3.1 Magnetic resonance imaging

Structural MRI is a method, which detects the physicochemical differences of tissues
without ionising radiation that is applied in CT or PET. By applying a strong external
magnetic field that affects the angular momentum of the nuclei of elements, an image
in three planes can be created. This is achieved by measuring the variables nuclear
spin density, T; relaxation time, T, relaxation time, flow shift, and spectral shift.
When a low energy pulse is applied on a magnetised sample/nucleus, it absorbs some
energy and tilts the magnetic moment causing precession in a specific frequency. A
radio signal, called the Larmor frequency, in the same frequency as the precession,
is emitted. This is unique for all substances and is applied when reconstructing the
image by Fourier transform. After the energy pulse, the precession is aligned with
the external magnetic field, a term called spin-lattice relaxation (T;), and
simultaneously the precession of the magnetic moment is dephased in spin-spin
relaxation (T»), contributing to the decay of the original radio signal (Hendee and
Morgan, 1984a).
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The imaging is divided into different sequences, where the variables are
weighted according to the applied energy pulsation and time. The T, value varies
from tissue to tissue regarding the solidity, with more liquid-like tissue having looser
interatomic bonds thus resulting in shorter T; values shown as dark (hypointense) in
the resultant image. In the T>-weighted images, on the other hand, inhomogeneities
in the surrounding magnetic field in a liquid have less molecular motion resulting in
elongation of T, which is shown as white (hyperintense) in the MR image. In disease
states, the water content of solid tissues is often increased resulting in increased T
times. One of the first applications of MRI was indeed MS (Hendee and Morgan,
1984a; Hendee and Morgan, 1984b). In such cases, where the BBB is broken, e.g. in
active WM MS lesions, Gd enhancement of the T» image is applied.

To date, the diagnostic criteria using MRI rely on WM lesion activity (Filippi et
al., 2012; Filippi et al., 2016). Evaluation of the pathological events using
conventional MRI is not optimal, because lesions with different pathomechanisms,
such as demyelination, stroke, or tumours, may appear the same in T>-weighted
images. Several methods applying MRI have been suggested to improve diagnostics,
including: diffusion tension imaging (DTI) (Le Bihan et al., 2001), magnetization
transfer, multiexponential T», and rotating-frame MRI methods (Lehto et al., 2017).

Functional MRI (fMRI) has also been suggested as a method of diagnosis for cortical
changes. fMRI measures brain plasticity, which is altered during neuronal conditions, by
measuring the changes between deoxyglucose, blood flow, and blood volume that
attribute neuronal activity (De Stefano and Giorgio, 2017; Rocca and Filippi, 2007).

Gd-enhancing lesions are missing in progressive MS, indicating repaired BBB,
while simultaneously pronounced inflammation is present in the SPMS and PPMS,
in addition to the acute phase of RRMS (Frischer et al., 2009). As in RRMS, in the
/DTH-EAE, the acute inflammation diminishes when the disease progresses, and
diffuse pathology undetectable by conventional MRI remains prevalent (Broom et
al., 2005). Thus, methodology to detect the diffuse inflammatory changes behind the
sealed BBB, that can be observed in MS, are needed.

2.3.2 Positron emission tomography

PET is a relatively non-invasive technology that utilises short-lived positron ()
emitting isotopes produced in a cyclotron. The history of PET dates back to the 1950s
when physicist Gordon Brownell and neurosurgeon William Sweet developed the
first human positron imaging apparatus using sodium iodide scintillators to image
brain tumours (Portnow et al., 2013). An improved scanner with multiple detectors
in a hexagonal arrangement was introduced in mid-‘70s by nuclear physicist Michael
Ter-Pogossian with his lab members Michael Phelps and Edward Hoffman (Phelps
et al., 1975; Ter-Pogossian et al., 1975). Improved resolution and sensitivity were
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obtained by using ring-shaped and cylindrical detectors in the 1980s (Portnow et al.,
2013). The current PET detectors can consist of several different materials, e.g.
lutetium oxyorthosilicate (LSO) or lutetium—yttrium oxyorthosilicate (LYSO)
crystals, which are positioned in several rings and connected to photomultiplier tubes
(PMTs) (Lewellen, 2008).

The radioisotopes applied in PET, commonly short-lived oxygen-15 [°O], carbon-
11 [''C], nitrogen-13 [*N], fluorine ['®F], gallium-68 [*3Ga], and zirconium-89 [*Zr],
account for the signal that is detected (Mitterhauser and Wadsak, 2014). Properties of
the isotope that affect image quality are half-life (T;) and energy of the positron (E)
that accounts for the positron range (Conti and Eriksson, 2016). For instance, for [''C],
T,=20.4 min and E=0.96 MeV, while for ['*F], the values are T»,=109.8 min and
E=0.63 MeV, correspondingly (Ferrieri, 2003). In radiopharmaceuticals, the isotopes
are attached to biologically active compounds, such as glucose or pharmaceuticals,
which account for the in vivo interaction of the molecule (Mitterhauser and Wadsak,
2014). The radioactive compound is administered in tracer amounts, in micro- to
picomolar concentrations, with no pharmaceutical effect to the patient. In the tissue,
radioactive decay occurs, due to which positrons (B*) are emitted. The positron travels
shortly in the tissue (positron range, usually 0.5-3.00 mm) during which it loses kinetic
energy until a point that it can interact (annihilate) with an electron (¢) releasing two
Y-quanta, i.e. coincidence photons of exactly 511 keV each, in opposite directions with
a maximum deviation of 0.25° (Ziegler, 2011). The principle of PET is the coincidence
detection of these paired photons along the line of response (LOR) by the multiple
detectors around the study subject (Lewellen, 2008). Unpaired events resulting from
scattering or random events are disregarded (Ziegler, 2011).

After the intravenous administration of the PET tracer, it travels in the body
through the circulation to its target. A measure of the tracer that needs to be observed
and standardised is the molar activity (MA, previously called specific activity),
which describes the ratio of the radioactive and non-radioactive compound. If the
MA is low, the non-radioactive compound will occupy target receptors leading to
lower binding potential (Xi et al., 2011). Other important characteristics of the
radiotracer are similar to pharmaceuticals: biocompatibility to avoid toxicity;
bioavailability ensuring sufficient concentration reaching through the barriers of the
body; the binding affinity of reversibly binding tracers, rapid equilibrium and wash-
out for nonspecific binding; optimal lipophilicity (logD74), which indicates the
distribution of the compound in n-octanol/buffer at the physiological pH of 7.4; slow
metabolism; as well as specificity and selectivity to the target (Patel and Gibson,
2008; Rudin, 2009). Non-specific binding of the tracer correlates directly with the
lipophilicity of the tracer. Optimal entry through the BBB is observed for tracers
with molecular weight less than 400 Da and moderately lipophilic tracers with
logD7 4 values between 2.0 and 3.5 (Pike, 2009; Zhang et al., 2021).
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The data from the PMTs are reorganised into a 2D-sinogram, and by utilising
reconstruction parameters, which estimate the integral of the tracer distribution, and
by implementing Compton scatter and attenuation corrections, a digital image is
processed (Ziegler, 2011). The spatial distribution of the tracer can be reconstructed
by detecting all coincidence events along the possible LORs, even when the exact
location of the annihilation is not known. When data are collected statically,
information can be collected at specific time points, whereas dynamic imaging
collects data throughout the imaging session, from which a time-activity curve
(TAC) can be extracted for each individual voxel (Ziegler, 2011).

PET images are reconstructed using filtered-back projection (FBP), maximum a
posteriori (MAP), or the ordered-subsets expectation maximization algorithm in two-
or three dimensions (OSEM2D, OSEM3D) algorithms with special characteristics
(Cheng et al., 2012). By using a fully 3D reconstruction algorithm, the high sensitivity,
as well as the high spatial resolution, can be retained in the whole field of view (FOV)
(Visser etal., 2009). Smoothing of data after each iteration in algorithm(s) is performed
to reduce the effect of noise in the final image, however, at the cost of decreased image
resolution. By determining the target resolution, the smoothing values are set for the
reconstructed image to reach the target resolution (Siemens, 2014).

Quantification of preclinical PET studies is often expressed as a percentage of
injected activity per unit mass (%IA/g) within a delineated region of interest (ROI)
or a volume of interest (VOI) (Haubner and Decristoforo, 2011). In longitudinal
studies, when the mass of the animal increases, the uptake must be standardised to
the body mass, and thus the standardised uptake value (SUV) is applied. To
accurately quantify PET scans, an input function is required. In clinical studies, the
input function is typically acquired from the blood plasma, but in preclinical settings,
it is less common due to the invasiveness of the procedure. Other approaches to
obtain input function are image-derived, simplified reference tissue models (SRTM),
or unsupervised and supervised clustering (Sridharan, 2016).

Currently, clinical use of PET in MS is restricted to clinical research, differential
diagnosis, or determining the efficacy of immune-suppressive treatment (van der
Weijden et al., 2021). Several targets for MS pathologies have been suggested, e.g.
targeting myelin by applying the [''C]Pittsburgh compound B [''C]PiB (Bodini et
al., 2016), quantitation of glucose metabolism depicting neuronal activity by using
[®F]FDG (Baumgartner et al., 2018), visualising astrocyte activity by using
[''C]Acetate (Takata et al., 2014), detecting an increase of adenosine, by using
[""CITMSX  ([7-methyl-["'C]]-(E)-8-(3.,4,5-trimethoxystyryl)-1,3,7-trimethylxanthine)
(Rissanen et al., 2013), and evaluating expression of TSPO by using the tracer
["'CIPK11195  ([''C]-N-butan-2-yl-1-(2-chlorophenyl)-N-methylisoquinoline-3-
carboxamide) (Rissanen et al., 2014).
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2.3.21 TSPO PET imaging

One of the prominent hallmarks of NI is the increase of the mitochondrial biomarker
TSPO, previously called the peripheral benzodiazepine receptor (PBR), which is
related to the rate-limiting step of cholesterol conversion to steroids (Daugherty et
al., 2013; Zhang et al., 2021). In addition, TSPO has roles in immunomodulation,
cell respiration, ion transport and many other functions (Zhang et al., 2021). Under
physiological conditions, the expression of TSPO in the CNS parenchyma is low,
but expression rises during pathological and neurodegenerative conditions (Lee et
al., 2020). Thus, TSPO has even been suggested as a therapeutic target, however, the
results have ended up controversial (Lee et al., 2020). Since the discovery of the
TSPO PET tracer, [''C]PK11195, in the mid-1980s (Camsonne et al., 1984), along
with the other first-generation TSPO tracers, it has been applied as a marker in
preclinical and clinical research of neuroinflammatory conditions (Alam et al., 2017;
Pappata et al., 2000).

Since then, several 2" generation TSPO tracers, some of which are listed in
Table 3, such as ['*F]PBRO6, [''C]DPA713, ["*F]-DPA-714, and ["®F]PBRI111,
along with the novel tracer (at the start of this study), ['*F]GE-180, flutriciclamide,
((S)-N, N-diethyl-9-(2-['8F]fluoroethyl)-5-methoxy-2,3,4,9-tetrahydro- 1 H-carbazole-
4-carboxamide), have been developed. The 2™ generation TSPO tracers have led to
the discovery of TSPO polymorphism in humans (Owen et al., 2012). The
polymorphism of 7SPO Alal47Thr in humans indicates high-affinity binders
(HAB), mixed-affinity binders (MAB) and low-affinity binders (LAB) among
humans. In clinical research, [''C]PK11195 has been applied despite this (Rissanen
et al., 2014), because no genotyping is needed due to its high lipophilicity (logD74 =
4.58) that leads to its binding to structures containing fat within the CNS and thus,
poor signal-to-noise ratio. Furthermore, it has been shown not to be extremely
selective for TSPO (Ching et al., 2012).

Due to the TSPO gene polymorphism (rs6971), the use of 2" generation tracers
as clinical PET biomarkers have been restricted due to the need for genotyping of
the subjects (Werry et al., 2019). However, HAB’s, MAB’s and LAB’s have not
been detected or described in animal models (Sridharan, 2016).

Studies of TSPO expression in MS patients using PET has brought up the issue
of non-selectivity of the target and its inability to detect microglia with
proinflammatory markers (Nutma et al., 2019), while the goal would be allowing
longitudinal follow-up of diffuse NI (Airas et al., 2015b). Furthermore, ['*F]JFEPPA
was not able to detect chronic diffuse microglial activation in the WM using MHCII
expression as a marker (Al-Khishman et al., 2020). This was possibly due to the
difficulty of distinguishing WM in the rat brain and the low resolution of PET.
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2.3.2.2  Other PET targets for neuroinflammatory diseases

Considering the limitations of TSPO PET, more cell-specific and functionally
relevant biomarkers are needed (Jain et al., 2020). There are several other receptors,
some of which are listed in Table 3, that can be targeted using PET (Jain et al., 2020).
Purinoreceptors P,X;and P,Y 2R have been extensively studied (Beaino et al., 2017).
Adenosine Aa, which is one of the four adenosine receptors expressed in the CNS,
but also during NI, can be targeted with [''{C]TMSX (Mishina et al., 2007; Rissanen
etal., 2013). The issue with many of these suggested targets is their selectivity, while
many of the receptors are expressed on more than one cell types (Jain et al., 2020).

Table 3. Targets for Nl and some of the available PET tracers.

Target Tracer Reference
TSPO ['"CIPK11195 (Camsonne et al., 1984)
["'C]PBR28 (Owen et al., 2012)
[''CIDAC (Xie et al., 2012)
['FIFEMPA (Varrone et al., 2015)
['8F]GE-180 (Jones et al., 2011)
['®F]DPA-713 (Endres et al., 2009)
['®F]DPA-714 (Coda et al., 2021; Vicidomini et
al., 2015)
['®F]FEPPA (Al-Khishman et al., 2020)
[18F]GE387 (Qiao et al., 2019)
Cannabinoid receptor CB2 ['"C]A-836339 (Horti et al., 2010)
Adenosine A2A [M'CITMSX (Rissanen et al., 2013)
Purinoceptor P2Xz [""CISMW139 (Hagens et al., 2020)
[1C]GSK1482160 (Jain et al., 2020)
[MCINJ717 (Zhang et al., 2021)
Purinoceptor P2Y12 ["'C]Ethyl 6-(3-(3-((5- (Beaino et al., 2017; Villa et al.,
chlorothiophen-2- 2018)

yl)sulfonyl)ureido)azetidin-
1-yl)-5-cyano-2-
methylnicotinate

coxi1 ["'C]celecoxib (Jain et al., 2020)
Colony stimulating factor 1 ["'CICPPC (Horti et al., 2019)
receptor CSF1R

Triggering receptor expressed on | [**Cu]TREM1-mAb (Jain et al., 2020)
myeloid cells 1 (TREM1)

CD20 [6*Cu]rituximab (Jain et al., 2020)
CD19 [4Cu]CD19-mAB (Jain et al., 2020)
Monoamine oxidase B MAO-B SL25.1188 (Zhang et al., 2021)
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3 Aims

The aim of this thesis was to evaluate the binding of TSPO PET
radiopharmaceuticals in focal animal models of NI and to discover the effects of
immunomodulatory drugs of MS in these animal models.

The following objectives were set:

1. To investigate the binding of the 2™ generation TSPO PET-tracer ['*F]GE-180
when compared to the gold standard 1% generation TSPO PET-tracer [''C]PK 11195,
and to evaluate its applicability to small animal studies (I).

Study hypothesis: ['*F]GE-180 has superior properties over [''C]PK11195.

2. To investigate the efficacy of the immunomodulatory drug, anti-VLA-4, in the
/DTH-EAE-rat model using ['"®*F]GE-180 and IHC. Furthermore, the aim was to
discover whether a rebound effect can be detected after halting the treatment (II).
Study hypothesis: anti-VLA-4 has anti-inflammatory effects in the fDTH-EAE-rat
model.

3. To investigate the efficacy of DMF in two focal models of NI, the fDTH-EAE and
the MOG-EAE rat models using ['*F]GE180 and IHC, and to determine whether a
rebound effect can be detected after halting the treatment (III).

Study hypothesis: DMF has anti-inflammatory effects in both the fDTH-EAE and
/MOG-EAE rat models.
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4 Materials and Methods

4.1 Experimental models

In this thesis, inbred Lewis rats were chosen for all studies except the metabolite
analysis, in which outbred Sprague-Dawley (S-D) rats were used because of the
availability of the animals at the time of the study. Lewis rat is an albino inbred strain
of Rattus norwegicus (CharlesRiver, 2021). An inbred strain (LEW/Crl and
LEW/HanHsd) was chosen for the majority of the studies to minimize eventual
differences caused by individual responses, and in particular, because of the
susceptibility of Lewis rats to autoimmune diseases.

To investigate the applicability of the novel tracer (at the time), ['*F]GE-180, in
neuroinflammatory states, a rapidly inducible model of acute NI was applied (Study
I & the metabolite study). However, in the efficacy assessment of
immunomodulatory pharmaceuticals, focal models of EAE were applied, because
the pathology of the lesions resemble MS Type I and Type 1l lesions. The induction
timelines for the rat models used in this thesis are illustrated in Figure 5. The acute
LPS-NI model started as a pilot experiment since it was not known whether such
inflammation can be detected by TSPO PET. After promising results, the animal
number was added up.

Animal experiments received ethical approval from the Finnish National Animal
Experiment Board, nowadays called the Project Authorisation Board, under the
licence ESAV1/6360/04.10.03/2011. The experiments were carried out according to
the animal welfare instructions in the Treaty of Amsterdam for the European Union
(EU) and reported along with the ARRIVE 2.0 guidelines (Percie du Sert et al.,
2020). Rats were housed in pairs or threes in 12 h light-dark cycles in temperature
of 21(1.3) °C and air humidity at 55(15)% (values are indicated as mean(SD)). Pellet
food (CRMJE], Special diet services, Witham, United Kingdom) and tap water were
provided ad libitum.

The age of the rats that were applied in this research was set to rats over § weeks.
At this age, we estimated that the brain and skull of the rats have reached the size of
a mature rat (Sengupta, 2013).
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Figure 5. Timeline showing induction methods for the three different animal models used
in this thesis. a The acute ALPS-NI model was induced by stereotaxic injection of 1 or
10 ug of LPS into Lewis rats, which causes widespread unilateral NI on the injected
hemisphere within 16-24 h after the injection. b The DTH-EAE was induced by first
injecting the heat-killed BCG antigen intracerebrally into the right striatum and letting the
BCG sequester behind the BBB (Matyszak and Perry, 1998), after which the lesion was
activated by peripheral immunisation of the rat by injecting heat-killed TB in emulsified
CFA intradermally. ¢ The MOG-EAE model was created by first immunising the animal
peripherally with MOG in emulsified IFA, after which the lesion was created in a
stereotaxic operation using the cytokines TNF-a and IFN-y.

411 LPS model of acute neuroinflammation

For the induction of the acute LPS-NI model (Figure 5a), male Lewis rats
(LEW/HanHsd) were acquired from Harlan Laboratories (Horst, Netherlands).
Before the procedure, the rats were anaesthetised in a chamber using an isoflurane
(Baxter Medical AB, Kista, Sweden) /oxygen mixture (3% of isoflurane with 700—
800 mL/min of O; for induction, and 2.5% of isoflurane with 400-500 mL/min of
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O, for maintenance during the procedure), and given as analgesic the opioid
Temgesic s.c. (0.3 mg/ml, Reckitt-Benckiser Healthcare, Hull, UK; 0.05 mg/kg).
Once asleep, the rats were placed in a stereotaxic frame (Kopf Instruments, Tujunga,
California, USA) in a prone position on a heating pad. Oftagel (2.5 mg/g, Santen,
Tampere, Finland) was applied to the eyes to avoid drying during the procedure. The
head was shaved and disinfected using Betadine (Oy Leiras Takeda Pharmaceuticals
Ab, Turku, Finland) after which a midline incision was made. A burr-hole (diameter
1.5-2 mm) was drilled on the skull with a dentist’s drill to a determined position in
the stereotaxic equipment (bregma: antero-posterior +1 mm; lateral -3 mm). The
injection of LPS 1 pL (10 pg/pL or 1 pg/ulL E. coli 026:B6, Sigma-Aldrich, St.
Louis, Missouri, USA) in saline, or saline only for the controls, was made into the
striatum (dorsal-ventral -4.0 mm). After the injection, the glass pipette was slowly
pulled out and the incision sutured using 3/0 braided silk (Covidien, Dublin, Ireland).

A thin glass pipette was created from patch-clamp capillaries to minimize the
mechanical damage and subsequent inflammation caused by the needle while
injecting the toxin. Animals were used for imaging 16-24 h after the intrastriatal
injection.

412 Focal models of MS

To induce the fDTH-EAE (Figure 5b) and fMOG-EAE (Figure 5¢) models, male
Lewis rats (LEW/Crl) were acquired from Charles River (Sulzfeld, Germany). The
/DTH-EAE model was created by first injecting the antigen into the brain, letting the
acute inflammation from the surgery subside, and the BCG sequester behind the
BBB (Matyszak and Perry, 1998), after which the lesion was activated by peripheral
immunisation by heat-killed TB in CFA. The f/MOG-EAE model, on the other hand,
was created by first immunising the animal peripherally with MOGs3s_ss in IFA, after
which the lesion was created in a stereotaxic operation using cytokines (Serres et al.,
2009). Rats were anaesthetised similarly as the LPS-NI animals using
isoflurane/oxygen (4-5% of isoflurane with 700-800 mL/min of O for induction,
and 2-3.0% of isoflurane with 400—500 mL/min of O; for maintenance during the
procedure). Before the operation, the opioid drug Temgesic 0.3 mg/ml (s.c., Reckitt-
Benckiser Healthcare, Hull, UK; 0.05 mg/kg) was administered. The rats were
placed in the stereotaxic frame (Kopf Instruments, Tujunga, California, USA) on a
heating pad in a prone position.

To induce the fDTH-EAE model, heat-killed BCG (1 x 10° cells in 2 uL of PBS
from the Pharmacology department in Oxford, United Kingdom) was injected into
the right striatum by using a Hamilton syringe (10 uL; Sigma-Aldrich) with the
coordinates (antero-posterior +1 mm; lateral -3 mm; dorsal-ventral -4.0 mm)
(Paxinos and Watson, 1986). The injection was performed in four 0.5 pL volumes
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within the dorsal-ventral depth -4.0-2.5 mm over 10 minutes. The incision was
sutured by braided silk and the animals were allowed to recover under analgesia for
2 days (Temgesic 0.3 mg/ml: 0.05 mg/kg; Reckitt-Benckiser Healthcare, Hull, UK).
28 days after the intracerebral injection, the lesion was activated by an injection of
TB (1.5 mg, Difco Laboratories, Detroit, MI, USA) emulsified in CFA (100 uL,
Sigma Aldrich, Saint Louis, MO, USA) intradermally into the animal’s flanks.

The MOG-EAE model was created by first activating the peripheral immune
system against MOG by injecting 100 pL. of MOGss_ss peptide (25 pg of diluted in
25 pL saline; Sigma-Aldrich, St. Louis, MO, USA) emulsified in IFA (50 pL;
Sigma-Aldrich, St. Louis, MO, USA) subcutaneously into the base of the tail. After
21 days, the stereotaxic operation was performed using the same specifications as
with the fDTH-EAE model, but the injected antigens were 1.45 pug of recombinant
rat tumour necrosis factor a (TNF-a, Sigma-Aldrich, St. Louis, MO, USA) and 1 pg
of recombinant rat interferon y (IFN-y, Sigma-Aldrich, St. Louis, MO, USA)
dissolved in 2 pL of sterile saline.

4.2 Experimental design

The experimental design for the three different studies is illustrated in Figure 7. In
Study I, the /L PS-NI model (n = 18) and control, sham-operated rats (n = 12) were
applied 16 h after the intrastriatal injection of LPS or saline for comparison of the
two radiotracers, [''C]PK 11195 and ['*F]GE-180. The methods that were applied in
Study I were in vivo PET, ex vivo ARG, biodistribution measurements, as well as in
vitro blocking and IHC against OX-42 and glial fibrillary acidic protein (GFAP). In
Study II, the fDTH-EAE model (n = 17) was applied for efficacy assessment of anti-
VLA-4 mAb treatment using in vivo PET and IHC for the ionised calcium-binding
adapter molecule 1 (Ibal) staining. In Study III, both the fDTH-EAE (n = 24) and
the IMOG-EAE (n = 8) models were applied to evaluate DMF therapy using in vivo
PET and IHC for Ibal, CD4 and CDS. In addition, naive S-D rats (n = 4) and the
fLPS-NI model (n = 2) were applied for the evaluation of radiometabolites. Both
treatment intervention specifications were based on previous literature (Schilling et
al., 2006) and the rats were randomly chosen for the treatment or control groups so
that littermates consisted of both.

In Study II, one group of animals was used for TSPO PET imaging until day 142
(n = 8). These were treated by VLA-4 mAb (GG5/3 Ab, ELAN Pharmaceuticals,
USA) or the matched isotype control mAb (JH70 6F10, ELAN Pharmaceuticals,
USA) starting 30 days after the peripheral activation of the lesion. Another group of
rats (n = 4: anti-VLA-4 treated n = 2, control n = 2) was used for IHC evaluation of
the chronic lesion on day 44, after 14 days of treatment with anti-VLA-4 mAb or the
control Ab. Anti-VLA-4 or the control Ab was dosed s.c. 5 mg/kg every third day
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during the days 30-61, and imaged on days 30, 44, 65, 86, and 142 after the
peripheral activation of the lesion. The body weight was registered right before each
of the PET scans.

In study III, the fDTH-EAE and fMOG-EAE rats were treated twice daily per os
with 15 mg/kg of DMF (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
diluted in 0.08% aqueous Methocel (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany), or vehicle (tap water with 0.08% Methocel) for controls, using an oral
gavage starting on day 0. To aid the dissolution of DMF, Methocel was applied and
the solution was sonicated for 15 min. The fDTH-EAE (n = 4 treated and n = 4
control) rats were imaged by PET (25-50 min) at baseline (d 0), at the acute phase
of inflammation (at 1-2 weeks), chronic phase (at 4—8 weeks), and after halting the
treatment for 10 weeks (at 18 weeks) to evaluate the potential rebound effect. Rats
were euthanised for IHC after the last PET study. Furthermore, for IHC staining,
there were two groups of fDTH-EAE animals: one euthanised after 2 weeks of
treatment, and one after 4 weeks of treatment, to correspond with the time points of
PET imaging. Also, weight gain was measured throughout the imaging period. The
MOG-EAE rats (n =4 treated and n = 3 control) were imaged using only static PET
(2550 min).

Radiotracers for in vivo, ex vivo, and in vitro imaging (Figure 6) were produced
at the Radiopharmaceutical Chemistry Laboratory of Turku PET Centre, or the
Radiochemical laboratory in Gadolinia. Synthesis of [''C]PK 11195 (logD7.4 = 4.58)
(Pike, 2009; Shah et al., 1994) and ["*F]GE-180 (logD7.4 = 2.95) (Wadsworth et al.,
2012; Wickstrem et al., 2014) was performed as previously described. The
radionuclides, [''C] (Tyx = 20.4 min) and ['®F] (T, = 109.8 min), were produced by
a CC-18/9 or MGC-20 cyclotron (D.V. Efremov Research Institute, St. Petersburg,
Russia) at the Accelerator Laboratory of the Abo Akademi University.

[1"C]PK11195 [18F]GE-180

ot
1 e oy
X N
[
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Figure 6. Chemical structures of a [''"C]PK11195 and b ['®F]GE-180 that were used in the PET
imaging of this thesis.
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Figure 7. Timelines showing the experimental design of the different studies in this thesis.
The green line indicates the treatment period with anti-VLA-4 5 mg/kg every third day.
The blue line indicates the treatment period with DMF 15 mg/kg twice a day.
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4.3 Small animal in vivo PET/CT imaging

PET/CT imaging of the rats was performed using a dedicated Inveon Siemens
multimodality PET/CT scanner (Siemens Medical Solutions USA, Knoxville, TN)
designed for small laboratory animals. All the rats were anaesthetised with
isoflurane/oxygen (4-5% of isoflurane with 700—-800 mL/min of O; for induction,
and 2-3.0% of isoflurane with 400-500 mL/min of O, for maintenance) 20 min
before the tracer ([''C]PK 11195 or ["*F]GE-180) injection. Body temperature during
imaging was maintained using a heating pad and covering the rats with a piece of
bubble wrap. Oftagel (2.5 mg/g, Santen) was applied to the eyes to avoid drying of
the eyes during anaesthesia and imaging.

In study I, a CT scan was obtained for attenuation correction. Thereafter, an
emission scan of 0—60 min (frames 30%10 s, 15%60 s, 4x300 s, 2x600 s) using
["'CIPK11195 or 0-90 min (frames 30x10 s, 15x60 s, 4x300 s, 1x600 s) using
["*F]GE-180 in list mode with an energy window of 350-650 keV was acquired. The
dynamic scans were started immediately after the intravenous injection of the
radiotracer. In study II, the CT scan was obtained after which a dynamic emission
scan 0—45 min using ['*F]GE-180 was acquired (frames 30x10 s, 15x60 s, 5300 s).
In study III, following the CT transmission scan, a static PET image (frames
5x300 s) was obtained 25-50 min after the injection of ['*F]GE-180 at time point
0 min. In studies II and III, two rats were imaged at once due to the limited number
of tracer syntheses to maximise the number of scans for each imaging date. The
images were later divided to perform individual analysis on each animal.

PET images in Study I were reconstructed using FBP, but they were re-
reconstructed later using OSEM3D, which had just become available in our facilities.
All PET images in the other studies were reconstructed twice by OSEM3D and by
18 iterations of MAP with the target resolution of 1.5 mm.

4.4 Ex vivo methods

Three different ex vivo methods were applied in this thesis to validate the results
obtained from in vivo imaging. First, the biodistribution of the radiotracer in the
collected organs at the time of euthanasia was described (Study I). Second, the radio
metabolite analysis showed dissociation of the radiotracer at different pre-
determined time points, and their binding to plasma proteins (Study III). Third,
digital autoradiography (ARG) analysis illustrated the tracer binding quantitatively
with 25 um? resolution (Study ).
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441 Biodistribution studies

Biodistribution of radiotracers was studied in the acute fLPS-NI model (Study I) to
evaluate tracer properties, control the normal biodistribution of the tracer, evaluate
the success of the injection, and observe whether there is defluorination of ['*F]GE-
180 in this model. The organs that were reported to have increased binding of
[M'CIPK11195 or ['*F]GE180 were collected (Luoto et al., 2010). The predetermined
organs were dissected from the carcass immediately after euthanisation of the rat.
The organs were weighed and the radioactivity was measured in a Nal(Tl) well
counter (3%3 in., Bicron, Newbury, Ohio, USA), or in a VDC-405 Dose Calibrator
(Veenstra Instruments, Joure, The Netherlands).

The radioactivity of the [''C]PK11195 and ['®F]GE-180 imaged animals was
measured as injected activity per gram of tissue (%IA/g) for a blood sample, plasma
sample, erythrocyte sample, kidneys, lungs, adrenals, a urine sample, heart, spleen,
thyroids, a sample from the cerebellum, and the whole brain. In addition, a sample
of the skull bone and olfactory bulb was measured from the ['®*F]GE-180 imaged
animals. To control the success of the tail vein injection, the tail radioactivity was
measured for all animals to see if the tracer entered the systemic circulation.

4.4.2 Radiometabolite analysis

To understand the parent fraction characteristics of ['*F]GE-180, its radiometabolites
were analysed by thin-layer chromatography (TLC) coupled with autoradiography
digitation (radio TLC) from rat plasma and brain tissue at 5, 15, 30, and 60 min using
4 naive S-D rats (n = 1 per time point) and 2 fI.PS-NI Lewis rats (at 30 and 90 min).
Blood samples were collected via cardiac puncture into heparinised Microtainer
tubes (BD, Franklin Lakes, NJ, USA) and centrifuged (4 min, 3030 g). The separated
plasma was mixed with methanol:plasma (3:2, vol/vol), vortexed, and proteins were
precipitated with a centrifuge. Brain homogenate was mixed in methanol:water (9:1,
vol/vol) using a glass homogeniser and centrifuged (4 min, 3030 g) to obtain a clear,
protein-free homogenate. To determine the correct retardation factor (Re-factor), a
radioactive standard was prepared to distinguish the parent compound from the
metabolites.

The supernatants from plasma and brain homogenates, and the radioactive
standard were applied on a high-performance TLC plate (HPTLC, silica gel 60 RP-
18, art no. 1.05914.0001, Merck KGaA, Darmstadt, Germany). The HPTLC plate
was dried and eluted with methanol:water (9:1, vol/vol) in a Twin Trough Chamber
(Camag, Muttenz, Switzerland) with a migration distance of 4 cm. The dried plate
was exposed to an ARG plate (BAS-TR2025, Fuji Photo Film Co, Ltd, Tokyo,
Japan) and scanned with a Bioimaging Analyzer Systems 5000 phosphor imager
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(BAS-5000, Fuji, Tokyo, Japan). The percentage of parent fraction was calculated
from the unchanged ['*F]GE-180 over the total radioactivity of the sample.

In addition, plasma protein binding was determined by ultrafiltration to
characterize the plasma free fraction of the radioactivity. A plasma sample from each
animal was applied on the TLC plate (silica gel 60, art no. 1.05554.0001, Merck
KGaA, Darmstadt, Germany) and the remaining plasma was ultrafiltered using a
30-kDa cut-off ultrafilter (20 min, 1300 g) with regenerated cellulose membrane
(Centrifree® Ultrafiltration Centrifugal Filters, Merck KGaA, Darmstadt,
Germany). On the same TLC plate, a sample of the filtrate (5 pL) from each rat was
applied. The TLC plate was dried and scanned using ARG similarly to the
radiometabolite analysis. To obtain the free fraction of radioactivity in the plasma,
the radioactivity concentration of the filtrate (protein-free analyte) was divided by
the radioactivity concentration of the original plasma (protein-free + protein-bound
analytes).

44.3 Autoradiography analysis

Ex vivo ARG imaging was performed in Study I using both ['"C]PK11195 and
['8F]GE-180. The animals were anaesthetised with isoflurane (Baxter Medical AB,
Kista, Sweden) mixed with air (induction 4%, 700 ml/min, maintenance 2.5%, 400
ml/min). The tracer was injected i.v. into a lateral tail vein as a bolus followed by
flushing with saline (~200 pl). At time point 20 min, the animal was killed by an
overdose of anaesthesia. Blood was removed by doing a cardiac puncture and the
animal was perfused with heparinised saline. The brain was immediately removed
and frozen by immersing in isopentane (CsHi», Sigma Aldrich, St. Louis, Missouri,
USA) that was cooled with dry ice to —40 °C.

The brain was mounted in Tissue-Tek® OCT™ Compound (Sakura Finetek
Europe B.V., Alphen aan den Rijn, Netherlands) freezing medium and sectioned into
40 or 20 pum for [''C]PK 11195 and ['®F]GE-180 imaged rats, respectively, using a
Leica CM 3050 S cryostat (Leica Microsystems, Germany). The sections were
mounted on adhesion slides (Superfrost Ultra Plus®, Thermo Fisher Scientific,
USA), and after drying with a hairdryer, the sections were exposed to the BAS-
TR2025 imaging plates (Fuji Photo Film Co, Ltd., Tokyo, Japan) with the exposure
time twice the Ty, of the isotope, i.e. some 40 min for [''C]PK 11195 and some 3.5
hours for ['F]GE-180. The imaging plates were scanned using the Bioimaging
Analyzer Systems 5000 (BAS-5000, Fuji Photo Film Co, Ltd., Tokyo, Japan)
phosphor imager.
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4.5 In vitro methods

The in vitro methods applied in this thesis were blocking studies of the radiotracers
and IHC staining against specific tissue markers of interest. /n vitro experiments
were performed on tissue sections that were excised from the animals in the in vivo
experiments.

4.51 Blocking studies

To detect whether [''C]PK 11195 and ['*F]GE-180 are binding to the identical target,
an in vitro blocking assay was performed. Tracer binding can be evaluated in vitro
using the radiotracer and its known competitor, a buffer system, and ARG for
imaging purposes (Haubner and Decristoforo, 2011). The competitor is used in
excess when compared to the radiotracer to ensure total blocking. Here,
[''C]PK11195 binding was blocked with unlabelled GE-180 and vice versa.

First, sections from fLLPS-NI (10 pg) and vehicle-injected rats were defrosted and
pre-incubated in 50 mM Tris-HCI (pH 7.4, room temperature RT) for 30 minutes.
Then the sections were incubated with [!!C]-PK11195 (0.67 MBq, ~50 pM) or
["*F]GE-180 (0.42 MBq, ~50 pM,) after which non-specific binding of the tracers
was determined by addition of the unlabelled compound, GE-180 (90 nM) or
PK11195 (90 nM), respectively. Thereafter, the sections were washed in cold Tris-
HCI (2 x 5 min) and to remove buffer salts, rinsed in ice-cold distilled water. After
drying, the sections were exposed to the BAS-TR2025 phosphor imaging IPs (Fuji
Photo Film Co, Ltd., Tokyo, Japan) for a period of two half-lives of the radiotracer
in question. The imaging plates were scanned using the Bioimaging Analyzer
Systems 5000 (BAS-5000, Raytest IsotopenmefBgerdte GmbH, Straubenhardt,
Germany) and analysed using the AIDA 2D densitometry software 4.6 (Raytest
IsotopenmeBgerdte GmbH, Straubenhardt, Germany) by drawing ROI’s into the
cortical and striatal areas and calculating the ex vivo binding potential using the
formula:

BP ] — (PSL/mmZ)lesion - (PSL/mmZ)contralateral
ex e (PSL/mmZ)contralateral

4.5.2 Immunohistochemistry

IHC in this thesis was partially performed at the Medicity Research lab and partially
by HistoCore (University of Turku). In Study I, rats were euthanised immediately
after the in vivo PET for ARG analysis, and therefore the rats were perfused rapidly
using heparinized saline during the cardiac puncture after which the brain was snap-
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frozen by immersion in isopentane at —40 °C for further imaging. The same sections
that were applied in ARG, were used for [HC in Study 1.

In Studies II and III, ex vivo imaging was not applied, which allowed the more
time-consuming perfusion fixation protocol. The rats were euthanised by an
overdose of sodium pentobarbital (Mebunat vet 10 mg/100 g, i.p., Orion Pharma,
Turku, Finland) and perfused with heparinised saline and periodate-lysine-
paraformaldehyde (PLP)-light-fixative containing 0.1% glutaraldehyde using a
perfusion pump (Harvard Apparatus, Holliston, Massachusetts, United States). After
this, the brain was excised and post-fixed in PLP light for 4 hours after which they
were cryoprotected in a 30% (w/v) sucrose solution for 2 days. After this, the brain
was mounted in Tissue-Tek® OCT™ Compound (Sakura Finetek Europe B.V.,
Alphen aan den Rijn, Netherlands) and snap-frozen in isopentane (Sigma Aldrich,
St. Louis, Missouri, USA) chilled with dry ice (—40 °C) for later use. The brains were
cut using a Leica CM 3050 S cryostat (Leica Microsystems, Germany) into 10 um
sections using a protocol allowing semi-quantitation after staining. Continuous
cutting allowed staining with 100-pm intervals through the fDTH lesion area 750 pm
from the lesion core on either side.

Given that a proper TSPO Ab was not available at our laboratory at the time of
the studies, CD11b clone Ab recognising integrin alpha-M (OX-42; Serotec
MCAZ275R, Mouse-anti-rat, Oxford, UK) and anti-Ibal (Wako 019-19741, Rabbit-
anti-rat, Wako Chemicals GmbH, Neuss, Germany), both CD11b markers, were
chosen to depict microglial activation in the study subjects. In Study I, also GFAP
(Millipore, Billerica, USA) staining was performed to detect astrocytes. The sections
were first blocked using normal horse serum (10% in PBS) for 1 h, washed with
PBS, and incubated with the primary Ab overnight at 4 °C. After this, the sections
were incubated with a biotinylated secondary antibody (rat adsorbed horse-anti-
mouse IgG for OX-42, horse-anti-goat IgG for GFAP; Vector, Peterborough, UK; or
anti-rabbit IgG for Ibal, Invitrogen, Camarillo, CA, USA) for 1 h at RT. The
immunostaining was then incubated with avidin-biotin-peroxidase complex
(Vectastain Elite kits, Vector Laboratories, Burlingame, CA, USA), developed using
3,3'-diaminobenzidine (DAB; SIGMAFAST, Sigma-Aldrich, Saint Louis, MO,
USA), and to stain the nuclei, counterstained with cresyl violet.

In Study III, staining was performed in a semiautomatic Labvision autostainer
(Thermo-Fisher Scientific, Vantaa, Finland). The sections were pre-heated in citrate
buffer (pH 6, Genmed), blocked with hydrogen peroxide and pre-protein block
(Draco Ab diluent; WellMed), and incubated with either Ibal (Wako, 1:2000
dilution, RT), anti-CD4 (Abcam, ab33775, dilution 1:50), or anti-CD8 (Abcam,
ab33786, dilution 1:200) for 60 min at RT. For the anti-Ibal staining, the Orion 1
step detection system (Goat anti-rabbit HRP; Wellmed) was used as a secondary Ab
for 30 min at RT. For anti-CD4 and anti-CDS staining, the Bright vision 1 step
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detection system (Goat anti-mouse HRP) was used. The sections were stained with
DAB (Taurus; Wellmed) and counterstained with Mayer’s haematoxylin.

Different methodologies were applied in the quantification of the
immunostainings of this thesis. In Study I, the number of OX-42" cells were
calculated as an average count per area from three random locations in the cortex
and striatum. In Studies II and III, the Ibal-immunopositive area was calculated
semi-quantitatively. In Study II, the hypercellular lesion core volume was estimated
by integrating the lesion areas with 300 um intervals through the length of 1200 um.
In Study III both the perilesional area and the hypercellular core were evaluated with
100 um intervals through the distance of 1500 um by delineating the area of darker
staining using CaseViewer 2.1 software (3DHISTECH Ltd., Budapest, Hungary).
Integration of the volume using the trapezoidal rule was applied to each subinterval.
The perilesional volume and the lesion core volume was estimated:

n—-1
1
V= EZ(le —x) Vi + Vit1)
i=0

where x = is the position of the cutting plane and y is the area of the region of interest
(ROI).

Moreover, to detect T lymphocytes, brain sections adjacent to the lesion core that
was detected by anti-Ibal staining were selected for analysis. Because individual
CD4" and CD8" T cells could not be detected, quantitation was performed by
measuring the optical density (OD). The image was deconvolved to an 8-bit image
representing the DAB staining (Fiji Image] v1.52p). A ROI was drawn on the
coronal brain section in the lesion core, in the perilesional area, and to the
contralateral side, which corresponds to the lesion core on the ipsilateral side. ODror
was calculated using the formula (NIH, 2021; Ruifrok and Johnston, 2001):

maximum intensity)

0D =10( - '
ROI g mean intensitypo;

in which maximum intensity is 255 that corresponds white in an 8-bit image, and
mean intensityror is the mean intensity from the lesional or perilesional area obtained
from three brain sections within one individual. The final OD count was obtained by
subtracting the contralateral ODror from the lesional or perilesional ODgo, i.6. OD=
ODROIlesion or perilesion™ ODROIcontra-

4.6 In vivo image analysis

In Study I, image analysis was performed in Carimas (2.6, University of Turku) by
calculating the binding potential (4.6.1) by drawing spherical VOI’s in the ipsilateral
and contralateral hemispheres. To increase spatial visualisation of the tracer binding,
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the f/LPS-NI rats were further modelled three-dimensionally (3D). Alignment of PET
images was performed to the Schiffer template in PMOD (3.4) and pixel-wise
calculation of the BPnp was conducted based on values from a spherical contralateral
reading (Matlab R2011a; The MathWorks). Averaging and subtraction of the
processed images was completed in Statistical Parametric Mapping (SPM §;
Wellcome Trust Centre for Neuroimaging).

In Study 11, image processing was performed in Pmod 3.4 (Pmod Technologies,
Zurich, Switzerland) the analysis in MatLab 2011 (The MathWorks, Natick, MA,
USA). The image analysis for Study Il was optimised several times using different
software, starting with Inveon Research Workplace, Carimas, and Pmod, and testing
different methodologies for analysis before deciding the final analysis approach for
the whole dataset, which was the simplified reference tissue model (SRTM; 4.6.2).
For Study III, analysis was performed in Pmod 3.4.

First, in Study II, the preliminary analysis on day 14 data was performed using
the image analysis software provided by the scanner manufacturer Inveon Research
workplace (Inveon, Siemens) by applying a sphere of different sizes (¢ 0.5—1 mm)
on the lesion area. In this sphere approach, however, lesion delineation is only
directional, because lesion shape varies between individuals. Thus, a hotspot was
applied within the lesion with a visual inspection. This analysis was later confirmed
using Carimas 2.6, to observe whether results vary between software.

Due to variance in the results, a thresholding approach was applied, where a
percentage of the voxels with increased binding in reference to the contralateral
binding is determined. Here, the threshold value was obtained by measuring the
contralateral binding and considering values over the binding on the contralateral
side and adding two standard deviations (SD). The threshold was set to 40% and
60% of the maximal binding within a specified volume of interest (VOI). Because
we were interested in the perilesional binding of the tracer, we sought also to test a
“donut”-method, in which the threshold was set to 40-85% or 60-85% of the
maximal binding. However, setting the threshold seemed arbitrary, so finally, we
decided to evaluate the SRTM approach, which is explained later. For this,
normalised, parametric BPxp maps were created to be able to compare images from
different imaging sessions with each other. The lesion was first delineated using a
small spherical VOI (1.5 mm?®), but delineation using the isocontour tool seemed to
portray the lesion better. The decision was supported by calculating the coefficient
of variation (anti-VLA-4 treated 40%; Control 45%), which expresses the precision
and repeatability of an assay by determining the ratio of the SD to the mean.

Because imaging in Studies I and I1I was performed simultaneously for two rats,
the images were divided before the analysis. Pre-processing of the images required
alignment of the PET scan to the Schiffer MR template that was inbuilt into the
PMOD software. First, the PET was aligned to the CT space, after which the CT was
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aligned to the MR space. When the two transformations had been combined, the
output was manually supervised and motion correction was applied whenever
needed. Having the animals in the MR space allowed the contralateral input to be
positioned in the same place within all animals in Study II. In Study 111, the alignment
allowed the use of a single VOI throughout the imaging time points.

4.6.1 Binding potential

In all three Studies, the binding potential was the outcome measure in the analysis
of the in vivo imaging. Binding potential is the most commonly used output
describing the specific binding of a radiotracer to its receptor (Sridharan et al., 2017).
The non-displaceable binding potential (BPxp) is a typical measurement in reference
tissue methods, which describes the specifically bound radioligand in the ROI
compared to the non-displaceable radioligand uptake within a reference region (Innis
et al., 2007). However, in Study I, BPxp was referred to as bound-to-free ratio due
to inaccuracies in nomenclature.

In Study I, BPnp was obtained by determining the window for maximal binding
(25-50 min), drawing a spherical VOI on the ipsilateral side, mirroring the obtained
VOI to the contralateral side, and applying the values to:

50 50
(f25 TAC) jesion — (fzs TAC) contralateral

50
(fzs TAC)contralateral

In Study III, the images were first summed to create a standardised uptake value
(SUV) map (25-50 min). The volume of interest (VOI) was drawn using the
Automatic Isocontour Detection tool, by choosing the time point where the lesion is
at its largest (varied between individuals from week 1 to week 2). This VOI was then
applied to all other time points within one individual. To calculate the BPnp, a value
from a contralateral, spherical VOI was obtained:

_ (SUV)lesion - (SUV)contralateral
BPyp =
(SUV)contralateral

For the fDTH-EAE rats in Study III, the BPnpAdgayx—dayo Was calculated from
parametric BPyp-maps (25-50 min) to increase comparability of individuals. This
was performed by normalising the BPxp from all imaging time points (days 7, 14,
30, 60, and 126) to the BPxp of the baseline image at day 0. The fMOG-EAE rats
were not imaged at day O because it is the day of the intracranial procedure and
performing TSPO imaging is not reasonable. Thus, results are indicated as BPxp for
all the available imaging time points on days 14, 30, and 60.

BPND =
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4.6.2 Simplified reference tissue modelling

In Study II, parametric BPxp maps were created using an in-house made basis
function implementation of SRTM (Gunn et al., 1997) in MatLab 2011 (The Math-
Works, Natick, MA, USA). Reference tissue input was obtained from a spherical
VOI (1.4 mm®) on the contralateral hemisphere. The 0 parameter was limited to
0.05-0.4 min~'. Estimation of the BPxp was based on 100 basis functions.

The regional mean BPxp was determined from the BPxp map using the iso-
contour tool, where the threshold value was manually determined on the edge of the
lesion area by visual inspection. The lesion size varied within individuals and time
points between sizes 1-11 mm?>. The outcome measure, change in BPxp, was
calculated by normalising each time point (i.e. day 44, 65, 86, or 142) to the baseline
(i.e. day 30) value by using the formula BPNDAdayx/day3OZABPNDdayx/BPNDdaym.
Because the images were parametric, they were visually comparable, even though
some variation may result from the reference area.

4.7 Statistical analyses

All preliminary statistical analyses were conducted using GraphPad Prism (5.1 or 9;
San Diego, CA, USA) using a two-tailed, unpaired Student’s t-test and the results
were considered significant if p < 0.05. All measures are reported as mean (SD).
Multivariate analyses for therapy interventions were performed in SAS (9.4 for
Windows; SAS Institute Inc., Cary, NC, USA) using a linear mixed model with a
compound symmetry covariance structure. It included a time factor, a group factor,
and their interaction that was used to assess whether the change over time was
significantly different in the treated groups compared to the control groups. Post hoc
analysis was applied if the interaction term was significant, and the logarithm of the
response was used instead of the original values for the model to fulfil the normality
assumption. In post hoc analyses, p-values were adjusted using the Tukey-Kramer
method and the normality assumption was checked using the studentised residuals.
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5 Results

5.1 Effect of the procedures and pharmaceuticals
on animal welfare

Animal weight gain was reported throughout the studies (Figure 8). In Study I,
significant differences were detected between the ['*F]GE-180 imaged ex vivo fLPS
(10 pg) and sham-operated rats (p = 0.01), fLPS (1 pg) and sham-operated rats (p =
0.03), as well as the [''C]PK 11195 in vivo imaged fLPS (10 pg) and sham-operated
rats (p = 0.04). Bodyweight increased significantly during the conduct of Studies 11
and III within the control and treated groups, but no differences were detected
between the studied groups. During the conduct of the studies, we did not observe
any differences between the weights of the vehicle-treated rats to the rats treated with
either anti-VLA-4 or DMF. The weight did not differ between the groups overall.

In Study 1, all but two animals (n = 32) recovered from the stereotaxic procedure.
In studies II and 111, all animals (r = 44) recovered from the fDTH and /MOG-EAE
model-induction procedures, but during the week 4 PET study, one control animal
died in the PET scanner, possibly due to overdose of anaesthesia. During the course
of the studies, we did not observe any adverse effects or clinical manifestation of NI
as sickness behaviour or motor abnormalities.
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Figure 8. Weight of rats. a Weight of the LPS-NI rats in Study I. b Weight gain of the fDTH-EAE
rats during Study Il. ¢ Weight gain of the fDTH-EAE rats in Study IIl. * = p<0.05; *** =
p<0.001.

5.2 Comparison of ['®F]GE-180 and ["'"C]PK11195

Analysis of the biodistribution of the tracers in the fLPS-NI (1 pg or 10 ug) model
and sham-operated animals (Figure 9) showed no differences between the studied
tracers or groups. No overt defluorination of ["*F]GE-180, which would be expressed
as skull bone binding, was detected. Overall tracer uptake in the brain was not
increased, even though the intrastriatal injection of LPS unilaterally caused a diffuse
inflammatory lesion in the injected hemisphere, which was detected by ex vivo ARG
(Figure 10), in vivo PET imaging (Figure 11), and staining for OX-42 and GFAP
(Study I). Increased TSPO binding in the injected hemisphere was detected using 10
ug and 1 pg injections of LPS, while the sham operated rats injected with saline,
showed only a minor increase in uptake.
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Figure 9. Biodistribution of [''"C]PK11195 and ['®F]GE-180 in the fLPS-NI (1 ug or 10 pg) and
sham-operated rats (n = 3/group). No significant differences were observed between
the studied tracers when analysed with one-way ANOVA. Skullbone and olfactory bulb
samples were only collected from the ['®F]GE-180 imaged rats. No overt defluorination
of ['®F]GE-180 was observed when looking at the skull bone biodistribution.

The properties of ['*F]GE-180 were further evaluated by radiometabolite analysis of
["®F]GE-180 using radio TLC. The method indicated five distinguishable
radiometabolites in plasma, whereas previous studies using high-performance liquid
chromatography (HPLC) showed up to three radiometabolites (Boutin et al., 2015).
The parent fraction of ['F]GE-180 in rat plasma followed a hill function, as
expected. The unmetabolized fraction of ['*F]GE-180 in plasma was 0.81, 0.55, 0.31,
and 0.23 at time points 5, 15, 30, and 60 minutes, respectively. The parent fraction
of ['8F]GE-180 in the brain was 66—77% at all time points), which was slightly lower
than previously reported (Boutin et al., 2015). Furthermore, Liu et al. (2015) have
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reported slightly higher HPLC parent fraction in the mouse brain than what was
found here (Liu et al., 2015).

By using the rapid ultrafiltration method for the plasma samples the fraction of
radioactivity in plasma not bound to proteins was determined. The free fraction of
radioactivity was 0.09, 0.31, 0.49, and 0.72 at time points 5, 15, 30, and 60 min,
respectively, after the ['*F]GE-180 injection. Previously, the free fraction has been
studied in human plasma using in vitro ultrafiltration methods and found to be 0.35
(0.011) (Zanotti-Fregonara et al., 2018).

The properties of ['*F]GE-180 were shown to be advantageous over those of
[''C]PK11195. Using ex vivo ARG imaging (Figure 10), increased uptake in the
ipsilateral hemisphere was observed in the fLPS-NI (10 ug: 1.32 (0.13); 1 pg: 1.33
(0.17)) rats using ["*F]GE180 (p = 0.0004), but not with ["'C]PK11195. In the
autoradiographs (Figure 10c), in addition to the NI that is visible on the injected
hemisphere of the fLPS-NI rats, there is specific binding of both tracers,
[""C]PK11195 and ["F]GE-180, in the ventricles, where the ependymal cells
expressing TSPO are located, as well as the endothelial cells in the arteries and the
venous sinuses. Therefore, no area in the brain is fully devoid of specific TSPO
binding.

To assess the validity of the contralateral hemisphere as a reference area for
calculation of the BPxp, binding of [''C]PK11195 in the contralateral hemisphere
was compared to its binding in the cerebellum (Figure 10b). No differences were
detected between the contralateral/cerebellum binding ratio of the fLPS-NI animals
when compared to the sham-operated animals (p = 0.11).

Selectivity of [''C]PK 11195 and ["*F]GE-180 were shown in the in vitro binding
studies, which indicated the reduced signal of the total binding of [!!C]PK11195
(Figure 11a; p < 0.0001) and ["®F]GE-180 (Figure 11b; p < 0.001) when blocked
with GE-180 and PK11195, respectively.

In vivo imaging revealed that both tracers showed a difference in the fLPS-NI
(10 pg) rats compared to the sham-operated rats (p < 0.0001), and additionally,
["®F]GE-180 showed increased uptake in the injected hemisphere (p < 0.01)
compared to ['!C]PK11195 (Figure 12). Increased TSPO uptake was observed in the
JLPS-NI (10 pg) rats (['"C]PK11195 0.472 (0.057); ['"®F]GE180 0.918 (0.068), but
not in the controls ([''C]PK 11195 -0.002 (0.072), ['"*F]GE180 0.000 (0.012) (Figure
12b). 3D pixel-wise modelling was performed to visually inspect tracer properties.
Averaged and normalised BPxp maps were modelled, using the time frame for
maximal binding for both tracers (25—50 min), which was acquired from the bound-
to-free TACs (Figure 12a). The resultant images indicate the larger segmented area
when using ['*F]GE-180.
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Figure 10. Comparison of ['"C]PK11195 and ['®F]GE-180 using ex vivo imaging of fLPS-NI. a
ARG of [""C]PK11195 and ['®F]GE-180 fLPS-NI (1 ug or 10 ug) and sham-operated rats
(n = 3/group) showed an increase in the ["®F]GE-180 imaged APS-NI rats when
compared to the sham-operated rats. b The use of the contralateral ROI as a reference
area was evaluated by calculating the ratio between the contralateral ROI and the
cerebellum from the ex vivo ARG by ['""C]PK11195. No differences were detected
between the fLPS-NI and sham-operated animals. ¢ Representative coronal
autoradiographs from the fLPS-NI (1 pg or 10 pug) and sham-operated rats using
['"C]PK11195 and ['®F]GE-180. Arrowheads are pointing at the injection site.
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Figure 11. In vitro blocking studies demonstrating specificity of [''C]JPK11195 and ['®F]GE-180 with
representative autoradiographs (colour scaling not comparable). a In vitro ARG
indicated reduction of ['"'"C]JPK11195 binding in a LPS-NI (10 ug) rat when blocked with
cold GE-180. b In vitro ARG indicated reduction of ['®F]GE-180 binding in a LPS-NI (10
pg) rat when blocked with cold PK11195. *** = p < 0.001; **** = p < 0.0001.
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Figure 12. Comparison of ['"C]PK11195 and ['®F]GE-180 using in vivo imaging of LPS-NI. a In
vivo PET analysis of the bound-to-free activity counts were calculated by subtracting the
contralateral ROl TAC from the lesion ROI TAC. Average counts of ['"®FIGE-180 are
shown in green and ['"C]PK11195 in blue (SD is shown one-sided to improve
visualisation). b In vivo BPnp of the LPS-NI (10 pg) injected and sham-operated rats
indicated a significant difference with both the tracers between the studied groups using
[""C]PK11195 (LPS: 0.472 (0.057); sham: —0.002 (0.072), p < 0.0001) and ['®F]GE180
(LPS: 0.918 (0.068), sham: 0.000 (0.012), p < 0.0001). A significant difference was also
detected between the ['®F]GE-180 and [''C]PK11195 imaged fLPS-NI rats. Error bars
indicate the SD. ** = p < 0.01; ***= p < 0.001. 3D pixel-wise reconstruction of ALLPS-NI
(10 pg) rats demonstrated a larger VOI that can be segmented when imaged with
['®F]GE-180 (d) when compared to [''C]PK11195 (c).
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5.3 Effect of immunomodulatory treatment on the
binding of ["®F]GE-180 in focal EAE-models

The in vivo PET image analysis for the anti-VLA-4 regimen was optimised for day
44 (i.e. 14 days of treatment) before analysing other time points of the study (Figure
13). A uniform spherical VOI was evidently neglecting parts of a lesion because the
shape varies between individuals, so we sought to evaluate delineation of the lesion
using a hotspot (Figure 13b), thresholding (Figure 13¢), and ‘the donut’ analysis
approach (Figure 13d). Finally, SRTM was chosen for analysis of the other time
points (Figure 13e). Here, the parametric BPxp maps were obtained using SRTM and
a contralateral spherical VOI (constant volume 1.4 mm?) as a reference region. The
lesion was segmented using the isocontour tool by visual inspection, because of the
previously mentioned issue with the spherical VOI. The decision was supported by
calculating the coefficient of variation (anti-VLA-4 treated 40%; control 45%).
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Figure 13. a Evaluation of the analysis methods for the anti-VLA-4 treatment regimen time point 44
days (after 14 days of treatment). b A representative image of a “Hotspot analysis”,
where a VOI was drawn on the lesion hotspot using the isocontour tool and then
mirroring the VOI to the contralateral side. ¢ Representative image of the “Threshold
contra+2SD” analysis, in which the threshold was determined based on a count from a
spherical VOI on the contralateral side, to which 2 SD’s were added. This count was set
as the delineation threshold, which was again mirrored to gain the contralateral reading.
The specific binding from the ventricle was manually removed. d A representative image
of the “donut” analysis, in which the threshold removed the highest 15% and the lowest
40% of the binding within a large spherical sphere. e A representative image of the
“SRTM isocontour” analysis lesion was segmented using the isocontour tool by visual
inspection.
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To mimic a more progressive state of the fDTH-lesion, anti-VLA-4 treatment
was started on day 30 after the lesion was activated, when the neuroinflammatory
processes continue behind the resealed BBB. After two weeks of anti-VLA-4
treatment, between days 30 and 44, there was a trend towards decreased ['*F]GE-
180 binding in the anti-VLA-4 treated rats compared to the controls (p = 0.067,
Figure 14). However, after the treatment had been halted for four days, analysis of
the day 65 images revealed a rebound increase in ['*F]GE-180 binding in the anti-
VLA-4 treated rats when compared to the control rats (p = 0.0003). Additionally, a
difference was detected between the treated and control animals in the binding on
days 44-86 (p = 0.018). After the NI peak in ["*)F]GE-180 binding on day 65, the
['®F]GE-180 binding of the animals treated with anti-VLA-4 returned to the level
corresponding with the control animals on day 142 (p = 0.007).

While the anti-VLA-4 treatment was administered for 31 days at a chronic state
of the lesion, the DMF therapy was started on the day of lesion induction in the acute
stage of the lesion for both the fDTH- and /MOG-EAE rats and continued for 60
days twice daily. In the fDTH-EAE rats, the BPxp of ['F]GE-180 on day 7
(BPNDAday7-day0) Was reduced in the DMF-treated group compared to the control
group (p = 0.031; Figure 15). However, when considering the longitudinal imaging
time points, no significant differences were detected in the BPxpAgayx-dayo OVer time
between the DMF-treated group and control group (p = 0.142) on days 7, 14, 30, and
60. Furthermore, no rebound effect was detected on day 126 after halting the DMF
treatment on day 60. The f/MOG-EAE rats were not imaged at day 0 because it is the
day of the intracranial procedure and thus, inflammation is increased because of the
surgical procedure. Thus, results are indicated as BPxp, since no baseline image was
acquired at the start of treatment. PET imaging was performed on days 14, 30 and
60. No differences were detected between the DMF-treated and the control rats.
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Figure 14. The SRTM analysis of the anti-VLA-4 treated (green) and control rats (blue) showing
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the individual course of lesions. a The BPyp is calculated as a function of treatment from
parametric SRTM-BPnp-images by normalising the BPnp value from all time points to
the day 30 BPnp. Treatment was started 30 days after the activation of the lesion, and
a baseline PET/CT image was acquired. Animals were treated with anti-VLA-4 or an
isotype-matched non-binding control mAb s.c. every 3 day until day 61. The treatment
period is visualised by the light grey background. On the right, the lesion cores stained
for Iba1 are presented in the order in which they appear in the graph at day 142. b
Representative in vivo BPnp maps of an anti-VLA-4 treated (nr. 2) and control rat (nr. 2)
from the axial plane from all the imaging time points.
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Figure 15. The BPnp analysis of the DMF treated (green) and control rats (blue) showing the
individual course of lesions. Animals were treated twice daily with oral DMF (15
mg/kg) in Methocel or with vehicle (tap water with 0.08% Methocel). The treatment
period is visualised by the light grey background a The BPyp for the fDTH-EAE rats was
calculated as a function of treatment from parametric SUV-BPnp-maps (25-50 min). The
BPnp values from all time points (days 7, 14, 30, 60, and 126) were normalised to the
day 0 BPnp. Treatment was started on the day of the activation of the lesion, and a
baseline PET/CT image was acquired. Treatment effect was detected on day 7. b The
MOG-EAE rats were not imaged for baseline at day 0 because it is the day of the
intracranial procedure and thus, results are indicated as BPnp. PET imaging was instead
performed on days 14, 30, and 60. No differences were detected between the DMF-
treated and control rats.
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54 The effect of immunomodulatory treatment on
thedhilstological composition in a focal EAE-
mode

The semi-quantitative analysis for Ibal in Study II (Figure 16) and Study III (Figure
17), expressing microglial activation and infiltrated macrophages within the fDTH-
lesion area, indicated no differences in the lesion size between the control and treated
rats at the studied time points. In Study III, both the infiltrated core of the lesion and
the perilesional activation were measured separately, but no differences were
detected with either method.

In Study I1I, to detect changes in lymphocyte infiltration, staining was performed
also for CD4" and CD8" T cells (Figure 18). Both the cell types were observed in the
infiltrated lesion core and the perilesional area. Anti-CD4 staining showed
significantly higher OD values at the lesion core of the control animals compared to
the perilesional area (p < 0.001), but this was not observed in the DMF-treated group
(p = 1). Additionally, the control rats showed higher OD of CD4" cells at the
infiltrating lesion core compared to the DMF-treated rats (p = 0.041). No differences
in anti-CD4 expression were observed between days 14 and 30 (p = 0.3), and no
differences in OD were detected in the perilesional area.

Furthermore, the control rats had higher OD of CD8" cells in the lesion core
compared to the perilesional area p < 0.001), whereas no such difference was
detected in the DMF-treated group (p = 0.2). In addition, no difference was detected
in the OD of CD8" cells between days 14 and 30 (p = 0.9), and no differences in the
OD were detected in the perilesional area.
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Figure 16. Anti-lba1 staining of the anti-VLA-4 regimen at days 44, 67, and 142 in Study Il. a
Representative images of anti-lba1 staining. Stereotaxic operation with heat-killed BCG
was performed on day -28 (n = 18) and lesion activation was performed on day 0. Day 44
rats were treated every 3™ day during days 30—44 with anti-VLA-4 and the control animals
with an isotype-matched control mAb. Day 67 rats were treated at days 30-57 with a 10
pause in treatment. Day 142 rats were treated during days 30-61 and euthanised for IHC
at day 142. The scale bar in each figure is 100 um. b Lesion volume was calculated by
integrating lesion areas from 5 sections with 300 um intervals from the lesion core. No
differences in lesion volumes were detected between the studied groups.
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Figure 17. Anti-lba1 staining of the DMF regimen on the fDTH-EAE rats at days 14, 30, and
126 in Study lll. a Representative images of the anti-lbal staining. Stereotaxic
operation with heat-killed BCG was performed on day -28 (n = 9) and lesion activation
was performed on day 0. The day 14 and 30 rats were treated twice a day with DMF 15
mg/kg or vehicle. The day 126 rats were the same animals that were used for the PET
regimen, treated with DMF 15 mg/kg or vehicle on days 0-60, and euthanised for IHC
at day 126 after the last PET scan. The scale bar in each figure is 100 um. b A
representative image of the delineation of the lesion core (solid black line) and
perilesional area (dotted black line) of a week 18 control animal. The lesion core is the
infiltrative area of the lesion with high Iba1 expression and the perilesional area is a
subjective estimate of the area of increased diffuse Iba1 expression that is higher from
the contralateral Iba1 expression but less prominent as the lesion core. ¢ Lesion core
volume was calculated by integrating lesion areas from 15 sections with 100 pm
intervals from the lesion core. d The perilesional volume was calculated similarly for the
core volume. No differences in lesion volumes were detected between the studied
groups.
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Figure 18. Anti-CD8 and anti-CD4 staining of the T lymphocytes in Study lll. Staining was
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performed on the DTH-EAE rats in the DMF regimen 14 (n = 8) and 30 (n = 8) days
after treatment. a The OD of CD4* and CD8" T cells at the infiltrated fDTH-lesion core.
The asterisk (*) is denoting the significant differences between DMF-treated and control
rats. b The OD of the perilesional area, where microgliosis was also observed. The
control group had significantly higher OD values of CD4* and CD8* staining at the lesion
core when compared to the perilesional area (p < 0.001). Furthermore, the control rats
had increased CD4* OD values at the lesion core (a) compared to the DMF-treated
group (p = 0.041), which was not detected with CD8. The dollar sign ($) is indicating
significant differences between the CD4* OD of the control animals at the focal DTH-
lesion core (a) compared to the perilesional area of the control rats (b) (p < 0.001). The
number sign (#) indicates significant differences between the CD8* OD of the control
animals at the lesion core (a) compared to the perilesional area of the control rats (b)
(p < 0.001). The results are indicated as mean (SD). ¢ Representative images of the
IHC staining for CD4* and CD8* cells in the infiltrated fDTH-lesion core in the control
and DMF-treated rats. Sections are counterstained with haematoxylin to detect the
nuclei. Scale bar = 500 yum or 100 ym in the enlarged image.



§) Discussion

6.1 Animal models of neuroinflammmation

It is often stated, that EAE is the most common animal model that is used for
studying MS in animals (Burrows et al., 2018). It must be addressed, that models
that are commonly referred to as EAE, can be induced in several different species
and strains of animals, by using several different encephalitogens or toxins that can
be administered in different anatomical locations, resulting in models that depict
very different aspects of MS. Evidently, there are major challenges in the usability
of animals for studying human diseases. EAE as a model has received criticism on
the lack of resemblance with MS (Behan and Chaudhuri, 2014; Sriram and Steiner,
2005), while at the same time it has been praised for its capability to aid the research
of MS (Kipp et al., 2017; Steinman and Zamvil, 2006).

In addition to EAE, there are purely inflammatory models of demyelination,
which are induced by administering toxins in animals, such as the cuprizone model.
Here, the focal models of NI were chosen as study subjects due to their applicability
to imaging and longitudinal treatment studies. The model of acute NI induced by
intrastriatal LPS injection has been applied in many PET studies since the
publication of Study I (Berdyyeva et al., 2019; Ory et al., 2015; Sridharan et al.,
2017). The model is relatively quick to induce because it can be applied to imaging
studies already 16 h after the procedure. However, few clinical indications
correspond with such inflammation. For this reason, the EAE models were applied
in Studies II and III to evaluate the therapeutic effect of immunomodulatory drugs.
By creating an individual lesion at a specific location in the CNS, assessment of
lesion activity and the effect of drugs can be monitored longitudinally even after the
BBB has resealed, i.c. the lesion is invisible to conventional MRI.

The question arises, how close a resemblance does EAE have with MS. The
study by Hoftberger and co-workers (2015) answers this question partially. When
studying a patient post mortem, who had MS-like primary demyelination, and the
diagnosis of demyelinating human autoimmune encephalitis (HAE), it was
discovered that the direct immunisation of the subject using brain tissue can induce
a disease fulfilling the pathological criteria of MS. However, HAE histopathology
differs from EAE by the high number of CD8" T cells and B-lymphocytes, but lack
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of CD4* T cells, which again are common in EAE and ADEM (Ho6ftberger et al.,
2015). Thus, histopathology does not directly describe the induction of the disease
or the pathogenesis. In addition, it has been shown that the pathology of an EAE
lesion is strongly site-dependent, since the outcome is different whether lesion
initiation occurs in the WM vs. GM (Merkler et al., 2006).

There is no perfect model that would tell us the exact mechanism of how
diseases, such as MS, emerge (Behan and Chaudhuri, 2014). Here, induced EAE was
applied, which has been criticised for then non-spontaneous occurrence of the
disease. In study I, the LPS-model was applied to create a massive unilateral
inflammation in the whole hemisphere, which rarely occurs in disease states, like the
rare disease Rasmussen’s encephalitis (Varadkar et al., 2014). Such models may
have lesser value in studies of pathology or therapeutic efficacy assessment because
they are purely toxic induced models. However, they provide a rapid and
reproducible tool for diagnostic assessment of NI. The fDTH- and MOG-EAE
models, on the other hand, provide a more pathophysiologically relevant model for
studies of pharmaceuticals, even though the method of induction is non-spontaneous.
The rationale for choosing these two models for evaluation of DMF was that they
describe different aspects of MS: the fDTH-EAE model depicts a robust, Ab-
independent cell-mediated lesion, while the MOG-EAE represents a humoral
demyelinating lesion (Anthony et al., 2014a).

6.1.1 Efficacy assessment of pharmaceuticals in animal
models

EAE models are widely used in studies of pharmaceuticals. In a PubMed search,
using the search terms "EAE/experimental autoimmune encephalomyelitis/
experimental allergic encephalomyelitis AND drug/pharmacotherapy/therapy/
treatment", more than 18 000 publications come out. Previously, several other
studies have shown the applicability of the fDTH- and MOG-EAE models in
evaluation of the therapeutic effect of drugs (Airas et al., 2015a; Anthony et al.,
2014a; Anthony et al., 2014b). In studies II and III, we applied the fDTH-EAE
model, which depicts the MS pattern I lesion, where an active inflammation peak
can be detected 1-2 weeks after the peripheral activation of the immune system. This
has been observed as BBB breakdown using Gd-enhancement, followed by BBB
resealing some 4 weeks after the intracerebral injection of heat-killed BCG
(Matyszak and Perry, 1995). In Study 11, in the chronic state of fDTH-EAE, 2-week
treatment with anti-VLA-4 had a modest effect on NI, while withdrawal of treatment
increased NI. This was detectable using TSPO PET.

Natalizumab was, in fact, first developed when studies with disseminated forms
of EAE showed that anti-VLA-4 was able to slow down disease progression by
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preventing entry of encephalitogenic T cells into the CNS (Yednock et al., 1992). In
study II, despite the modest effect of anti-VLA-4 on the fDTH-lesion,
discontinuation of the drug was causing a distinct increase of NI. To observe whether
such a rebound would occur after discontinuation of DMF, which has been reported
by others (Harmel et al., 2018), we sought to evaluate ['*F]GE-180 uptake 10 weeks
after the discontinuation of DMF. Although no rebound effect was detected, we
cannot rule out an increase in binding prior to study week 18.

In Study III, in addition to the fDTH-EAE, also the f/MOG-EAE rat model
depicting pattern II lesions in MS, was applied to evaluate the efficacy of DMF using
the TSPO PET tracer ['*F]GE-180. Here, the f{DTH-EAE was further analysed using
[HC. The Student’s t-test indicated reduced uptake of ['*F]GE-180 in the /DTH-EAE
rats after 7 days of twice-a-day treatment with DMF compared to the vehicle-treated
control group. However, in the longitudinal analysis, no therapeutic effect was
detected. Likewise, no differences in ["*F]GE-180 binding were detected using the
/MOG-EAE. Clearly, at most time points, more power would have been needed to
confirm the results. In addition, the tracer may not have been specific enough to
detect the inflammation in these models.

Moreover, we were not able to detect a reduced volume of the fDTH-EAE lesion
neither in the anti-VLA-4 treated rats nor in the DMF-treated rats, using anti-Ibal
staining for activated microglia and macrophages. Burrows and colleagues (2018)
state that timing of the therapeutic interventions is of critical value, highlighting the
treatment schedule of natalizumab and fingolimod interventions, in which start of
the treatment before symptoms or at the first relapse peak has apparent effects on the
efficacy, being decreased or absent in the latter setting (Burrows et al., 2018). When
using the focal EAE models, in which there is no apparent phenotype, the timing is
evidently more conceptual.

Because DMF has been shown to reduce the number of CD4" and CD8" T
lymphocytes in patients with RRMS (Mehta et al., 2019), we performed IHC also
for CD4" and CD8" T lymphocytes in Study III. Interestingly, the staining for Ibal
as well as the CD4" and CD8" staining indicated a halo in the perilesional area
outside the infiltrative fDTH-core. This indicates the expression of CD4 and CDS8 in
the activated microglia, in addition to the T lymphocytes. This could have been
confirmed by doing a double-staining, but unfortunately there was no tissue left for
the staining. Both markers have previously been shown to be expressed by microglial
cells (Almolda et al., 2009; Boddaert et al., 2018; Sawada et al., 1992), because
calculation of individual CD4" and CD8" cells was not possible due to observation
of staining outside individual cells, the OD for both the lesion core and the
perilesional area was calculated instead. OD values of CD4 staining were
significantly higher in the lesion core of the control animals, which is possibly due
to the lymphocytes with high expression of CD4 and CD8 when compared to the
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perilesional area, in which the microglia with lower expression of these markers are
located. Furthermore, DMF treatment reduced the staining of CD4 at the infiltrative
lesion core, which indicates that DMF reduced infiltration of T cells at the lesion
core but did not affect the cells in the perilesional area.

The use of DMF has previously been reported to induce gastrointestinal effects
(Deeks, 2016), which would manifest as lesser weight gain in the DMF-treated
group. However, this was not observed during the treatment period of 0—8 weeks
using the fDTH-EAE rat model.

6.1.2 Ethical considerations of animal models in research

Undoubtedly, when using animals in scientific research, the question arises whether
it is necessary or if it can be avoided. Institutions opposing animal experiments state
that in vitro cell- and tissue cultures would be enough to avoid animal use, human
volunteers can be recruited, or that already existing pharmaceuticals can be used for
novel indications (Oikeutta eldimille, 2021). I believe that it is easy to state that
animal experimentation needs to be discontinued, while not having a proper solution
to replace them. By doing this, the individual is pushing not only the moral
consideration of what is ethically acceptable in certain situations but also the
scientific responsibility, on others’ shoulders.

Indeed, great effort has been made to replace animal studies with in vitro or in
silico models. The Organisation for Economic Co-operation and Development is
promoting the validation of alternative testing worldwide (OECD, 2021). In Europe,
the EU Reference Laboratory for alternatives to animal testing is promoting alternate
methods (EURL-ECVAM, 2021), and in Finland, there was a special laboratory
Finnish Centre for Alternative Methods (FICAM) that was supported by the Ministry
of Agriculture and Forestry of Finland (MMM, 2013). Alternate methods are
preferred whenever possible because it is required under the REACH Regulation
(Registration, Evaluation, Authorization and Restriction of Chemicals, commission
regulation (CE) n.1907/2006) within the EU.

However, when researching in fields such as NI, the complex nature of the
physiological events and barriers cannot be fully replicated in vitro, and often there
is limited access to human tissue samples (Bjelobaba et al., 2018), as is the case with
MS patients who rarely die at an early stage of the disease. Furthermore, due to the
legislation, prior to clinical studies of pharmaceuticals all substances, including
radiopharmaceuticals, must be evaluated in vivo (EMA, 2018).

The use of animals in experiments is therefore operated under the legislation of
the issuing country and the directives of the European Union (EU, 2010). An
authorisation is required for all procedures involving animals and in Finland, it is
issued by the Project Authorisation Board (AVI, 2021). All animal experiments must
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to be performed following the principle of 3R’s: Replacement, Refinement and
Reduction (Kilkenny et al., 2012), which state that experiments need to be replaced
whenever possible, the experiments need to be fine-tuned to maximise animal
welfare, and the number of animals needs to be kept as low as possible. While animal
experiments are under heavy legislative control, much of the responsibility of animal
welfare relies on the operating researcher and the supervising institution.

6.2 PET as a tool for studying neuroinflammation

PET is a valuable tool for quantitative evaluation of inflammatory processes because
it can visualise the physiological events during a disease state, not just the anatomy.
Using PET, we can non-invasively monitor neuroinflammatory changes related to
disease course, functionality of the brain, or individual therapeutic effect. However,
some methods of PET data modelling require invasive arterial sampling, while there
are methods, such as image-derived input function, which can be applied in many
cases.

The limitation of the method is the spatial resolution of the camera, reflecting
the physical boundary of the radiolabel (Moses, 2011). The applicability of PET
imaging in the diagnosis of MS is also restricted by the high cost of the method that
requires cyclotron and radiochemistry laboratories, PET scanners, and educated staff
(Cheng et al., 2009; Niccolini et al., 2015). If the limitations can be overcome, PET
can be applied in cases where a diagnosis is unclear or where treatment effect is
ambiguous. In clinical settings, TSPO uptake has been shown to be a prognostic
marker of disability in MS (Politis et al., 2012). In addition, increased [''C]PK 11195
BPnp at baseline in the NAWM of patients with CIS has been shown to correlate
with later diagnosis of MS and EDSS score (Giannetti et al., 2014).

6.2.1 TSPO imaging and efficacy assessment of
pharmaceuticals

In this thesis, TSPO was used as a target to image inflammation. Interpreting TSPO
imaging data is challenging, because firstly, TSPO is expressed by numerous cell
types in the CNS, and secondly, it is expressed both in reparative and damaging
processes of the CNS. Thus, the signal needs to be regarded as a sum of
neuroinflammatory processes, where some events are detrimental and some
restorative. Furthermore, targeting specifically the microglia by PET has confronted
similar discussion: current ways of distinguishing between inflammatory and anti-
inflammatory microglia in vivo are yet to be established (Ransohoff, 2016). The
terminology, microglial polarisation into inflammatory (sometimes referred to as M1
or ‘activated’) and anti-inflammatory (sometimes referred to as M2 or ‘resting state”’)
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phenotypes, is derived from peripheral macrophage activation, and has not been
established in microglia, and thus, these phenotypes cannot be distinguished using
TSPO markers (Guerrero and Sicotte, 2020). Despite the common morphology and
surface markers of reactive microglia and peripheral, blood-derived macrophages,
the cells have strikingly different gene expression profiles and functions in a
neuroinflammatory state (Yamasaki et al., 2014). Microglial phenotypes have been
shown to be transient and demonstrate both temporal and spatial evolution and thus,
the phenotypes of microglia can be better described as a spectrum of phenotypes
rather than just “good” or “bad” (Guerrero and Sicotte, 2020; Jurga et al., 2020).

In addition to these inaccuracies as a target, TSPO can be detected in many cell
types and the used tracer can have unwanted properties. In Study I, we showed, that
the TSPO tracer, ['*F]GE-180 can detect NI in animal models having improved
properties over [''C]PK11195, and thus, ['*F]GE-180 was used as a marker of
neuropathological changes in the focal EAE models. The higher BPnp of ['*F]GE-
180 over ['"C]PK 11195 is largely due to the higher binding affinity of ['*F]GE-180
to TSPO (0.87 nM) (James et al., 2017) when compared to that of [''C]PK11195
(<20 nM) (Beurdeley-Thomas et al., 2000), but it does not necessarily indicate better
ligand properties due to over-reporting and non-selectivity (Beurdeley-Thomas et
al., 2000; Jones et al., 2011). Self-evidently, some of the superiority of ['*F]GE-180
results from the ['8F]-label. The shorter positron range of ['*F], ~0.6 mm, compared
to that of ''C, ~1.0 mm, results in better spatial resolution of the image (Sanchez-
Crespo et al., 2004). In addition, nucleophilic synthesis of ['®F] results in a higher
MA of the end-product ['*F]GE-180 (Bergstrom and Langstrom, 2005). The
biodistribution of the applied tracers was similar, despite their different kinetics. This
was in line with previous studies of these tracers (Jones et al., 2011).

We concluded that the detected signal of both ['*F]GE-180 and [''C]PK 11195 in
the brain is originating from microglia, but also to a lesser extent, from astrocytes,
which indicates the non-selectivity of TSPO as a biomarker. Disruption of the signal
interpretation was further analysed in Study III, where we were unable to detect the
changes that DMF was generating in the fDTH-model in the long term, partly
because the radio metabolites are decreasing specificity of the signal from ['*F]GE-
180 even further (Study III Supplemental data). Additional analysis showed that
metabolites are readily transported through the BBB because the radio metabolites
are less bound to plasma proteins than ['*F]GE-180. Additionally, a delay in TSPO
expression has been previously reported, in which TSPO binding remained
significantly above the baseline level for at least 3 weeks after insult to the CNS
(Brackhan et al., 2016), making interpretation of the signal more complicated.

After the publication of Study I, and showing its beneficial properties over
["'C]PK11195 in the LPS-NI model, it was discovered that ['*F]GE-180 has low
first-pass extraction in healthy humans (Feeney et al., 2016). Reasons for this can be
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low BBB permeability, high plasma protein binding, or clearance by efflux pumps
(Fan et al., 2016). According to Sridharan et al. (2016), the tracer showed high
plasma-retention and low free fraction in human studies, which was not detected in
studies with rodents. Therefore, its application to disease states where the BBB is
sealed is seemingly low (Zanotti-Fregonara et al., 2020). Despite this, the tracer is
applicable in preclinical studies and has been applied in clinical studies of MS
(Unterrainer et al., 2018). The properties of ["*F]GE-180 as a tracer have been
extensively evaluated and shown to be more sensitive than ['!C]PK11195. However,
no significant improvement in the lesion-background ratio over other 2™ generation
tracers, such as ['*F]DPA-714, was detected (Sridharan, 2016).

6.2.2 PET quantification

Commonly in neuro-PET studies, MRI atlases providing standard anatomical regions
are applied for the segmentation of areas for quantification. In the focal NI-models, the
lesion does not follow any standard brain region but can extend longitudinally from
the striatum through the corpus callosum until the cortex, and thus, an atlas template
cannot be applied as such. In addition, when applying the focal models of EAE, there
is variation in the shape and size of the lesions due to the individual immunological
response, even though the method of induction is standardised and performed in a
similar manner between all rats. Therefore, in this thesis, several VOI delineation
methods were applied and evaluated. In Study I, quantification was performed in
Carimas 2.6 by calculating the BPxp using a spherical VOI. After this, in Study II, the
method of analysis was reassessed by testing various VOIs to evaluate the outcome
differences within each of the methods stated in the methods section. The EAE lesion
observed in a PET image can be seen as a tumour-like object. A spherical VOI, which
was applied in Study I, has the shortcoming of the imbalance between the central high
binding area and the low binding periphery, depending on the volume of the sphere.
Manual ROI delineation is anyhow prone to inter-observer variation and due to the
predefined areas, some out of target signals may not be detected (Schuitemaker et al.,
2007). Another drawback here, with using the manual ROI method, is the assumption
that the elementary kinetics within a ROl is equal in the tissue while covering areas of
GM and WM brain areas. Voxel-wise analysis, however, may be too sensitive for
image analysis of [''C]PK 11195, even though smoothing filters are applied (Sridharan,
2016).

In Study II SRTM was applied, which is a method that can be applied for
dynamic images without the need for plasma input. Despite the advantages of
SRTM, we were unable to apply this modelling approach in the following Study III,
because the images were collected as static images with framing. Thus, we chose to
apply SUV maps, from which a VOI was determined from the lesion at its largest
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within one individual. The disadvantage of this approach was that when keeping the
ROI identical to the one at its largest, the TSPO binding is likely underestimated in
the other time points.

Due to the large number of rats imaged in Study III, we thought to image the rats
semi-statically, i.e. collecting static images with five frames, from 25-50 min after
the injection of the radiotracer. This decision was based on the Study I protocol of
imaging, which indicated constant binding between 25-50 minutes. Research by
other groups states that the optimal emission window for ["*F]GE-180 would be 40—
60 minutes (Sridharan et al., 2017) or even 60-90 minutes after the injection to
acquire stable SUV ratios in a transgenic model of AD (Brendel et al., 2016;
Overhoff et al., 2016). While the aged AD-mice reached a plateau phase in the SUVr
plots already after 20 min post-injection, the younger AD-mice attained a more
delayed stabilisation of binding only after 50 minutes (Brendel et al., 2016)
indicating variance between disease states.

To save time and to increase throughput in Studies II and III, we sought to image
two animals simultaneously in the scanner. This can lead to a spatially varying point-
spread-function, i.e. the resolution degrading phenomena is varying according to its
position in the FOV (Cheng et al., 2009). The Inveon scanner can fit two rats under
500 g at a time, and this approach was applied here, because OSEM3D
reconstruction was available. Application of OSEM3D reduces the effect of spatial
variance outside the centre of the FOV (Disselhorst et al., 2010; Reilhac et al., 2016).

In this thesis, animal models having a lesion with a diameter of approximately
1-2 mm were applied. Given that the scanner spatial resolution, according to Teuho
and colleagues is 1.8 mm, it is evident that we are operating on the detection limit of
the camera (Teuho et al., 2020). The limited resolution of PET and the limited image
sampling of heterogeneous tissue leads to a partial volume effect (PVE), which leads
to significant depression of the isotope concentration, and could be corrected for
(Hoffman et al., 1979). However, PVC is not widely applied in preclinical settings,
due to the lack of validated methods, and due to the finding that it might, in fact,
reduce the signal-to-noise ratio in models of low-level NI by amplifying noisy high-
frequency signals (Sridharan, 2016).

6.2.3 Applicability of animal models in neuroinflammation
PET studies

Rodent models are widely applied in studies of NI using PET and TSPO-tracers. It
has been discovered, that the TSPO-genotype issue resulting in LAB, MAB, and
HAB in humans, is not observed in animals (Feeney et al., 2016). In this thesis, we
used different animal models to depict acute and more chronic NI. The acute LPS-
induced unilateral inflammatory model provided a tool for imaging that was both
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reliable and reproducible. Variation in both ['!C]JPK 11195 and ['*F]GE-180 between
the LPS injected individuals was minimal.

Previously, finding a pathology free reference region with homogeneous binding
in models with disseminated NI has been challenging (Brendel et al., 2016; Pedersen
et al., 2006). In small animal studies generally, getting an arterial input function is
complicated because it requires invasive femoral or jugular artery cannulations
before imaging, and limited possibility for blood sample collection, while the
animals are included in a longitudinal follow-up study. In addition, high binding of
TSPO tracers in the myocardium prevents the use of the left heart ventricle to obtain
an image derived input function in rodents. Here, the acute LPS-model provided
unilateral inflammation, where the contralateral side is relatively intact and can be
applied as a pseudoreference region, because the area is not fully clear of TSPO
binding occurring in the endothelial cells of the vasculature. Likewise, the fDTH-
and MOG-models provide an intact contralateral reference region, because the
lesion is induced unilaterally. Confirmation of the use of the contralateral side as
reference region in similar NI models has been shown by Sridharan et al. (2017),
suggesting simultaneously that the cerebellum is not an appropriate reference region
due to specific binding.

In this work, a dedicated small animal PET scanner was used for imaging the
animals. When applying a dedicated animal scanner instead of a human scanner, the
image resolution is better due to the smaller transaxial FOV.

6.3 Study limitations

Currently, it has been discussed that the sex of the experimental animals (Hughes,
2003) should be paid attention to, because often in research, the findings are
extrapolated and applied to both sexes without solid reasoning (Lee, 2018).
Evidently, a milder disease course of EAE has been detected under the influence of
oestrogens (Harbo et al., 2013). Here, in all studies, only male rats were applied, to
minimise variability between individuals when having a low number of animals.
This makes the extrapolation of the results inconclusive, since in MS sex has been
identified as an individual risk factor.

When considering the therapy regimens, one limitation is the lack of plasma and
tissue concentration analysis of the pharmaceuticals. Since this was considered only
after the experiments, the experimental plan lacked some features, such as tissue
samples from the brain as well as accurate documentation of the dosing and euthanasia
time points, that would have been needed for proper analysis. For Study III, it would
have been intriguing to know the availability of DMF and MMF in the different tissues.

In PET imaging generally, research needs to be planned well ahead, due to the
complicated logistics chain that is needed to perform a study. Simultaneously, there
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are variables and uncertainties such as the success of radiotracer production, which
may affect the course of the study. In Study II, practical issues during the conduct of
the study resulted in some illogical time points. Access to the drug was in this case
challenging, which lead to the unfortunate change of protocol during the experiment,
which is generally not recommended during the conduct of a study.

A limitation considering the applied imaging modalities is the lack of MR images,
which would give a direct anatomical reference of the lesion and provide detailed
knowledge of the lesion activity state. In addition to knowledge of the biological
processes within a lesion, access to MRI would reduce workload from the analysis
because PET scans could be directly aligned on the same individual’s MR image and
not a template. Furthermore, it would provide better soft-tissue contrast, better motion
correction in case of a combined PET/MRI apparatus, allow use of contrast agents, and
give a possibility to apply DWI or DTI (Ehman et al., 2017) to better characterise
individual lesions. In these studies, alignment of images to the Schiffer MRI-space was
performed by rigid matching with manual supervision. Furthermore, motion correction
was applied in some cases. Given that there was an attempt to automate the alignment
process to minimise human error, adjustment of the alignments was indeed needed in
these studies. As spatial normalisations regularly fail, it is crucial to visually control
post-processed images (Overhoff et al., 2016).

As we had previously shown in the fDTH-model, that treatment effect can be
detected by in vivo PET and ex vivo ARG (Airas et al., 2015a), for practical reasons
and to reduce the animal number, ARG-analysis was left out from the plan in Studies
II and III. However, it would have been critical information in confirming the PET
result from Study II and Study III, because some of the time points were showing a
trend towards significance.

Another issue in these studies was the number of animals: the power is too low
to draw concrete conclusions of some of the PET imaging time points. The single-
time point measurements by the Student’s T-test showed significance in the reported
time points, but in the more powerful repeated measures analyses, the significance
disappeared. In PET studies, due to the costliness of the method and workload on the
staff, number of the animals are generally kept low. Burrows and colleagues (2018)
state, that internal and external validity in preclinical studies are of uttermost
importance. Randomisation, blinded analyses, and power calculations are performed
in a small minority of EAE studies (Burrows et al., 2018). Here, blinding was not
applied during the conduct of the analyses, due to the lack of staff.

As discussed in 6.2.2, different ways of analysing the data were applied in Study
II. This was due to the inability to reproduce the first rapid analysis performed right
after the day of imaging by using the Inveon RW software. A great issue in
preclinical research is, indeed, the reproducibility of methods or results (Freedman
et al., 2015). In fact, standardisation of analytical methods would be needed to allow
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direct comparison of the results of small animal PET imaging studies performed at
different locations using different equipment (Teuho et al., 2020), imaging protocols,
and reconstruction parameters. Both animal handling and quality assurance of
imaging modalities have an influence on the outcome (Mannheim et al., 2018).
Standardisation relates to the use of valid animal models, the course of treatment, the
imaging approach, as well as the method of analysis. Here, attempts to repeat the
preliminary results led to optimisation of both the segmentation of the lesion and the
analysis. In Study II, SRTM was decided to be the final method of analysis, because
of the assumption that the non-specific binding in both lesion and contralateral areas
are equal, and that there is no pathology in the contralateral side. In addition, the
parametric BPnp maps were applicable to visual reporting purposes. Despite the
many efforts, the best method to analyse such lesions, is yet to be resolved.

In the biodistribution studies in Study I, the animals were of the same age during
the procedure, and thus, they were expected to be of the same size. Nevertheless, the
results should have been corrected for weights of the rats and calculated as SUVs.

6.4 Future prospects

Further characterisation of the animal models, that were applied in the efficacy
assessment of therapeutics in this thesis, using multimodal imaging, could be of
interest. Especially the formation of the lesions during the first days after lesion
induction could be evaluated and validated in reference to emerging MS lesions.

Furthermore, with some results approaching significance, further validation of
the results by evaluating the therapeutic effect of the immunomodulatory drugs could
be performed. By adding up the number of subjects, a firmer conclusion of the effect
of anti-VLA-4 and DMF in the applied models could be shown.

Molecular imaging using PET imaging is a valuable tool for studying pathological
aspects of neuroinflammatory conditions as well as therapy interventions of these
diseases. As there has been intensive research focusing on TSPO markers during recent
years, the downsides of these tracers have become evident. Although several new
targets, that were mentioned earlier in this thesis, have been evaluated, such as the
P>Y12, novel targets for PET imaging with better selectivity are needed to predict
disease progression in neuroinflammatory and neurodegenerative diseases.

While there are 1) high numbers of available animal models, 2) various
approaches to visualise inflammation, and 3) numerous ways to analyse data, a
challenge for future research will be standardisation and replicability of preclinical
experimental settings. Common attempts to standardise the field of preclinical
imaging from planning, executing, analysis, and reporting the studies would be of
high importance.
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Conclusions

The purpose of this thesis was to evaluate the usability of rat models of focal NI in
the binding of TSPO PET radiopharmaceuticals. Rat models of focal acute and
chronic NI were applied in the treatment regimens using immunomodulatory drugs.
Based on the results that were presented in this thesis, the following conclusions can
be drawn:

1.
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The 2" generation TSPO PET tracer, ['*F]GE-180, indicated improved
properties over the 1 generation tracer, [''C]PK11195, in the fLPS-NI
animal model of focal NI. The improved properties were higher binding
potential values of ['*F]GE-180 compared to those of ['!C]PK 11195, due to
higher binding affinity, better specificity, and the properties of the ['*F]-
label, such as higher molar activity, longer half-life, and the shorter positron
range. The study also showed that the unilateral model of acute NI is suitable
for the evaluation of novel PET tracers of NI (Study I).

Discontinuation of the immunomodulatory drug, anti-VLA-4, caused a
rebound effect in the fDTH-EAE-rat model. However, the efficacy of anti-
VLA-4 in short-term treatment was not detected using the fDTH-EAE-rat
model (Study II).

The immunomodulatory drug, DMF, decreased uptake of ['*F]GE-180 after
short term treatment in the fDTH-EAE rat model. However longitudinal
analysis showed no decrease in TSPO binding, while drug effect on CD4"
and CD8" positive cells was detected using IHC. In addition, no rebound
effect was detected using TSPO PET after halting the treatment for 10
weeks. Furthermore, no treatment effect of DMF was detected using the
/MOG-EAE model (Study III).
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