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Abstract — English version

The p38a mitogen-activated protein (MAP) Kinase signaling pathway is known to be
triggered by stress stimuli and to contribute to chronic inflammatory responses. A
number of recent studies have identified this signaling pathway as a central player in
different neurodegenerative diseases such as multiple sclerosis (MS) and Alzheimer
Disease (AD) and their principal animal models: experimental allergic encephalomyelitis
(EAE) and neuronal amyloidosis (APP/PS1 transgenic mice), respectively. This study set
out to investigate the effect of inhibiting p38a MAP Kinase on the induction and
development of EAE and amyloidosis and the potential of modulating this pathway as a
disease-modifying therapy in both MS and AD respectively.

Thirteen novel “Skepinone-based” p38a MAP Kinase inhibitors were characterized in vitro
and in vivo to select potent and metabolically stable Skepinone-based inhibitors of p38a
MAP Kinase with the ability to cross the blood-brain barrier (BBB). Out of the 13 inhibitor
compounds, 11 and 13 had the highest in vitro potency in human whole blood but differed
in central neuro system (CNS) partition (11 non-BBB-penetrant while 13 had a brain to
plasma ratio of ca. 0.3). Certainly, continuing with thus, 11 and 13 were used as in detailed
studies in EAE and Amyloidosis.

In earlier studies in CNS inflammation, there were indications that diet and diabetic status
played a role in the overall inflammatory stress in the brain and in the regulation of the
immune response in host mice. Given that these factors may play a role in human disease,
the models were conducted with modified diets to potentially reflect the clinical situation
for patients in developed countries.

The myelin oligodendrocyte peptide (MOG) EAE model in C57B6J mice was first optimized
by taking into account effects of diet and antigen preparation. The goal was to reduce
variation in incidence while maintaining severity at a moderate level (High Incidence, Low
Variation Moderate Score: HILVMS). Briefly, the results suggest that allowing mice to
mature for 4 weeks or more on a low fiber diet leads to a more uniform EAE response.
Similarly, sonication of Complete Freund’s Adjuvant/Myelin oligodendrocyte peptide
(CFA/MOG) emulsion made the response more uniform.

Compounds 11 and 13, previously characterized in vitro and in vivo in Chapter 1, were
evaluated in the optimized EAE model. Given that previous generations of p38 inhibitors
were reported to exert untoward effects on the liver, detailed analysis of liver effects
were included in the assessment of the model. Compound 11, which had high levels in
liver and spleen but not in the CNS, increased the survival of the EAE CFA/MOG induced
animals while decreasing the severity of the signs of EAE. At a dose of 12 umol/kg/day
p.o., compound 11 could be considered moderately anti-inflammatory but highly
protective of both liver morphology and of myelin levels in the brain.



Given its apparent protective effects in the acute inflammatory CNS model EAE, the next
guestion was “would this compound also have a protective effect in a chronic
degenerative model driven by amyloidosis, in which inflammation plays a significant
role?”.

Compounds 11 (peripherally active) and 13 (BBB-penetrant) were applied p.o. in two
different amyloidosis studies (long and short-term). Behavioral tests and histological
findings showed pronounced treatment effects in both, long and short-term treatment
studies. Both candidates improved cognitive and affective parameters in the long-term
study: memory, activity and anxiety were maintained at WT levels in age-matched mice.
Further histological analysis in brain showed that both compounds mediated the removal
of Amyloid aggregates both over 10.5 months treatment (long-term study) or 2 weeks
(short term study).

The short-term study was based on published data for VX 745 which depleted amyloid in
a Tg2576 amyloid mouse model over 3 weeks of treatment. In the APP/PS1 model, VX
745 at 10 mg/kg p.o. was inactive over a 2-week application period and indeed was
associated with a moderate increase in amyloid. It is not clear whether this difference is
due to differences in the model, or to matters of dose. VX 745, despite promising data in
animal models, failed in phase Il clinical trials. The absence of activity in the APP/PS1
model is, at least, consistent with the clinical data.

In summary, these data suggest that the highly selective p38a MAP Kinase inhibitors were
active in a range of systems from cellular to in vivo neurodegenerative settings. The
effects in the animal models suggest that the substances are potentially useful as
treatments for both, MS and AD.
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Abstract — German Version

Der p38a mitogen-activated protein (MAP) Kinasesignalweg wird durch Stresssignale
aktiviert und ist an chronischen Entziindungsreaktionen beteiligt. In aktuellen Studien
wurde dieser Signalweg als ein Schlisselfaktor bei der Entstehung neurodegenerativer
Krankheiten, wie Multipler Sklerose (MS) und der Alzheimer Krankheit (AD), und deren
wichtigsten Tiermodelle, die experimentelle allergiesche Enzehphalitis (EAE) und
neuronale Amyloidose (beruhend auf transgenen APP/PS1 Mausen) identifiziert. Ziel
dieser Arbeit war es zu untersuchen wie sich eine Hemmung der p38a MAP Kinase
Aktivitat auf die Induktion und Auspragung einer EAE und Amyloidose im Mausmodel
auswirken. Dadurch sollte geklart werden, inwiefern eine Modulation dieses Signalwegs
als Therapieansatz bei AD und MS geeignet ist.

Dreizehn neuartige Skepinon-basierte p38a MAP Kinase Inhibitoren wurden in vitro und
in vivo charakterisiert um wirksame Kandidaten zu selektieren, die metabolisch stabil sind
und in der Lage sind die Blut-Hirn-Schranke zu passieren.

In humanem Vollblut zeigten die Wirkstoffe 11 und 13 die hochste Potenz, dabei ist
Wirkstoff 11 im Gegensatz zu Wirkstoff 13 nicht hirngangig. Wirkstoff 11 und Wirkstoff
13 wurden fir nachfolgende EAE und Amyloidose Studien ausgewahlt.

Es ist aus Mausstudien zum zentralen Nervensystem (ZNS) bekannt, dass Erndahrung und
Diabetesstatus auf die Entziindungsbelastung des Gehirns und die Regulierung der
Immunantwort Einfluss nehmen. Daher wurden die Mausmodelle mit modifizierten
Diaten durchgefiihrt, welche an die Erndahrung von Menschen in Industrielandern
angepasst waren.

Das Myelin-Oligodentrozyten-Glykoprotein (MOG) induzierte EAE Modell in C57B6)
Mausen wurde durch das Testen unterschiedlicher Didten und Antigenpraparationen
optimiert. Ziel war es die Variabilitat in der Inzidenzrate zu reduzieren und gleichzeitig die
Symptomatik moderat zu halten (hohe Inzidenz, niedrige Variabilitdit, moderate
Symptomatik). Kurz gesagt deuten die Ergebnisse darauf hin, dass es zu einer
gleichmaBigeren EAE-Reaktion fiihrt, wenn man Mausen erlaubt vier Wochen oder langer
mit einer ballaststoffarmen Erndhrung heranzureifen. Zusatzlich konnte durch die
Ultraschallbehandlung der Emulsion aus Freund’s Adjuvant und Myelin-
Oligodentrozyten-Glykoprotein (CFA/MOG) Emulsion eine homogene Immunantwort
induziert werden.

Die Wirkstoffe 11 und 13 wurden im optimierten EAE-Modell getestet. Da friiheren
Generation von p38a MAP Kinase Inhibitoren eine leberschadigende Wirkung
zugeschrieben wurde, wurde eine detaillierte Leberanalyse durchgefihrt und in die
Bewertung mit einbezogen. Wirkstoff 11 wies hohe Konzentrationen in Milz und Leber
auf, jedoch nicht im ZNS. Dennoch erhdhte Wirkstoff 11 die Uberlebensrate und
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verringerte die Krankheitssymptome im EAE-Modell. Bei einer Dosis von 12 umol/kg/Tag
p.o zeigte Wirkstoff 11 einen leicht entziindungshemmenden Effekt verbunden mit einer
ausgepragten protektiven Wirkung auf das Gehirn ohne die Leber zu schadigen.

Angesichts seiner offensichtlichen schitzenden Wirkung im akuten entziindlichen ZNS-
Modell EAE lautete die nachste Fragestellung: ,,Wirde dieser Wirkstoff auch in einem
chronisch degenerativen Modell, das durch Amyloidose verursacht wird und bei dem
Entziindungen eine bedeutende Rolle spielen, eine schiitzende Wirkung haben?”.

Beide Wirkstoffe wurden peroral (p.o.) sowohl in einer Langzeit- als auch in einer Kurzzeit-
Amyloidose Studie getestet. In beiden Studien zeigten Verhaltenstests und histologische
Untersuchungen deutliche Behandlungseffekte. Beide Wirkstoffkandidaten verbesserten
kognitive und affektive Parameter in der Langzeitstudie. So waren Erinnerungsvermaogen,
Aktivitat und Angst vergleichbar zu altersentsprechenden Wildtypmausen. Histologische
Untersuchungen des Gehirns zeigten bei beiden Studien eine Reduzierung von Amyloid-
Aggregaten in den wirkstoffbehandelten Tieren.

Das Studiendesign der Kurzzeitstudie basierte auf bereits veréffentlichten Daten fiir den
Wirkstoff VX 745, welcher Amyloid-Aggregate im Tg2576 Amyloid Mausmodell nach 3-
wochiger Behandlung reduzierte. Im APP/PS1 Modell zeigte VX 745 bei einer Dosis von
10 mg/kg p.o jedoch keine amyloidreduzierende Wirkung Uber einen zweiwdchigen
Behandlungszeitraum. Dies konnte auf Unterschiede im Mausmodel oder einer falschen
Dosierung zuriickzufiihren sein.

Zusammenfassend beschreibt die hier vorgelegte Arbeit den deutlichen Therapieerfolg
der durch die Behandlung mit hochspezifischen p38a MAP Kinase Inhibitoren bei
verschiedenen neurodegenerativen in vitro und in vivo Modellen erzielt werden konnte.
Die Ergebnisse verdeutlichen das groRBe Potential dieser Wirkstoffe fiir eine
weiterfiihrende Testung zur Behandlung neurodegenerativer Erkrankungen des
Menschen, wie MS oder AD.
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Chapter 1

Characterization of highly selective brain-penetrant p38a Mitogen-
Activated Protein Kinase inhibitors

Tormahlen NM*, Martorelli M*, Kuhn A, Maier F, Guezguez J, Burnet M, Albrecht W, Laufer SA,
Koch P. Design and Synthesis of Highly Selective Brain Penetrant p38a Mitogen-Activated Protein
Kinase  Inhibitors. ) Med Chem. 2022  Jan 27, 65(2):1225-1242. doi:
10.1021/acs.jmedchem.0c01773. *Indicates equal author contribution

Abbreviations

%, Percentage;

°C, Celsius degree;

ACN, Acetonitril;

AD, Alzheimer’s disease;

BBB, Blood-brain-barrier;

CDI, 1,1'-carbonyldiimidazole;

CNS, Central nervous system;

CO,, Carbon dioxide;

ELISA, Enzyme-linked immunosorbent assay;
ESI, Electrospray lonization;

HBC, Human Buffy Coat;

HCI, Hydrogen chloride;

HLM, Human liver microsomes;
HPLC/MS/MS, Liquid Chromatography with tandem mass spectrometry;
HR, Hydrophobic region;

HWB, Human whole blood;

ICs0, Half maximal inhibitory concentration;
IL1B, interleukin 1 beta;

IL-6, Interleukin 6
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IS, Internal Standard;

LC-MS, Liquid Chromatography mass spectrometry;

LPS, Lipopolysaccharide;

MAP, Mitogen-activated protein;

MS, Multiple sclerosis;

MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
MWB, Mouse whole blood;

MWM, Morris water maze;

TNFa, Tumor necrosis factor o.
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1.1 Introduction

Stress-induced activation of p38a mitogen-activated protein (MAP) Kinase leads to
overproduction of pro-inflammatory cytokines, and it is known to be expressed in glia cells
and neurons, and therefore is associated with neuroinflammation and
neurodegeneration.>34567 |n the mid-1990s, the discovery of its mode of action made it
an early choice as a drug target for chronic inflammation. In particular, it has been
demonstrated that during inflammation, the p38a MAP Kinase catalyzes the transfer of the
y-phosphate of its natural co-substrate, ATP, to the hydroxyl group of serine and threonine
side chains of its substrate.®In addition, in post mortem brain tissue from Alzheimer disease
(AD) patients increased activity of p38a MAP Kinase was found.®° In response to stressors
like Amyloid-B42'! as well as during tau localization, p38a MAP Kinase was found to
stimulate in microglia the release of different pro-inflammatory cytokines like interleukin
(IL)-1B and tumor necrosis factor a (TNFa).*? In addition, a number of recent studies have
identified this signaling pathway as a central player in Multiple Sclerosis (MS) and its
principal animal model, experimental allergic encephalomyelitis.'>141> Early evidence for
the involvement of p38 MAP Kinase in MS came from microarray studies showing that the
expression of MAP Kinase 14 (encoding p38a) was elevated ~ five-fold in CNS lesions of MS
patients.'® Due to this association with CNS inflammation, the more recently described p38
MAP Kinase inhibitor Neflamapimod (Figure 1, VX 745)Y, a selective p38a MAP Kinase
inhibitor with a low brain to plasma ratio and inferior selectivity amongst p38 isoforms, was
selected for Phase Il trials for the treatment of AD (NCT02423200, NCT02423122 &
NCT03402659). Originally, Neflamapimod was developed for the treatment of Rheumatoid
Arthritis, however was discontinued due to side-effects in preclinical studies.'® Another
brain-penetrant pryidinylpyridazine-based p38a MAP Kinase inhibitor MW150 (Figure 1)
was investigated in diverse animal models of neurological disorders including models of
AD 1119202122 Although it appeared to improve results in the Morris water maze (MWM)
on APP/PS1 mice, pharmacodynamic data and safety profile, MW150 is currently being
investigated in early stage clinical trials.??
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Neflamapimod MW150
ICs50 (p38a) 10 nM ICs5q (pP38a) 230 NM

Figure 1. Structures of p38a MAP Kinase inhibitors Neflamapimod (VX 745) and MW150.

In 2012, research of potent p38a MAP Kinase inhibitors dibenzosuberone derivatives
Skepinone-L and Skepinone-N (Figure 2) showed outstanding kinome selectivity.?*>?* The
prototypic compound that Skepinone-L serves has been used in various studies as a probe
to further investigate the role of p38a MAP Kinase in various disorders.?

OH OH
HO, F HO
o P F—/ 4 o i
AN RS \
/ \ ~
_— /N N
H H NH,

Skepinone- L Skepinone- N

ICs50 (p38a) 5 nM ICs50 (P38a) 20 NnM

Figure 2. Structures of p38a MAP Kinase inhibitors Skepinone-L and Skepinone-N.

X-ray analysis of this inhibitor in complex with the target enzyme revealed its binding
mode, showing that it acts as a type | kinase inhibitor, inducing a glycine flip at the hinge
region and addresses the hydrophobic region (HR) | as well as the HR Il (Figure 3). Several
studies have been reported using Skepinone-L as a lead structure e.g. for the design of
Skepinone-based type 1% inhibitors of p38a MAP Kinase with improved binding
kinetics.2>26
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Figure 3. Binding mode of Skepinone-L (Figure 2) within the ATP binding site of p38a MAP Kinase.
This Figure is adapted from: Tormahlen NM. and Martorelli M. et. al. 2022.%’

Aim

The overall aim of this chapter was to characterize in vitro and in vivo selective and
metabolically stable Skepinone-based inhibitors of p38a MAP Kinase, which have the ability
to cross the blood-brain barrier (BBB). The most potent in vitro inhibitors were tested in
follow-up analysis in different inflammatory and neurodegenerative models such as AD or
MS. In conclusion, it was hypothesized that while there is potential to improve AD and MS
signs using selective p38a MAP Kinase inhibitors, those optimized for being BBB-penetrant
are more likely to exert potent central anti-inflammatory effects. Therefore, the anti-
inflammatory drug development program aimed at producing p38a MAP Kinase inhibitors
with ICso in the single digit nanomolar range, high brain-to-plasma ratios, ideally paired with
high metabolic stability and a low level of side-effects. Taken together, | proposed using
highly selective p38a MAP Kinase inhibitors for treating chronic inflammation in MS and
AD, in both the periphery and CNS. First, the in vitro and in vivo drug screening experiments
are shown, which allowed a selection of promising compounds for further studies.
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1.2 Material and Methods

Structures of the tested p38a MAP Kinase inhibitors

The compounds’ structures used in this work, dibenzosuberones 1 — 13, are showed in
Table 1 of this thesis. 2D structures design graphs of each compound were arranged by

engaging ChemDraw Ultra 6.0 software.

Table 1. p38a MAP Kinase inhibitors investigated and their structures.

Compound Structures
numbers
H,N O F
N )I\
1 H
N
H
2
3 F
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10

11

12

13

MTT on BALB/c Splenocytes:

The MTT assay consist of a colorimetric reaction that is widely used to assess cell viability.
However, one must consider that the enzymatic reduction of 3-[4,5-dimethylthiazole-2-
yl]-2,5-diphenyltetrazolium bromide (MTT) to MTT-formazan is catalyzed by
mitochondrial dehydrogenases. Hence, the MTT assay is dependent on mitochondrial
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activity and indirectly serves to assess cellular energy consumption. Splenocytes were
seeded into 96-well microplates (spleens were taken from female BALB/c mice, the
splenocyte isolation protocol is described in the next paragraph). After treatment with
p38 MAP Kinase inhibitors, MTT solution was added to the cells with a final concentration
of 0.5 mg/mL and the mixture was allowed to incubate at 37 °C for 2 h. Afterwards, the
supernatant was removed and cell pellets resuspended in acidified isopropyl alcohol (0.04
N HCI). After an incubation period of 30 min at room temperature, the absorbance of the
formazan solution was read spectrophotometrically at 570 nm.

ELISA IL-6 and TNFa on BALB/c Splenocytes:

Female BALB/c mice were terminated with CO; and spleens were harvested. Individual
spleens were put into a small petri dish and sliced lengthwise with a scalpel; 2-3 mL sterile
PBS was added and the tissue was teased apart using a disposable plastic loop. To prepare
single-cell suspensions, cell aggregates were broken up by pulling them several times
through a 5 mL plastic syringe. The cell suspension was then transferred into 15 mL plastic
tubes and left to stand for 5 min to allow larger lumps of cells to settle. Erythrolysis was
performed using red blood cell (RBC) lysis buffer (1 g Sodium Bicarbonate (NaHCO3), 8 g
Ammonium Chloride (NH4Cl), 2 mL 0.5 M EDTA in 1 L H;0) and the mixture was
centrifuged at 500 x g for 10 min. Cells were washed with sterile PBS (three times) and
once with spleen cell medium (45 % DMEM low glucose (Gibco Invitrogen, Karlsruhe,
Germany, cat- no. 31885-023), 45 % RPMI 1640 (Gibco, cat. no. 21875-034), 10 % fetal
calf serum (Biochrom Ag, Berlin, Germany, cat no.S0115, 50 uM B-mercaptoethanol (Roth
GmbH, Karlsruhe, Germany, cat. no. 4227.1)). The supernatant was then transferred into
2 mL tubes and spun down at 400 x g for 10 min. The pellet was carefully resuspended in
spleen cell medium and spun again. After resuspending the pellet for the second time,
the cell density was determined and the cell suspension diluted accordingly. OD 600 nm
= 0.1 corresponded to 2x10° cells/mL. The cell suspension was added to 96-well round-
bottom plates (Nunc, Rosklide, Denmark) at a density of 2x10° cells per well, and
stimulated with 500 ng Lipopolysaccharide (LPS) (E.coli 0111:B4, this LPS-type and stock
was used for all following experiments) per well overnight, in a total volume of 200 pL
spleen culture medium. In the negative control, splenocytes received no LPS stimulation,
instead sham stimulation (sterile PBS was used). Cell culture supernatants were removed
after overnight incubation, and assayed for TNFa - or IL-6-release. In both cases, standard
curve ranges were prepared by making serial dilutions from 500 pg/mL to 7.5 pg/mL
(BioLegend ® ELISA MAX™ Standard).
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ELISA IL-6 and TNFo: on C57BL/6 Mouse Whole Blood:

Adult female C57BL/6 mice were terminated with CO;, heparinized heart blood was
collected and stored on ice. Whole blood was used to perform ELISA and immune cells
were stimulated with 500 ng LPS per well overnight, in a total volume of 150 pL. In the
negative control, cells received no LPS stimulation (instead, sterile PBS was used as sham
stimulus). Next, plates were centrifuged at 500 x g for 10 minutes. Supernatants were
removed and assayed for TNFa - or IL-6-release. In both cases, standard curve ranges
were prepared by making serial dilutions from 500 pg/mLto 7.5 pg/mL (BioLegend ® ELISA
MAX™ Standard).

ELISA IL-6 and TNFo on HBC:

Human buffy coat extracted from human full blood was kindly provided by ZKT Tiibingen
GmbH (Otfried-Mdller-StraRe 4/1, 72076 Tubingen). Erythrolysis was performed using
RBC lysis buffer (1 g Sodium Bicarbonate (NaHCO3s), 8 g Ammonium Chloride (NH4Cl), 2
mL 0.5 M EDTA in 1 L H,0) and the mixture was centrifuged at 500 x g for 10 min. Cells
were washed with PBS (three times) and once with medium (RPMI medium
supplemented with 10 % FBS (1 mM Pyruvate and 100 pg/mL penicillin-streptomycin)).
The cell pellet was resuspended in sterile medium and stimulated with 100 ng LPS per
well overnight in a total volume of 200 uL. In the negative control, HBC cells received no
LPS stimulation (instead, sterile PBS was used as sham stimulus). Next, plates were
centrifuged at 500 x g for 10 minutes. Cell culture supernatants were removed and
assayed for TNFa - or IL-6-release. In both cases, standard curve ranges were prepared by
making serial dilutions from 500 pg/mL to 7.5 pg/mL (BioLegend ® ELISA MAX™ Standard
for IL-6 and R&D System for TNFay).

Uptake with HBC cells (Analytic):

HBC cells were used for this assay at a concentration of 1*10° cells/mL in a 1.5 mL tube
and incubated with p38 MAP Kinase inhibitors at a concentration of 100 puM. During
incubation at different time points (0, 15 min, 1 h, 2 h, 4 h, 24 h), tubes were centrifuged
at 500 x g for 10 minutes. Supernatants were then transferred and acetonitrile (ACN) and
internal LC-MS standard (terbuthylazine) were added to supernatants and pellets at
respective time-points. Tubes were then centrifuged at 500 x g for 10 minutes and both
(supernatant and pellet) were stored at 4 °C until MS-analytics were performed.

In vivo experiments:

In vivo experiments were performed in accordance with German animal welfare law. All
experiments were approved by the Regierungsprasidium Tlbingen under animal
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application number SYN 11/18. Briefly, 12-week-old, female C57BL/6-mice were treated
either i.v. or p.o. with 0.4 mg/kg and 5 mL/kg of p38 MAP Kinase inhibitors in cassettes,
with four compounds per cassette based on their molecular weight (MW). The
experiment was done using six different peripheral tail vein blood sampling time points:
5 min, 15 min, 30 min, 1h, 2h and 4h. Termination of animals was performed at two
different time-points: 2h and 4h post substance application; compound concentrations
were analyzed in heart plasma, liver, kidney, brain right hemisphere and brain left
hemisphere by LC-MS in order to evaluate BBB penetration, peripheral organ availability
and plasma levels of the respective p38 MAP Kinase inhibitors. Formulations for i.v.
applications were done with 10 % DMSO (stock solutions of p38 MAP Kinase inhibitors)
and 90 % C57BL/6 female mouse serum. Formulations for p.o. applications were done
with 10 % DMSO (stock solutions of p38 MAP Kinase inhibitors) and 90 % 0.5 % citric acid,
0.5 % hydroxypropyl methylcellulose (HPMC) in sterile, ultra-pure water.

LC-MS analysis:

The analytical methodology used was an HPLC instrument, which comprises an Agilent
1260 Binary Pump (Inv. 0408), the CTC PAL Autosampler (Inv. 0409) and an Agilent 1260
thermostatted Column Compartment (Inv.0202). The HPLC system was coupled to a Triple
Quadrupole API 4500 (Inv. 0406) (PM-41) Mass Spectrometer (ABSciex, Redwood City,
California, USA). Data acquisition and processing were carried out with the Analyst®
Instrument Control and Data Processing Software v. 1.6.2. Chromatographic separation
took place at 40 °C using Restek Biphenyl 2.7 um, 50*2.1 mm column. The mobile phase
consisted of a gradient (see Table 2) of water + 0.1 % formic acid, and ACN + 0.1 % formic
acid at a flow rate of 500 pL/min and injection volume of 4 L.

Table 2. Method mobile phase gradient.

Flow rate
Total time (min) (pl/min) A (%) B (%)
0 500 90 10
1 500 90 10
3 500 0 100
6 500 0 100
7 500 90 10
10 500 90 10

A: Water+0.1 % Formic acid
B: ACN+0.1 % Formic acid
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Positive ion electrospray ionization (ESI) mass spectrum assessment of p38 MAP Kinase
inhibitors and the Internal Standard (IS) was carried out. P38 MAP Kinase inhibitors and
terbuthylazine (IS) Q1/Q3 masses, dwell time and mass spectrometer analytes specific
parameters can be found in Table 3.

Table 3. Mass spectrometer parameters for P38 MAP Kinase inhibitors and terbuthylazine.

B Q1 mass Q3 mass DP EP CE CXP
(Da) (Da) (volts) (volts) (volts) (volts)
terbuthylazine 230.026 174.1 6 10 25 8
1 422.099 405.1 116 10 27 16
4 455.092 362.2 116 10 41 16
5 483.113 362.1 86 10 39 14
6 467.114 178.1 111 10 73 8
8 450.430 178.1 106 10 73 8
9 493.500 341.2 21 10 29 16
10 429.470 341 116 10 29 16
11 491.323 405.2 146 10 39 24
13 401.207 384.2 81 10 25 24

DP: Declustering potential. EP: Entrance potential. CE: Collision energy. CXP: Collision cell exit potential

Valve:
Total time
(min) Position
1 0 | Waste
2 3.5 | MS
3 6.0 | Waste

The calibration curves and quality controls were obtained by preparing a stock solution in
DMSO with a final concentration of 10 mM. The calibration curve ranges were set from 5
to 100000 nM. The QCs have a concentration of 100, 1000, and 10000 nM.
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Preparation and handling of samples for LC-MS analysis:

The samples produced were stored at -20°C in Synovo’s facilities until sample processing
shortly prior to the HPLC/MS/MS process. The already processed samples were introduced
directly into the auto-sampler or stored at 4 °C until measurement. The remaining samples
were stored at -20 °C for further needs or requirements.

Plasma sample preparation for LC-MS analysis:

The samples were transferred into individual tubes and six volumes of ACN containing the
IS (ACN-IS) were added to each sample (e.g. 10 pL plasma + 60 pL ACN-IS). After mixing and
centrifuging for 5 min at 10000-11000 RCF (Eppendorf Centrifuge 5417R 10,000 rpm), the
supernatant was transferred into a properly labelled glass auto-sampler vial.

When dilution of the samples was needed due to too high concentration or too little sample
volume, the samples were diluted in a similar matrix as the samples (e.g. plasma from same
animal strain). When diluting the samples, the dilution factor was considered in the data
acquisition and subsequent calculations.

Tissue sample preparation (e.g. brain, liver) for LC-MS analysis:

The tissue samples were weighed and one volume of proteinase K solution was added. The
tissue was digested by incubation with proteinase K at 50 °C for 1-3 h. After the incubation,
the tissue is mechanically broken. The digested tissue was mixed with six volumes of ACN
containing the internal standard. After centrifugation, the supernatant was taken and
introduced in a properly labelled glass auto-sampler vial.
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1.3 Results

MTT showed no cytotoxic activity for any of the candidate compounds

In order to evaluate possible cytotoxic effects of the tested compounds, an MTT assay was
performed on splenocytes of Balb/c mice in triplicate using three different doses for each
compound (1 nM, 10 nM and 100 nM). While compound 3 showed an increase of the
metabolic activity of the cells at 1 nM and 10 nM (see Figure 4a and b), the assay showed
that no cytotoxicity was observed.
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Figure 4. MTT assay on BALB/c splenocytes of inhibitors 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12 and 13
at a) 1 nM, b) 10 nM and c) 100 nM. This Figure is adapted from: Tormahlen NM. and Martorelli

M. et. al. 2022.7
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IL-6 and TNFa ELISA assay on splenocytes, MWB and HBC showed promising anti-

inflammatory p38a MAP Kinase candidates

In order to evaluate potency ex vivo and in vitro of the compounds, an ELISA assay was
performed on Balb/c splenocytes (n=3), C57BL/6 whole blood (n=3) and in HBC from three
different donors using three different concentrations (1 nM, 10 nM and 100 nM).
Inhibition activity of the different p38 MAP Kinase compounds was evaluated after
measuring IL-6 and TNFa levels after LPS stimulus and compound exposure (24 h). The
inhibition of these two pro-inflammatory cytokines showed that the ability to inhibit
inflammatory processes varies between the different compounds. Compounds 2, 3, 4, 7,
8, 10 and 12 showed no dose response in the reduction of the IL-6 and TNFa response in
splenocytes’ ELISA (see Figure 5a and b). Compound 12 showed no significant reduction
of both pro-inflammatory cytokines in the MWB ELISA assay, while all the other p38 MAP
Kinase inhibitors showed dose response reduction of the % of the release of IL6 and TNFa
levels compared to the LPS control (see Figure 6a and b). Again, compounds 2, 3, 4, 7, 8,
10 and 12 were found to be less active in the inhibition of both cytokines in the HBC ELISA
assay if compared to compounds 1, 5, 6, 9, 11 and 13. Overall, compounds 11 and 13
showed dose response and high IL-6 and TNFa inhibition in all the ELISA assays performed
(Table 4, Figure 5-7). ICso was calculated based on the data from the TNFa inhibition of
the HBC ELISA assay (see Table 5), showing that in this assay compound 11 and 13 are
among the most potent of all the tested compounds (ICsp = 1.3 + 0.1 and 5.3 + 0.6 nM,
respectively).
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Table 4. IL-6 and TNFa levels detected by ELISA. Values are % versus LPS untreated samples (100

%). In vitro data are the mean + 1 standard deviation (3 biological replicates, each n = 3).

1nM
IL-6 TNFa
11 13 11 13
Splenocytes 31+1.7 34+9.0 Splenocytes 9+3.1 31+26.5
MWB 54+7.8 31+204 MWB 8+1.2 13+5.3
HBC 35+10.4 44 + 4.2 HBC 8+6.7 35+16.0
10 nM
IL-6 TNFa
11 13 11 13
Splenocytes 20+10.7 14+1.0 Splenocytes 5+2.4 12+3.0
MWB 47 £ 4.5 19+11.4 MWB 6+2.8 325
HBC 17+11.8 23+4.1 HBC 7+4.2 31+18.5
100 nM
IL-6 TNFa
11 13 11 13
Splenocytes 0 14+1.5 Splenocytes 3+0.8 7+1.0
MWB 450 18 +10.3 MWB 4+2.8 9+7.0
HBC 2+1. 14+1.2 HBC 51£0.2 13+49
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Figure 5. Reduction of IL-6 (a) and TNFa release (b) on BALB/c splenocytes of inhibitors 1, 2, 3, 4,
5,6,7, 8,9, 10, 11, 12 and 13 after 24 h LPS stimulus (500 ng). This Figure is adapted from:
Tormahlen NM. and Martorelli M. et. al. 2022.%
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IL-6 Mouse Whole Blood
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Figure 6. Reduction of IL-6 (a) and TNFa release (b) on C57BL/6 mouse whole blood of inhibitors 1, 2,
3,4,5,6,7, 8,9, 10, 11, 12 and 13 after 24 h LPS stimulus (500 ng). This Figure is adapted from:
Tormahlen NM. and Martorelli M. et. al. 2022.%7
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Figure 7. Reduction of IL-6 (a) and TNFa release (b) on human buffy coat of inhibitors 1, 2, 3, 4, 5, 6,
7,8,9,10,11, 12 and 13 after 24 h LPS stimulus (100 ng). This Figure is adapted from: Tormahlen NM.
and Martorelli M. et. al. 2022.7
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Table 5. Inhibition of LPS-stimulated TNFa release from HBC. ICso was estimated using the fitted line
obtained for each compound, e.g.: Y=a*X + b, ICso= (0.5 — b)/a.

Cpd. ICso [nM]? SEM
1 2.5 0.4
2 3.5 0.1
3 2.4 0.1
4 2.4 0.2
5 3.1 0.1
6 1.7 0.3
7 2.9 0.2
8 5.5 0.1
9 5.4 0.8
10 1.0 0.7
11 1.3 0.1
12 512 0.1
13 5.3 0.6

2mean value of two experiments

Uptake with HBC cells showed different cell pellet/supernatant ratio of the p38ca MAP

Kinase inhibitor compounds

HBC cells uptake was performed to test the in vitro cellular distribution of the selected
compounds. Human peripheral leukocytes were incubated for 15 min and 240 min with
the respective p38 MAP Kinase inhibitors (see Table 6 and 7). The uptake was evaluated
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by calculating the ratio between cell pellet and supernatant concentration of each
compound measured.

Table 6. Cell uptake at 15 min.

Cpd. Medium (nM) Cell (nM)  Cell (%)

1 45.18 30.81 68
4 50.17 50.53 101
5 78.82 32.17 41
6 78.03 81.07 104
8 68.81 45.54 66
9 54.29 24.47 45
10 134.52 15.55 12
11 41.79 67.50 162
13 44.64 37.57 84

Table 7. Cell uptake at 240 min.

Cpd. Medium (nM) Cell (nM)  Cell (%)

1 47.05 41.54 88
4 58.52 40.70 69
5 73.26 37.06 51
6 100.11 --- ---
8 132.44 14.54 11
9 41.53 33.13 79
10 72.08 4.57 7
11 85.13 27.24 32
13 56.76 52.88 92

As expected, the selected compounds acted differently, while compounds 5, 9 and 10
showed low cells versus supernatant ratio at 15 min, compounds 4, 6, 11 and 13 ratios
were already above 80 % (Table 6). Uptake kinetics was evaluated by calculating the ratio
at 240 min time point (Table 7). While compounds 6, 8 and 10 showed values from 0 to
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11 %, the other p38a MAP Kinase inhibitors were found to have a cell/supernatant ratio
above 30 %.

Pharmacokinetic in C57BL/6-mice showed BBB-penetrant ability of some of the p38 MAP

Kinase compounds

Briefly, in order to evaluate BBB penetration, peripheral organ availability and plasma
levels of the respective inhibitors, 12-week-old, female C57BL/6-mice were treated either
i.v. or p.o. with 0.4 mg/kg and 5 mL/kg of inhibitors 1, 4, 5, 6, 8, 9, 10, 11 and 13 in
cassettes, with four compounds per cassette. The experiment was done using six different
peripheral tail vein blood sampling time points: 5 min, 15 min, 30 min, 1 h, 2 h and 4h (see
Figure 8a and b). Termination of animals was performed at two different time-points: 2 h
and 4 h post substance application; compound concentrations were analyzed in heart
plasma, liver, kidney, brain right hemisphere and brain left hemisphere by LC-MS.

a)

[min]t

| | | | "
15 30 60 120 240

[ [
66 b b . s

[min]t

Figure 8. Overview of in vivo experiments in C57BL/6 mice; blood spots indicate timing of tail
blood samples taken while the cross indicates termination time point, a) i.v. applications to study
systemic bioavailability, b) p.o. applications to study oral bioavailability. All measurements were
done with n=3 animals. This Figure is adapted from: Tormahlen NM. and Martorelli M. et. al.
2022.%7
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Brain versus tail plasma ratio was calculated in order to evaluate BBB-penetrant
compound either i.v. or/and p.o. injected. In both applications (i.v. and p.o0.) compound
13 was found in the brain with a concentration of ~ 280 nM and ~ 372 nM respectively
240 min post injection (see Table 15 and Table 23). Compound 10 displayed BBB-
penetrance after p.o. application at the 240 min termination time point (~ 563 nM, see
Table 21), but the brain versus tail plasma ratio was low if compared to compound 13.

Table 8. In vivo data of 1 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

time

tail heart . . . . . .
points liver kidney brainr. brainl. brainav. brain/ ti2
L R L ey T ot O Ty S s S v S e
(min) (nM) (nM)
5 1
15 0
30 0
1
60 0
120 0 5 13 4 8 5 6.5 1.30
240 0 5 6 4 3 6 4.5 0.90 5 -
Table 9. In vivo data of 4 in C57BL/6-mice treated i.v. with 0.4 mg/kg.
time .
tail heart . . . . . .
points liver kidney brainr. brainl. brainav. brain/ ti2
L PESGE PREEeam et mnd o Gl oesim SO g
(min) (nM) (nM)
5 0
15 0
30 0
4
60 0
120 0 8 17 3 19 8 13.5 1.69
240 0 1 4 2 10 1 5.5 5.50 0 -
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Table 10. In vivo data of 5 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 2
30 1
5
60 1
120 1 3 1 2 1 1 1 0.33
240 0 4 1 1 1 0 0.5 0.13 198 89

Table 11. In vivo data of 6 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 1
30 1
6
60 0
120 0 14 11 4 8 7 7.5 0.54
240 0 4 5 3 3 5 4 1.00 55 14

Table 12. In vivo data of 9 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 11
30 6
9
60 3
120 1 1 21 2 1 2 1.5 1.50
240 1 1 13 2 1 0 0.5 0.50 56




Table 13. In vivo data of 10 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 14
30 11
10
60 10
120 7 9 28 8 5 6 55 0.61
240 5 7 10 7 5 6 55 0.79 1963 116

Table 14. In vivo data of 11 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 1
30 1
11
60 1
120 0 16 11 8 40 13 26.5 1.66
240 0 9 9 5 18 10 14 1.56 85 -

Table 15. In vivo data of 13 in C57BL/6-mice treated i.v. with 0.4 mg/kg.

15 6
30 3
13
60 2
120 20 3 284 357 354 289 321 16.05
240 1 2 515 498 332 167 250 250




Table 16. In vivo data of 1 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 1
30 1
1
60 1
120 1 3 3 1 0 3 1.5 0.50
240 1 4 2 1 0 2 1 0.25 240 545

Table 17. In vivo data of 4 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 1
30 0
4
60 0
120 0 0 0 0 0 3 15 NA
240 0 0 0 0 0 1 0.5 NA 28 -

Table 18. In vivo data of 5 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 2
30 1
5
60 1
120 1 5 3 1 0 19 9.5 1.90
240 0 7 1 0 1 4 2.5 0.36 198 89




Table 19. In vivo data of 6 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 1
30 1
6
60 0
120 0 1 2 1 0 2 1 1.00
240 0 1 1 1 0 2 1 1.00 45 27

Table 20. In vivo data of 9 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 7
30 5
9
60 4
120 3 5 8 6 3 8 5.5 1.10
240 2 5 5 3 2 5 3.5 0.70 825 113

Table 21. In vivo data of 10 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 350
30 285
10
60 240
120 192 126 415 394 604 568 586 4.65
240 179 118 334 275 548 534 541 4.58 52263 188




Table 22. In vivo data of 11 in C57BL/6-mice treated p.o. with 0.4 mg/kg.

15 39

30 21

60 17

120 14 16 12 9 10 32 21 1.31

240 11 15 11 8 9 25 17 1.13 4060 26

Table 23. In vivo data of 13 in C57BL/6-mice treated p.o. with 0.4 mg/keg.

15 4

30 9

60 52

120 29 3 20 16 165 710 437 15.06
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Metabolic Stability

Inhibitors 11 and 13 were further evaluated for their metabolic stability in liver S9 fraction
(the 9000g supernatant of a liver homogenate of human liver tissue) from different
patients (Table 24). All the compounds investigated displayed excellent metabolic

stability.

Table 24. Metabolic stability in liver S9 fraction summary from compound 11 and 13.

11
peak area
n=1 n=2 n=3
stabi 3,821,979 | 4,072,476 | 3,511,560
w/o S9 3,539,366 | 4,039,635 | 3,408,273
w/o Cof | 3,637,444 | 3,748,968 | 4,057,365
Ph1 3,709,546 | 3,869,043 | 3,607,382
Ph2 3,698,285 | 3,396,009 | 3,719,245
Ph1+2 2,796,992 | 3,191,084 | 3,174,744
13
peak area
n=1 n=2 n=3
stabi 2,922,073 | 2,855,660 | 2,755,154
w/o S9 2,199,603 | 2,679,624 | 2,190,332
w/o Cof | 2,869,666 | 2,988,692 | 2,679,351
Ph1 2,567,128 | 2.807,959 | 2,412,882
Ph2 3,152,951 | 2,673,802 | 2,653,592
Ph1+2 2,512,296 | 2,788,526 | 2,384,258

360 nm

254 nm

11
peak area normalized to
stabi

n=1 n=2 n=3 MV
stabi 100% | 100% | 100 % 100 %
w/o S9 93 % 99 % 97 % 96 %
w/o Cof 95 % 92% | 116 % 101 %
Phl 97 % 95 % | 103 % 98 %
Ph2 97 % 83% | 106 % 95 %
Ph1+2 97 % 86 % 99 % 94 %

13
peak area normalized to
stabi

n=1 n=2 n=3 MV
stabi 100% | 100% | 100 % 100 %
w/o S9 75 % 94 % 79 % 83 %
w/o Cof 98% | 105% | 97% 100 %
Phl 88 % 98 % 88 % 91 %
Ph2 108% | 94 % 96 % 99 %
Ph1+2 86 % 98 % 87 % 90 %
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1.4 Discussion

The aim of this study was to produce p38a MAP Kinase inhibitors with ICso in the single digit
nanomolar range, high brain-to-plasma ratios, ideally paired with high metabolic stability
and a low level of side-effects. Because of their inhibitory activity, p38a MAP Kinase
inhibitors are currently largely investigated for their potential use in different
neurodegenerative disease such as AD and MS. Recent studies showed that Neflamapimod
(Figure 1a, VX 745, described p38 MAP Kinase inhibitor)?!’, selected for Phase Il trials for the
treatment of AD (NCT02423200, NCT02423122 & NCT03402659), but while it showed
effects on amyloid removal and cognition, it failed at meeting its primary endpoint, the
improvement of episodic memory in the REVERSE-SD trial, in a Phase Il trial including 161
mild AD patients.!”?® Neflamapimod was then discontinued due to side-effects (falls,
nausea, headache, diarrhea, and upper respiratory tract infection) in clinical studies.'® In
support of my hypothesis that sees p38a MAP Kinase inhibitors as potential therapeutic
drugs for neurodegenerative disease, another brain penetrant pryidinylpyridazine-based
p38a MAP Kinase inhibitor MW150 (Figure 1b) was also investigated in diverse animal
models of neurological disorders including models of AD.111%2021.22 The effective dose
reported to improve results in the Morris water maze (MWM) on APP/PS1 mice was 2.5
mg/kg and due to its efficacy, pharmacodynamic data and safety profile, MW150 is
currently being investigated in early stage clinical trials.??

In this study, 13 novel dibenzosuberone derivatives 1-13 (Skepinone-L and -N series) were
characterized in vitro and in vivo in order to evaluate their ability to inhibit p38a MAP
Kinase. The metabolic activity assay showed that none of the analyzed compounds were
cytotoxic (Figure 4), while IL-6 and TNFa ELISA displayed that out of the 13 tested
compounds, compound 10, 11 and 13 were potent (Figure 5-7) with a TNFa ICs in the single
digit nanomolar range while compound 12 inhibitory activity resulted weak in both mice
and human samples analyzed (TNFa ICso = 512 + 0.1 nM). In order to evaluate the
pharmacokinetic activity, the same compounds were tested in vivo to evaluate organ
distribution activity after p.o. and i.v. injections. It was observed that, while compounds 10
(p380a, ICs0 = 1.0 nM) and 13 (p38a, TNFa ICso = 5.3 nM) crossed the BBB (concentration in
brain after 2 h and 0.4 mg/kg p.o. treatment, ~ 563 nM, ~ 372 nM) and displayed good
brain-to-plasma ratios of 4.5 and 9.9, respectively (Table 21 and 22), compound 11 was not
BBB-penetrant (Table 22). Also, none of the other inhibitors turned out to be BBB penetrant
either after i.v. or p.o. application (Tables 8-23). Inhibitors 10, 11 and 13 were further
evaluated for their metabolic stability in HLMs, with all of them showing excellent metabolic
stability (Table 24). The combination of a comparably high affinity for p38a MAP Kinase and
comparably high CNS exposure has not been obtained for MW150 (p38a, ICso = 230 nM).
Results for compounds 10 (p38a, ICso = 1.3 nM) and 13 (p38a, ICso = 5.3 nM) suggest that
these compounds have adequate potency and physical proprieties to effectively modulate
p38a MAP Kinase activity in the brain.
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1.5 Conclusion

The ICso, metabolic stability and the organ affinity of 13 novel Skepinone-based p38a MAP
Kinase inhibitors were characterized in vitro and in vivo respectively. Compounds 10, 11 and
13 were further investigated based on their in vitro TNFa inhibition potency: the 3 inhibitors
were selective and showed high metabolic stability. Due to these attributes and their good
CNS distribution, compounds 10 and 13 are promising candidates for future studies
investigating the role of p38a MAP Kinase inhibitors in the development of CNS pathology
in murine models of CNS degeneration like MS and AD models. Compound 11, as potent as
the other two but not BBB-penetrant, could be used to better investigate the role of the
peripheral inflammation, typically occurring in both diseases. To test this hypotheses,
compounds 11 and 13 were tested in follow-up analysis in different inflammatory and
neurodegenerative models of AD or MS (Chapters 3 and 4 of the thesis).
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Chapter 2

Influence of diet, age and MOGss.ss-peptide preparation on severity, survival,
incidence and body weight in experimental autoimmune encephalomyelitis

Mariella Martorelli, Matthias Dengler, Julian Laux, Tina Fischer, Agne Vaiceliunaite, Ulrike Hahn,
Thilo Weinstein, Santiago Cruces, Christina Pokoj, Luciano de Oliveira da Cunha, Lara Wohlbold,
Pierre Koch, Stefan Laufer Michael Burnet and Florian Maier. A robust, high incidence and moderate
severity form of EAE mediated by a low fiber diet and sonicated CFA/MOG emulsion. Under peer
review in the Journal of Neuroinflammation.

Abbreviations

%, Percentage;

°C, Celsius degree;

AD, Alzheimer’s disease;

BBB, Blood-brain-barrier;

CFA, Complete Freund’s Adjuvant;

CNS, Central nervous system;

CO,, Carbon dioxide;

DMDs, Dimethyl disulfide;

EAE, experimental autoimmune encephalomyelitis;
HBC, Human Buffy Coat;

HCI, Hydrogen chloride;

i.p., Intra Peritoneal

IL1B, interleukin 1 beta;

IL-6, Interleukin 6;

MAP, Mitogen-activated protein;

MBP, Myelin Based protein;

MOGss.s5, Myelin Oligodendrocyte Glycoprotein;

MS, Multiple sclerosis;
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NDF, Neutral Detergent Fiber;

OPCs, Oligodendrocyte Progenitor Cells;

p.o., Per oral;

pg, Picogram;

PTX, Pertussis Toxin;

gPCR, Quantitative Polymerase Chain Reaction;
ROS, Reactive Oxygen Species;

TMEV, Theiler's Murine Encephalomyelitis Virus;

TNFa, Tumor necrosis factor a.
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2.1 Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease that affects the central nervous
system (CNS), which includes the brain and spinal cord. In MS, the immune system
mistakenly attacks the protective covering of nerve fibers called myelin. Myelin acts as an
insulating layer, facilitating the transmission of electrical signals along the nerve fibers.
When myelin is damaged, the transmission of these signals is disrupted, leading to a wide
range of neurological signs.?®

The exact cause of multiple sclerosis is still unknown, but it is believed to involve a
combination of genetic and environmental factors. Certain genetic variations have been
identified that increase the risk of developing MS. Additionally, environmental factors
such as viral infections, low levels of vitamin D, dietary habit and smoking have been
associated with an increased risk of developing the disease.*°

MS affects approximately 2.8 million people worldwide, according to estimates by the
Multiple Sclerosis International Federation (MSIF). The disease predominantly affects
young adults, with the majority of cases being diagnosed between the age of 20 and 50.
MS is more prevalent in certain regions, such as Europe, North America, and Australia,
compared to equatorial regions.3!

The immune system plays a crucial role in the development and progression of MS. In MS,
immune cells, particularly T cells, become activated and migrate into the CNS. These
immune cells release inflammatory molecules that attack the myelin sheath, leading to
its destruction. The resulting inflammation causes damage to the underlying nerve fibers
and disrupts the normal functioning of the CNS.3?

Various disease-modifying therapies (DMTs) are available to help manage MS and slow
its progression. These treatments aim to modulate the immune system and reduce the
frequency and severity of relapses, as well as delay the accumulation of disability. DMTs
may include interferons, monoclonal antibodies, and other immunomodulatory drugs.?3

The myelin oligodendrocyte glycoprotein 35-55 (MOGss.s5)-peptide induced experimental
autoimmune encephalomyelitis (EAE) model is a widely used animal model for studying
MS, an autoimmune disease affecting the central nervous system. While EAE has provided
valuable insights into MS pathogenesis, there are some challenges regarding
reproducibility and translatability to the human model. Among all, the EAE model is
known to have reproducibility issues. It has been shown that, even when using the same
induction protocol, there is a variability in disease severity, incidence and progression
among different EAE studies. This variability makes it difficult to compare results across
different laboratories or reproduce findings consistently.3* In addition, the lack of
standardization of the EAE model is often due to the induction protocols that can vary in
various factors such as the choice of antigen, adjuvants, administration route, and dosing
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regimen. This lack of standardization contributes to the challenges in reproducing
experimental results. Moreover, the strain dependency can play a key role in the lack of
reproducibility of this model: The susceptibility to EAE and its phenotype can vary among
different mouse or rat strains. This strain dependency further complicates the
reproducibility of EAE studies, as findings in one strain may not hold true for others.3>

Due to the complex nature of MS and the variation in disease manifestation, the
translatability issues of the EAE model to humans are well known. These are due to
different causes: a) Immunopathological differences. EAE is induced by actively sensitizing
animals with myelin antigens, leading to the development of autoimmune inflammation
in the central nervous system. However, the immunopathological mechanisms and the
immune cell populations involved in EAE may not fully recapitulate the complexity of
human MS. This disparity limits the direct translation of findings from EAE studies to
human disease; b) Lack of remyelination: One hallmark of MS is the demyelination of
nerve fibers, which can be followed by varying degrees of remyelination. In contrast, EAE
models often lack substantial remyelination, making it challenging to study this critical
aspect of MS pathology; c) Therapeutic responses: Some therapeutic strategies that show
promise in EAE models have not been as successful in human clinical trials. This
discrepancy suggests that the response to treatment can differ between the two systems,
highlighting the limitations in translatability.3034

It is important to note that despite these limitations, the EAE model continues to be
valuable for studying certain aspects of MS and developing potential therapeutic
approaches. However, caution should be exercised when interpreting and extrapolating
findings from EAE studies to human MS.

The EAE model, like many other disease models, can be influenced by various factors,
including diet. While there is limited research specifically addressing the effects of diet on
EAE, some studies have investigated the impact of specific dietary components on disease
outcome. It has been shown that iron is an essential nutrient involved in various
physiological processes, including immune function. Studies have suggested that iron
levels can influence the severity of EAE. High iron levels have been associated with
increased disease severity and immune dysregulation in EAE models.36-38

A recent study demonstrates that protein content in the diet is crucial for maintaining
overall health and immune function. Limited evidence suggests that protein intake may
affect EAE outcomes. One study demonstrated that a low-protein diet reduced EAE
severity and delayed disease onset in mice. However, more research is needed to
establish the precise role of protein in EAE.3?

Vitamin E is an antioxidant known for its immunomodulatory properties. Some studies
have investigated the effects of vitamin E supplementation in EAE models, with mixed
results. While vitamin E has shown potential protective effects against EAE in some
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studies, others have reported no significant impact. Further research is required to clarify
its role in EAE.4041

It is also known that high sugar intake has been associated with chronic inflammation and
increased risk of various diseases. However, the direct influence of sugar on EAE remains
largely unexplored. Given the potential pro-inflammatory effects of excessive sugar
consumption, it is reasonable to speculate that it could exacerbate inflammation in EAE.
However, more research is needed to establish a definitive link.?

Different studies show that dietary fiber has been recognized for its beneficial effects on
overall health, including modulation of the gut microbiota and immune system. While
there is limited research specifically on fiber in EAE, studies in other inflammatory
conditions suggest that fiber-rich diets may have immunomodulatory effects. These
effects could potentially influence EAE outcome, but more research is needed in this
area.*3

It is important to note that the studies cited above may not directly address the influence
of these dietary components on EAE. Further research is necessary to fully understand
the specific effects of diet on EAE outcome and to establish dietary recommendations for
individuals with MS. Yet, similar to MS, EAE is also heterogeneous, characterized by high
variability of both disease incidence and course.*

The variability between protocols introduces discrepancies in clinical disease and CNS
pathogenesis, limiting the comparability between studies and slowing much-needed
translational research.*

Secondly, for a robust induction of EAE, the preparation and viscosity of the MOG3s.s5-
peptide emulsion and pertussis toxin (PTX) doses, used to induce the EAE phenotype play
important roles. Additionally, considering that more mature animals develop a trained
and tolerogenic immune system, the role of the age and immunological maturity of the
mice were also investigated.*® For this reason, with the objective to establish a robust EAE
model displaying high incidence, little phenotypic variability and strong reproducibility, |
systematically evaluated the above listed factors for their impact on the EAE induction in
adolescent (14 weeks old) and aged (33 weeks old) female C57BL/6 mice. Establishing a
stable protocol to reliably induce a homogenous disease phenotype in mice is essential
for obtaining a solid, reproducible in vivo model in order to get reliable results to drug
efficacy testing.
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Aim

The objective of this study was to optimize a robust EAE model with high incidence, low
variability, but with only moderate severity to reliably induce a homogenous disease
phenotype in mice that is essential for obtaining a solid, reproducible in vivo model in
order to get reliable results to drug efficacy testing. Furthermore, | aimed to proove the
theory that animal age and immune system training has a major impact on disease
severity in the EAE model. To this end, diet and CFA/MOG emulsion preparation were
systematically evaluated for their impact on EAE induction in adolescent (14 weeks old)
and mature (33 weeks old) female C57BL/6 mice. AIN 93M (low fiber) and VRF1 (high
fiber) diet were tested in combination with two different CFA/MOG emulsion preparation
methods (sonicated versus un-sonicated). The Incidence and severity of this murine
model was detected by different techniques: a) in vivo parameters such as body weight
loss and EAE disease scoring, b) qPCR methodic with selected markers for reflecting
infiltration, inflammation and demyelination processes, c) histological findings to
determin myelin loss and astrocyte proliferation in brain and spinal cord.

2.2 Material and Methods

Induction materials:

Heat-inactivated M. tuberculosis (strain H37RA) and Complete Freund’s Adjuvant (CFA)
(1 mg/mL heat-inactivated mycobacterium tuberculosis) were both obtained from Difco,
Product No. 11719062, USA; the murine MOGss.ss-peptide
(MEVGWYRSPFSRVVHLYRNGK) was obtained from Panatecs, Product No. AU-P-3596,
Germany while Pertussis toxin was obtained from Sigma Aldrich, Germany.

Diets:

The certified, cereal-based rodent diet SM R/M-Z VRF1 and the purified EF R/M acc. AIN
93M diet from SSNIFF® Spezialdidten GmbH, Soest, Germany were used as experimental
diets asindicated in Figure 9. V 1534 - 000 SSNIFF® R / M-H, 10 mm mouse and rat fortified
complete maintenance diet served as a control diet. The control diet is, among other
ingredients, composed of grain and grain by-products, and oil seed products, which may
vary due to seasonal crop. This also applies for the VRF1-diet, while seasonality of crop is
no influence factor on the AIN 93M-diet due to the purified nature of ingredients.
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Table 25. Overview of relevant differences in composition between the experimental diets VRF1
and AIN 93M, thought to impact disease manifestation in both EAE and human MS. Detailed
description of diet content is listed in Table 26, 27 and 28. NDF: neutral detergent fiber.

Diet VRF1 AIN 93M Control diet
Protein (% of total kJ) 23 13 24

Sugar (%) 5.6 11.2 5.4

NDF (%) 16.3 - 16.9

Crude fiber (%) 4.5 5.0 5.0

Vitamin E (mg/kg) 135 75 110

Iron (mg/kg) 185 47 189

Table 26. Description of the AIN 93M Control Diet for rodents — maintenance: This purified diet
corresponds to the diet published by the American Institute of Nutrition (AIN). This diet was
designed for the maintenance of rats and mice. Although the concentrations of the macro- and
micronutrients are low, all requirements will be met with that diet.

MJ/kg KJ % [%] per kg

Gross Energy (GE) 18.0

Metabolizable Energy (ME) 15.6

Fat 10

Protein 13

Carbohydrates 77
Crude protein 12.3
Crude Fat 4.1
Crude fiber 5.0

. Crude ash 3.0

Crude Nutrients Starch 14.8
Dextrin 15.3
Sugar 11.2
N free extracts 71.8
Calcium 0.55
Phosphorus 0.36

. Ca/P 1.55:1

Minerals Sodium 0.16
Magnesium 0.09
Potassium 0.54
C12:0 -
C14:0 0.02
C 16:0 0.50

Fatty Acid C17:0 0.01
C18:0 0.15
C20:0 0.02
Cle6:1 0.01
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c18:1 1.03
C18:2 2.11
c18:3 0.23
Lysine 1.03
Methionine 0.38
Cystine 0.23
Met+Cys 0.61
Threonine 0.54
Tryptophan 0.16
Arginine 0.69
Histidine 0.37
Valine 0.86
Amino Acids Isoleucine 0.70
Leucine 1.23
Phenylalanine 0.64
Phe+Tyr 1.29
Glycine 0.25
Glutamic acid 2.78
Aspartic acid 0.92
Proline 1.41
Serine 0.74
Alanine 0.37
Vitamin A 4,000 IU
Vitamin D3 1,000 I1U
Vitamin E 75 mg
Vitamin K 4 mg
Thiamine (B1) 12 mg
Riboflavin (B3) 16 mg
Vitamins Pyridoxine (Be) 7 mg
Cobalamin (B13) 25 mg
Nicotinic acid 29 mg
Pantothenic acid 15 mg
Folic acid 2 mg
Biotin 200 mg
Choline 980 mg
Iron 47 mg
Manganese 21 mg
Zinc 39mg
Trace elements Copper 10 mg
lodine 0.3mg
Selenium 0.2 mg

Table 27. Description of the VRF1-Breeding Diet composition, fortified (autoclavable / y-
irradiated), complete feed for mice and rats: This diet has been designed for the breeding of rats
and mice. The dietary nutrients contents and the energy density are adjusted to the high-

53




performance during reproduction to meet the increased nutrient requirements. This diet is

fortified for sterilization processes.

MJ/kg KJ % [%] per kg

Gross Energy (GE) 16.6

Metabolizable Energy (ME) 14

Fat 13

Protein 23

Carbohydrates 64
Crude protein 19
Crude Fat 5.0
Crude fiber 45
NDF 16.3

Crude Nutrients ADF 6.9
Crude ash 6.3
Starch 34.8
Sugar 5.6
N free extracts 53.9
Calcium 0.90
Phosphorus 0.65

. Ca/P 1.38:

Minerals Sodium 0.30
Magnesium 0.27
Potassium 0.95
C12:0 -
C14:0 0.02
C 16:0 0.62
C18:0 0.16

Fatty Acid C20:0 0.02
C16:1 0.03
c18:1 1.13
C18:2 2.70
c18:3 0.30
Lysine 1.42
Methionine 0.67
Cystine 0.34
Met+Cys 1.01
Threonine 0.70
Tryptophan 0.24

. . Arginine 1.16

Amino Acids Histidine 0.48
Valine 0.91
Isoleucine 0.79
Leucine 1.41
Phenylalanine 0.88
Phe+Tyr 1.49
Glycine 0.86
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Glutamic acid 4.00
Aspartic acid 1.85
Proline 1.29
Serine 0.98
Alanine 0.88
Vitamin A 25,000 1U
Vitamin D3 1,500 IU
Vitamin E 135 mg
Vitamin K 20 mg
Thiamine (B) 87 mg
Riboflavin (B;) 33 mg
Vitamins Pyridoxine (Bs) 31 mg
Cobalamin (B13) 150 mg
Nicotinic acid 145 mg
Pantothenic acid 59 mg
Folic acid 10 mg
Biotin 720 mg
Choline 1,450 mg
Iron 185 mg
Manganese 62 mg
Trace elements Zinc 88 mg
Copper 15mg
lodine 2.1mg
Selenium 0.3 mg

Table 28. Description of Rat/Mouse-Maintenance Complete feed for mice and rats diet: This diet
has been designed for rats and mice and is suitable for long term experiments (e.g., chronic
toxicity studies), because of the moderate energy density and the very low nitrosa-mine contents.

MJ/kg KJ % [%] per kg
Gross Energy (GE) 16.2
Metabolizable Energy (ME) 13.5
Fat 9
Protein 24
Carbohydrates 67
Crude protein 19
Crude Fat 33
Crude fiber 5.0
NDF 16.9
Crude Nutrients ADF 7.1
Crude ash 6.4
Starch 35.9
Sugar 54
N free extracts 54.6
Minerals Calcium 1.00
Phosphorus 0.70
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Ca/P 143:1
Sodium 0.24
Magnesium 0.22
Potassium 0.92
C12:0 -
C 14:.0 0.01
C 16:0 0.45
C 18:0 0.09
Fatty Acid C 20:0 0.01
c1le6:1 0.01
C18:1 0.62
C18:2 1.76
C18:3 0.23
Lysine 1.00
Methionine 0.33
Cystine 0.35
Met+Cys 0.68
Threonine 0.71
Tryptophan 0.25
Arginine 1.19
Histidine 0.48
Valine 0.90
Amino Acids Isoleucine 0.79
Leucine 1.39
Phenylalanine 0.88
Phe+Tyr 1.49
Glycine 0.86
Glutamic acid 4.10
Aspartic acid 1.79
Proline 1.29
Serine 0.99
Alanine 0.82
Vitamin A 15,000 IU
Vitamin D3 1,100 U
Vitamin E 110 mg
Vitamin K 7 mg
Thiamine (B1) 18 mg
Riboflavin (B3) 22 mg
Vitamins Pyridoxine (Bs) 21 mg
Cobalamin (B1,) 100 mg
Nicotinic acid 115 mg
Pantothenic acid 40 mg
Folic acid 7 mg
Biotin 510 mg
Choline 1,370 mg
Trace elements Iron 189 mg
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Manganese 68 mg
Zinc 91 mg
Copper 15mg
lodine 2.1mg
Selenium 0.3 mg

Preparation and administration of CFA/MOG3s.ss5-peptide emulsion:

First, to ensure homogeneity, two vials each containing 10 mL of CFA (1 mg/mL heat-
inactivated mycobacterium tuberculosis) were thoroughly mixed. Subsequently, the
contents of both CFA vials were transferred into a 50 mL centrifuge tube and mixed. Then,
an additional 100 mg of heat-inactivated mycobacterium tuberculosis (MT) was added to
the mixture, vortexed and thoroughly mixed for a final CFA concentration solution of 6
mg/mL MT in 20 mL final volume. Secondly, the MOGss-ss-peptide solution was prepared
at RT with a final concentration of 4 mg/mL (300 ug MOG final concentration) or 2mg/mL
(150 pg MOG final concentration) in 1X PBS. Both the prepared MOGss.s5 solution and CFA
stock were kept on ice until processing. Using a 1 mL pipet with filter tips, 1 mL of MOGss.
ss-peptide solution was then added into a 5 mL syringe and 1 mL of CFA-solution was then
added into a second 5 mL syringe. Both syringes, one containing 1 mL CFA and the other
containing 1 mL of the MOGss.s5-peptide solution, were connected to each other with a
3-way valve connector. The contents were mixed by vigorous up- and down- pipetting
several times until a homogeneous emulsion was obtained (non-sonicated groups). For
the groups with sonication steps (sonicated groups), the syringe containing the emulsion
was disconnected from the 3-way valve. Subsequently, these samples were dipped into a
0.34 cm diameter ultra-sonicator (Hielscher Ultrasonics, UP50H, No. 35039908/1) and
sonicated 4-times with 70 % amplitude for 10 s. The syringe containing the sonicated
emulsion was again connected to the 3-way valve connector and the whole process was
repeated three times. Taking care to avoid any air bubbles, these emulsions were then
transferred to 1 mL syringes. Each mouse was then injected subcutaneously with 150 pL
(equaling 300 pg or 150 pug MOGss.ss-peptide per mouse) of either the non-sonicated or
the sonicated emulsion at the base of the tail (100 pL on one side of the tail-base, 50 pL
on the other side, alternating between mice for randomization).

Preparation and injection of PTX solution:

The PTX stock was freshly prepared by diluting powdered PTX with sterile 1X PBS to a final
concentration of 1.2 pg/mL (240 ng) or 0.6 pg/mL (120 ng). The first PTX-injection (i.p.)
was done immediately after the administration of the MOGss.ss-peptide emulsion, the
second PTX-injection (i.p.) was given 48 h after the first. Groups were either injected with
240 ng or with 120 ng PTX on both days (Table 31 and 32).

57


https://profilab24.com/de/hersteller/hielscher-ultrasonics

Animals:

7-week-old female C57BL/6 mice were obtained from Janvier Labs. Before the study was
initiated, an acclimation phase of seven days was necessary. In Study 1, in order to
determine short to moderate term dieting effects, animals were held six weeks prior to
MOG/PTX induction on the respective distinctly different test-diets (Figure 9). In the
second study, to evaluate long-term feeding effects, each group, consisting of four
animals for the Control diet group, eight animals in the AIN 93M and VRF1 groups, were
pre-fed with the respective diet for 24 weeks (Figure 9). In both studies, animals were
provided with respective food and water ad libitum and on day 0 induced with MOG3s.55-
peptide sonicated or non-sonicated emulsion and PTX (Figure 10 and 11). Euthanasia was
performed by CO; inhalation, either at study termination or upon reaching pre-defined
termination criteria (either due to animal welfare or satellite animals in study 2) (Figure
9). Brain and spinal cord samples were collected for gPCR (flash-frozen in liquid nitrogen
and stored at -80 °C until processing) and for histological samples (directly transferred to
4 % PFA, and 24 h later stored in 70 % EtOH until further workup, see histology paragraph
of the Materials and Methods section). Ethical approval for the study was obtained from
local authorities (Regierungsprasidium Tibingen).

L/7\8

Normal diet Euthanasia

My Mice with first x
e disease symptoms
VRF1 Study 1 AL Y
High fiber diet I //
OR Day 9 Day 17

T % AN
Bl et N\ MOG35-55/PTX  \ PTX booster
x4 // \, induction \ injection

//
-6 weeks Day 0 Day 2 “Satellites”
(Study 1) Euthanasia Euthanasia

OR i i
Mice with first
-24 weeks x disease symptoms # # x
(Study 2) Study 2 l I 7/
Day 7 Day 11 Day 15

Figure 9. C57BL/6 female mice were pre-fed for six weeks (Study 1) and 24 weeks (Study 2) with
three different diets. Then, EAE was induced by subcutaneous injection of differing MOGss.s5-CFA
emulsion preparations. MOGss.ss-peptide was administered either as a sonicated (+son) or non-
sonicated (-son) emulsion. PTX i.p. injection was done on days 0 and 2 (relative to MOGss.ss-
injection), while satellite animals were terminated for study 2 on day 7 post induction. On day 17,
Study 1 mice were euthanised; for Study 2, animals were euthanised on day 14 post MOG3s.ss-
injection. This Figure is adapted from Martorelli et.al. 2024, under revision.
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Figure 10. Scheme of variables examined in Study 1: different diet compositions (Control diet,
VRF1 and AIN 93M respectively) and variations in MOGss.ss-peptide emulsion preparation (+son
versus -son). This Figure is adapted from Martorelli et.al. 2024, under revision.
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Figure 11. Scheme of variables examined in Study 2: different diet compositions (Control diet,
VRF1 and AIN 93M respectively), variations in MOGss.ss peptide dose (150 pg versus 300 pg) and
emulsion preparation (+son versus -son), and variation of PTX dose (120 ng versus 240 ng). This
Figure is adapted from Martorelli et.al. 2024, under revision.

Clinical observations were detected according to a standardized scoring system (see Table
29). Body weight was assessed daily, starting on day 1 until the end of the experiment.
Exemptions being day 0, where, in order to avoid additional stress for the mice that could
impact disease development, the weighing was skipped. The scoring was evaluated by the
same operator daily, beginning on the respective day of symptom-onset. Incidence is
calculated as percentage of symptomatic mice (EAE score > 0.5) per time-point.
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Table 29. Mouse EAE Scoring system.

Score Clinical observation

0 No obvious changes in motor function compared
to non-immunized mice.
When picked up by the tail base, the tail has
tension and is erect. Hind legs are usually spread
apart. When the mouse is walking, there is no
gait or head tilting.

0.5 Tip of tail is limp.
When picked up by the tail base, the tail has
tension except for the tip.
Muscle straining is felt in the tail, while the tail
continues to move.

1.0 Limp tail.
When picked up by base of tail, instead of being
erect, the whole tail drapes over finger. Hind legs
are usually spread apart. No signs of tail
movement are observed.

1.5 Limp tail and hind leg inhibition.
When picked up by base of tail, the whole tail
drapes over finger.
When the mouse is dropped on a wire rack, at
least one hind leg falls through consistently.
Walking is very slightly wobbly.

2.0 Limp tail and weakness of hind legs.
When picked up by base of tail, the legs are not
spread apart, but held closer together. When the
mouse is observed walking, it has a clearly
apparent wobbly walk. One foot may have toes
dragging, but the other leg has no apparent
inhibitions of movement.

2.5 Limp tail and dragging of hind legs.
Both hind legs have some movement, but both
are dragging at the feet (mouse trips on hind
feet).
- or -
No movement in one leg/completely dragging
one leg, but movement in the other leg.

3.0 Limp tail and complete paralysis of hind legs

(most common).

- or _
Limp tail and almost complete paralysis of hind
legs.

One or both hind legs are able to paddle, but
neither hind leg is able to move forward of hind
hip.
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3.5

Limp tail and complete paralysis of hind legs.

In addition to: Mouse is moving around the cage,
but when placed on its side, is unable to right
itself. Hind legs are together on one side of the
body.

; or -
Mouse is moving around the cage, but the hind
quarters are flat like a pancake, giving the
appearance of a hump in the front quarters of
the mouse.

4.0

Limp tail, complete hind leg and partial front leg
paralysis.

Often euthanasia is recommended after the
mouse scores 4,0 for 2 days. However, with daily
s.c. fluids most C57BL/6 mice may recover to 3,5
or 3,0, while SJL mice may fully recover even if
they reach score 4,0 at the peak of disease.
When the mouse is euthanized because of
severe paralysis, a score of 5,0 is entered for that
mouse for the rest of the experiment.

4.5

Complete hind and partial front leg paralysis, no
movement around the cage.

Mouse is not alert. Mouse has minimal
movement in the front legs. Mouse barely
responds to contact.

Euthanasia is recommended.

5.0

Mouse is euthanized because of severe paralysis
(e.g., a score of 4 or greater for 2 consecutive
days), a score of 5,0 is entered for that mouse for
the rest of the experiment.

- or _
Mouse is found dead due to paralysis.

Total RNA isolation and quantitative RT-PCR:

Using a FastPrep-24 5G instrument (MP Biomedicals), flash frozen brain and spinal cord
samples were homogenized in lysis buffer (Jena Bioscience). Total RNA was isolated using
Total RNA Purification Kit (Jena Bioscience) according to the manufacturer’s instructions.
RNA quantity and purity were evaluated spectrophotometrically with the Nanodrop NP-
80 instrument (Implen). After DNase | treatment (PerfeCTa DNase |, Quanta Bioscience),
500 ng of total RNA was transcribed into cDNA with 5x PrimeScript RT Mastermix (Takara).
using Blue S’Green gPCR Mix Separate ROX (Biozym) according to the manufacturer’s
instructions, the gPCR reaction was performed on the QuantStudio® 3 real-time
polymerase chain reaction (PCR) system (ThermoFisher Scientific/Quantstudio™ Design
& Analysis Software v.1.4.3). Relative expression levels were determined using the
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2-AACT method and HPRT was used as reference gene*’ and the Control diet not-induced
animals were used as control group. Primer sequences are listed in Table 30. In the spinal
cord analysis, IL-10 marker was not evaluated due to insufficient sample material and
observed signals being below the lower limit of detection (see Figure 14, 16 and 19).

Table 30. Primer list used for quantitative RT-PCR

Gene Forward Primer Reverse Primer

Hprt AGTTCTTTGCTGACCTGCTG CCACCAATAACTTTTATGTCCCC
Mbp CGAGGAGAGGCTGGAAAGAA TGCTTGGAGTCTGTCACCG
Gm-csf GGGGCAATTTCACCAAACTCAA TCCGCATAGGTGGTAACTTGT
H2-Ab1 TGCAGACACAACTACGAGGG TGAGCAGACCAGAGTGTTGT
Mog TTGTGGAGCTTCTCTTGGCC GTACCAACCCACCTCCATGC
Gfap GCAAGAGACAGAGGAGTGGT ACTCCAGATCGCAGGTCAAG
Olig2 CCACACACACACCTTTTGCC CACGTTGTAATGCAGGTCGC
Foxp3 TCGAGGAGCCAGAAGAGTTT AGACTGCACCACTTCTCTCT
IL-10 AGAGAAGCATGGCCCAGAAA CTCCACTGCCTTGCTCTTATTT
Cspg4 GACCAACCCCCTGTTCTCAC TGGGCCCGAATCATTGTCTG
Tbhx21 CAAGGGGGCTTCCAACAATG GCTCTCCATCATTCACCTCCA

Histology instruments:

Histological preparation of samples was performed using a paraffin dispenser fitted with
an MPS/S dispensing module (SLEE Medical), Paraplast Plus (Leica BioSystem, art.-no.
X881.1 REF 39602004). An HM325 Manual Microtome (Leica BioSystem) was used to
perform 5 um cuts. Cuts were mounted on glass Superfrost PLUS or Superfrost R
(Langenbrinck GmbH, art.-no.03- 0060) slides. Using the same exposure and intensity for
each sample, immunofluorescent images were acquired with a Keyence BZ-810
fluorescence microscope (Keyence, Tokyo, Japan) using a 20X, 40X and/or 100X/1.45 oil-
immersion objective lens. The Imagel software was used to quantify % of area of positive
cells stained by respective antibodies versus total area analyzed for each organ.

Staining protocol:

MBP, Neuron, Astrocytes, DAPI immunostaining:

After deparaffinizing and dehydrating steps using 100 % xylene (isomeric mixture, ACROS
ORGANICS), increasing ethanol (VWR Chemicals) dilutions and water, antigen (epitope)
retrieval was performed using citrate buffer (45 min at 90 °C). After washing steps (3 x5
min in PBS), blocking was performed for 60 min at room temperature with 5 % Normal
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serum Blocking solution (BioLegend) in 0.3 % Triton X-100 in PBS. Incubation with the
primary antibodies was done overnight at 4 °C (MBP, NeuN, GFAP). After washing steps
(3 x5 min in PBS), incubation with the secondary antibodies was done for 45 min at room
temperature (1:400 dilution, dylight-488 horse anti rabbit IgG, Vector Lab, Cat.No. DI-
1088-1.5; AlexaFluor-647 donkey anti goat IgG, abcam, Cat.No. ab150135; Cy3 horse anti
mouse IgG, Vector Lab, Cat.No. CY-2300-1). DAPI BioMount aqueous mounting glue (Bio-
Optica, 05-1740) was used as counterstain for nuclei. Negative controls were performed
using 1X PBS buffer as primary antibody incubation step and used to set up the
background fluorescent exposure threshold of each stained organ.

Statistics:

Statistical analysis and preparation of graphs were done using GraphPad Prism 9.3.1. All
experimental results were tested for normal distribution using the Shapiro-Wilk test.
Before conducting further statistical analysis, the Brown-Forsythe test was used to test
data for homoscedasticity while ordinary one-way ANOVA was used for multiple
comparisons (Bonferroni correction). Incidence was compared using the Chi? test and p-
values were corrected with the Bonferroni method for multiple comparisons. EAE-scores
were compared using multiple Mann-Whitney tests with two-stage step-up (Benjamini,
Krieger, and Yekutieli), p-values were corrected with the Bonferroni method for multiple
comparisons. In addition, two-way ANOVA was used to test for differences in body weight
data, p-values were corrected with the Bonferroni method for multiple comparisons.
Significance levels are indicated by * p < 0.05; ** p <0.01; *** p <0.001; **** p < 0.0001.

2.3 Results

In order to obtain a stable and reproducible EAE mouse model to use for the evaluation
of drug effects, a study was designed to assess the influence of the MOGss.s5-peptide
preparation and of two different diets in mice with different age (young versus middle-
aged) to evaluate disease manifestation and variability of EAE induction. Moreover, the
MOGss.s5- and PTX concentration used for induction were varied with the aim to
investigate the possibility to obtain different EAE severity models.

To this end, at first a study with 36 female C57BL/6 mice was performed (Table 31). Due
to the known impact of dietary factors like fiber content, antioxidants, sugar, iron and
protein levels on MS and EAE disease manifestation*®=0, the purified low fermentative
diet AIN 93M was used and compared it with the pro-fermentative diet VRF1, rich in non-
digestible fiber and protein. The AIN 93M diet is characterized by a low non-digestible
fiber content and overall fewer antioxidants combined with a higher energy density,
compared to VRF1. A basic maintenance diet (V 1534 - 000 SSNIFF®; Control diet) was
used to feed the control mice group. To allow adaptation to the respective diets, mice
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were pre-fed for 6 weeks with the indicated diets, before disease induction on day O
(Figure 9).

In Study 1, the mice were divided into five treatment groups (Table 31) and either fed
with the maintenance diet (control group 1, four animals) or with the experimental diets
VRF1 (group 2 and 3, eight animals) or AIN 93M (group 4 and 5, eight animals). |
additionally wanted to assess the influence of different MOGs3s.55 preparations on EAE
induction. To this end, two different preparations of the MOG3s.55-peptide were tested:
one where homogenization of the peptide in CFA emulsion was achieved via the double-
syringe method and one emulsion that was prepared via sonication with an ultra-
sonicator to ensure complete homogenization as described in Material and Methods. At
day 0, mice were injected with 150 pL of the respective homogenate (300 pug MOGa3s.s5
/animal) at the base of the tail, except for the control mice (group 1) which did not receive
any injection.

Table 31. Study 1 experimental groups.

MOGs3s.s5 per PTX per Emulsion
Group No. N Chow . . .
animal animal preparation

1 4 Control diet - - -

2 8 VRF1 300 pg 240 ng -son
3 8 VRF1 300 pg 240 ng +son
4 8 AIN 93M 300 ug 240 ng -son
5 8 AIN 93M 300 pg 240 ng +son

Body weight was assessed daily, starting on day 1 (post EAE induction) until the end of
the experiment (17 days post induction). Exemptions being day 0, where the weighing
was skipped in order to avoid additional stress, which could impact the disease
development. Starting from the first manifestation of disease signs (scoring > 0.5),
animals were scored daily (Figure 9).

As expected, body weight did not differ noticeably between groups during the first half
of the study (day O to day 9), representing the typical symptom free phase of the EAE-
model (Figure 12b). However, on day 10, differences became noticeable between groups
2 and 3 (AIN 93M diet) and 4 and 5 (VRF1 diet). AIN 93M-fed mice displayed substantial
and continuous loss in body weight reaching an overall weight loss of 13 % (group 4, AIN
93M=°") and 16 % (group 5, AIN 93M*°") at study termination (day 17). In contrast, both
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groups fed on VRF1 diet (2 and 3, VRF1*°"and VRF1**°") reached a loss in body weight of
only 3 %.

As expected, the disease scores obtained for the different groups matched the differences
observed in body weight. Average symptom scores, calculated as AUC, differed
significantly between the diets (p < 0.01 for VRF1*°" versus AIN 93M**°", p < 0.05 for VRF1
son yersus AIN 93M°"), but not between the different emulsion preparation methods. On
day 17, AIN 93M*°" fed mice reached a disease score of 4.6 + 0.6, representing severe
signs, compared to a mild score of 1.9 + 1.3 and 1.8 + 1.4, obtained for the VRF1-fed
animals. Due to the aggressiveness of the model, the study was terminated ahead of
schedule (on day 17) (Figures 9 and 12e, Table 32). At day 15 of the first study, animals
with scores > 4.0 were euthanized (Figure 12): 3 in the AIN 93M™°" group (62,5 % survival)
and 6 in the AIN 93M™**°" group (25 % survival). It was observed that survival rates differed
significantly between AIN 93M*°" and VRF1-treatment groups (p = 0.0027).

The incidence of EAE manifestation was analyzed dependent on the disease scores (Figure
12h). 100 % incidence was shown only by the mice on the AIN 93M diet, independent of
the MOGss.ss peptide preparation method (Tables 32 and 34, Figure 12h, i and j). In
contrast, disease incidence was lower in both the VRF1*°" and VRF1*°" groups: In the
former, only 62.5 % of animals displayed disease signs by the end of the study, and 75 %
in the latter. Additionally, a delay of the first occurrence of signs was observed:
occurrence in VRF1 groups was observed two days later compared to the AIN 93M*son
group (day 11 versus day 9) (Tables 32 and 34, Figure 12h).
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Figure 12. Comparison of different induction methods of the EAE model: i) preparation of MOGss.
ss-peptide emulsion by +son versus -son, a low-fiber, low-antioxidant diet versus a pro-
fermentative diet and high versus low doses of MOGss.ss-peptide and PTX; ii) also the pre-feeding
time was compared: six weeks in Study 1 versus. 6 months in Study 2. Body weight (b-d) and
symptom scores (e-g) were assessed daily and total incidence of animals developing EAE was
recorded (h-j). Data are displayed as mean * SD of the mean, n = 8. AIN 93M results displayed in
purple and VRF1 results displayed in cyan.

a) Summary of the tested variables.

b-d) Average body weight of studies 1 and 2 of mice post-immunization with MOGss.ss-peptide
over time. When comparing the last day of the study, animals fed with the AIN 93M diet
experienced a significant loss of BW versus animal fed the VRF1 diet. (n = 8).
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e-g) Average symptom score of studies 1 and 2 of mice post-immunization with MOGss.ss-peptide
over time n = 8. Signs developed earlier and more severely in the groups fed with the AIN 93M
diet. Sonication of the MOGss.ss-peptide emulsion further increased severity in the AIN 93M
groups. (h-j) Incidence per group. Animals were counted as “symptomatic” when their EAE score
reached values > 0.5. Data are displayed as percentiles (n = 8). This Figure is adapted from
Martorelli et.al. 2024, under revision.

Table 32. Disease incidence and EAE score of Study 1 at the end of the study (day 17 post-
immunization, n = 8). Animals were counted as “symptomatic” when their EAE score reached
values > 0. Summary of the EAE score: VRF1 diet versus AIN 93M diet.

VRF1 diet | AIN 93M diet VRF1 diet AIN 93M diet

incidence incidence EAE score EAE score
MOG 300, PTX 240 double syringe 62.5% 100 % 1.8+14 39+1.1
MOG 300, PTX 240 sonication 75 % 100 % 19+1.3 4.6 £0.6

In order to evaluate the robustness of the detected effects caused by both, diet- and
emulsion preparation, and to test the effect of long-term dieting and ageing (trained
immune system)?®, the in vivo study was repeated with adaptations. In the second study,
animals were pre-fed with the respective diets for 24 weeks (Figure 11). Additional groups
were included in order to firstly evaluate the optimal dose of MOGss.s5 peptide and
secondly to assess the optimal dose of the intraperitoneal booster injections of PTX. In
the second study, a total of 68 C57BL/6 mice were included (Figure 11 and Table 33).
Similar to study 1, mice were either fed with Control diet (group 1; 4 animals) or with
experimental diets VRF1 (group 2, 4, and 5; 8 animals) or AIN 93M (group 3, 6-9; 8
animals). EAE was induced by immunization with either 300 or 150 pg MOGss.s5 per
mouse as indicated in Table 33. Similar to study 1, MOGsss55 peptide emulsion was
prepared either by non-sonicated double-syringe or ultrasound-sonication method.
Intraperitoneal booster injections with PTX were performed twice at a dose of 240 or 120
ng/mlL, first on study day O, directly after MOGss.ss induction and then again on study day
2 (Figure 9). The body weight of the animals was checked daily, starting on day 1.
Exemptions being day O to avoid additional stress for the mice during the induction
period.
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Table 33. Study 2 experimental group design.

Group . Chow MOGs;s.55 PTX Emulsion
No. Concentration Concentration preparation

1 4 | Control diet - - -

2 8 VRF1 - - -

3 8 AIN 93M - - -

4 8 VRF1 300 pg 240 ng -son
5 8 VRF1 300 pg 240 ng +son
6 8 AIN 93M 300 pg 240 ng -son
7 8 AIN 93M 300 pg 240 ng +son
8 8 AIN 93M 150 ug 240 ng +son
9 8 AIN 93M 150 pg 120 ng +son

As observed in study 1 (Figure 12b, e, h), body weight did not diverge noticeably between
groups during the first nine days (see Figure 12c, d). At study day 10, differences became
noticeable. Interestingly, animals treated with non-sonicated MOGss.s5 emulsion
displayed the lowest impact on body weight, irrespective of diet, with a final body weight
loss of 3% and 5 % in AIN 93M°" and VRF1*°" animals, respectively. In contrast, VRF1*s°"
and AIN 93M*°" animals suffered a weight loss of 13 % to 15 %, respectively at study
termination (Figure 12c). Within the groups treated with sonicated MOGss.s5 emulsion,
the higher MOG3s.55 dose (300 pg versus 150 ug) resulted in stronger overall body weight
loss, as expected (15 % versus. 5 %). The same was observed for PTX - the higher dose of
PTX (240 ng) was associated with a more severe body weight loss (Figure 12d). Disease
scoring reflected the observations in body weight. AIN 93M*°" animals displayed the
highest disease score (Table 34, Figure 12). Interestingly, despite the profound body
weight loss, VRF1**°"animals only reached a disease score of 1.3 + 1.2, which is similar to
the score achieved by this diet/treatment combination in the first study (study 1 VRF1*°"
score: 1.8 + 1.4). Animals treated with non-sonicated, inverted MOGss.ss emulsion
displayed the lowest score. Again, the higher dose of PTX (240 ng/animal) and MOG3s.ss
emulsion (300 pg/animal) resulted in increased disease scores reflecting a more severe
phenotype (see Figure 12g and Table 34).
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Table 34. Disease incidence of Study 2 at the end of the study (day 14 post-immunization, n = 8).
Animals were counted as “symptomatic” when their EAE score reached values > 0. Summary of
the EAE score: VRF1 diet versus AIN 93M diet. n.d.: not done.

VRF1 diet | AIN 93M diet VRF1 diet AIN 93M diet

incidence incidence EAE score EAE score
MOG 300, PTX 240 double syringe 50 % 38% 0.7+1.0 0.7+0.9
MOG 300, PTX 240 sonication 75 % 85 % 1.3+£1.2 24+1.1
MOG 150, PTX 240 sonication n.d. 100 % - 29+0.5
MOG 150, PTX 120 sonication n.d. 85 % - 25+1.2

These results indicate that variability in disease manifestation is caused by a) diet, with
AIN 93M diet-fed animals displaying a less variable phenotype; and b) the MOGs3s.s5
peptide emulsion preparation: the data at hand imply that +son emulsion reduces
variability of the EAE-model introduced by the MOGss.ss5 peptide preparation.

Disease incidence in study 2 (Figure 12i and j) was reproducible despite variation in overall
disease (body weight loss and EAE scores) displayed by similar treatment groups of the
two different studies: independent from MOGss.s5 peptide preparation method used,
mice held on AIN 93M diet displayed a high incidence (85 or 100 %) in both, study 1 and
study 2 (Tables 32 and 34, Figure 12h, i and j). Also, AIN 93M diet-fed but half dose
induction (150 ng/mouse MOGss.ss peptide, sonicated and 120 ug/mouse PTX injection)
resulted in an incidence of 85 %. On the other hand, disease incidence was lower in both
VRF1-fed groups: the incidence resembled what was seen in study 1, with lower incidence
for VRF1°" mice (62.5 %) and a slightly higher one for VRF1**°" animals (75 %) (Table 34
and Figure 12h, i and j).

In order to evaluate effects of MOGss.ss-peptide preparation and diet on overall survival,
data was evaluated combining similar groups of both studies (n = 16 mice per group). In
the short-term study (6 weeks pre-fed animals), no mice were found dead in the cage or
had to be euthanized due to the development of severe signs over the end of the study.
This was observed for both tested MOGss.s5-peptide preparation methods. On the other
side, for the AIN 93-fed mice, three animals were euthanized until study day 17 in the AIN
93M°" group (62,5 % survival) and six animals in the AIN 93M*°" group due to severe
signs reported by the operator (25 % survival). Overall, survival rates differed statistically
significantly between both VRF1-treatment groups and AIN 93M**°" (p = 0.0027). Also, in
the long-term study (24 weeks pre-fed animals) no mice were euthanized or found dead
in cage due to development of severe signs.
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MOGs3s.ss5-peptide preparation and diet play different roles in the regulation of immune

cell marker and myelin related genes in brain and spinal cord

With the aim to evaluate the role of the MOGss.ss- peptide preparation and tested diets
on the EAE induction in more detail, the effects on demyelination processes and the grade
of inflammation in brain and spinal cord were assessed by gene expression analysis. To
this end, the expression levels of relevant inflammatory cytokines (/IL-10, GM-CSF),
immune cell markers (FoxP3, GFAP, TBX21, H2-Ab1) and related markers for myelination
processes (MOG, MBP, OLIG2, CSPG4) were determined in brain and spinal cord samples
taken from euthanized mice of study 2 at day 15 by RT-qPCR (Figures 13-16; 18-20).

The results of this analysis revealed that Mbp, in brain samples of VRF1*°" and in both
AIN 93M fed mice groups, was significantly downregulated (Figure 13c). While Olig2 and
Mog expression in the brain did not significantly differ between the groups (Figure 13d,
e), Cspg4 was also significantly downregulated in brain samples of VRF1*°" and AIN 93M~
$o" mice (Figure 13b). In spinal cord of -son MOG preparation mice, mRNA levels of myelin
related genes were diminished (Figure 14b—e). Markers which are known to be associated
with the activation of astrocytes (Gfap)>* and microglia (H2-Ab1)>?> were correlated to EAE
scores and incidence. Both, Gfap and H2-Ab1, were primarily upregulated in mice that
were induced with sonicated MOGss.ss preparation with an even stronger induction in AIN
93M fed mice (Figure 13f, g and Figure 13f, g). As an indirect readout for the disruption
of the blood brain barrier, T-cell markers Tbx21 and Foxp3 were measured. In mice that
received the sonicated MOG preparation, regulatory effects of these markers could be
observed (Figure 13h, i and Figure 14h, i). In order to evaluate general inflammation
processes in the brain and spinal cord, mRNA levels of the cytokines Gm-csf and IL-10
were analyzed. Gm-csf expression levels were significantly upregulated in spinal cord
samples of mice that were induced with sonicated MOGss.ss preparation (Figure 14j),
while in brain samples, only VRF1-fed mice showed significant upregulation of Gm-csf in
combination with the sonicated MOGss.ss preparation (Figure 14j). Due to low expression
levels of IL-10 in the spinal cord, mRNA levels were only quantified in brain samples,
where a significant upregulation could be observed in mice with sonicated MOGs3s.s5
preparation.
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Figure 13. gPCR on brains of EAE induced mice with different MOG emulsion preparation. a) Effect
of MOGs3s.ss preparation and diet (VRF1 versus AIN 93M) of induced female C57BL/6 mice (300 pg
MOGss.ss, 240 ng PTX) normalized to healthy control animals (Control diet fed) in the brain. b-e)
Quantitative analysis of myelin (MBP and MOG) and oligodendrocytes markers (CSPG4, Olig2)
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showing a more relevant diet effect in comparison to the MOG3s.ss preparation for the CSPG4
marker (oligodendrocytes precursor) and MBP (Myelin Base Protein). f-k) Quantitative analysis of
the immune cell profile showing in the brain in the MOGss.s5 sonicated emulsion groups an
upregulation and higher infiltration of T-cells different subpopulations. * p < 0.05; ** p<0.01; ***
p <0.001; **** p < 0.0001. Data are displayed as mean % SD of the mean, n = 4 to 8. AIN 93M
results displayed in purple and VRF1 results displayed in cyan. This Figure is adapted from
Martorelli et.al. 2024, under revision.
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Figure 14. gPCR on spinal cords of EAE induced mice with different MOG emulsion preparation.
a) Effect of MOG3s.ss preparation and diet (VRF1 versus AIN 93M) on induced female C57BL/6
mice (300 pg MOGss.ss, 240 ng PTX) normalized to healthy control animals (Control diet fed) in the
spinal cord. b-e) Quantitative analysis of myelin (MBP and MOG) and oligodendrocytes markers
(CSPG4, Olig2) showing a more relevant diet effect in comparison to the MOGss.ss preparation for
the CSPG4 marker (oligodendrocytes precursor) and MBP (Myelin Base Protein). f-j) Quantitative
analysis of the immune cell profile showing in the spinal cord in the MOGss.ss sonicated emulsion
groups upregulation and higher infiltration of T-cells different subpopulation. * p < 0.05; ** p <
0.01; *** p<0.001; **** p<0.0001. Data are displayed as mean + SD of the mean, n =4 to 8. AIN
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93M results displayed in purple and VRF1 results displayed in cyan. This Figure is adapted from
Martorelli et.al. 2024, under revision.

The PTX dose highly affect the severity of the EAE model

Different PTX and MOGss.55 doses were tested on +son emulsion induced mice in Study 2
(long-term). It was observed that the severity of signs was dependent on the PTX dose,
but remained unaffected by lowering the amount of MOGss.ss-peptide from 300 to 150
ug used for induction (Figure 15 and 16). Results also showed that a higher dose of PTX
(240 ng) is associated with the severity of the EAE signs in terms of: a) body weight loss,
b) EAE scoring. At day 13, PTX higher dose (240 ng) induced animals showed an incidence
of 100 % (see Figure 12j), a body weight loss of 20 % (Figure 12d) and animals had an EAE
score of 2.9 £ 0.5 on average (mean * SD, Figure 12g and Table 34).

This effect was not directly reflected by the analysis of myelin related genes. Cspg4 was
significantly downregulated in brains of 240 ng PTX / 150 ug MOGss-ss group and 120 ng
PTX / 150 pg MOGss.ss induced mice (Figure 15b). In all induced mice Mbp was
downregulated (Figure 15c), while the downregulation of Mog expression could only be
observed in the 150 pg MOGss.ss / 240 ng PTX group (Figure 15d). For the Mog target,
diminished mRNA levels could only be detected in spinal cord samples of the 240 ng PTX
/ 150 pg MOGss.ss group (Figure 16b-e). Activation markers for microglia (H2-ab1) and
astrocytes (Gfap), T-cell markers (Foxp3 and Thx21) and the cytokines (Gm-csf and IL-10)
were primarily upregulated in brain samples and spinal cords of mice that received the
higher PTX dose (240 ng, 150 pg MOGss.ss) (Figure 15f-k, Figure 16f-j), while the low PTX
dose (120 ng) was not sufficient to induce T-cell (Tbx21) infiltration through the BBB.
Additionally, the low dose PTX (120 ng) animals were terminated at day 21 versus the high
dose PTX (240 ng) animals terminated at day 15. These difference in time could have
affect the gene expression pattern. It has been already shown in literature that in this
murine model the peak of disease severity occurred between days 14-16.>3 These findings
indicate that the PTX dose increases the severity of signs in a dose-dependent manner.
The severity of the EAE model can be explained by different processes, in particular the
disruption of the BBB, astrocyte and microglia activation and T-cell infiltration.
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Figure 15. qPCR on the brains of EAE induced mice with different MOG doses. (a) Effect of PTX
dose and MOGas.ss in the brain of induced female C57BL/6 mice (300 ug MOGss.ss, 240 ng PTX,
150 pg MOGss.ss, 240 ng PTX, and 150 pg MOGssss, 120 ng PTX) compared to healthy animals
(Control diet fed). (b-e) Quantitative analysis of oligodendrocytes markers (Olig2, CSPG4) and
myelin (MOG and MBP) showing a more relevant PTX effect with respect to the MOGss.s5s one for
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the MBP and CSPG4 marker (oligodendrocytes precursor). (f-k) Brain quantitative analysis of the
immune cell profile showing higher infiltration of T-cells and upregulation in different
subpopulations with the highest PTX and MOGss.ss dose. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p <£0.0001. Data are displayed as mean + SD of the mean, n = 4 to 8. This Figure is adapted
from Martorelli et.al. 2024, under revision.
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Figure 16. gPCR on the spinal cords of EAE induced mice with different MOG doses. (a) Effect of
PTX dose and MOGs3s.ss in the spinal cord of induced female C57BL/6 mice (300 pg MOGas.ss, 240
ng PTX, 150 pg MOGss.ss, 240 ng PTX, and 150 pug MOGss.ss, 120 ng PTX) compared to healthy
animals (Control diet fed). (b-e) Quantitative analysis of oligodendrocytes markers (Olig2, CSPG4)
and myelin (MOG and MBP) showing a more relevant PTX effect with respect to the MOG3s.ss one
for the MBP and CSPG4 marker (oligodendrocytes precursor). (f-k) Spinal cord quantitative
analysis of the immune cell profile showing higher infiltration of T-cells and upregulation in
different subpopulations with the highest PTX and MOGss.ss dose. * p < 0.05; ** p<0.01; *** p <
0.001; **** p < 0.0001. Data are displayed as mean * SD of the mean, n = 4 to 8. This Figure is
adapted from Martorelli et.al. 2024, under revision.
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Severe demyelination and inflammation in the spinal cord and brain of MOG3s.55-peptide

EAE induced mice is highly correlated to AIN 93M low fiber diet

In order to evaluate inflammation and demyelination processes and to complement the
gPCR results obtained for study 2, histological analysis was performed in the brain and
spinal cord of AIN 93M*°" and VRF1**°" animals (these groups were specifically selected
to check for the suspected diet effect, while the emulsion preparation method resulted
mostly in increased variability). Due to both the robust incidence and expression of target
genes, this analysis was done only for the two groups induced with 300 pg MOG3s.ss-
peptide and 240 ng PTX, both +son emulsions. At termination day (15 days after EAE-
induction), mice were sacrificed and brains and spinal cords were harvested for myelin
basic protein (MBP) and activated astrocytes (GFAP) analysis. KEYENCE inverted
fluorescence microscope BX-Z810 was used to digitalize stained sections. 20X and 100X
magnification images (Figure 17c and b), respectively for spinal cord and brain, were used
for all quantitative analysis. Astrocyte-positive fraction stained with a GFAP antibody
(yellow channel) and myelin-positive cell fraction stained by an MBP antibody (green
channel) were quantified while as contra-staining was used a neuronal marker (Neun, red
channel). Folded organ sections were excluded from analysis because they led to false
positive results. On both AIN 93M diet-fed and VFR1 diet-fed induced mice, as expected,
the percentage of the MBP+ area showed statistically significant reduction (p < 0.0001
and p <£0.05, respectively) but interestingly, not on spinal cord, even though the analysis
showed an area reduction in the spinal cord of AIN 93M**°" mice of ~30 %. On the other
hand, in both brain and spinal cord, the percentage of GFAP+ area showed a statistically
significant increase only in AIN 93M diet induced mice (p < 0.01).
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Figure 17. Histopathological examination of brains and spinal cords of female C57BL/6 mice (300
ug MOGssss, 240 ng PTX, AIN 93M*™°" and VRF1*°" groups, Study 2). a) Percentage of MBP and
GFAP positive area on coronal brain sections of AIN 93M*™°" and VRF1**°" induced mice normalized
versus Control diet not-induced mice; b) Percentage of MBP and GFAP positive area on spinal cord
sections of AIN 93M*°" and VRF1*°" induced mice normalized versus Control diet not-induced
mice; ¢) As expected, MOG3s.ss immunization resulted in demyelination and inflammation in brain
and spinal cord. Control diet fed not-induced mice showed healthy condition in both organs, while
VRF1*°" fed mice displayed mild demyelination (MBP — green) and moderate inflammation
(astrocytes — yellow) in brain and spinal cord versus a severe inflammation and demyelination
compared to AIN 93M fed mice. * p £0.05; ** p <£0.01; *** p <0.001; **** p <0.0001. Data are
displayed as mean + SD of the mean, n = 4 to 8. AIN 93M results displayed in purple and VRF1
results displayed in cyan. This Figure is adapted from Martorelli et.al. 2024, under revision.

Asymptomatic satellite animals’ brain samples shown downregulation of myelin-related
genes

In Study 2, asymptomatic satellite animals were sacrificed at day 7, in order to investigate
parameters like diet or preparation of emulsion by the expression kinetics of the selected
targets and molecular mechanisms involved in the onset of the disease. Interestingly,
myelin related genes were primarily downregulated in brain samples of satellites,
followed by an increase to basal expression levels (Cspg4) (Figure 18b), respectively from
high to moderate significance (Mbp in AIN 93M fed mice) (Figure 18c), until the peak of
the disease. This effect could not be observed in spinal cord samples. The mRNA levels of
H2-Ab1, Gfap, Tbx21, Foxp3, Gm-csf and IL-10 remained unregulated in both spinal cord
and brain samples of the satellite animals (Figure 18 and 19).
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Figure 18. gPCR on satellite brains of EAE induced mice. a) Satellites animals (terminated 7 days
after induction) compared to +son induced C57BL/6 mice 300 pg MOGssss, 240 ng PTX
(terminated 15 days post induction) and NOT-induced healthy animals (Control diet fed) on
expression levels in the brain. b-e) Quantitative analysis of oligodendrocytes markers (CSPG4,
Olig2) and myelin (MBP and MOG) showing strong downregulation of the CSPG4 marker
(oligodendrocytes precursor) and MBP in the initial asymptomatic phase post MOGss.ss and PTX
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induction in both, AIN 93M and VRF1 fed animals. f-k) Quantitative analysis of the immune cell
profile showing upregulation and higher infiltration of T-cells different subpopulation only after 7
days post MOGss.ss and PTX induction. * p <0.05; ** p<0.01; *** p<0.001; **** p <0.0001. Data
are displayed as mean + SD of the mean, n =4 to 8. AIN 93M results displayed in purple and VRF1
results displayed in cyan. This Figure is adapted from Martorelli et.al. 2024, under revision.
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Figure 19. gPCR on satellite spinal cords of EAE induced mice a) Satellites animals (terminated 7
days after induction) compared to +son induced C57BL/6 mice 300 pg MOGss.ss, 240 ng PTX
(terminated 15 days post induction) and NOT-induced healthy animals (Control diet fed) on
expression levels in the spinal cord. b-e) Quantitative analysis of oligodendrocytes markers
(CSPG4, 0Olig2) and myelin (MBP and MOG) showing recovery of CSPG4 marker (oligodendrocytes
precursor) and MBP at day 15 post MOGss.ss and PTX induction in both, VRF1 and AIN 93M fed
animals. f-j) Quantitative analysis of the immune cell profile showing upregulation and higher
infiltration of T-cells different subpopulation. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001. Data are displayed as mean + SD of the mean, n = 4 to 8. AIN 93M results displayed in
purple and VRF1 results displayed in cyan. This Figure is adapted from Martorelli et.al. 2024, under
revision.
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Dietary effect on the expression level of astrocyte, microglia and myelin related genes

markers in the brain of naive control mice

To shed more light on the diet-effect, gPCR analysis in brain and spinal cord samples of
naive AIN 93M- and VRF1 fed- mice was performed. Surprisingly, gene expression analysis
of naive, not-induced mice revealed a regulatory effect of both diets on astrocyte, and
microglia markers, as well as on myelin related genes in the brain, but not on
inflammation and immune cell markers. Cspg4, Mbp and Gfap mRNA was significantly
downregulated in both AIN 93M and VRF1 fed mice, this effect can be seen to a greater
extent in AIN 93M mice (Figure 20b, c). These observations are comparable to EAE
induced mice, where low fiber fed mice displayed higher incidence and EAE scoring (more
severe disease). However, Mog expression was only decreased in VRF1 fed mice (Figure
13d). Moreover, reduced Gfap and H2-Ab1 expression levels were detected in brains of
AIN 93M and VRF1 fed mice (Figure 20f, g). On the other hand, in spinal cord samples the
analysed targets remained unregulated (Figure 21); thus, diet effects on gene regulation
could only be observed in the brain, but not in the spinal cord of naive, diet-pre-fed mice.
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Figure 20. qPCR on brains of un-induced mice pre-fed with different diets. a) Effect of diet (VRF1
versus AIN 93M versus Control diet) on not-induced, naive female C57BL/6 mice in the brain. b-
e) Quantitative analysis of oligodendrocytes markers (CSPG4, Olig2) and myelin (MBP and MOG)
showing downregulation in mice fed with AIN 93M and VRF1 diet in comparison to Control diet.
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f-k) Quantitative analysis of the immune cell profile showing no significant regulation of T-cells
and GM-CSF, in contrast to astrocytes (GFAP) in brain of mice fed with AIN 93M diet. * p < 0.05;
** p<0.01; *** p £0.001; **** p < 0.0001. Data are displayed as mean + SD of the mean, n =4
to 8. AIN 93M results displayed in purple and VRF1 results displayed in cyan. This Figure is adapted
from Martorelli et.al. 2024, under revision.
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Figure 21. gPCR on spinal cords of un-induced mice pre-fed with different diets. a) Effect of diet
(VRF1 versus AIN 93M versus Control diet) on NOT-induced female C57BL/6 mice in the spinal
cord. b-e) Quantitative analysis of oligodendrocytes markers (CSPG4, Olig2) showing no diet effect
on myelin markers. f-j) Quantitative analysis of the immune cell profile showing no difference,
irrespective of diet. Data are displayed as mean * SD of the mean, n = 4 to 8. AIN 93M results
displayed in purple and VRF1 results displayed in cyan. This Figure is adapted from Martorelli et.al.
2024, under revision.
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2.4 Discussion

The mouse model of MOGssss-induced experimental autoimmune encephalomyelitis
delivered critical insight into the pathological mechanisms of human MS. For both, EAE in
mouse and MS in human, auto-immunity, demyelination, inflammation and gliosis are
critical disease hallmarks. Thereby, severity, incidence and disease onset can be
modulated in the mouse via PTX-concentrations used for prime and boost, but also via
variation of the mycobacterium tuberculosis content of the used Complete Freund’s
Adjuvant (CFA).>*>> In addition, important influential factors for the afore-mentioned
disease hallmarks are the used diet and the age.3%6°6 In addition, while the EAE model is
well-validated in young C57BL/6 mice, usually in the age range of 6 to 12 weeks, there is
a paucity of information and studies on middle-aged mice. This is especially the case for
long dietary pre-feeding periods mimicking long-term dietary habits in humans. Thus, |
investigated short-term (six weeks pre-feeding), as well as long-term (6 months pre-
feeding) dietary effects on young and middle-aged mice, respectively. Overall, model
aggressiveness was increased in younger animals in comparison to middle-aged mice. This
is probably due to the observed downregulation of inflammatory cell markers, that was
caused by both diets (VRF1 and AIN93 M). Thus, a prolonged exposure to these diets
dampened the immune response and effectively caused a milder disease severity. On the
other hand, downregulation of CSPG4 (a hallmark protein of oligodendrocyte progenitor
cells) after a short-term feeding period could amplify the damage in the short-term
feeding model observed in adolescent mice (Figure 13). Moreover, a trained immune
system has the effect of dampening immune response, especially autoimmunity.>’

It has been shown for both mouse and human, that diet heavily influences and also
controls encephalomyelitis disease.*®4%°6583% Dietary components influencing onset,
EAE-severity, weight-loss and incidence include, but are not limited to: sugar-, fiber-, iron-
, vitamin E- or total protein content.36-38405058-61 Three different diets were chosen for
specific reasons: the control maintenance diet used in this study is a standard rodent diet
used by many laboratories from all different areas of expertise, in both mice and rats.
VRF1 on the other hand is for example used by Charles River as maintenance and breeding
diet for C57BL/6 and Balb/c mice (personal correspondence with Charles River).
Furthermore, in 1993, AIN 93 diets were developed in order to be produced from purified
ingredients at reasonable costs to make in vivo experiments more consistent and
reproducible. In particular, the AIN 93M diet is lower in protein and fat content, which
makes it suitable for long term studies.®? In direct comparison, the AIN 93M diet is
produced from purified source material, while the used control maintenance diet and
VRF1 are produced from seasonal grain by respective manufacturers (Tables 26-28). Thus,
it is conceivable that seasonality can translate to differences in dietary composition (e.g.,
phytohormone content, which is not regularly tested by manufacturers), while
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seasonality is improbable for the purified AIN 93M diet. This study clearly demonstrates
that the purified AIN 93M diet causes a more severe EAE-model in comparison to the
VRF1 diet, with higher average symptom scores, increased mortality and body weight
loss. Data also showed a statistically significant difference in incidence between the two
diets, with lower incidence in the VRF1 groups and a later onset of signs (Figure 12).

A critical factor for immune modulation in several autoimmune diseases is, in fact,
associated with gut microbiota and their metabolites, which are heavily influenced by
dietary macro- and micronutrients. Several studies show that diets rich in fiber, vitamin E
and protein, while having a low sugar content, can play a key role in preserving gut
microbiome composition, especially by regulating host physiology and
macronutrients.3®%3 Various experiments underline that an altered gut microbiome is
actually an environmental risk factor for autoimmune disease and it was also recently
demonstrated that in MS patients, the microbiome is characterized by a reduction of
bacteria belonging to the Clostridrium family.5* Several studies show how changes in
microbiome composition are associated with the regulation of pro-inflammatory
cytokines. This shift towards a pro-inflammatory state has been demonstrated to have
effects on intestinal physiology, leading to dysbiosis and successively causing intestinal
barrier disruption. In addition, it is known that BBB breakdown and immune cell
infiltration in the CNS are early hallmarks of MS.2%%5 This increase in intestinal
permeability due to a loss of tight junction protein complexes allows bacterial antigens to
bypass the intestinal lumen and reach the periphery. Higher levels of antigens circulating
in the blood are associated with systemic inflammation that can lead to disruption of BBB
integrity. This process, caused by an altered gut microbiome, can result in the passage of
autoreactive T cells into the CNS that then have direct pathophysiological effects on
myelin sheaths.®* While it was not investigate diet-effects on gut microbiome composition
and possible dysbiosis, fiber, vitamin E, protein, and sugar content largely differed
between the VRF1 and the AIN 93M diet, possibly influencing gut microbiota content and
composition (VRF1 diet contains 80 % more vitamin E, 77 % more protein, 294 % more
iron per kg and 50 % less sugar in comparison to the AIN 93M diet). These findings on the
influence of diet on EAE occurrence are in line with the work of Berer et.al., who achieved
similar results in a genetically vulnerable, spontaneous EAE model. There, mice were
either fed with a control diet or a diet rich in crude fiber, especially cellulose. Animals kept
on control diet had a significantly higher risk to spontaneously develop EAE. However,
unlike in this studies, diet had no influence on BW or scores.>®

A recent study compared the antioxidant response of the liver of Swiss strain mice. Mice
were kept either on AIN 93M, or on a commercial diet richer in vitamin E and fiber.
Interestingly, mice fed with the AIN 93M diet displayed an increased Reactive Oxygen
Species (ROS) production and decreased antioxidant enzyme activity. In addition, the
study demonstrated that vitamin E, protein and iron affect the activity of enzymes
involved in the removal of ROS — which fits to the obtained results as AIN 93M is in direct
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comparison to VRF1 (among other factors) deprived in vitamin E, protein and iron.%6¢’

Moreover, in MS, sugar intake leads to activation of the TGF-a immune messenger
protein, resulting in enhanced proliferation of immune cells.>® In addition, several studies
demonstrated that an increased dietary protein intake is also associated with a beneficial
change in the gut microbiota composition and a more balanced immune profile,684%69
Dysfunction of the BBB can also be caused by abnormal metabolism of iron, and can result
in iron deposition in the brain.®3 Iron is essential for the integrity of the BBB as well as for
regular cell function in the CNS.3%%% Not surprisingly, deviations in iron metabolism are
often associated with neurodegenerative diseases such as MS and Alzheimer’s
Disease.3®%0 Furthermore, iron is essential as a co-factor for enzymes crucial for
oligodendrocyte function and therefore for myelination and neuronal stability.®%37 It has
been demonstrated that astrocytes channel iron to oligodendrocytes as protein-bound
iron. When oligodendrocytes are deprived of iron, proliferation and differentiation of
oligodendrocyte precursor cells (OPCs) is impaired, leading to a delay in remyelination
after injury in vivo.*3®! Astrocytes are the most abundant cell population in the CNS. They
have different functions in maintaining the integrity of the CNS, such as BBB stability and
transmission and modulation of nutrients for neurons. Excessive astrocyte activation,
following inflammatory mechanisms occurring in neurodegenerative disease, leads to
neuronal toxicity and scar formation, both in the brain and spinal cord. Studies also
showed that astrocyte activation is often affected by multiple factors, one of the most
important being gut flora mediated metabolites.”® Simply increasing vitamin content can
reduce EAE severity while decreased sugar intake also has beneficial effects in the EAE
model.*® In addition, Vitamin E has been shown to increase remyelination 47, which could
also explain the less severe disease development in mice fed with VRF1 diet. In summary,
the VRF1 diet contains higher amounts of ingredients which are known for their
antioxidative properties, as well as for their beneficial effects on microbiota composition,
inflammation, astrocyte and oligodendrocyte proliferation and activity.

To investigate the impact of diet, MOGss.ss preparation and PTX dose, gene expression
analysis of markers associated with BBB damage, neuroinflammation, demyelination and
neurodegeneration were analyzed. These findings showed that disease severity and
incidence is strongly associated with neuroinflammation and BBB disruption, as expected.
Furthermore, in AIN 93M fed mice, microglia and astrocyte associated markers were
upregulated, underlining their key role for disease development and severity. These
findings were wunderlined by histological examinations, proving higher-grade
demyelination and astrocytosis in AIN 93M fed mice, while this was attenuated by feeding
the VRF1 diet.

Besides dietary effects, in this project the impact of the preparation method of the
MOGs3s.55-CFA emulsion used for induction of EAE was investigated. | compared two
protocols: one preparation method included intermittent sonication of the peptide/CFA-
emulsion, while the second method did not include this sonication step. Results showed
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that sonication of the emulsion was associated with higher EAE scores, increased body
weight loss, as well as increased incidence and mortality, although most of the effects
were only apparent when comparing groups fed with the AIN 93M diet. Importantly, the
sonicated emulsion resulted in robust model induction, while the un-sonicated MOG
preparation led to model variability. Since sonication leads to a more homogeneous
emulsion with finer droplets, | assume that the epitopes in the +son groups are more
accessible to cellular antigen recognition mechanisms. In addition, smaller particles may
bear a stronger resemblance to natural instigators of immune reactions (e.g., viruses or
bacteria) and thus cause a more intense initial response. Alternatively, a more finely
dispersed emulsion will be better distributed into nearby tissues after s.c. injection, where
it activates cells of the innate immune system, and thus results in stronger effects. When
comparing the different experimental groups and conditions, it is clearly evident that the
change in diet had a more decisive influence on disease severity compared to the two
emulsion preparation methods. Average EAE scores in the AIN 93M groups on day 17
(Study 1) were 2.2- (-son) and 2.4- (+son) -times as high as the corresponding VRF1 group
scores, respectively. Conversely, sonicating the emulsion only increased average scores
by 11 % (VRF1 diet) and 19 % (AIN 93M diet). Therefore, | conclude that severity of disease
is mostly influenced by diet, while the sonication process is fundamental for robustness
and probably also reproducibility of the model per se.

Finally, in this study the effect of both, MOGss.55- and PTX-dose on the model was
investigated. Surprisingly, lowering the dose of MOGss.s55 used for disease induction from
300 ug per mouse to 150 ug per mouse had no effect on incidence, severity or body
weight loss. In contrast, lowering both MOG3s.s5- and PTX-dose (MOG: 300 pug to 150 pg;
PTX: 240 ng to 120 ng) significantly reduced incidence, severity and body weight loss. This
was reflected by reduced TBX21-, GM-CSF-, GFAP- and CSPG4-induction in the brain. In
the spinal cord, on the other hand, Olig2 and CSPG4 were elevated in direct comparison
to the remaining experimental groups (Figures 15 and 16). Likely, the lowered PTX-dose
was insufficient for robust disruption of the BBB.

To investigate diet-effects in the early phase of EAE (pre-symptomatic phase), satellite
animals were terminated 7 days after induction. For these satellite groups, sonicated
emulsions was used to produce robust effects, as expected a high degree of variability in
the expression level in the early phase in combination with the variable induction quality
of the non-sonicated peptide emulsion preparation. Also, in the satellite groups, the full
dose of both MOGss.ss and PTX were respectively used. Surprisingly, robust TBX21-
expression was found at day 7 post induction in the brain, but not in the spinal cord, while
Olig2-expression was significantly reduced in satellites that were pre-fed with AIN 93M,
but not VRF1. In addition, MOG was also found to be significantly down-regulated in the
spinal cord of AIN 93M-fed satellite animals. Thus, pre-feeding AIN 93M, but not VRF1
had an impact on the pre-symptomatic demyelination and inflammatory response to EAE-
induction.

86



To complement this body of data, next the dietary effects in naive animals that received
no EAE-induction (AIN 93M and VRF1, as well as the Control diet were fed for 2 weeks,
respectively) was also investigated. While data showed no significant differences in the
expression profile of either analyzed marker in the spinal cord, dietary effects in the brain
were found. CSPG4, GFAP and MBP were significantly downregulated in both, AIN 93M
and VRF1 fed groups, while H2-Ab1 was significantly downregulated in the AIN 93M
group. These results are worrying in the context of the origin, and dietary husbandry of
mice used for EAE-studies in different institutions worldwide.

2.5 Conclusions

Taken together, this project showed that age and diet have a major impact on disease
severity, incidence and on the gene expression pattern in EAE-studies, while the MOGss.
s5-CFA-emulsion preparation method has implications for robustness and variability of the
model. This study demonstrates that more harmonization between centers is needed,
especially with respect to mouse husbandry.
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Chapter 3

P38a MAP Kinase inhibitors decrease severity of signs and increase animal

survival in a mouse model of MS

Abbreviations:

%, Percentage;

°C, Celsius degree;

ACA, anterior commissure, anterior part;
ACN, Acetonitril;

AD, Alzheimer’s disease;

BBB, Blood-brain-barrier;

CFA, Complete Freund’s Adjuvant;

CNS, Central nervous system;

CO,, Carbon dioxide;

DMDs, Dimethyl disulfide;

DMTs, Disease-modifying treatments (DMTs);
EAE, experimental autoimmune encephalomyelitis;
EBV, Epstein-Barr virus;

ESI, Electrospray lonization;

FDA, Food and drugs administration;

H&E, Hematoxylin Eosin;

HPLC/MS/MS, Liquid Chromatography with tandem mass spectrometry;

i.p., Intra Peritoneal,;
IL1B, interleukin 1 beta;
IL-6, Interleukin 6;

IS, Internal Standard;

LC-MS, Liquid Chromatography mass spectrometry;
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MAP, Mitogen-activated protein;

MBP, Myelin Based protein;

MOGs3s.s5, Myelin Oligodendrocyte Glycoprotein;
MS, Multiple sclerosis;

NDF, Neutral Detergent Fiber;

OPCs, Oligodendrocyte Progenitor Cells;

p.o., Per oral;

pg, Picogram;

PTX, Pertussis Toxin;

gPCR, Quantitative Polymerase Chain Reaction;
ROS, Reactive Oxygen Species;

S1p, Sphingosine-1-phosphate receptors;

TMEV, Theiler's Murine Encephalomyelitis Virus;

TNFa, Tumor necrosis factor a.
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3.1Introduction

In the previous chapter it was discussed the EAE animal model and how it is used for
studying MS, an autoimmune disease affecting the CNS. This well-known murine model
was optimized, by immunization with MOGss.s5-CFA-peptide sonicated emulsion and PTX
injection, in combination with a low fiber high sugar diet (AIN 93M) and obtained a more
stable model in order to get reliable results for drug efficacy testing.

As already discussed in Chapter 1, p38a MAP Kinase inhibitors are a class of drugs that
target the p38 MAP Kinase signaling pathway, which is involved in various cellular
processes, including inflammation and immune responses. Due to their inhibiting activity,
in this chapter, two of these inhibitors have been investigated for their potential
therapeutic effects in EAE and MS.

As already described in Chapter 2 of this thesis, MS is a chronic
autoimmune/inflammatory CNS disease characterized by attacks of the myelin protein
shielding the neurons or the axons. The progression of MS is varied and unpredictable. In
most patients, the disease is initially characterized by episodes of reversible neurological
disabilities, which is often followed over time by progressive neurological degeneration.”?
From 250,000 to 350,000 patients in the U.S. are affected by MS, and 50 % of these
patients will need help walking within 15 years after the onset of the disease.”?

The cause of this neurodegenerative disease involves a combination of genetic
susceptibility and a nongenetic trigger, such as a virus, diet and metabolism, or different
environmental factors, that together result in a self-sustaining autoimmune and
inflammatory disorder that leads to recurrent immune attacks on the CNS, leading to
demyelination of neurons by T cells, microglia and B cells.”* The correlation between
Epstein-Barr virus (EBV) infection and MS has been reported as highly associated risk in
several epidemiological studies.”> The mechanism of EBV causing MS remains unknown
but it is believed to lead to the production of autoreactive immune cells responsible for
the aberrant self-targeting immune response versus the myelin protein present in the
CNS.”* MS pathogenesis can be explained by autologous myelin reactive T cells initially
primed with antigen presenting cells (APC) in the periphery (lymph nodes) that then cross
the corrupted BBB entering the CNS. Within brain and spinal cord, these leukocytes could
activate macrophages and microglia which both release cytokines promoting local
inflammation and myelin destruction (Figure 22).”* The myelin damage occurring in both
brain and spinal cord can slow or block the electrical signals that carry information
between the CNS and the rest of the body. Typically occurring signs are: problems with
vision, movement, muscle strength, coordination and thinking.”> Nowadays, no treatment
has been officially approved by the FDA, but different immune cells modulators drugs are
approved for second or third clinical phase trials such as Disease-modifying treatments
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(DMTs), targeting sphingosine-1-phosphate (S1p) receptors and monoclonal antibody-
based therapeutics on B cells and Tregs.”*
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Figure 22. The inflammatory phase of multiple sclerosis. T cells are primed in the periphery (1)
and migrating with the B cells in the CNS trough a disrupted BBB (2). After autoreactive T cells, B
cells (including macrophages) enter the CNS primed with macrophage and microglia (3a and b),
that secrete inflammatory cytokines and antibodies (4). The damage on the oligodendroglial cells
forming the myelin sheath on axons leads to neurodegeneration (5). The injured myelin cannot
conduct electrical impulses normally, leading to an abnormal transmitting signal and consequent
symptoms such as: double vison, vision loss, eye pain, muscle weakness, and loss of sensation or
coordination This figure was created with BioRender and adapted from Rongzeng Liu et. al.”*

The p38 MAP Kinase pathway is involved in the production of pro-inflammatory cytokines,
such as TNFa, IL-1B, and IL-6, which contribute to the inflammatory cascade observed in
EAE and MS. Different hypotheses suggest that p38a MAP Kinase inhibitors are good
candidates for MS treatment: i) by inhibiting p38 MAP Kinase, these inhibitors can reduce
the production of pro-inflammatory cytokines and dampen the immune response, leading
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to a decrease in disease activity; ii) It has also been demonstrated that, p38 MAP Kinase
inhibitors can modulate the function of immune cells, such as T cells and macrophages,
which play a central role in EAE pathogenesis. By inhibiting p38 MAP Kinase, these
inhibitors can suppress the activation and migration of these immune cells to the CNS,
where they can cause damage; iii) As is well known, EAE and MS involve damage to the
myelin sheath and nerve cells in the CNS. P38a MAP Kinase inhibitors may have a
neuroprotective effect by reducing inflammation and preventing damage to the myelin
sheath and neurons; iv) In addition, p38a MAP Kinase inhibitors can help to maintain the
integrity of the BBB. Disruption of the BBB is a common feature in EAE and MS, allowing
immune cells to enter the CNS. By stabilizing the BBB, p38a MAP Kinase inhibitors may
limit the infiltration of immune cells into the CNS.

In the past 10 years, several preclinical studies using the EAE model showed that p38a
MAP Kinase inhibitors lead to promising results in reducing disease severity and
improving neurological signs. Three of the most investigated ones are: SB203580,
SB239063, and BIRB 796. As expected, these inhibitors have shown efficacy in
ameliorating clinical symptoms, reducing inflammation and demyelination in the central
nervous system, and inhibiting the infiltration of immune cells into the brain and spinal
cord.3

While SB203580 was found to inhibit the activation of immune cells and reduce their
infiltration into the CNS, leading to a decrease in demyelination and axonal damage,
treatment with SB239063 attenuated the development of clinical symptoms, reduced
inflammation in the CNS, and inhibited the production of pro-inflammatory cytokines.
SB239063 was also found to modulate the balance between regulatory T cells and
effector T cells, leading to a more controlled immune response. On the other hand, BIRB
796 treatment resulted in reduced disease severity, decreased inflammation and
demyelination in the CNS, and improved motor function. BIRB 796 was also found to
inhibit the activation of microglia, which are immune cells in the CNS involved in the
inflammatory response.>7¢

These studies collectively suggest that p38 MAP Kinase inhibitors have the potential to
modulate the immune response and alleviate EAE symptoms by reducing inflammation,
inhibiting immune cell activation, and protecting against demyelination and axonal
damage.

However, it is important to note that the translation of these findings to clinical
applications in MS patients is still in progress. While preclinical studies have shown
promising results, the effectiveness and safety of p38 MAP Kinase inhibitors in human
trials are yet to be fully determined. Even if some of the compounds showed promising
results in the treatment of MS, none of the p38 MAP Kinase candidates resulted in a good
candidate in clinical trials of MS patients. The failure of p38 MAP Kinase inhibitors in
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clinical trials for MS patients can be attributed to several factors such as lack of efficacy
because of side effects in the liver.”’

In summary, p38 MAP Kinase inhibitors have shown potential in preclinical studies using
EAE models by modulating the immune response, reducing inflammation, and protecting
against demyelination in the CNS. However, further research is required to determine
their therapeutic potential and to establish their safety and efficacy in human MS
patients.

Aim

In this project, | tested two different p38 MAP Kinase inhibitors on 14 weeks-old EAE
induced mice, previously characterized in vitro and in vivo (see Chapter 1 of the thesis),
that showed no toxicity effects. Their potential beneficial effect in the reduction of the
severity of the EAE model were evaluated and the possible side effect on the liver was
also investigated. Compound 11 and compound 13 were selected based on their in vitro
and in vivo potency (TNFa ICso= 1.3 £ 0.1 and 5.3 £ 0.6, respectively) and their difference
in the analytic results. Compound 11 did not cross the BBB while the second compound
(slightly less potent) was found in brain and spinal cord (see Table 14-15 and 22-23). In
this study, it was demonstrated that inhibition in the periphery leads to a better
therapeutic effect in terms of survival and severity of the disease. The results showed that
compound 11, mostly accumulating in liver and spleen but not in the CNS, increased the
survival of the EAE induced animals while decreasing the severity of the symptoms from
severe to mild-moderate.

3.2 Material and Methods

Induction materials:

Heat-inactivated M. tuberculosis (strain H37RA) and Complete Freund’s Adjuvant (CFA)
(1 mg/mL heat-inactivated mycobacterium tuberculosis) were both obtained from Difco,
Product No. 11719062, USA; the murine MOGs3s.ss-peptide
(MEVGWYRSPFSRVVHLYRNGK) was obtained from Panatecs, Product No. AU-P-3596,
Germany while Pertussis toxin was obtained from Sigma Aldrich, Germany.

Diets:

The certified AIN 93M diet from SSNIFF® Spezialdidten GmbH, Soest, Germany was used
for experimental diets as indicated in the Figure 23.
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Preparation and administration of CFA/MOG3s.ss5-peptide emulsion:

The 300 pg/mice MOGss.s5/CFA emulsion was prepared accordingly to paragraph 2.2 of
Chapter 2 using the sonication method.

Preparation and injection of PTX solution:

The PTX stock was freshly prepared by diluting powdered PTX with sterile 1X PBS to a final
concentration of 1 ug/mL (240 ng). The first PTX-injection (i.p.) was done immediately
after the administration of the MOGas_ss-peptide emulsion, the second PTX-injection (i.p.)
was given 48 h after the first. Groups were injected with 240 ng PTX on both days (Table
35).

Animals:

28 7-week-old female C57BL/6 mice were obtained from Janvier Labs. Before the study
was initiated, an acclimation phase of seven days was necessary (Figure 23). Animals were
held 6 weeks prior to MOG/PTX induction on the AIN 93M diet. Animals were provided
with food and water ad libitum and on day 0 induced with MOG3ss.s5-peptide sonicated
and PTX-injection (Figure 23). Four not induced animals were pre-fed with Control diet
(Table 28, Chapter 2) and used as baseline controls for the qPCR downstream analysis
(group 1) while eight induced animals per group were pre-fed with the AIN 93M diet
(Table 26, Chapter 2) and treated with 0.5 % citric acid (vehicle, group 2), compound 11
(group 3) and compound 13 (group 4) (Table 35). After the first symptoms occurred,
animals were daily p.o. treated with 0.5 % citric acid, compound 11 or 13 (12 umol/kg)
according to the group design (Table 35) until the end of the study. Euthanasia was
performed by CO; inhalation at study termination (day 17). Brain and spinal cord samples
were collected for gPCR (flash-frozen in liquid nitrogen and stored at -80 °C until
processing) and for histological samples (directly transferred to 4 % PFA, and 24 h later
stored in 70 % EtOH until further workup, see histology paragraph of the Materials and
Methods section). Ethical approval for the study was obtained from local authorities
(Regierungsprasidium Tiibingen, approval number SYN 04/21).
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Figure 23. C57BL/6 female mice were pre-fed for six weeks with AIN 93M diet. Then, EAE was
induced by subcutaneous injection of MOGssss-CFA  emulsion. MOGssss-peptide  was
administered as a sonicated emulsion. PTX i.p. injection was done on days 0 and 2 (relative to
MOGss.ss-injection). On day 17 post MOGss.ss-induction, mice were euthanised.

Table 35. Experimental groups

Group Dose MOGss.s5 per | PTX per Emulsion
N Chow Treatment | Route ) . .
No. [mg/kg] animal animal | preparation
Control
1 4 . - - - - - -
diet
2 8 | AIN93M Vehicle p.o. 5 300 pg 240 ng +son
3 8 | AIN93M 11 p.o. 5 300 pg 240 ng +son
4 8 | AIN93M 13 p.o. 5 300 pg 240 ng +son

Clinical observations were detected according to a standardized scoring system (see Table
29, Chapter 2). Body weight was assessed daily, starting on day 1 until the end of the
experiment. Exemptions being day 0, where in order to avoid additional stress for the
mice that could impact disease development, the weighing was skipped. The scoring was
evaluated by the same operator daily, beginning on the respective day of symptom-onset.

Formulation:

Eight female 14 weeks old CFA/MOG induced mice were treated with 0.5 % citric acid, 5
mL/kg (vehicle, group 2, Table 36) while n=8 animals per group were treated with 12
umol/kg of compound 11 or 13, respectively (in 0.5 % citric acid, 5 mL/kg, group 3 and 4,
Table 36). Not induced control diet group received no treatment (group 1, Table 36).
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LC-MS analysis:

The analytical methodology is an HPLC instrument, which comprised an Agilent 1260
Binary Pump (Inv. 0408), the CTC PAL Autosampler (Inv. 0409) and an Agilent 1260
thermostatted Column Compartment (Inv.0202). The HPLC system was coupled to a Triple
Quadrupole API 4500 (Inv. 0406) (PM-41) Mass Spectrometer (ABSciex, Redwood City,
California, USA). Data acquisition and processing were carried out with the Analyst®
Instrument Control and Data Processing Software v. 1.6.2. Chromatographic separation
took place at 40 °C using Restek Biphenyl 2.7 um, 50*2.1 mm column. The mobile phase
consisted of a gradient (see Table 36) of water + 0.1 % formic acid, and ACN + 0.1 % formic
acid at a flow rate of 500 uL/min and an injection volume is 4 pL.

Table 36. Method mobile phase gradient

Flow rate
Total time (min) (pl/min) A (%) B (%)
0 500 90 10
1 500 90 10
3 500 0 100
6 500 0 100
7 500 90 10
10 500 90 10

A: Water+0.1 % Formic acid
B: ACN+0.1 % Formic acid

Positive ion electrospray ionization (ESI) mass spectrum assessment of p38 MAP Kinase
inhibitors and the Internal Standard (IS) was carried out. P38 MAP Kinase inhibitors and
terbuthylazine (internal standard) Q1/Q3 masses, dwell time and mass spectrometer
analytes specific parameters can be found in Table 37.

Table 37. Mass spectrometer parameters for P38 MAP KINASE inhibitors and terbuthylazine.

Compound Q1 mass Q3 mass DP EP CE CXP
(Da) (Da) (volts) (volts) (volts) (volts)
terbuthylazine 230.026 174.1 6 10 25 8
11 491.323 405.2 146 10 39 24
13 401.207 384.2 81 10 25 24
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DP: Declustering potential. EP: Entrance potential. CE: Collision energy. CXP: Collision cell exit potential

Valve:
Total time
(min) Position
1 0 | Waste
2 3.5 | MS
3 6.0 | Waste

The calibration curves and quality controls were obtained by preparing a stock solution in
DMSO with a final concentration of 10 mM. The calibration curve ranges were set from 5
to 100000 nM. The QCs had a concentration of 100, 1000, and 10000 nM.

Preparation and handling of samples for LC-MS analysis:

The samples produced were stored at -20 °C in Synovo’s facilities until sample processing
shortly prior to the HPLC/MS/MS process. The already processed samples were
introduced directly into the auto-sampler or stored at 4 °C until measurement. The
remaining samples were stored at -20 °C for further needs or requirements.

Plasma sample preparation for LC-MS analysis:

The samples were transferred into individual tubes and six volumes of ACN containing the
IS (ACN-IS) were added to each sample (e.g. 10 puL plasma + 60 pL ACN-IS). After mixing
and centrifuging for 5 minutes at 10000-11000 RCF (Eppendorf Centrifuge 5417R 10,000
rpm), the supernatant was transferred into a properly labelled glass auto-sampler vial.

When diluting of the samples was needed due to too high concentration or too little
sample volume, the samples were diluted in a similar matrix as the samples (e.g. plasma
from same animal strain). When diluting the samples, the dilution factor was considered
in the data acquisition and calculations.
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Tissue sample preparation (e.g. brain, liver) for LC-MS analysis:

The tissue samples were weighed and one volume of proteinase K solution was added.
The tissue was digested by incubation with proteinase K at 50 °C for 1-3 h. After the
incubation, the tissue was mechanically broken. The digested tissue was mixed with six
volumes of ACN containing the internal standard. After centrifugation, the supernatant
was taken and introduced in a properly labelled glass auto-sampler vial.

Total RNA isolation and quantitative RT-PCR:

Using a FastPrep-24 5G instrument (MP Biomedicals), flash frozen liver, brain and spinal
cord samples were homogenized in lysis buffer (Jena Bioscience). Total RNA was isolated
using Total RNA Purification Kit (Jena Bioscience) according to the manufacturer’s
instructions. RNA quantity and purity were evaluated spectrophotometrically with the
Nanodrop NP-80 instrument (Implen). After DNase | treatment (PerfeCTa DNase |, Quanta
Bioscience), 500 ng of total RNA was transcribed into cDNA with 5x PrimeScript RT
Mastermix (Takara). using Blue S'Green gPCR Mix Separate ROX (Biozym) according to the
manufacturer’s instructions, the qPCR reaction was performed on the QuantStudio® 3
real-time polymerase chain reaction (PCR) system (ThermoFisher
Scientific/Quantstudio™ Design & Analysis Software v.1.4.3). Relative expression levels
were determined using the 2-AACT method and HPRT was used as reference gene*’ and
not-induced animals fed with the same diet (AIN 93M) were used as control group. Primer
sequences are listed in Table 38.

Table 38. Primer list used for quantitative RT-PCR

Gene Forward Primer Reverse Primer

Hprt AGTTCTTTGCTGACCTGCTG CCACCAATAACTTTTATGTCCCC
Mbp CGAGGAGAGGCTGGAAAGAA TGCTTGGAGTCTGTCACCG
TNFa GAGGGAAGAAGCAGCCATTG GGCAAGTCCCAACATCAACA
IL-6 ACTTCACAAGTCGGAGGCTTA TCTGCAAGTGCATCATCGTT
Olig2 CCACACACACACCTTTTGCC CACGTTGTAATGCAGGTCGC
IL17A CCACCACGCTCTTCTGTCTA CTGATGAGAGGGAGGCCATT
CXcLi6 AGTGGGTCCGTGAACTAGTG GTCTGGGTACTGGCTTGAGG
TGF-81 CTACTATGCTAAAGAGGTCACCC CCCGAATGTCTGACGTATTGA
IL-10 AGAGAAGCATGGCCCAGAAA CTCCACTGCCTTGCTCTTATTT
GLUTS CACTTTGAGGAGGTGAGCCG GGCAGCTACGTTGTACCCAT

Histology instruments:

Histological preparation of samples was performed using a paraffine dispenser fitted with
an MPS/S dispensing module (SLEE Medical), Paraplast Plus (Leica BioSystem, art.-no.
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X881.1 REF 39602004). A HM325 Manual Microtome (Leica BioSystem) was used to
perform 5 UM cuts. Cuts were mounted on glass Superfrost PLUS or Superfrost R
(Langenbrinck GmbH, art.-no.03- 0060) slides. Using the same exposure and intensity for
each sample, H&E and immunohistochemical images were acquired with 3D HISTECK,
panoramic scanner 2.1.1.

Protocols:

Hematoxylin-Eosin staining (H&E):

After the deparaffinizing and dehydrating steps using 100 % xylene (isomeric mixture,
ACROS ORGANICS), increasing ethanol (VWR Chemicals) dilutions and water on liver,
brain and spinal cord slides (5 um cut), Eosin Y (1 % aqueous solution, Bio-Optica) was
used to stain cytoplasm while Mayer’s Hematoxylin (Bio-Optica) was used to stain nuclei.

MBP immunostaining:

After the deparaffinizing and dehydrating steps using 100 % xylene (isomeric mixture,
ACROS ORGANICS), increasing ethanol (VWR Chemicals) dilutions and water, antigen
(epitope) retrieval was performed using citrate buffer (45 min at 90 °C). After the washing
steps (3 x 5 min in PBS), blocking was performed for 60 min at room temperature with 5
% Normal serum Blocking solution (BioLegend) in 0.3 % Triton X-100 in PBS. Incubation
with the Myelin base protein (MBP) primary antibody was done overnight at 4 °C. After
washing steps (3 x 5 min in PBS), incubation with the secondary antibody was done for 45
min at room temperature (1:400 sheep anti-rabbit IgG, Alkaline Phosphatase, antibodies-
online, product n. ABIN102021). Dako kit (liquid permanent red) was used as a substrate
reaction.

Statistics:

Statistical analysis and preparation of graphs were done using GraphPad Prism 9.3.1. All
experimental results were tested for normal distribution using the Shapiro-Wilk test.
Before conducting further statistical analysis, the Brown-Forsythe test was used to test
data for homoscedasticity while ordinary one-way ANOVA was used for multiple
comparisons (Bonferroni correction). Incidence was compared using the Chi? test and p-
values were corrected with the Bonferroni method for multiple comparisons. EAE-scores
were compared using multiple Mann-Whitney tests with two-stage step-up (Benjamini,
Krieger, and Yekutieli), p-values were corrected with the Bonferroni method for multiple
comparisons. Significance levels are indicated by * p < 0.05; ** p < 0.01; *** p < 0.001;
*¥%% 1 < 0.0001.
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3.3Results

The peripherally active compound showed increased survival and a less severe EAE

scoring

In order to evaluate a possible therapeutical effect of the selected compounds, a study
with 28 female C57BL/6 mice was performed (Table 39) where 24 animals were EAE
induced after 6 weeks pre-feeding with the AIN 93M diet and 300 pg/mice MOG3s.55/CFA
sonicated emulsion s.c. and 240 ng/mice PTX i.p. injection. Two p38a MAP Kinase
inhibitors (Skepinone derivative number 11 and 13, Chapter 1) showed high potency in
vitro and ex vivo (TNFa ICso=1.3 + 0.1 and 5.3 £ 0.6, respectively) but different organ
affinity: compound 11 was found in the periphery (liver and spleen) while compound 13
was present in the CNS (brain and spinal cord). Control mice (group 1, n=4) did not receive
any MOG/CFA emulsion injection (Table 35). Analytic results were analyzed in order to
evaluate the kinetics and the metabolism of the selected compounds after eight days of
daily p.o. application while the last injection was done 2 h before termination/organ
collection. As shown in Figure 24a, compound 11 has a faster clearance from tail plasma
compared with compound 13.

As already discussed in Chapter 1 of the thesis, also in this in vivo experiment, after daily
p.o. treatment from day 9 to day 17 (12 umol/kg), compound 11 was not BBB penetrant
while compound 13 was found in the brain and spinal cord (60 £ 25.7 nM and 112 + 28.2
nM, respectively). Both compounds were detected by LC-MS in the periphery in liver and
spleen: compound 11 with an average concentration of 364 nM and 250 nM respectively,
while compound 13 with an average of 39 nM and 125 nM respectively (Figure 24b).
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Figure 24. Analytic results. a) Tail plasma curve after p.o. application of 12 umol/kg of compounds
11 and 13 at day 17 post induction. Tail blood was taken after 5 min, 15 min, 30 min, 60 min, 120
min and 240 min. b) Concentrations of compounds 11 and 13 in liver, spleen, brain and spinal cord
after p.o. administration of 12 umol/kg at 240 min. Values are displayed as mean + SD. Compound
11 results are displayed in light green (square shape) and 13 results are displayed in violet (triangle
shape).
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Body weight did not differ between groups until the end study (Figure 25a). All groups
showed a loss of body weight at day 17 of ~ 15 % while, on the other hand, in the first half
of the study (day 8), representing the latent symptom free phase of EAE, all groups reach
10 % body weight gain.

Average disease score over time (calculated by the AUC of the score time curve) differed
significantly between vehicle animals’ versus compound 11 treated animals (p < 0.01)
while, on the other hand, compound 13 treated animals did not show less severe signs
when compared to vehicle group mice (Figure 25b). Also, compound 11 treated mice
showed 88 % survival (only one animal was terminated due to the severity of the signs
developed), while numerous vehicle mice and compound 13 treated mice needed to be
terminated before day 17 after reaching scoring > 4.5, resulting in only 25 % and 30 %
survival, respectively on study day 17 (Figure 25c).

These results are interesting at several levels. First, that although 11 and 13 are similar in
cell-based assays, and plasma exposure, they differ in overall effect in EAE. Secondly, that
a more peripheral inhibition of the immune response is more effective in EAE in terms of
severity and survival, even when given after the onset of signs. This probably reflects the
situation that EAE is induced in the periphery with central signs being a later
manifestation. However, in this study, compound 11 was given first on day 9-11 when the
animals had reached at least score 0.5. This indicates that even when immune cells have
just entered the CNS and spinal cord, compound 11 is still able to exert an effect that
restricts their action in the nervous system. The effect was observed after a delay of 4-5
days. This may reflect the time required for the substance to reverse the phenotype of
cells in the CNS or inhibit the maturation of peripheral cells that would normally migrate
to the CNS.

In contrast to the therapeutic effects shown here, most studies with agents like p38
inhibitors tend to focus on early or prophylactic dosing to disrupt antigen presentation
and inflammatory responses to the antigen after inoculation.

That compound 11 is active at such a late stage is a positive sign for its general activity
and clinical potential.
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Figure 25. In vivo parameters after EAE induction. P.o. administration of 12 umol/kg was daily
after first signs occurred in individual mice (Scoring > 0.5, e.g. day 9 or 10). Body weight (a) and
symptom scores (b) were assessed daily and survival of EAE animals was recorded until day 17 of
the study (c). Values are displayed as mean + standard error of the mean. * p <0.05; ** p <0.01;

103



*** p <0.001; **** p <0.0001. Vehicle results are displayed in red (circle shape), compound 11
results are displayed in light green (square shape) and compound 13 results are displayed in violet
(triangle shape).

The peripherally active compound showed reduction of apoptosis marker and increased

myelin preservation in brain by gPCR and histology

To investigate mechanism conferring the effect of the two compounds on EAE, qPCR and
histological analysis were performed on brains. Whereas, mRNA expression of pro-
inflammatory markers were not regulated by compound treatment, the apoptosis marker
Casp3 was downregulated in the brains of compound 11 treated mice (** p < 0.01),
indicating protection against neuronal loss in the brain (Figure 26). In order to evaluate
myelin loss in the brain, MBP IHC assay was performed in coronal sections of each brain.
Myelin is found to be disrupted in the vehicle group in different regions of the brain, while
compound 11 treatment preserved myelin. Compound 13 decreased the loss of myelin
versus vehicle, but less so than 11 (Figure 27). In contrast, the oligodendrocyte marker,
Olig2, mRNA was downregulated in the brains of compound 11 treated mice (* p < 0.1)
(Figure 26).
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Figure 26. Gene expression analysis of EAE- relevant inflammatory (TNFa and IL-6) (a-b), apoptosis
(Casp3) (c) and oligodendrocytes (Olig2) (d) markers in the brain of 14-week-old mice. Plotted are
the normalized expression levels as fold change relative to the not-induced control group (circle
black shape). * p < 0.05; ** p < 0.01; *** p<0.001; **** p <0.0001. Data are displayed as mean
+ SD of the mean, n = 8. Vehicle results are displayed in red (red circles), compound 11 results are
displayed in light green (squares) and compound 13 results are displayed in violet (triangles).
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Figure 27. MBP IHC staining of brain coronal sections from EAE MOGss.ss induced mice. Myelin
fibers (pink stained) loss is indicated by blue arrows in cortex, corpus callosum and anterior
commissure, anterior part (aca). Compounds 11 and 13 are compared to the vehicle group.

Both compounds showed up-regulation of myelin marker and down-regulation of

apoptosis marker in spinal cord by gPCR and histology

Furthermore, gene expression and histological analysis were performed in spinal cord
samples. In the spinal cord, mRNA levels of pro-inflammatory cytokines were not
regulated by compound treatment, while the apoptotic marker (Casp3) displayed
significant down-regulation in treated groups (** p < 0.01). In addition, the
oligodendrocyte marker Olig2 (oligodendrocytes) was significantly up-regulated in
treated mice (** p < 0.01 and **** p < 0.0001 respectively for compounds 11 and 13)
(Figure 28). These results together indicate that both p38 MAP Kinase inhibitors have
neuroprotective activity in the spinal cord. As already done for the brain samples, in order
to evaluate myelin loss in the spinal cord, an MBP IHC assay was performed. Stained in
pink, myelin is severely disrupted in vehicle mice compared to compound 11 treated mice,
which instead showed myelin protection. Also in this analysis, as already shown in the
brain, compound 13 protected against the loss of the myelin versus vehicle, but was less
effective than compound 11 (Figure 29).
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Figure 28. Gene expression analysis of EAE- relevant inflammatory (TNFa and IL-6) (a-b), apoptosis
(Casp3) (c) and oligodendrocytes (Olig2) (d) markers in the spinal cord of 14-week-old mice.
Plotted are the normalized expression levels as fold change relative to the not-induced control
group (black circles). * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001. Data are displayed as
mean * SD of the mean, n = 8. Vehicle results are displayed in red (circles), compound 11 results
are displayed in light green (squares) and compound 13 results are displayed in violet (triangles).
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Figure 29. MBP IHC staining of spinal cord sections from EAE MOGss.ss induced mice. Myelin fibers
(pink stained) loss is indicated by blue arrows in gray matter (blue rectangle), white matter (blue
rectangle) and dorsal funiculus (green rectangle). Compounds 11 and 13 are compared with the
vehicle group.

Both compounds showed liver necrosis protection and reduction of inflammation by
gPCR and histology

Gene expression analysis in liver samples revealed no compound effect on mRNA levels
of the inflammation markers IL17A and IL-6, while TGF-B1 was significantly
downregulated in vehicle mice. Dysregulation of TGF-f1 can lead to the development of
hepatic fibrosis. 787° Due to compound treatment, TGF-B1 expression levels were restored
to similar levels to those in healthy mice. Furthermore, expression levels of the anti-
inflammatory and liver protective cytokine IL-10 were analyzed. A significant
downregulation of IL-10 was observed in EAE mice and in compound 13 treated mice,
whereas compound 11 treated mice displayed no significant changes in liver IL-10 levels
compared to healthy mice (Figure 30e). It has been shown that IL-10 attenuates liver
fibrosis and possesses liver protective properties.®® Upregulation of the fructose
transporter Glut5 and increased dietary fructose intake is associated with non-alcoholic
fatty liver disease (NAFLD).®! Significantly upregulated Glut5 expression levels were
detected in vehicle treated EAE mice. Both compounds 11 and 13 restored Glut5
expression to the levels in healthy mice (Figure 30e).
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Figure 30. Gene expression analysis of EAE-relevant fibrosis/necrosis (IL17A, CXCL16) (a and b),
inflammatory (IL-6, TGF-B1 and IL-10) (c, d and e) and metabolic (GLUT5) (f) markers in the liver
of 14-week-old mice. Plotted are the normalized expression levels as fold change relative to not-
induced control group (black circles). * p < 0.05; ** p<0.01; *** p<0.001; **** p <0.0001. Data
are displayed as mean * SD of the mean, n = 8. Vehicle results are displayed in red (circles),
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compound 11 results are displayed in light green (squares) and compound 13 results are displayed
in violet (triangles).

Vehicle 11 13

200 um , 200 um ‘ 200 pm
Figure 31. Representative H&E-stained liver tissues from 14-week-old EAE MOGss.ss induced mice.
Vehicle treated liver shows severe inflammation and macroscopic morphological damage, scale
bar 200 um. Both compounds 11 and 13 treated livers appear to have less liver damage and
preservation of normal hepatic histology, scale bar 200 um.

3.4 Discussion

The p38 MAP Kinase signaling pathway has been identified as a central regulator in the
pathophysiology of MS and its most commonly used murine model, EAE.}38 MS
progression, characterized by demyelination, immune dysregulation, and
neuroinflammation, is linked to oligodendrocyte destruction and glial overactivation. It
has already been demonstrated that inhibition of p38 MAP Kinase signaling pathways can
promote neuroprotection and neurotrophic effects against the clinical-pathological
presentation of MS and influence other neurological disorders such as AD.%3

Given this rationale, in the first chapter of this thesis, out of the 13 Skepinone-like p38
MAP Kinase inhibitors tested, the two most potent in vitro and in vivo compounds were
selected: compound 11 that showed no BBB penetrating ability, and compound 13 which
distributes in both the brain and spinal cord of C57/BL6 mice after p.o. and i.v.
administration. In order to test the compound potential therapeutic effect on MOG/CFA
induced mice, in the second chapter of this thesis the already existing EAE murine model
was modified aiming to establish a more stable and reproducible model, with high
incidence and low group variability. This murine model allowed me to test compounds 11
and 13, underlying the potential of targeting p38 MAP Kinase pathway as a disease-
modifying therapy in MS. p38 MAP Kinase inhibitors have already shown potential in
preclinical studies using EAE models by modulating the immune response, reducing
inflammation, and protecting against demyelination in the CNS, but their failure in clinical
trials for MS patients has been attributed to several factors such as lack of efficacy and
side effects in the liver.%?
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Here | have tested two p38a MAP Kinase inhibitors with different profiles and organ
affinity in order to evaluate their therapeutical potential in treating EAE induced mice. My
hypothesis was that by inhibiting the two concomitant inflammatory events occurring in
CNS and in the periphery representing the crucial elements sustaining MS and EAE, it
would be able to attenuate the severity of the symptoms occurring in the disease. To test
this hypothesis, 24 C57/BL6 female mice (pre-fed with AIN 93M diet for 6 weeks) were
induced with MOG/CFA sonicated emulsion and therapeutically treated only after the
first symptoms were scored. In this project, the effects of compound 11 and 13 versus
vehicle treated animals was compared, while all groups were later compared to the not-
induced mice. Furthermore, with the aim to investigate probable side effects that other
p38 MAP Kinase inhibitors showed during clinical trial tests, were also examined possible
hepatic toxicity.

The in vivo results confirmed the analytic data were showed in Chapter 1 of this thesis:
compound 11 resulted in being not BBB penetrant, while compound 13 was found in the
brain and spinal cord (60 £ 25.7 nM and 112 + 28.2 nM, respectively). Both compounds
were detected by LC-MS in the periphery in liver and spleen: while compound 11 was
detected at an average concentration of 364 nM and 250 nM respectively, compound 13
had a poor affinity for these two organs (Figure 24b). Furthermore, while body weight did
not differ between groups until the end of the study (Figure 25a), compound 11 displayed
survival protection (87.5 % survival) versus vehicle animals’ (25 % survival) and decreased
symptom severity (from extremely severe in the vehicle group to mild-moderate severity
with compound 11 treatment) (Figures 25b and c). These results indicate that a peripheral
inhibition of the immune response leads to a therapeutical effect in terms of both severity
and survival and that, by inhibiting p38 MAP Kinase activity, the disease signs appeared
less severe due to the reduction of the production of pro-inflammatory cytokines and a
consequent damp of the immune response. Histology and gqPCR analysis on brain and
spinal cord demonstrate that both compounds have a beneficial effect on the CNS, with
myelin preservation and downregulation of apoptosis markers (Figures 26 — 29). This
result is reflecting what has already been published by Noubade et. al. showing that by
the regulation of p38 MAP Kinase activity specifically in T cells is sufficient to modulate
EAE severity.®* Furthermore, Casp3 (apoptosis marker) was found significantly
downregulated in both brain and spinal cord of treated animals in comparison with
vehicle group. This data indicates that, as already demonstrated by Xing et. al., p38a MAP
Kinase inhibition provides neuroprotection by reducing inflammation and preventing
damage to the myelin sheath and neurons.?>

Moreover, my investigations on liver toxicity displayed by histological findings, that the
macroscopic structure of livers treated with both compounds is maintained healthy, while
vehicle animals displayed severe liver damage (Figure 31). Furthermore, analysis on liver
by gPCR confirmed that compound 11 might be protective against liver fibrosis (Figure
30). These findings suggest that, while old generation of p38 MAP Kinase inhibitors have

111



been poorly tolerated in the clinic, eliciting side effects such as liver toxicity,2® the selected
high potent and selective p38a MAP Kinase inhibitors are not hepatotoxic and may even
be beneficial to overall liver performance in MS patient.

In this study it was demonstrate that peripheral inhibition of p38 MAP Kinase slows the
development of EAE, and can increase survival and lower the severity of the signs. Taken
together, these results show that p38a MAP Kinase inhibition treatment with the
peripherally active selected compound leads to neuronal and liver protection
ameliorating EAE disease symptoms and increasing animal survival.

3.5Conclusions

Compound 11, the peripherally active p38a MAP Kinase inhibitor, increased in vivo
survival by over 50 % in EAE CFA/MOG induced mouse models versus vehicle treated
animals, resulting also in a decrease of the severity of the symptoms recorded. In addition,
histological and gPCR analysis results showed that spinal cords and brains benefited from
the anti-inflammatory effect of the drugs, displaying neuroprotection by myelin fiber
preservation and a decrease of apoptotic factors.

In contrast to the failure of others p38 MAP Kinase inhibitors in clinical trials for MS
patients attributed to side effects in the liver, both compounds 11 and 13 showed liver
toxicity protection by histopathological and qPCR analysis indicating great potential
beneficial therapeutic effects as drugs against MS.
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Chapter 4
P38a MAP Kinase inhibitors restore memory in 12-months-old APP/PS1 mice

Abbreviations:

%, Percentage;

°C, Celsius degree;

AD, Alzheimer’s disease;

APOE4, apolipoprotein E;

APP, amyloid precursor protein;

AB, beta amyloid;

BBB, Blood-brain-barrier;

CNS, Central nervous system;

CO,, Carbon dioxide;

DAM, Disease Associated microglia;
FDA, U.S. Food and Drug Administration;
HFD, High fat diet;

i.p., Intra Peritoneal;

IF, immunofluorescence;

11-18, interleukin 18;

IL1a, interleukin 1a;

IL1B, interleukin 1 beta;

IL-6, Interleukin 6;

LOAD, Late Onset of Alzheimer Disease;
M1, Microglia type 1

M2, Microglia type 2;

MAP Kinase, mitogen-activated protein kinase

MAP, Mitogen-activated protein;
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MoA, Mode of Action;

NFTs, neurofibrillary tangles
NOR, Novel Object Recognition;
OF, Open Field,

p.o., Per oral;

PFA, paraformaldehyde

pg, Picogram;

PS-1, presenilin-1;

Rab5, Ras-related Rab protein 5;
RT, room temperature;
STREM?2, soluble TREM2;

TLR-4, Toll like receptor 4;
TNFa, Tumor necrosis factor a;
TREM?2, triggering receptor expressed on myeloid cells 2;

WT, Wild type.
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4.1 Introduction

Alzheimer’s Disease (AD) is an insidious, neurodegenerative disorder of the central
nervous system and a major cause of dementia. 50 Mio people worldwide are affected by
dementia with an additional 10 Mio new cases reported every year. By 2050, the
dementia patient number is projected to rise to 152 Mio, with AD accounting for 60-70 %
of dementia cases. The first description of this disease was carried out by Alois Alzheimer
at the beginning of the 20™ century, defining AD pathogenesis as an extracellular
accumulation of amyloid-B (AB) peptides generated by the cleavage of amyloid precursor
protein (APP), and hyperphosphorylated tau proteins accumulating inside neurons known
as neurofibrillary tangles (NFTs) causing neuronal death. In general, the aggregation of AB
is considered to be an essential trigger in AD pathogenesis that gives rise to NFTs,
neuronal dysfunction and dementia.?’

The FDA has approved five drugs for symptomatic AD-treatment, four acetylcholine
esterase inhibitors and one NMDAR-antagonist, however, all of them share limited
efficacy and only short-term beneficial treatment effects in AD patients that vary from
person to person. So far, all anti-amyloid small molecule drugs in clinical trials have failed,
including beta- and gamma-secretase inhibitors. Most anti-amyloid antibodies also failed
initially. The exceptions have been Aduhelm (aducanumab), which was only recently very
controversially approved by the FDA, and Lecanemab only recently in Phase 11.88%° Despite
historic failure of anti-inflammatory drugs (e.g., NSAIDs) targeting peripheral and
neuroinflammation, this kind of investigation is still of prime interest and could support
anti-amyloid therapies and other inflammatory-driven pathologies of the CNS.

The interest in central anti-inflammatory drugs is the evidence that pro-inflammatory
cytokine levels are increased in both autopsied brains and the peripheral blood of AD
patients, with TNFa e.g., correlated to cognitive decline.’®®! These findings were also
reported by Kim et al., 2018, who found elevated plasma cytokine levels of TNFa, IL1a
and IL-1B in dementia patients.®?

Recent advances in immunology revealed that the immune-privilege hypothesis of the
CNS is no longer fully valid in that peripheral cells can enter the CNS. In fact, the lymph
system is draining cerebrospinal fluid and brain, connecting CNS and periphery and
provides constant cross-talk between peripheral and CNS immune systems (Figure
32).93%% Pro-inflammatory immune cells and cytokines are major players in the
progression to chronic inflammation in both the periphery and CNS and are decisive
mediators between these inflammatory compartments that are influenced by factors like
diet, infection and stress.”> Master regulators of inflammation, including p38a MAP
Kinase, are correlated to both peripheral and CNS inflammation. Thereby, peripheral and
central inflammatory events have the potential to interact and self-propel into a vicious
cycle, resulting in chronic inflammation. This new insight into the pathogenesis of AD
opens discussions about the link to other chronic inflammatory diseases such as diabetes.
Among the aging population, diabetes and AD are two highly prevalent diseases and it
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has been shown in several studies that they are linked with a significant risk to each
other.?®%7%8 Multiple factors which are involved in diabetes pathogenesis and
complications are found to also play a role in the development of neurodegeneration in
AD patients. The problem of insulin resistance and deficiency is well described and known
in diabetes, but there are many studies which suggest dysregulation of insulin levels as a
reason behind the development of AD contributing to vessel leakage and BBB
disruption.®”° Moreover, it has been shown that defects in insulin signaling may lead to
the acceleration of AD progression and severity by inhibiting microglia phagocytosis
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Figure 32. Systemic inflammation, neuroinflammation, and AD-specific pathways. On the left, the
systemic inflammation (caused by events such as infection, chronic illness, and sepsis) is marked
by increased circulating pro-inflammatory cytokines (e.g., IL-1B, IL-6, TNFa, and IL-18) produced
by lymph nodes or the spleen, for example. These cytokines can bind to receptors on endothelial
cells and cause a signaling cascade in three ways: a) cytokine release into the bloodstream, b)
opening of tight-junctions between endothelial cells, c) and cytokine release into the CNS.
Proinflammatory cytokines in the CNS can also activate MO resting microglia and astrocytes to
release more pro-inflammatory cytokines. Prolonged inflammatory activation of MO microglia and
astrocytes is believed to promote neurodegeneration and AD-related pathologies by upregulation
of kinases that contribute to tau hyperphosphorylation, B-amyloid oligomerization, the M1
phenotype switch of microglia and p38 MAP Kinase pathway activation', This figure was created
with BioRender.

Recent studies demonstrate the potential benefits of novel Skepinone-based p38 MAP
Kinase inhibitors. Activity of the p38 MAP Kinase signaling pathway leads to increased
pro-inflammatory cytokine levels associated with neuroinflammation and
neurodegeneration; this has been documented in both, brains from AD patients and
transgenic AD mice.>?” The p38 MAP Kinase family consists of 4 different isoforms: MAP
Kinase 14 (p38a), MAP Kinase 11 (p38pB), MAP Kinase 12 (P38y) and MAP Kinase 13 (P386).
The isoforms have different functions and are expressed in different tissues. Peculiarly,
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p38a is mostly expressed in immune cells, glia cells and neurons, making it a relevant and
valid target for CNS disorders associated with an inflammatory response.!%3 Several
studies demonstrated how a variety of genes involved in inflammation, such as those
coding for TNFa, IL-1B, IL-6, cyclooxygenase-2, and collagenase-1 and -3, are positively
regulated by p38a MAP Kinase activation, making p38a MAP Kinase a potential target as
a novel therapeutic strategy for chronic inflammatory diseases.

The a and f isoforms of p38 MAP Kinase share 75 % homology. Early generation p38a
MAP Kinase inhibitors were active on both a and 3 isoforms and also were not selective
enough with respect to off-targets.1%105 |n addition, the effect of non-selective p38 MAP
Kinase inhibition showed in in vivo models of inflammation equivocal results.
Furthermore, even if early generation p38a MAP Kinase inhibitors had been found to
reduce TNFa levels in LPS-induced animal models of inflammation, these effects were not
reproducible, even with a potent inhibitor (SB203580).10®

The more recently described p38 MAP Kinase inhibitor Neflamapimod (VX 745), being
BBB-penetrant, but with a low brain to plasma ratio and inferior selectivity amongst p38
isoforms, completed Phase Il trials for the treatment of AD (NCT02423200, NCT02423122
& NCT03402659). Originally, Neflamapimod was developed for the treatment of
Rheumatoid Arthritis, however was discontinued due to side-effects in clinical studies.!®

Neflamapimod also failed in the improvement of episodic memory in the REVERSE-SD
trial, a Phase Il trial including 161 mild AD patients.'’*® Reported adverse-effects included,
but were not limited to nausea, headache, diarrhea, and upper respiratory tract infection.
On the other hand, it provided positive data in Lewey body dementia. Very little data
were published on the dose/PD relationships of the substance. Nor were there
descriptions of its effects on microglia in either AD patient brains or in mouse models.

Activated glia cells in the CNS are among the most important contributors to the
pathophysiology and progression in AD linked to an excessive or prolonged increase in
proinflammatory cytokine production. Microglia contribute to neurodegeneration in AD
through the release of toxic substances like cytokines and regulation of synaptic
function.®” Understanding the role of microglia in AD is crucial for developing effective
treatments. Microglia can be categorized into two opposite types: pro-inflammatory (M1)
or anti-inflammatory (M2) that, in healthy brains, are balanced (Figure 33a).1° While M1
microglia induce inflammation they also have diminished ability to phagocytose amyloid
leading to neurotoxicity as Amyloid over saturates receptors like TLR4. M2 microglia are
considered anti-inflammatory and neuroprotective due to their anti-inflammatory
activity and efficacy in phagocytosing amyloid, resulting in clearance (Figures 34a and
b).109

Within AD, the formation of AB aggregates and NFTs leads to the chronic activation of
microglia into the pro-inflammatory M1 phenotype, causing a misbalance between the
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M1 and M2 phenotypes that normally occur in the brains of healthy patients. When AB
peptides are continuously produced, as in AD, pro-inflammatory cytokines produced by
activated astrocytes and M1 chronically activated microglia leads to further aggregation
of AB peptides and a consequent failure in AB clearance (Figure 34, red rectangle).
Ultimately, this chronic activation leads to neurodegeneration and AD pathology.'!°
During the progression of AD, the anti-inflammatory M2 microglia, which is functional in
its phagocytosis role inducing tissue repair and healing, become over-stimulated and
dysfunctional, leading to a loss of the balance in favor of the pro-inflammatory M1
microglia (Figure 33b), creating further damage accompanied by cognitive impairment.!!
Previous studies showed that balancing the M1/M2 polarization had a promising
therapeutic prospect in neurodegenerative diseases. It has also been demonstrated that
shifting microglia from M1 to M2 may be the key to possible therapies for
neurodegenerative diseases (Figure 33b and Figure 34, green rectangle ).108

118



d Microglial polarization in healthy brain
Neuroprotection Neurotoxicity
M2 polarized M1 polarized
Homeostatic .
:, microglia a0 “\ =

stimulus

‘ L
~
\P.r

/'

Neuroprotection

¥
K

Neurotrophic

*. X

Antinflammatory Degenerating
microghia neuron

o-inflammatory
microglia

.

Inflamenatory *, e
cytokines °

it 2 S 3

« Tissue inflammation
« Inflammatory cytokines
* Cell death/tissue damage

* Trophic factors
* Phagocytosis

* Debris clearance

Balanced polarization

Microglial polarization in AD

Disease
Neuroprotection mitigating
M2 polarized M2 DAM

Homeostatic
microghia

qy
%f——*?\%g

Neurotroph

., factora

Neurotoxicity
M1 polarized

Inflammatory
stimulus

. Proinflammatory
microglia

p3s8

p3s
inh
TNFa -

ILibeta . ¢
e -

Iuy

o Lo

p38
Inh

l
-

\ AntiHinflammatory Degenerating /;
% microglia neuron M
l‘ l'

\ ’

. » Trophic factors » Tissue inflammation 4

* Inflammatory cytokines
« Cell death/tissue damage
* p38, NF-kB

. 05is
* Debris clearance

M1 polarization shift

Figure 33. Diagram of the dual role of microglia in neuronal health and disease, underlining the
critical balance between the M1 and M2 states. a) Balanced microglia polarization in the healthy
brain. The diagram shows the dual functions of microglia through M1 and M2 phenotypes. The
M1 microglial phenotype promotes neuroinflammation through the secretion of pro-
inflammatory factors, leading to neuronal damage. The related pathways involved in this process
encompass Toll-like Receptors (TLRs), Nuclear Factor-kappa B (NF-kB), and the p38 MAP Kinase
activation pathway. In contrast, the M2 phenotype of microglia secretes anti-inflammatory
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factors, thereby providing neuroprotective effects.’®® b) Microglial activation in
neurodegeneration. The chronic inflammation in the CNS occurring in AD patients leads to a M1
polarization shift. M2 Disease-Associated Microglia (DAM) are found near amyloid plaques trying
to compensate for the loss of the balance by mitigating disease progression through phagocytosis
of misfolded and aggregated proteins. The switch to DAM is triggered by phagocytosis of
apoptotic neurons and depends on the activation of TREM2-APOE signaling.''? This figure was
created with BioRender and adapted from Miao et. al.1®®
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Figure 34. Effect of p38a MAP Kinase inhibition on the chronically inflamed AD brain. On the upper
part of the diagram, highlighted in red, the microglia-mediated neuroinflammation, common
features in neurodegenerative disease such as AD. The production of pro-inflammatory cytokines
(e.g., INFy and TNFa) leads to a chronic activation of the neurotoxic M1 phenotype of microglia.
Below, on the green highlighted diagram, is shown the two different impacts of p38 MAP Kinase
inhibitor compounds on the chronic inflammation occurring in the AD brain: a) direct inhibition
of activated astrocytes inhibiting pro-inflammatory production, b) M1 phenotype switches into
the M2 neuroprotective phenotype by treatment of p38a MAP Kinase inhibitors. This figure was
created with BioRender.

A recently identified subset of CNS resident macrophages found at sites of
neurodegeneration, might play such a protective role: the Disease-Associated Microglia
(DAM).112 The microglia phenotype switch to DAM in order to compensate for the loss of
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the balance of M1/M2, was found to be triggered by phagocytosis of apoptotic neurons
and depends on the activation of TREM2-APOE signaling.14

TREM2 is a transmembrane receptor that is predominantly expressed in myeloid cells,
including microglia in the brain. Mutations in TREM2 have been associated with an
increased risk of developing Late Onset Alzheimer Disease (LOAD) in both the
homozygous and heterozygous states.'>'16 TREM2 is a receptor for a range of aggregates
and particles including AB, but also ApoE and in both the healthy state and in AD, TREM2
plays a crucial role in regulating microglial activation. Increasing TREM2 expression
through overexpression of human TREM2 reduces AP deposition, presumably through
increased clearance.''’ Agonistic antibodies against TREM?2 also reduce AB accumulation
and improve in vivo behavioral performance in AD models.1&119

The soluble form of TREM2, sTREM2, has been found to be elevated in the cerebrospinal
fluid (CSF) of AD patients making it a useful marker of AD pathology and cognitive
decline t20121,122,123,124 sTREM?2 influences AR pathology by blocking and reversing AB
oligomerization and fibrillization, and preventing AB-induced neuronal loss in vitro.1?>
While this effect appears useful in vitro, in vivo, the signaling function is probably more
important than the engagement amyloid by the soluble receptor binding subunit. This is
because although binding may neutralize one particle, the membrane bound signaling
form is able to mediate more extensive cellular functions. The origin of the cleaved form
of the receptor is likely local proteolysis induced by amyloid driven TLR4 activation.

Several studies showed that AP deposition in the brain can activate toll-like receptor 4
(TLR4), normally expressed in microglial membranes. Once triggered, TLR4 activation
leads to an intracellular cascade inhibiting the expression of TREM2 and causing its
removal from microglial outer membranes via cleavage by the protease ADAM10 and to
consequent release of its soluble form sTREM2. While sSTREMZ2 is still able to bind amyloid,
it is incapable of signaling an increased clearance reaction. Thus, increased activation of
TLR4, further signals via MyD88, p38 MAP Kinase and ADAM10 mediated processes
(Figure 35) to cause increasing suppression of TREM2 expression and TREM2 function.
This is, in turn, a downward spiral of loss of clearance function and anti-inflammatory
effects of TREM?2.126:127,128

These observations suggest that investigating the role of TREM2 in microglial cells is
crucial to better understand the molecular mechanisms underlying AD pathogenesis and
to developing new therapies that target microglia and TREM2.%2°
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Figure 35. Schematic model of the interplay between triggering receptor expressed on myeloid
cells 2 (TREM2) and Toll-like receptor 4 (TLR4)-induced activation after chronic inflammation
typically occurring in the AD brain. This diagram shows my hypothesis on p38a MAP Kinase
inhibitors possible MoA. The TLR4-induced inflammation suppresses the TREMZ2 signaling
pathway to exacerbate the AB-triggered inflammatory response in microglia. After AR exposure,
the activated TLR4 pathway can interfere with TREM2 by inhibiting the increment of TREM2
expression and cleaving TREM2 into its soluble form (sTREM2) known to reduce amyloid plaque
load and to positively impact amyloid-related pathology. This figure was created with BioRender
and adapted from Hu et. al.1*°

Also, the dysfunction of endo-lysosomal and autophagic processes play a crucial role in
the pathogenesis of AD. After endocytosis, APP-containing vesicles are delivered to early
endosomes, marked by Rab5. This general mechanism has been found to occur in
microglia, neurons and astrocytes.13132133 Early endosomes serve as a sorting apparatus,
regulating the destiny of cargo proteins by the transport to various organelles. The
transition from early to late endosomes, marked by the replacement of Rab5 by Rab7 and
followed by the fusion with lysosomes, is essential for lysosomal degradation of
proteins.'3* The level of extracellular and intracellular APP is believed to induce
overactivation of Rab5, which leads to enlarged early endosomes and blocks the
conversion of early endosomes to Rab7 positive late endosomes. Consequently, the
dysregulation of the endocytic pathway leads to inhibition of the lysosomal degradation
of APP, and its unprocessed form is released from the cell via the recycling endosomal
pathway, marked by Rab11 (Figure 36a, b and c).'3* Due to its prominent role as a
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pathogenic driver in AD, Rab5 has emerged as a major therapeutic target for
neurodegenerative disease. The p38a MAP Kinase pathway is the major regulator of Rab5
activity.’

For this reason, my hypothesis is that selective p38a kinase inhibitors could reverse the
overactivation of Rab5 and restore the transition from early to late endosomes with the
subsequent lysosomal degradation of APP (Figure 36d).
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Figure 36. Dysfunction of endosomal-lysosomal protein degradation in AD. a) APP endocytosis; b)
APP induced overactivation of Rab5 leads to swelling of early endosome and inhibits the Rab5 to
Rab7 conversion and consequently the transition from early to late endosomes. ¢) unprocessed
APP is released from the cell via Rab11 positive endosomes. The Inhibition of p38 downregulates
the overactivation of Rab5 and restores the transition from early to late endosomes (d) followed
by APP degradation in lysosomes. This figure was created with BioRender.

Endosome fusion

For these investigations | used the well-known and characterized APP/PS1 AD mouse
model. The APP/PS1 mouse model is an important research tool used in the study of AD.
This mouse model is engineered to express mutant human APP with two familial AD
mutations: the human Swedish mutation of APP and the L166P mutation of human
presenilin-1 (PS-1) under the murine Thyl promotor. These mutations lead to increased
production and accumulation of AB peptides at six weeks of age in the cortex and at 6
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months of age in the hippocampus, which are the main sites of amyloid plaques observed
in the brains of AD patients.3>

Researchers use the APP/PS1 mouse strain to study the pathological processes and
mechanisms involved in AD and to test potential therapeutic interventions. The presence
of amyloid plaques'3® and other Alzheimer's disease-like features in these mice such as
gliosis and cognitive impairment (six weeks and seven months respectively),'®” allows
scientists to investigate disease progression and evaluate candidate drugs for their
efficacy in preventing or reducing/clearing amyloid accumulation.

Aim

My interest in testing p38a MAP Kinase inhibitors was based on the following
observations:

e TNFa is proposed to mediate both inflammatory and depressive effects in AD
patients and p38a MAP Kinase inhibitors could reduce systemic and CNS TNFa;

e Microglial activation to an anti-inflammatory phenotype could increase clearance
of amyloid and p38 is implicated in the inflammatory signaling cascade;

e p38 kinase upregulation is observed in AD brains post-mortem suggesting it is
involved in pathology;

e Based on earlier studies in cancer, it is known that p38a inhibition could impact
the M1-M2 transition which is also relevant to microglia;

e Finally, VX 745, a first generation p38 MAP Kinase inhibitor was reported to be
active in amyloidosis.

To be effective, | proposed that the substances should be:

e Highly potent — TNFa ICso in the single digit nanomolar range;

e Unlikely to abrogate anti-inflammatory IL-10 function;

e CNS penetrant;

e Stable in vivo;

e Orally available and with no adverse effects on metabolism or liver function;

e Compatible with use in old age, notably, unlikely to worsen common co-
morbidities (affective, metabolic, neoplastic);

Compounds 11 (peripherally active) and 13 (BBB-penetrant) fulfilled these requirements
as indicated by the data reported earlier. In particular, comparing compounds 11 and 13
allowed me to ask the question; “to what extent is CNS exposure relevant to this mode of
action?”
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The compounds were tested in two different studies (long and short-term) with APP/PS1
mice, evaluating behavioral tests and histological findings. According to my hypotheses
the compounds could act in three different ways:

a) adirect inhibitory effect on the M1 polarized microglia could lead to a polarization-shift
towards the M2-TREM2 positive phenotype;

b) the extracellular inhibition of TLR4 could prevent microglial activation of MyD88,
leading to intracellular inhibition of p38 MAP Kinase and consequent expression of TREM2
(Figures 33, 34 green rectangle and 35);

c¢) inhibition of Rab5 overactivation by exposure to p38a MAP Kinase inhibitors, could lead
to late endosome/lysosome fusion and AP degradation by inhibition of the early/swelling
endosomal dysfunction and recycling of unprocessed A (Figure 36).

In the first long-term study, | focused on prophylactic treatment and preservation of
cognitive function over 10.5 months. This also provided information on overall safety and
maintenance of effect under long-term treatment (there is potential for counter
regulation in p38 mediated signaling). In the second study, | also investigated the efficacy
of the compounds with short-term treatment (2 weeks, 12 umol/kg daily p.o. gavage) in
12-month-old APP/PS1 mice made pre-diabetic with a high-fat diet (DIO-HFD D12492 (1)
60 kJ% fat (Ssniff)) for 4 weeks (a diet in some ways analogous to that used in EAE —fiber).
It was also compared the effects of both p38a MAP Kinase compounds against VX 745
(Neflamapimod), the direct competitor in p38-related AD-therapy.

4.2 Material and Methods

Animals:

Generation and characterization of APP7s15/PS1piasr (APP/PS1) mice has been
extensively described.138139,140,141,142,143,144,145,146 £or hoth studies, 71 transgenic female
and male mice were obtained by crossing heterozygotic Thyl-APP7sisi [Swedish
(KM670/671NL)] with homozygous PS1mmier mice (originally obtained from Mathias
Jucker). Both lines were maintained on a C57BL/6J background. All the mice were housed
under constant conditions (12 h light/dark cycle, room temperature 21 + 1 °C) with water
and food available ad libitum.

In the first study, 11 age-matched wild-type (WT) female and male mice of the same
genetic background were used in the study as controls (Table 39, groups 1 and 2) versus
39 female and male transgenic mice. 1.5-months-old mice were, after being genotyped,
included in the project. Soon after, all the mice were fed with maintenance normal chow
(Table 28 of Chapter 2 of this thesis) mixed with Vehicle (Table 39, groups 3 and 4) or
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respective compound (Table 39, groups 5-8) (see Food — p.o. Treatment Formulation
subchapter) (Figure 37). At 12 months, all the animals were terminated and brains were

collected for histological analysis
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Figure 37. Overview of the first study — long term. 39 1.5-month-old APP/PS1 and 11 WT mice
were switched to a chow-p.o. treatment. Baseline of tail blood samples were taken before the
first day of treatment (1.5 months), then at 3, 6, 9 and 12 months. Behavioral tests were
performed at 12 months (after 10.5 months food — p.o. treatment) (Figure 35). This figure was
created with BioRender.
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Table 39. Experimental groups of study 1 — long term.

Group
No N Sex Genotype Chow Treatment Route Dose
1 5 | Female WT Control diet Vehicle - -
2 6 Male WT Control diet Vehicle - -

3 5 | Female | APP/PS1 Control diet Vehicle - -

4 6 Male APP/PS1 Control diet Vehicle - -

5 7 | Female | APP/PS1 Control diet 11 Food-p.o. | 0.3 mg/d/mouse
6 8 Male APP/PS1 | Control diet 11 Food-p.o. | 0.3 mg/d/ mouse
7 7 | Female | APP/PS1 Control diet 13 Food-p.o. | 0.3 mg/d/ mouse
8 8 Male APP/PS1 | Control diet 13 Food-p.o. | 0.3 mg/d/ mouse

In the second study, 32 12-months-old APP/PS1 female and male mice, were pre-fed with
high-fat diabetic chow (DIO-HFD D12492 (I) 60 ki% fat (Sniff)) for 4 weeks. Afterwards,
mice were daily p.o. treated with 12 pmol/kg of compound 11 (in 10 % DMSO in 10 %
PEG/Tween (4:1) mix in water, 5 mL/kg, group 2 Table 40), 13 (in 10 % DMSO in 10 %
PEG/Tween (4:1) mix in water, 5 mL/kg, group 3 Table 40) or VX 745 (in 10 % DMSO in 10
% PEG/Tween (4:1) mix in water, 5 mL/kg, group 4 Table 40) while control animals were
treated with Vehicle (10 % DMSO in 10 % PEG/Tween (4:1) mix in water, 5 mL/kg, group
1 Table 40) (Figure 38). All animals were terminated at week 6 of the study, brains and
livers were collected in order to investigate histological results (Figure 38).
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Figure 38. Overview of the second study — short term. 32 12-month-old APP/PS1 mice were pre-
fed for four weeks with a HFD treatment to mimic features of diabetes. From four weeks on and
for two weeks, mice were treated daily with 12 umol/kg p.o. (in 0.5 % citric acid, 5 mL/kg)
injections with the selected compounds (11 and 13), competitor compound (VX 745 in 10 % DMSO
in 10 % PEG/Tween (4:1) mix in water, 5 mL/kg) versus control group (Vehicle, in 0.5 % citric acid,
5 mL/kg). At 6 weeks after the start of this project all the animals were sacrificed in order to
evaluate AD pathology. This figure was created with BioRender.

Table 40. Experimental groups of study 2 — short term.

Group No. N Sex Genotype | Chow | Treatment Route Dose
1 8 Female | APP/PS1 HFD Vehicle p.o. 12 pumol/kg
2 8 Female | APP/PS1 HDF 11 p.o. 12 umol/kg
3 8 Female | APP/PS1 HFD 13 p.o. 12 pumol/kg
4 8 Female | APP/PS1 HFD VX 745 p.o. 12 umol/kg

All animal experiments were performed with the ethical approval from local authorities
(Regierungsprasidium Tiibingen, approval number SYN 09/20).

Food — p.o. Treatment Formulation:

In the long-term study (first study), mice were daily treated for 10.5 months by food —
p.o. chow intake. 100 mg of the respective compounds were mixed with 1 kg maintenance
diet after being dissolved in 10 mL volume of tap water (circa 0.3 mg/mice/daily intake).
Food powder was placed in a mixer (MUM 4405 Profimixx 44 Kitchenmachine, BOSCH)

128

6

Termination



and 50 mL tap water was added and the mixer was turned on at speed 2. After the food
reached a homogeneous consistency, the respective compounds were added drop by
drop while the mixer was running at the same speed. The mixer was left to run for 2 h,
until compound and food were homogenously mixed. In the Vehicle groups, only tap
water was added, matching the final volume of compound treatment. The food was
processed manually and transformed into small pellets before being distributed into the
respective cages. This procedure was repeated once every two weeks.

Histology instruments:

Histological preparation of samples was performed using a paraffin dispenser fitted with
an MPS/S dispensing module (SLEE Medical), Paraplast Plus (Leica BioSystem, art.-no.
X881.1 REF 39602004). An HM325 Manual Microtome (Leica BioSystem) was used to
perform 5 uM cuts. Cuts were mounted on glass Superfrost PLUS or Superfrost R
(Langenbrinck GmbH, art.-no0.03- 0060) slides. Using the same exposure and intensity for
each sample, H&E and immunohistochemical images were acquired with 3D HISTECK,
panoramic scanner 2.1.1. while immunofluorescent images were acquired with a Keyence
BZ-810 fluorescence microscope (Keyence, Tokyo, Japan) using a 20X, 40X and/or
100X/1.45 oil-immersion objective lens. Quantification analysis of the different IHC or IF
staining was done with Image) software.

Ibal IHC staining:

This staining was performed on formalin fixed paraffin embedded brain tissue section
using a standard protocol. The sections were pre-treated using heat mediated antigen
retrieval with sodium citrate buffer (pH6, epitope retrieval) for 45 mins. The sections were
then incubated with rat anti-lbal primary antibody (ab283346, 1/100 dilution, Ibal
ionized calcium-binding adapter molecule 1, microglial marker) for 2 h at room
temperature (RT). The day after, sections were incubated with rabbit anti-rat secondary
antibody (Vector Laboratories, BA-4000, 1:400) for 2 h at RT. Subsequently, sections were
incubated with the ABC kit solution (ABC Vectastain, Vector Laboratories, Burlingame, CA,
USA), and the reaction product was visualized with a blue chromogen (SK-4700, Vector
Laboratories). After washing step, sections were mount with Bio Mount HM (BIO-OPTICA
Milano).

Amyloid, TREMZ2 and Ibal IF staining:

After the deparaffinizing and dehydrating steps using xylene (isomeric mixture, ACROS
ORGANICS) and ethanol (VWR Chemicals) dilutions, and water, antigen (epitope) retrieval
was carried out in citrate buffer (45 min at 90 C). After washing steps (3 x 5 min in PBS),
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blocking was performed with 5 % Normal serum Blocking solution (BioLegend) in 0.3 %
Triton X-100 in PBS for 60 min at ambient temperature. Incubation with the primary
antibodies was done overnight at 4 °C (Amyloid, TREM2, lbal). After washing steps (3 x 5
min in PBS), incubation with the secondary antibodies was done for 45 min at ambient
temperature (1:400 dilution, dylight-488 horse anti rabbit IgG, Vector Lab, Cat.No. DI-
1088-1.5; AlexaFluor-647 donkey anti goat IgG, abcam, Cat.No. ab150135; Cyr3 horse anti
mouse 1gG, Vector Lab, Cat.No. CY-2300-1). After washing steps (3 x 5 min in PBS),
BioMount aqueous mounting glue with DAPI (BIO-OPTICA, 05-1740) was used as
counterstain for nuclei. Negative controls were performed using only the secondary
antibody incubation step.

Open Field activity:

The open field (OF) task is a means for assessing depression/anxiety-like behavior in
response to a novel environment. Distance traveled is a measure of ambulatory
movement, while time immobile detected is a measure of depression. Also, the amount
of time spent in the center zone versus the peripheral zone is used as a measure of anxiety
levels due to the rodent's natural thigmotaxis behavior when frightened (i.e. avoiding
open areas where a predator may be present).}*” In this study, 12-months-old WT and
APP/PS1 mice were placed in an empty cage (60 cm long x 30 cm wide) and their activity
was recorded using ANY-maze 7.2 video tracking software (Stoelting Europe, Dublin D14
A6P3- Ireland). The four central quadrants (highlighted in blue) are collectively referred
to as the center zone and the 12 peripheral quadrants (highlighted in green) are
collectively referred to as the peripheral zone (Figure 39). Data were collected continually
for 10 minutes: the distance traveled (m), time spent in the peripheral zone versus the
center zone were all automatically recorded by the software. 5 % acetic acid was used to
clean the cage between each trial.

= Freezing time

- Time spent in center zone

—p Total distance travelled
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Figure 39. OF behavioral test. The mice are placed in an empty cage and their activity is reordered
with a camara by the ANY-maze software. Parameters detected are: freezing time, time spent in
center zone and total distance travelled.
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Novel object recognition behavioral test (NOR):

Recognition memory and the tendency of mice to explore new objects were evaluated
with NOR. NOR is a simple, straightforward test that can be easily used as a behavioral
test in order to evaluate the therapeutic effects of drugs in the APP/PS1 transgenic AD
mouse model.2*8 At day 1, habituation phase, each animal was habituated to the testing
cage (60 cm x 38 cm x 20 cm) for 10 min (Figures 39 and 40). At day 2, training phase,
each animal was allowed to explore two identical objects (identical in shape, color and
material) placed symmetrically from the arena center for 10 min. At day 3, test phase,
one of the familiar objects was replaced with a novel object and again each animal was
allowed to explore the two objects (the sample and the novel objects) for 10 min (Figure
40).1% 5 % acetic acid was used to clean the cage between each trial. All experimental
data was analyzed using the ANY-maze 7.2 video tracking system (Stoelting Europe,
Dublin D14 A6P3- Ireland).

DAY 1 - Habituation DAY 2 - Training DAY 3 - Test
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Figure 40. NOR behavioral test. Day 1, habituation phase, is identical to the OF test. At Day 2,
training phase, the same mice are introduced to two identical objects (same shape, color and
material) and the time spent on the two objects is detected by camera with ANY-MAZE software.
At day 3, test phase, the same mice are placed in the cage where one of the two objects differs
from the object of the previous day by having a different shape (novel object). The time spent on
object 1 versus object 2 is detected by camera with ANY-MAZE software.
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Statistics:

Statistical analysis and preparation of graphs were done using GraphPad Prism 9.3.1. All
experimental results were tested for normal distribution using the Shapiro-Wilk test.
Before conducting further statistical analysis, the Brown-Forsythe test was used to test
data for homoscedasticity while ordinary one-way ANOVA was used for multiple
comparisons (Bonferroni correction). Two-way ANOVA was used to test differences in
behavioral and histological data, p-values were corrected with the Bonferroni method for
multiple comparisons. Significance levels are indicated by * p < 0.05; ** p < 0.01; *** p <
0.001; **** p <0.0001.

4.3Results

Both compounds showed an anti-anxiolytic and anti-depressive effect on 12-months-old
APP/PS1 mice

Anxiety signs are observed in dementia patients and the same pathological symptoms
were observed in the APP/PS1 mouse model.**° In the long-term study, the Open Field
(OF) behavioral test was performed after 10.5 months daily food — p.o. treatment, on 12-
month-old APP/PS1 mice treated and non-treated versus non-treated WT age-matched
mice with the same genetic background. The OF test can assess movement and
anxiety/depression-like behavior. Activity results were taken on animals that, at the end
of study, showed from 35 to 45 % increase on weight. No real difference was detected
between the different groups. The amount of time spent in the center zone is a reflection
of anxiety while the distance travelled and time immobile are indicators for depression,
toxic effects or general animal activity and performance. Each mouse was placed in an
empty cage (60 cm x 38 cm x 20 cm) and allowed to freely explore it for 10 min. The mouse
behavior was recorded with a video camera and different parameters were analyzed with
ANY-maze software: distance travelled, total time immobile and time spent in the center
zone. Both treatments led to increased movement and a decrease of total immobile time,
if compared to APP/PS1 vehicle group animals (Figure 41) (* p < 0.05). This suggests that
they contribute to the maintenance of a normal degree of activity and potentially
ameliorate depressive aspects of amyloidosis. Both compounds also increased the time
spent in the center zone in comparison to the control APP/PS1 group (Figure 42, * p <
0.05 for compound 11 and *** p < 0.001 for compound 13) suggesting alleviation of the
anxiety. The animals could have focused their mobility on the edges of their cage
environment, however, by being more mobile and present in the central zone, they
appear to be also less anxious. Time in the central zone is not necessarily a simple
correlate of increased mobility and this is reflected in the differences in the compounds
and the fact that some animals were notably more present in the central zone.
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Figure 41. Distance travelled (m) and total time immobile (s) detected per each 12-month-old
mouse by ANY-maze software. In comparison: WT Vehicle group (n=10, light red, full circle shape),
APP/PS1 Vehicle group (n=11, dark red, full square shape), APP/PS1 compound 11 treated mice
(n=15, green, empty square shape) and APP/PS1 compound 13 treated mice (n=15, blue, empty
triangle shape). Values are displayed as mean + SD. * p < 0.05; ** p <0.01; *** p <0.001; **** p
<0.0001.
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Figure 42. Time in the center zone (s) detected per each 12-month-old mouse by ANY-maze
software. In comparison: WT Vehicle group (n=10, light red, full circle shape), APP/PS1 Vehicle
group (n=11, dark red, full square shape), APP/PS1 compound 11 treated mice (n=15, green,
empty square shape) and APP/PS1 compound 13 treated mice (n=15, green, empty triangle
shape). Values are displayed as mean + SD. * p < 0.05; ** p<0.01; *** p <0.001; **** p <0.0001.

Both compounds showed memory restoration in 12-month-old APP/PS1 mice

In the long-term study, the inhibitory effects of p38a MAP Kinase on AB-induced neuronal
damage, including memory impairment, have been further examined the Novel Object
Recognition (NOR) behavioral test. Raw data (time each animal spent next to the single
objects) were recorded over 10 min by a video camara and analyzed by ANY-maze
software (Figure 43a and b). The ratio is defined by the time the animal spent exploring
the novel object (day 3, test phase) versus the same object presented to it the day before
(day 2, training phase) (Figure 43c). While the APP/PS1 vehicle mice showed a significant
decline in recognition memory, both treatment groups displayed restoration of memory
to the level of WT non-treated animals (Figure 43c, * p < 0.05).
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Figure 43. NOR test shows short-term memory maintenance in 12-month-old APP/PS1 mice
treatment groups. a) raw data day 2 (training phase) showing time spent by each animal
investigating the two identical objects in the cage. b) raw data day 3 (test phase) showing time
spent by each animal investigating the novel object in the cage. c) Ratio defined by the formula:
the novel object/the known object exploration. In comparison: WT Vehicle group (n=10, light red,
full circle shape), APP/PS1 Vehicle group (n=11, dark red, full square shape), APP/PS1 compound
11 treated mice (n=15, green, empty square shape) and APP/PS1 compound 13 treated mice
(n=15, blue, empty triangle shape). Values are displayed as mean £ SD. * p < 0.05; ** p < 0.01; ***
p <0.001; **** p <0.0001.
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Both compounds mediated amyloid plaque disaggregation

The observation that treatment with compounds 11 and 13 could reverse learning and
memory deficits led me to further examine possible correlations with the AB plaque
deposition. As a next step, it was investigated whether AB deposits, one of the hallmarks
of AD, were altered with the p38 MAP Kinase inhibitor compound treatments in the long-
term study with 12-month-old APP/PS1 mice. In Figure 44a a representative image of IF-
amyloid-staining is shown for each animal group (in blue are stained nuclei (DAPI), in
green are stained AP plaques). Notably, the AB deposit positive area was decreased in the
cortex of p38a MAP Kinase inhibitor-treated APP/PS1 mice (Figure 44a). KEYENCE
inverted fluorescence microscope BX-Z810 was used to digitalize the stained sections. 20X
magnification images (Figure 44a) and brain sagittal sections were used for all
quantitative analysis. Amyloid positive fraction stained with antibody (green channel)
were quantified by Imagel software (Figure 44b). Folded organ sections were excluded
from analysis because they led to false positive results. As shown in the quantitative
analysis, both compounds 11 and 13 statistically significantly decreased the amount of AB
deposits if compared to the 12 months APP/PS1 vehicle group animals (~ 65 and 75 %
respectively, **** p <0.0001).
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Figure 44. Amyloid-B plaque reduction in 12-month-old APP/PS1 p38 MAP Kinase inhibitor-
treated mice (long-term study, 10.5 months p.o. daily treatment). a) Representative IF microscope
images of mouse cortex sagittal brain sections (one section per mouse) stained with Amyloid-f
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antibody. b) AB-positive areas were quantified by Imagel software. In comparison: WT Vehicle
group (n=10, light red, full circle shape), APP/PS1 Vehicle group (n=7, dark red, full square shape),
APP/PS1 compound 11 treated mice (n=8, green, empty square shape) and APP/PS1 compound
13 treated mice (n=14, blue, empty triangle shape). Values are displayed as mean £ SD. * p < 0.05;
** p<0.01; *** p<0.001; **** p <0.0001.

Both compounds showed microglial activation

In the long-term study, in order to investigate the inhibitory effects of p38a MAP Kinase
on microglia activation and consequently on AB clearance/phagocytosis, sagittal sections
of 12 APP/PS1 non-treated and treated mice versus non-treated WT age-matched mice
were stained with IHC for Ibal. Immunohistochemical images were acquired with 3D
HISTECK, panoramic scanner 2.1.1. at 40X and 100X magnification (Figure 45a). Brains
were used for quantitative analysis and the microglia positive fraction stained with lbal
antibody (black) were analyzed by Imagel software (Figure 45b). Folded organ sections
were excluded from analysis because they led to false positive results. The quantification
showed that both compounds had a regulatory effect on microglial activation. While the
APP/PS1 vehicle group mice results were not statistically different versus WT non-treated
group, compounds 11 and 13 displayed a statistically relevant difference in the activation
of the microglial brain population (Figure 44b, *** p <0.001 and ** p <0.01, respectively).
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Figure 45. Activation of microglia in APP/PS1 12-month-old brain. a) Immunohistochemical
staining of sagittal mouse brain sections showed prominent microgliosis as assessed by the
microglial marker Ibal versus Congo Red contra-staining showing AR plaques. On the left are the
original pictures, and shown on the right is after a threshold was selected to underline in red the
black lbal positive staining. 100X magnification. b) Percentage of Ibal positive area on sagittal
mouse brain sections indicating microglia activation. In comparison: WT Vehicle group (n=10, light
red, full circle shape), APP/PS1 Vehicle group (n=9, dark red, full square shape), APP/PS1
compound 11 treated mice (n=8, green, empty square shape) and APP/PS1 compound 13 treated
mice (n=14, blue, empty triangle shape). Values are displayed as mean * SD. * p < 0.05; ** p <
0.01; *** p <0.001; **** p <0.0001.

Both compounds showed TREM2 up-regulation

The loss-of-function or mutant variants of TREM2 increase the risk of developing AD,
while TREM2 activation also showed a significant negative correlation with disease
progression.’®> In the long-term study, triple immunofluorescence staining was
performed to determine the cellular expression and localization of TREM2 after 10.5
months treatment with p38a MAP Kinase inhibitors (Figure 46). The results showed that
TREM2 positive cells (red channel) were more abundant and apparent cell associated
TREM2 was up-regulated after p38a MAP Kinase inhibitor exposure. Also, Ibal/TREM2
double positive microglia cells (yellow and red channel) surrounded Amyloid plaques
(green) disaggregating the dense core.

No clear Ibal/TREM2 action was detected in the APP/PS1 vehicle group (Figure 46b-e).
The disaggregating effect also reduced the amyloid plaque size: while in the APP/PS1
compound 11 and 13 treated mice, plaques displayed an average size of 5 to 20 um
respectively, in the APP/PS1 Vehicle group, AB plaques reached 50 um in diameter (Figure
46b-d).
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Figure 46. Expression profile of TREM2 positive cells on 12-month-old-APP/PS1 non-treated
versus treated mice. a-d) Representative images from each group (WT, APP/PS1 vehicle, APP/PS1
compound 11 treated and APP/PS1 compound 13 treated); colocalization of TREM2 (red) with
microglia (Ibal, yellow) and amyloid plaques (green) in the cortex area of the brain of 12-month-
old APP/PS1 mice. Nuclei were stained with DAPI (blue). Scale bar = 20 um. E) Representative
images of the separated channel and the merge of TREM2 (red) with microglia/macrophage (Iba1l,
yellow) and amyloid plaques (green) from compound 11 and 13 treated mice. Scale bar = 20 pm.
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Both compounds showed no Rab5- AB colocalization in 12-month-old APP/PS1 mouse
brain

One of the earliest manifestations of AD pathology is represented by abnormalities in the
endosomal pathway.**? Therefore, it was examined the morphology and activity of early
endosomes in APP/PS1 12-month-old mice after 10.5 months treatment with vehicle,
compound 11 or 13. Immunofluorescent analysis of cortical neurons with an antibody
against the early endosomal protein Rab5 revealed that APP/PS1 vehicle mice contained
more numerous and atypically large Rab5-positive structures (red channel), while
compound 11 and 13 treated mice showed smaller Rab5 vesicle (Figure 47). Moreover,
to determine whether amyloid and Rab5 were present in the same subcellular
compartments, the same brain section was stained with an AB antibody (green channel)
and investigated whether the two markers resulted in colocalization (yellow signal). As
shown in Figure 47, APP/PS1 vehicle mice showed colocalization between Rab5 and AB
(yellow positive signal, merge column) while mice treated with compounds 11 and 13
showed no swelling lysosomes and minimal colocalization.
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Figure 47. Representative images of AR and Rab5 colocalizing in the cortex of APP/PS1 12-month-
old mice after 10.5 months treatment with compounds 11 and 13 versus control animals (vehicle).
Sagittal brain sections were stained with antibodies against AP (green channel) and Rab5 (red
channel) while nuclei are stained in blue. The staining reveals enlarged endosomes and an overlap
between AP and Rab5 in the control brain, while smaller Rab5 vesicle and no colocalization was
detected in the mice brains treated with compounds 11 and 13. Scale bar 30 um, 100X
magnification.

Both compounds showed liver protective activity

Clinical trials with certain p38 MAP Kinase inhibitors were discontinued because of liver
toxicity.®® In both studies, long- and short-term, liver histopathological evaluation was
performed in order to investigate compound toxicity. H&E staining on 12-month-old
APP/PS1 10.5 months p.o. daily (10 mg/kg daily intake) treated with compounds 11 and
13 showed no macroscopic findings of liver toxicity (Figure 48). Vehicle animals showed
pale livers compared to the treatment groups, and indication of swollen hepatocytes with
rarefied (less compact) cytoplasm which reflects a lower overall cytoplasmic protein
content which in turn reduces staining intensity (Figure 48). This observation is potentially
consistent with afore-observation that this mouse line is also very sensitive to pro-
diabetic conditions.

In the short-term study, in order to get diabetic-amyloidosis phenotype mice, 12-month-
old APP/PS1 animals were switched to a HFD for 4 weeks. The vehicle group showed

140



severely steatotic livers, hepatocytes were disorganized, diffuse and enlarged. Fat
vacuoles occupied the cytoplasm, compressing cell nuclei to one side (Figure 49). The
percent of macro-steatosis revealed by the H&E staining is predominant in mostly of
hepatic cells in the vehicle group, while compounds 11 and 13 showed a decrease of the
severity of the steatosis in the livers (Figure 49), where only few of the hepatic cells
appeared disarranged. Two weeks daily treatment with the VX 745 compound showed
no amelioration of the severity of the steatosis if compared to the vehicle group (Figure
49).

Vehicle

Figure 48. Representative images of histopathological evaluation of mouse liver from the long-
term study (10.5 months treatment). H&E stained liver sections from vehicle, compounds 11 and
13 treated APP/PS1 12-month-old mice with 1.7X overview and 20X magnification. No
macroscopic tissue damage was observed in any group. Scale bar 500 um.
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.. Vehicle

Figure 49. Representative images of histopathological evaluation of mouse liver from the short-
term study (2 weeks treatment). H&E stained liver sections from vehicle, compound 11, 13 and
VX 745 treated APP/PS1 12-month-old mice with 1.7X overview and 20X magnification. Four
weeks of HFD induced steatosis in the livers, macroscopically visible in the vehicle and VX 745
treated mice. Compounds 11 and 13 showed a less severe steatosis. Scale bar 1000 um.

Both compounds showed amyloid plaque disaggregation activity and size reduction in

12-months-old APP/PS1 mouse brain after two weeks treatment (short-term study)

In order to evaluate the short-term effect of compound 11 and 13 in amyloid plague
reduction in 12-months-old APP/PS1 mice, AB IF staining (green channel) was performed
in combination with the TREM2 marker (yellow channel). As expected, staining of the
vehicle group animals shows the intensive deposition of amyloid plaques in APP/PS1 mice
average size of 40-50 um (Figure 50a).

Consistent with the suggestion that p38 MAP Kinase treatment reduces the accumulation
of AB peptides in the brain, a remarkable reduction in the AB-positive staining and
average size in both compounds treated groups was detected (Figure 50b and c). VX 745
treated mice showed no reduction of the AB accumulation or of the size of plagues (Figure
50d). Also, Trem2-positive cells appeared more activated after exposure to compounds
11 and 13 compared with the vehicle and VX 745 animals (Figure 50a-d).

To better evaluate the amount of the reduction, a quantification was performed on
sagittal cuts of each brain by Imagel) software. Compound 11 showed a statistically
significant reduction in AB deposition of ~ 55 % versus vehicle (*p < 0.05), while VX 745
treated animals showed no significant reduction of the amyloid burden (Figure 51).
Results were also similar to those in the long-term study with regard to the degree of
amyloid removal and the relative potency of the substances. These data also indicate that
the degree of reduction of amyloid in 2 weeks was similar to that obtained in long term
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treatment. This suggests that the effect is based on a combination of reduce initiation of
new plaques formation and a reduction in size of existing plaques.

- o -
- - w

Figure 50. Amyloid-B plaque reduction in 12-month-old APP/PS1 p38a MAP Kinase inhibitor-
treated mice (short-term study, 2 weeks treatment). a) Vehicle representative IF microscope
images of mouse sagittal brain slices stained with Amyloid-p antibody (green channel) and TREM?2
(yellow channel) and 100X magnification in the cortex area. b) Compound 11 representative IF
microscope images of mouse sagittal brain slices stained with Amyloid-p antibody (green channel)
and TREM2 (yellow channel) and 100X magnification in the cortex area. ¢) Compound 13
representative IF microscope images of mouse sagittal brain slices stained with Amyloid-
antibody (green channel) and TREM2 (yellow channel) and 100X magnification in the cortex area.
d) VX 745 compound representative IF microscope images of mouse sagittal brain slices stained
with Amyloid-B antibody (green channel) and TREM2 (yellow channel) and 100X magnification in
the cortex area. Scale bar 50 um.
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Figure 51. Amyloid-B plague reduction quantification in 12-month-old APP/PS1 p38a MAP Kinase
inhibitor-treated mice. On the top, representative IF microscope images of 100X magnification
cortex amyloid plaques stained with Amyloid-B antibody (green channel) and TREM2 (yellow
channel) (Figure 50). Scale bar 50 um. b) AB-positive areas were quantified by ImageJ software.
In comparison: APP/PS1 vehicle group (n=8, dark red, full square shape), APP/PS1 compound 11
treated mice (n=8, green, empty square shape), APP/PS1 compound 13 treated mice (n=8, blue,
empty triangle shape) and VX 745 compound treated mice (n=8, black, star full shape). Values are
displayed as mean + SD. * p < 0.05; ** p < 0.01; *** p <0.001; **** p <0.0001.
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4.4 Discussion

The p38a MAP Kinase is expressed in neurons and its expression is considered to be a
critical contributor in the toxic effects mediated by amyloid-beta, inflammation and
tau.>*® Given this rationale, | tested two p38a MAP Kinase inhibitors, previously selected
in Chapter 1 of this thesis, in a long-term and short-term study using APP/PS1 as an AD
murine model. The decision to study compounds 11 and 13 in the APPPS1 model of
amyloidosis was based on a range of earlier studies and observations. Amongst published
reports, both VX745 and SB203580 had caused effects on various parameters in mouse
AD models.?813 Previous studies indicated that Synovo’s newer generation of skepinones
are highly active in the inflammatory models that was reported in Chapters 1 and 3 but
were not yet tested in amyloidosis models. These results provided the opportunity to
investigate the mode of action (MoA) of this class in amyloidosis (AD models) and ask the
following questions:

e s partition to the CNS essential for this MoA?

e What processes are influenced by p38a MAP Kinase inhibitors in brains containing
amyloid plaques?

e What is the nature of the anti-inflammatory effect in the context of amyloid?

e s the effect a rapid or long-term one?

The data generated here answer most of these questions.

In the long-term study, compound 11 (known to not be BBB-penetrant) and compound
13 (BBB-penetrant) were orally administrated by daily food intake for 10.5 months, then
behavioral tests and histological evaluation were analyzed in comparison with APP/PS1
and WT vehicle treated animals, matched by age and genetic background. Firstly, |
investigated the effect of both compounds on memory impairment-like features
occurring in this murine model. The OF results of 12-month-old animals displayed that
both compounds showed anxiolytic and anti-depressive effects if compared to APP/PS1
vehicle treated animals (Figures 41 and 42). The same animals were tested with the NOR
behavioral trial, and while vehicle APP/PS1 12-month-old mice showed memory
impairment (time spent with the known object did not differ from the time spent
investigating the novel object, ratio Obj1 versus Obj2 is 1:1), both compounds displayed
a reversal of the memory impairment to the level of 12-month-old WT animals with the
same genetic background (ratio Obj1 versus Obj2 was ~ 1:2) (Figure 44). These results are
comparable to those reported by Guo et. al. where SB203580, a first generation p38 MAP
Kinase inhibitor, reversed memory deficits and depression-like behavior in mice
microinjected with AB1-42 into the hippocampus.?>3

Several studies showed that both depression and cognitive decline in mice are associated
with increased amyloid plaques.1>413>156,157 157 Eqr this reason, the brains from the 12-
months-old mice were subject to histological analysis which showed that compounds 11
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and 13 reduced the amyloid plaque deposition in the total brain by ~ 75 % and 68 %,
respectively, if compared to the vehicle treated animals (Figure 45). Based on this
evidence, on the matter of the importance of partition to the CNS, it appears that this is
not essential in this mouse model. Both compounds had similar affinity to the target
disease but larger differences in brain exposure in either healthy or APP/PS1 mice.
However, the more peripherally active analog, 11, was the more active in reducing
Amyloid or improving memory. These data suggest that peripheral effects can slightly
impact the brain response in this model. Thus, one potential aspect of this effect that
merits investigation is whether cells that encounter the inhibitor in the periphery undergo
a semi-permanent phenotypic shift that dictates their phenotype once in the brain.
Alternatively, the explanation may be found in aspects of dose response where the degree
of effect could be shifted if the brain experiences over dose that may reverse some
beneficial effects obtained at lower doses. These settings will be investigated in future
dose response follow up studies.

These results pose questions about possible MoA of the substances. One of my
hypotheses involved primarily the microglia subpopulation. While M1 microglia induce
inflammation resulting in a diminished ability to phagocytose amyloid leading to
neurotoxicity, M2 microglia are considered anti-inflammatory and neuroprotective due
to their anti-inflammatory activity and efficacy in phagocytosing amyloid, resulting in
good clearance (Figures 34a and b).!%° The Ibal marker was then used to investigate
microglial activity in the brain of the APP/PS1 mice. Although this general marker does
not distinguish between the M1 and M2 subpopulations, the results showed that both
compounds promote up-regulation of microglia activated cells (Ibal positive) by ~ 50 %
compared to the vehicle APP/PS1 mice. In order to distinguish between the M1 and M2
phenotypes, immunofluorescent analysis with the marker TREM2 were performed. These
data showed that p38a MAP Kinase inhibitor compound 11 promotes the switch from M1
to M2 phenotype: all Ibal positive cells in treated brains were also TREM2 positive. In
contrast, vehicle treated animals showed Ibal positive cells but only few TREM2 positive
cells (Figure 46).

Furthermore, due to the latest findings in the dysregulation of endocytic pathways in AD
and its link to p38 pathway, abnormalities in the endosomal pathway by Rab5
immunofluorescent analysis were also investigate.’3! These findings showed that while
APP/PS1 vehicle mice contained more numerous and atypically large Rab5-positive
structures colocalized with AP positive staining, compound 11 and 13 treated mice
showed smaller Rab5 vesiculas and small AB colocalization (Figure 47). These results
together indicate that p38a MAP Kinase inhibitor treatment promotes clearing of amyloid
plaques by up-regulating TREM2 microglia positive cells for phagocytosis and amyloid
degradation in late endosomal structures.
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With the aim to investigate the short-term beneficial effect of p38a MAP Kinase inhibitor
treatment, it was conducted a study over 2 weeks and included VX 745, a p38a MAP
Kinase inhibitor competitor compound, that in a pilot study in 26-month-old Tg2576 mice
showed amyloid reduction and cognitive-impairment improvement.’>® 12-month-old
APP/PS1 mice were pre-fed for 4 weeks with HFD, simulating diabetic patient conditions
with the aim to exacerbate AD-like symptoms in mice. After two weeks p.o. daily
treatment, amyloid beta plagque deposition in the brain was investigated by
immunofluorescent analysis. The results showed that compound 11 decreased AP size
and deposition by 55 % versus vehicle treated mice, while the VX 745 competitor
compound had no effect on amyloid size and clearance (Figures 50 and 51). These data
indicate that the beneficial effect of compound 11 can also be achieved in short-term
treatment.

Clinical trials with certain p38a MAP Kinase inhibitors were discontinued because of liver
toxicity.®® In both of the studies (long and short-term), liver histopathological analysis
showed no compound treatment was associated with liver toxicity (Figures 48 and 49).
These data suggest that both compounds in the dose range of 10 or 5 mg/kg p.o. in long
or short-term studies respectively are not associated with obvious effects in liver
histopathology. In contrast, even under liver stress conditions (HFD), the compounds are
not detrimental and may even be beneficial to liver function and health. HFD would
typically magnify any toxic effects of a substance due the oxidative and metabolic stress
associated with steatosis. The HFD/steatotic setting may be more relevant to parts of the
human population and target patient populations. Thus, these data from a stressed liver
setting may be an indication of increased safety in this generation of p38 inhibitors.

4.5 Conclusion

Here, two p38a MAP Kinase inhibitors with different organ affinity profiles (compound 11
is not BBB-penetrant while compound 13 is) were tested in a long-term and in a short-
term study (10.5 months versus 2 weeks p.o. daily treatment) on 12-months-old APP/PS1
mice. The selected candidates improved cognitive parameters in the long-term study:
memory, activity and anxiety were all reversed to WT levels in age-matched mice with the
same genetic background. Further histological analysis in the brain showed that both
compounds can cause the removal of amyloid aggregates — within 10.5 months treatment
(long-term study, 10 mg/kg/d) and two weeks (short term study, 6 mg/kg/d), while the
VX 745 competitor compound did not. It was also demonstrated that both candidates
promote M2/TREM2 activity and maturation in the brain, indicating that p38 inhibitory
activity plays a key role in the pathogenesis and progression of the disease. Further
investigation on the possible MoA showed that the candidates are promoting amyloid
degradation by the early/swelling endosomal intracellular inhibition pathway (minimal
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Rab5/Amyloid colocalization), while the vehicle treated animals did not display this (Rab5
and amyloid were colocalized).
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5 Thesis summary

In the first chapter of this thesis, 13 novel Skepinone-based p38a MAP Kinase inhibitors
with 1Csp values in the nanomolar range (1 - 5.5 nM range) were characterized in vitro and
in vivo. Due to their in vitro potency and their different organ affinity profiles, compound
11 (not BBB-penetrant) and 13 (BBB-penetrant) were further investigated in order to
explore the role of p38a MAP Kinase inhibitors in treatment of CNS pathology in murine
models of CNS degeneration, here MS and AD.

In the second chapter of this thesis, it was optimized the well-known EAE murine model
for MS. The results of this project could show that diet has a major impact on disease
severity, incidence and on the gene expression pattern in EAE studies, while the MOG3s.
55-CFA-emulsion preparation method has implications for the robustness and variability
of the model. My investigations led to a more stable and reproducible EAE model that
was afterwards used in the following chapter of this thesis.

In the third chapter of this thesis, | investigated the role of p38a MAP Kinase inhibitor
compounds on the refined EAE murine model for MS established in Chapter 2. The results
of this study showed that compound 11, the peripherally active p38a MAP Kinase
inhibitor, increased in vivo survival by over 50 % in the EAE CFA/MOG induced optimized
mouse model versus vehicle treated animals, resulting also in decrease of the severity of
recorded symptoms. Histopathological and gene expression evaluation displayed that the
spinal cord and brain benefited from the anti-inflammatory effect of the drugs, showing
neuroprotection by myelin fiber preservation and a decrease of the apoptotic factors.
Also, in contrast with the failure of other p38 MAP Kinase inhibitors in clinical trials for MS
patients attributed to side effects in the liver, both compounds 11 and 13 showed liver
toxicity protection by histopathological and gPCR analysis indicating great potential
beneficial therapeutic effects as drug against MS.

In the fourth chapter of the thesis, p38a MAP Kinase inhibitors 11 and 13 were tested in
a long-term and in a short-term study (10.5 months versus 2 weeks p.o. daily treatment)
in APP/PS1 mice. In the long-term study, the selected candidates improved cognitive and
affective parameters. In terms of memory, activity and anxiety, the compounds showed
recovery of these parameters if compared with WT detected levels of age-matched mice
with the same genetic background. Additionally, both compounds caused the removal of
amyloid aggregates — within 10.5 months treatment and 2 weeks — while the competitor
compound (VX 745) did not. It was also demonstrated that p38 inhibitory activity plays a
key role in the pathogenesis and progression of the disease: both candidates enhanced
M2/TREM?2 activity and maturation in brain. Further investigation on the possible MoA
showed that the candidates are promoting amyloid degradation by late endosome intra-
cellular pathway activation.
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