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The p38 mitogenactivated protein (MAPKinase 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 aalgpiayer in
different neurodegenerative diseasesuch as multiple sclerosis (MS) and Alzheimer
Disease (AD) and their principal animal models: experimental allergic encephalomyelitis
(EAE) andheuronal amyloidosisAPP/PS1ransgenicmice), respectively. Thistudy set

out to investigate theeffect of inhibiting p38" MAP Kinaseon the induction and
development of EAE and amyloidoarsd the potentialof modulatingthis pathway as a
diseasemodifying therapy in both MS and ABspectively

Thirteennovel&Skepinonebased p38" MAP Kinas@nhibitorswere characterizeth vitro

andin vivoto selectpotent andmetabolicallystableSkepinoned 8 SR A Y KA 6 A (i 2 NE&
MAP Kinas#vith the ability to cross the blootirain barrier(BBB)Out of thel3inhibitor
compoundslland13had the highesin vitropotency in human whole blood but differed

in central neuro systemQN$ partition (11 non-BBBpenetrant whilel3 had a brain to

plasma ratio of ca. 0.3)Certainly continuing with thus1land13were 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 inflammatosgress 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 developedountries.

Themyelin oligodendrocyte peptide (MOGAENodel 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 le¥igl( Incidence, Low
Variation Moderate Score: HILVMS®riefly, 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 madiee response rore uniform.

Compoundsl1 and 13, previously characterizeoh vitro andin vivoin Chapter 1, were
evaluatedin the optimizedEAE modelGiven that previous generations of p38 inhibitors
were reported to exert untoward effects on thever, detailed analysis of liver effects
were included in the assessment of the madétmpound11, which had high levels
liver and spleen but not in the CNS, increased the survival of th&CEABMOGnduced
animals while decreasing the severity of thgns of EAEAt a dose of 12 pumol/kg/day
p.o., compoundll could be considered moderately astiflammatory but highly
protective of both liver morphology and of myelin levels in the brain.



Givenits apparent protective effects in the acute inflammatory CNS model EAE, the next
i dzS & G A 2wouldgthisi condpound also have a protectivaffect in a chronic
degenerative model driven by amyloidgsis which inflammation plays a significant
roleK ¢ &

Compounds11 (peripherally activeland 13 (BBBpenetranf) were applied p.oin two
different amyloidsis studies (long and sherm). Behavioral tests and histological
findings showed pronounced treatment effects in both, long and stewrh treatment
studies Both candidates improved cognitive and affective parameters in the ldagn
study: memory, ativity and anxiety wereanaintained atWT levelsn agematched mice.
Further histological analysis in brain showed that both compounediated the removal
of Amyloid aggregateboth over10.5 months treatment (longerm study)or 2 weeks
(short term study.

Theshort-term study was based on published data Y6X 745w~hich depleted amyloid in
a Tg2576amyloid mouse model over 3 weeks of treatment. In tieP/PSInodel, VX
745 at 10 mg/kg p.o. was inactive over2aweek application period and indeed was
associated with a moderate increase in amyloid. It is not cMdaather this difference is
due to differences in the model, or to matters of do¥&X 745 despite promising data in
animal models, failed in phase Il clalidrials The absence of activity in thePP/PS1
model is, at least, consistent with the clinical data.

Ly &adzYYFNEBI GKS&S RIF G adza3 &aasenkiftdrsiverda KS KA -
active in a range of systems from cellularitovivo neurodegnerative 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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Der p38 mitogenactivated protein (MAP) Kinasgnalweg 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 dé&h&imer Krankheit (ADynd deren
wichtigsten Tiermodelle, die experimentelle allergiesche EnzehphalE®\E) und
neuronale Amyloidose (beruhend auf transgenen APP/PS1 Maidentiifiziert Ziel
dieser Arbeit war es zu untersuchen wie sich eine Hemnaergp38& MAP Kinase
Aktivitat auf die Induktion und Auspragung einer EAE und Amyloidose im Mausmodel
auswirken. Dadurch sollte geklaserden,inwiefern eine Modulation dieses Signalwegs

als Therapieansatz bei AD und MS geeignet ist.

Dreizehn neuartige 8binonbasierte p38 MAP Kinase Inhibitoren wurden in vitro und
in vivocharakterisierum wirksame Kandidaten zu selektieren, die metabolisch stabil sind
und in der Lage sind die Bibiirn-Schranke zu passieren.

In humanem Vollblut zeigten die Wirkstoffel und 13 die hochste Potenz, dabei ist
Wirkstoff 11 im Gegensatz zu Wirkstaff3 nicht hirngangigWirkstoff 11 und Wirkstoff
13 wurden flur nachfolgende EAE und Amyloidose Studien ausgewahlt.

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

Das MyelirOligodentrozyterGlykoprotein (MOG) induzierte EAE Modell in C57B6J
Méausen wurde durch das Testen unterschiedlicher Diaten und Antigenpraparationen
optimiert. Zielwar es die Variabilitat in der Inzidenzrate zu reduzieren und gleichzeitig die
Symptomatik moderat zu halten (hohe Inzidenz, niedrige Variabilitdt, moderate
Symptomatik). Kurz gesagt deuten die Ergebnisse darauf hin, dass es zu einer
gleichméaRigeren EAReaktion fuhrt, wenn man Mausen erlaubt vier Wochen oder langer
mit einer ballaststoffarmen Ernahrung heranzureifen. Zusatzlich konnte durch die
Ultraschallbehandlung der Emulsion aus Freund's Adjuvant und Myelin
OligodentrozyterGlykoprotein (CFA/MOG) Emidn eine homogene Immunantwort
induziert werden.

Die Wirkstoffell und 13 wurden im optimierten EAModell getestet. Da friiheren
Generation von p38 MAP Kinase Inhibitoren eine leberschadigende Wirkung
zugeschrieben wurde, wurde eine detaillierte Leberanalyse durchgefuhrt und in die
Bewertung mit einbezogen. Wirkstoffl wies hohe Konzentrationen in Milz und Leber
auf, jedoch nicht im ZNS. Dennoch @hnke Wirkstoff 11 die Uberlebensrate und

11



verringerte die Krankheitssymptome im ERME&dell. Bei einer Dosis von 12 pumol/R@g
p.o zeigte Wirkstofil1l einen leicht entziindungshemmenden Effekt verbunden mit einer
ausgepragten protektiven Wirkung auf das Gelahne die Leber zu schadigen.

Angesichts seiner offensichtlichen schitzenden Wirkung im akuten entziindlichen ZNS
Modell EAE lautete die nachste Fraggdlungy Wiarde diese Wirkstoff auch in einem
chronisch degenerativen Modell, das durch Amyloidoseurgaicht wird und bei dem
Entziindungen eine bedeutende Rolle spielen, eine schiitzende WirkungHkaben

Beide Wirkstoffe wurden peroral (p.0.) sowohl in einer Langatstauch in einer Kurzzeit
Amyloidose Studie getestet. In beiden Studien zeigten Verhaltenstests und histologische
Untersuchungen deutliche Behandlungseffekte. Beide Wirkstoffkandidaten sseben
kognitive und affektive Parameter in der Langzeitstudie. So waren Erinnerungsvermaogen,
Aktivitat und Angst vergleichbar zu altersentsprechenden Wildtypméausen. Histologische
Untersuchungen des Gehirns zeigten bei beiden Studien eine ReduzieruAgnytwid
Aggregaten in den wirkstoffoehandelten Tieren.

Das Studiendesign der Kurzzritlie basierte auf bereits veroffentlichten Daten fur den
Wirkstoff VX745, welcher AmyloidAggregate im Tg2576 Amyloid Mausmodell naeh 3
wochiger Behandlung reduzierttn APP/PS1 Modell zeigtéX 745 bei einer Dosis von

10 mg/kg p.o jedoch keine amyloidreduzierende Wirkung Uber einen zweiw6chigen
Behandlungszeitraum. Dies konnte auf Unterschiede im Mausmodel oder einer falschen
Dosierung zurtickzufihren sein.

Zusammenfasend beschreibt die hier vorgelegte Arbeit den deutlichen Theedpig

der durch die Behandlung mit hochspezifischen P38AP Kinase Inhibitoren bei
verschiedenen neurodegenerativen in vitro und in vivo Modellen erzielt werden konnte.
Die Ergebnisse wveeutlichen das groRe Potential dieser Wirkstoffe fur eine
weiterfiuhrende Testung zur Behandlung neurodegenerativer Erkrankungen des
Menschen, wie MS oder AD.

12
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1.1 Introduction

Stressinduced activation of p38 mitogenactivated protein (MAP)inase leads to
overproduction of pranflammatory cytokinesand it is known to be expressed in giills

and neurons, and therefore is associated with neuroinflammation and
neurodegeneratiort:>3456.7 In the mid1990s the discovery of its mode of action made it

an early choice as drug target for chronic inflammation. In particujait has been
demonstrated that during inflammation, the pB8MAP Kinaseatalyzes the transfer of the

1 -phosphate of its natural eeubstrate ATRto the hydroxyl group of serine and threonine
side chains of its substrafén addition, in post mortem brain tissue from Alzheimer disease
(AD) patients increased activity of gBBIAP Kinasgas found?'°In response to stressors

like Amyloidi 42! as wellas during tau localizationp38 MAP Kinasaevas found to
stimulate in microglia the release of different pmaflammatory cytokines like interleukin
(ILymi YR Gdzy2 NJ y S ORIR adsion,anunibérdiNécent studies Iaved ®
identified this signaling pathway as a central player intild Sclerosis (MS) and its
principal animal model, experimental allergic encephalomyéfitié!®> Early evidence for

the involvement of p3&1AP Kinasé MScame from microarray studies showing that the
expression oMAP Kinasein 0 Sy O2 RAy 3 Lfiyetfold inENSHesi@bf B (G SR
patients.t® Due to this association with CNS inflammatithve more recently described p38
MAP Kinaseénhibitor Neflamapimod(Figure1, VX 7457z | a St SMOAMP KigeSe LJo y h
inhibitor with alow brain to plasma ri#go and inferior selectivity amongst p38 isoform&s
selected forPhase Il trials for the treatment of AD (NCT02423200, NCT02423122 &
NCT03402659). Originally, Neflamapimod was developed for the treatment of Rheumatoid
Arthritis, however was discontinuedue to sideeffects in preclinical studie’S. Another
brain-penetrant pryidinylpyridazin® I & S R MABoKinasénhibitor MW150 Figurel)

was investigated in diverse animal models of neurolalgiésorders including modslof
AD1119202122 Although itappearedto improve results in the Morris water maze (MWM)

on APP/PS1 miggpharmacodynamic data arghfety profile, MW150 is currentlgeing
investigated in early stage clinical triafs.
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Neflamapimod MW150
ICs50 (p38a) 10 nM ICs5q (p38a) 230 nM

Figureld { ( NJzO (i MMNEKinagnhibitbdNeflamapimodVX 745and MW150.

In 2012,research2 ¥ LJ2 ( SNWAP KihasanHibitors dibenzosuberonelerivatives
Skepinonel and Skepinondl (Fgure 2) showed outstanding kinome selectivi§?*The
prototypic compoundhat Skepinonel serves has been used in various studies as a probe
to further investigate the rb S 2 IMARXinasén various disorderd?

ot e R

Skepinone- L Skepinone- N
IC50 (p38a) 5 nM IC50 (p38a) 20 nM

OH

Figure2.{ 4 NHzOG dzNBa 2F Lloyh a! tLantiSkgpinan8\N. A Y KA 6 A (i 2 NA

X-ray analysis of this inhibitor in complex with the target enzyme revealed its binding
mode, showing thatit acts as a typeKinaseinhibitor, A Yy RdzOAy 3 | 3t @ OAYy S
region and addresses the hydrophobic region (HR) | as wibkka4R [IKigure3). Several
studies have been reported using Skepindnas a lead structure e.g. for the design of
Skepinoned A SR G @ LJS Loy AMAR KindséwRhNEnproded bindiagy b
kinetics?>26
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Figure3. Binding mode of SkepinodeFigure20 g A G KAY (G KS | ¢ MAPKIngSR A y 3

This Figure is adapted from: Tormahlen NM. and MartorelitMal 20222

Am

The overall aimof this chapterwas to characterizein vitro and in vivo selective and
metabolicallystableSkepinoned I & SR A Y K A MAPKifalschvhich Rave tlee ability
to cross the blooebrain barrier(BBB) The most potentn vitro inhibitors were testedn
follow-up analysis in differeninflammatory andneurodegenerative modelsuchas AD or
MS.In conclusionit washypothesize that while there is potential to improve AD and MS
signs using selectiveJo YMAP Kinas@hibitors, those optimizedor beingBBBpenetrant
are more likely to exert potent central antiflammatory effects.Therefore,the anti-
inflammatory drug development program agdat producingLJo YMAP Kinaséhibitors
with 1Goin the single digit nanomolar range, high brédnplasma ratios, ideally paired with
high metabolic stability and a low level of sidiects. Taken togetr, | proposeal using
highly selectivd.Jo yMAP Kinasénhibitors for treating chronic inflammation ikMS and
AD, in boththe periphery and CN&irst, thein vitroandin vivodrug screening experiments
are shown, which allowed a selection of promising compounds for further studies.
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1.2 Material and Methods

Sructuresof the testedp38" MAP Kinase inhibitors

The compound® & (i Niz€diindhié®iérk, dibenzosuberongs, 13, are showedin
Table 1lof this thesis2D structures design graphs of each compound were arranged by
engaging ChemDraw Ultra 6.0 software.

Tablel. p38" MAP Kinas@hibitors investigatecnd their structures.

Compound Structures
numbers
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11
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13

MTT on BALB/c Splenocytes

The MTTassay consigif a colorimetric reaction thaiswidely used to assess cell viability.
However, one must consider that the enzymatic reduction §4,3-dimethylthiazole2-
yl]-2,5diphenyltetrazolium bromide (MTT) to MTHormazan is catalyzed by
mitochondrial dehydrogenasge. 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 96wvell microplates gpleens were taken from female BALB/c mice, the
splenocyte isolation protocol is described in the next paragraph). After treatment with
p38MAP Kinasenhibitors, MTT solution was added to the cells with a final concentration

of 0.5mg/mL and the mixture as allowed to incubate at 37 °C for 2 h. Afterwards, the
supernatant was removed and cell pellets resuspended in acidsfogntopyl alcoho{0.04

N HCI). After an incubation period of 30 min at room temperature, the absorbance of the
formazansolutionwasread spectrophotometrically at 570 nm.

ELISAL6F YR ¢bCh 2y . IL[. kO {L}XSy20eiSa

Female BALB/c mice were terminated with.@0d spleens werdarvested Individual
spleens were put into a small petri dish and sliced lengthwise with a scalpetl2sterile
PBSvasadded and the tissue was teased apart using a disposable plastic loop. To prepare
singlecell suspensions, cell aggregates were broken up by pulling them several times
through a 5 mL plastic syringe. The cell suspension was then transferred into 15t pla
tubes and left to stand for 5 mito allowlarger lumps of cells to settle. Erythrolysis was
performed usinged blood cel(RBClysis buffer (Ig Sodium Bicarbonate (NaH§(g
Ammonium Chloride (N4€l), 2 mL 0.5 M EDTA in 1 fOHand the mixturewas
centrifuged at 500 x g for 10 min. Cells were washed with sterile tAB® {imes) and

once with spleen cell medium (4% DMEM low glucose (Gibco Invitrogen, Karlsruhe,
Germany, catno. 31885023), 45% RPMI 1640 (Gibco, cat. no. 218754), 10% fetal
OFfF &aSNHzy 6. A2O0KNRY ! 33 . SiNdcapoathaboSRIhl y & > ¢
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 carefullpeesias! 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 2x%@ells/mL. The cell suspension was added tav@d round

bottom plates (Nunc, Rosklide, Denmark) at a density 302 cells per well, and
stimulated with 500 ng Lipopolysaccharide (LPS) (E.coli 0111:B4, thippeR®d stock

was used for all following experiments) per well overnight, in a tothinae 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
FFAOGSNI 20SNYAIKG Ay Odzook llitehedeyse InbothRasesistadéar§ R T 2 |
curve rangs were prepared by making serial dilutisfrom 500 pg/mL to 7.5 pg/mL

0. A2[ S3ASYR Stan®afdL {! a! - »u
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ELISAL6 YR ¢bCh 2y [/ pT.[Kkc az2dzaS 2K2fS .f22RY

Adult female C57BL/6 mice were terminated with 2C@eparinized 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 stimulatiostéad, sterile PBS was used as sham
stimulus). Next, plates were centrifuged at 500 x g for 10 mingegpernatants were
NBY2@ZSR | YR | &drl-&18lRaseFIg bith ¢dses,"standard curve range
wereprepared by making serial dilutisfrom 500 pg/mL to 7.5 pg/mL (BioLegend ® ELISA

a ! - 8tandard.

ELISAL6F YR ¢bCh 2y | ./

Human buffy coat extracted from human full blood was kindly provided by ZKT Tubingen
GmbH (OtfrieeMuller-StralBe 4/1, 72076 Tubingen). Erythrolysis was performed using
RBQysis buffer (1g Sodium Bicarbonate (NaH§(8 g Ammonium Chloride (NBI), 2

mL 0.5 M EDTA in 1 @® and the mixture was centrifuged at 500 x g for 10 min. Cells
were washed with PBSthf(ee times) and once with medium (RPMI medium
supplemented with 186 FBS (1 mM Pyruvate and 100 pg/mL peniesifreptomycin)).

The cell pellet was resuspended in sterile medium and stimulated with 100 ng LPS per
well overnight in a total volume of 200 pL. In the negative control, HBC cells received no
LPS stimulationir{stead, sterile PBS was used as sham stimulus). Next, plates were
centrifuged at 500 x g for 10 minutes. Cell culture supernatants were removed and
I & &l &SR -0F I0NElehde Griboth casestandard curve rangavere prepared by
making serial dilutos¥ N2 Y pnn LIAKY[ (2 71 dp LIStandgrd 0. A 2 [
for IL-6 and R&D System fdr b ¢ h

Uptake with HBC cells (Analytic)

HBC cells were used for this assay at a concentration offrdl3/mL in a 1.5 mL tube
and incubated with p38MAP Kinasenhibitors 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 acetonit@GieYAnd
internal LEMS standard térbuthylazine) were added to supernatants and pellets at
respective timepoints. Tubes were then centrifuged at 500 x g for 10 minutes and both
(supernatant and pellet) were stored at’€ until MS&nalytics were performed

In vivo experiments

In vivoexperiments were performed in accordance with German animal welfare law. All
experiments were approved by the Regierungsprasidium Tubingen under animal
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application number SYN 11/18. Briefly-d2ek-old, female C57BL/6ice were treated
either i.v. or p.o. with 0.4 mg/kg and 5 mL/kg of g@&P Kinasénhibitors in cassettes,
with four compounds percassette based on their molecular weight (MW)he
experment was done usingixdifferent 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 LMS in order to evaluate BBB penetration, peripheral organ availability
and plasma levels of the respective pBBAP Kinasanhibitors. Formulations for i.v.
applications were done with 18 DMSO (stock solutions of p38AP Kinasénhibitors)

and 90% C57BL/6 female mouse serum. Formulations for p.o. applications were done
with 10%DMSO (stock solutions of p®BAP Kinasahibitors) and 9000.5%citric acid,
0.5%hydroxypropyl methylcellulose (HPMC) in sterile, ufitae water.

LCMS analysis

The analytical methodologysedwasan HPLC instrument, which compssen 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) () 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 40C using Restek Bipheny¥ 2im, 50*21 mm column. The mobile phase
consisted of a gradiensge Table2) of water + 0.B6formic acid, and ACN + (®4formic

acid at a flow rate of 500 pL/min and injection voluofet pL.

Table2. Method mobile phase gradient

Flow rate
Total time (min) (Kl/min) A @9 B @9
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+0.0Formic acid
B: ACN+0.%Formic acid

24



Positive ion electrospray ionization (ESI) mass spectrum assessnE38 AP Kinase
inhibitors and thelnternal StandardI§ was carried out. P3BIAP Kinasénhibitors and
terbuthylazine [§ Q1/Q3 masses, dwell time and mass spectrometer analytes specific
parameters can be found ifiable3.

Table3. Mass spectrometer parameters for PBBAPKinasdanhibitors andterbuthylazine.

ST Ql 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 429470 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 Goltision energy. CXP: Collision cell exit potential

Valve:
Total time
(min) Position
1 0 | Waste
2 35| MS
3 6.0 | Waste

The calibration curves and quality controls were obtained by preparing a stock solution in
DMSO with a finatoncentration 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 forMS analysis

The samples produced were stored-atnc / Ay {ligey it Sa@ple piotesSing
shortly priorto the HPLC/MS/MS process. The already processed samples were introduced
directly into the autesampler or stored at 4C until measurement. The remaining samples
were stored at20 °C for further needs arequirements.

Plasmasample preparation for L-MS analysis

The samples were transferred into individual tubes androlumes of ACN containing the

IS (ACNS) were added to each sample (e.g. 10 pL plasma + 60 pISA@Rter mixing and
centrifuging fo 5 min at 10006011000 RCF (Eppendorf Centrifuge 5417R 10,000 rpm), the
supernatant was transferred into a properly labelled glass aatmpler vial.

Whendilution ofthe samples was needed due to too high concentration or too little sample
volume, the samples were diluted imsimilar matrix as the samples (e.g. plasma from same
animal strain). When diluting the samples, the dilutfactor wasconsidered in the data
acquisition andubsequentalculations.

Tissue sample preparation (e.g. brdiver) for LEMS analysis

The tissue samples were weighed and one volume of proteinase K soh#gadded. The
tissue was digested by incubation with proteinase K &&Ge@or 13 h. After the incubation,

the tissue is mechanically broken. The digedtssue was mixed witkixvolumes of ACN
containing the internal standard. After centrifugation, the supernatant was taken and
introduced in a properly labelled glass atgampler vial.
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1.3 Results

MTT showed no cytotoxic activityrfany of the candidate eopounds

In order to evaluate possible cytotoxic effecf the tested compoundan MTT assay was
performed on splenocytes of Balb/c mice in triplicate usimge different doses for each
compound (1nM, 10 nM and 100 nM). While compourgishowedan increase of the

metabolic activity of the cells at 1 nM and 10 riséeFigured4a andb), the assay showed
that no cytotoxicity was observed
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Figured4. MTT assay on BALB/c spleyims of inhibitorsl, 2, 3,4, 5,6, 7, 8,9, 10,11, 12and 13
ata) 1 nM, b) 10 nM and c) 100 nivhis Figure is adapted from: Tormahlen Nivid Martorelli
M. et. al 2022%"
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L6 Y R EliSssayon splenocytesMWBand HBGhowed promising anti
inflammatoryp38" MAP Kinaseandidates

In order to evaluate potencgx vivoandin vitro of the compoundsan ELISA assay was
performed on Balb/c splenocytes (n=3), C57BL/6 whole blood (n=3) and in HB@GrFem
different donors usingthree different concentrations (1 nM, 10 nM and 100 nM).
Inhibition activity of the different p38VMAP Kinasecompounds was evaluated after
measuringlL-6 and TNF levels after LPS stimulus and compound exposure (24 h). The
inhibition of these two pranflammatory cytokines showed that the ability to inhibit
inflammatory processsvariesbetween the different corpounds. Compound3, 3, 4, 7,

8, 10and 12 showed no dose response in the reduction of th& and TNF response in
aLJ Sy 2 0@ (i Srigore5adndb). Compauriil® showed no significant reduction

of both proinflammatory cytokines in the MWB ELISA assay, while all the othev1p88
Kinasdnhibitors showed dose response reduction of #hef the releaseof IL6 and TN¥
levels compared to the LPS contfséeFigure6a andb). Again, compoundg, 3, 4, 7, 8,
10and12were foundto beless active in the inhibition of both cytokinegire HBC ELISA
assay if compared to compounds 5, 6, 9, 11and 13. Overall compoundsll1 and 13
showed dose response and hitkgsandTNR A Y KAOAGA2Y Ay Fff GKS !
(Table4, Figure5-7). 1Go was calculated based on the data from the TNthibition of

the HBC ELISA assay ($able5), showing that in this assay compoudd and 13 are
amongthe most potent of althe tested compounds (k= 13+ 0.1 and5.3 £ 0.6nM,
respectively.
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Table4. IL6I Y R

¢bCh

f SoSt a

v A s oA

< s A~

%). In vitrodata are the mean * 1 standard deviation (3 biological replicates, each n = 3).

1nM
IL-6 TNPR
11 13 11 13
Splenocytes | 31 +1.7 34+9.0 Splenocytes 9+31 31 +£26.5
MWB 54+7.8 31+204 MWB 8+1.2 13+53
HBC 35+104 | 44x42 HBC 8 +6.7 35+16.0
10 nM
IL-6 TNP
11 13 11 13
Splenocytes | 20 +10.7 14+1.0 Splenocytes 5+24 12+ 3.0
MWB 4745 19+11.4 MWB 6+28 3+25
HBC 17+11.8 23+4.1 HBC 7+4.2 31+185
100 nM
IL-6 TNP
11 13 11 13
Splenocytes 0 14+£15 Splenocytes 3+£0.8 7110
MWB 45+0.8 18 £10.3 MWB 4+28 9+7.0
HBC 2+1.7 14+1.2 HBC 5+0.2 13+4.9
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IL-6 Balb/c splenocytes
24h LPS Stimulus
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Figure5. Reduction ofl-6 (a0 | Y R ¢ b ©)'on BRBH/cSpleaaid8yted inhibitors1, 2,3, 4,
5 6,7,8,9 10, 11, 12and 13 after 24 h LPS stimulus (500 n@his Figure is adapted from:
Tormahlen NMand Martorelli M et. al. 202227
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IL-6 Mouse Whole Blood
24h LPS Stimulus
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Figure6. Reductionofl-6 (@0 | Y R ¢ b 6)lonC8BLI6SrousSwhdle blood of inhibitofs 2,
3,4,5,6,7,8,9, 10, 11, 12and 13 after 24 hLPS stimulus (500 ng)his Figure is adapted from:
Tormahlen NMand Martorelli M et. al. 202227
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IL-6 Human Buffy Coat
24h LPS Stimulus
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Figure7. Reduction ofl-6 (@0 | Y R ¢ b ®)on Muisen SuffyicBat aj inhibitork, 2, 3, 4, 5, 6,
7,8,9,10,11, 12and13after 24 h LPStimulus (100 ng)This Figure is adapted from: Tormahlen NM
and Martorelli M et. al. 202227
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Table5. Inhibition of LPSA (0 A Y dzf | G SR ¢ b ChIGoMBsteSimaies usitheitied line /| ®
obtained for each compound, e.g.: Y= a*X + &=1(D.5¢ b)/a.

Cpd.  1Gyo[nM]? SEM
1 2.5 0.4
2 35 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 55 0.1
9 54 0.8
10 1.0 0.7
11 13 0.1
12 512 0.1
13 53 0.6

gmean value of two experiments

Uptake with HBC celihowed different cell pellet/supernatant ratio of th88" MAP

Kinaseanhibitor compounds

HBC cellsiptake was performed to test thi vitro cellular distribution of the selected
compounds. Human peripheral leukocytes were incubated for 15 min and 240 min with
the respectivgp38 MAP Kinas@nhibitors (seelTable6 and 7). The uptake was evaluated
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by calalating the ratio between cell pellet and supernatant concentration of each
compound measured.

Table6. Cell uptake at 15 min
Cpd. Medium (nM) Cell (nM) Cell 9

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.%4 66
9 54.29 24.47 45
10 134.52 15.% 12
11 41.79 67.50 162
13 44.64 37.57 84

Table7. Cell uptake at 240 min
Cpd. Medium (nM) Cell (nM) Cell ¢

1 47.05 41.HA 88
4 58.52 40.70 69
5 73.26 37.06 51
6 100.11 --- ---
8 132.4 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 differemligile compoundss, 9 and 10
showed low cellsersussupernatant ratio at 15 min, compounds 6, 11 and 13 ratios
were already above 8%h(Table6). Uptake kinetiswas evaluated by calculating the ratio
at 240 min time pointTable7). While compound$, 8 and 10 showedvaluesfrom O to
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11 % the otherp38" MAP Kinasénhibitors were found to have a cell/supernatant ratio
above 30%

Pharmacokinetien C57BL/éniceshowedBBBpenetrantability of some of th@38 MAP

Kinasecompounds

Briefly,in order to evaluate BBB penetration, peripheragjan availability and plasma
levels of the respective inhibitor&2-week-old, female C57BL/fice were treated either

i.v. or p.o. with 0.4 mg/kg and 5 mL/kg of inhibitdks4, 5, 6, 8, 9, 10, 11and 13 in
cassettes, with four compounds per cassette. The experiment was donesigitifferent
peripheral tail vein blood sampling time points: 5 min, 15 min, 30 min, 1 h, 2 h afseé&h
FigureBaandb). Termination of animals was performed at two differéimie-points: 2 h

and 4 h post substance application; compound concentrations were analyzed in heart
plasma, liver, kidney, brain right hemisphere and brain left hemisphetea1S

a)

[min]t

[min]t

15 30 60 120 240

[ [
66 b s . s

Figure8. Overviewof in vivoexperiments in C57BL/6 mice; blood spots indicate timing of tail
blood samples takewhile the cross indicates termination time pojald i.v. applications to study
systemic bioavailabilityy) p.o. applications to study oral bioavailability. All measueais were
done with n=3 animalsThis Figure is adapted from: Torméahlen Nivid Martorelli M et. al.
202227
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Brain versus tail plasma ratio was calculated in order to evalu@&Bpenetrant
compound either i.v. or/and p.o. injected. In both applications (i.v. and p.0.) compound
13 was found in the brain with a coantration of ~280 nM and~ 372 nM respectively
240 min post injection (seeTable B and Table 3B). Compoundl10 displayed BBB
penetranceafter p.o. application athe 240 min termination time poin{~563 nM see
Table 2), but the brainversustail plasma ratiovaslow if compared to compound3.

Table8. In vivo data ofl in C57BL/@nice treated i.v. with 0.4 mg/kg.

time tail heart

Cpd. ‘ZOi.”t)S p(liiﬂr;]a F’Eﬁiﬂ';‘a ("r:ﬁ; k('ﬁﬁ‘{)’y b{i‘&‘)r' b{ﬁ%" br?r:nmfw' S;aslr?w/a AUCt (rtﬁﬁ])
min
5 1
15 0
30 0
60 0
120 0 5 13 4 8 5 6.5 1.30
240 0 5 6 4 3 6 4.5 090 5 -

Table9. In vivo data ot in C57BL/@nice treated i.v. with 0.4 mg/kg.

time

oints tai heart liver kidney brainr. brainl. brain av. brain/ t1e
el F()m_n) péﬁ:;;‘a p('f]“:ﬂ”;a oM (M) (M) (M) (M) plasma YC (min)

i

5 0

15 0

30 0

60 0

120 0 8 17 3 19 8 13.5 1.69

240 0 1 4 2 10 1 55 5.50 0 -
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TablelO. In vivo data ob in C57BL/énice treated i.v. with 0.4 mg/kg.

3 1 2 1 1 1 0.33

3
2
30 1
1
1
0

4 1 1 1 0 0.5 0.13 198 89

Tablell. In vivo data o6 in C57BL/énice treated i.v. with 0.4 mg/kg.

14 11 4 8 7 7.5 0.54

4
1
1
60 0
0
0

4 5 3 3 5 4 1.00 55 14

Tablel2. In vivo data 0B in C57BL/@énice treated i.v. with 0.4 mg/kg.

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




Tablel3. In vivo data oflOin C57BL/@nice treated i.v. with 0.4 mg/kg.

15 14

30 11

60 10

120 7 9 28 8 5 6 55 0.61

240 5 7 10 7 5 6 55 0.79 1963 116

Tablel4. In vivo data ofi1in C57BL/@nice treated i.v. with 0.4 mg/kg.

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

Tablel5. In vivo data ofLl3in C57BL/@nice treated i.v. with 0.4 mg/kg.

15 6

30 3

60 2

120 20 3 284 357 354 289 321 16.05
240 1 2 515 498 332 167 250 250




Tablel6. In vivo data ofl in C57BL/énice treated p.o. with 0.4 mg/kg.

3 3 1 0 3 15 0.50

2
1
30 1
1
1
1

4 2 1 0 2 1 0.25 240 545

Tablel7. In vivo data ot in C57BL/@nice treated p.o. with 0.4 mg/kg.

5 3
15 1
30 0
4
60 0
120 0 0 0 0 0 3 1.5 NA
240 0 0 0 0 0 1 0.5 NA 28 -

Tablel8. In vivo data ob in C57BL/@nice treated p.o. with 0.4 mg/kg.

5 3 1 0 19 9.5 1.90

3
2
30 1
1
1
0

7 1 0 1 4 2.5 0.36 198 89




Tablel9. In vivo data o6 in C57BL/@nice treated p.o. with 0.4 mg/kg.

2
1
1
0
0
0

1
1

1.00
1.00

45

Table20. In vivo data oB in C57BL/énice treated p.o. with 0.4 mg/kg.

N W A~ 01N

8
5

55
3.5

1.10
0.70

825

113

Table21. In vivo data oflOin C57BL/@nice treated p.o. with 0.4 mg/kg.

350
285
240
192
179

126
118

415
334

394
275

604
548

568
534

586
541

4.65
4.58

52263

188




Table22. In vivo data ofLl1in C57BL/énice treated p.o. with 0.4 mg/kg.

15 39
30 21
11
60 17
120 14 16 12 9 10 32 21 131
240 11 15 11 8 9 25 17 1.13 4060 26

Table23. In vivo data ofil3in C57BL/énice treated p.o. with 0.4 mg/kg

15 4
13 30 9
60 52
120 29 3 20 16 165 710 437 15.06
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Metabolic Stability

Inhibitors11and13were further evaluated for their metabolic stabilitylimer S9 fraction
(the 9000g supernatant of a liver homogenaté human liver tissuefrom different
patients (Table 24). All the compounds investigated displayed excellent metabolic

stability.

Tabke 24. Metabolic stability ifiver S9 fractiosummary from compoundland13.

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%
Ph1 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%
Ph1 88 % 98 % 88 % 91%
Ph2 108% | 94 % 96 % 99 %
Ph1+2 86 % 98 % 87 % 90%
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1.4Discussion

The aim of this study was tagduce LJo YWAP Kinas@hibitors with IGpin the single digit
nanomolar range, high braito-plasma ratios, ideally paired with high metabolic stability
and a low level of sideffects Because of their inhibitory activity, pPB&VIAP Kinase
inhibitors are currently largh investigated for their ptential use in different
neurodegenerative diseaseich as AD and MRecenstudies showed thalleflamapimod
(Figurela, VX 745described p38/AP Kinas@hibitor)'’, selected folPhase Il trials for the
treatment of AD (NCT024232008|CT02423122 & NCT03402558ut while it showed
effects on amyloid removal and cognitioit failed at meeting its primary endpoint, the
improvement of episodic memory in the REVERBBHTrial,in a Phase Il trial including 161
mild AD patients/?® Neflamapimod was tbn discontinued due to sideffects (falls,
nausea, headache, diarrhea, and upper respiratory tract infepiiorlinical studied® In
support ofmyK & LI2 § KS&a A & ( K [KihaseinBidtérs asJoosehtial thérapeutic
drugs for neurodegenerative diseasmother lrain penetrant pryidinylpyridazinbased

LJo yMAP Kinasenhibitor MW150 Figure 1b) wasalso investigated in diverse animal
models of neurologial disorders including modslof AD1119202122 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
currentlybeinginvestigated in early stage clinical tridfs.

In this study, 13wovel dibenzosuberone derivakes 1-13 (Skepinond.and-N series) were
characterizedin vitro and in vivoin order to evaluate their ability to inhibit p38MAP
Kinase The metabolic activity assay showed that none of the analyzed compauere
cytotoxic (Figure 4), while IL-6 and TNF ELISA displayed that out of the 13 tested
compounds, compountiO, 11and13were potent Figure5-7) withaTNF 1Goin thesingle
digit nanomolarrangewhile compound12 inhibitory activity resulted weak in both mice
and human samples analyzed (TNKko = 512+ 0.1 nM) In orderto evaluatethe
pharmacokinetic activity, the same compounds were testedvivoto evaluate organ
distribution activity after p.o. and i.v. injections. It was observed that, while compoldds
(p38, 1Go=1.0 M) and13 (p38", TNF IGo=5.3 nM) crossed the BBB (concentration in
brain after 2h and 0.4mg/kg p.o. treatment,~ 563 nM,~ 372 nM) and displayed good
brainto-plasma ratios of 4.5 and 9.&@&spectivelyTable 2 and22), compoundl1wasnot
BBBpenetrant(Table 2). Also, none of th@ther inhibitorsturned out to beBBB penetrant
either after i.v. or p.oapplication(Tables 83). Inhibitors 10, 11 and 13 were further
evaluated for their metabolic stability in HLMgith all of them showing excellent metabolic
stability(Table 21). The combination of aomparablyhigh affinity for p38 MAP Kinasand
comparablyhigh CNS exposure has not been obtaif@dVW150 38" X 50+ 230 nM).
Results focompoundslO (p38, 1Go =1.3 nM) and13 (p38", 1Go =5.3 nM)suggest that
these compoundsave adequate potency and physical proprieties to effectively modulate
p38" MAP Kinasectivity in the brain
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1.5Conclusion

The G, metabolic stability and the organ affinity ®8 novel Skepinonbased p38 MAP
Kinasanhibitors were characterizeith vitroandin vivorespectively Compound40, 11and
13werefurther investigaed based on theiin vitro TN inhibition potency:the 3inhibitors
were selective and showed high metabolic stability. Due to these attributes and their good
CNS distribution, compousdl0 and 13 are promising candidates for future studies
investigating the role of p38 MAP Kinasénhibitors in the development of CNS pathology
in murine models of CNS degeneration like MS andnaBels CompoundlLl, as potent as
the othertwo but not BBBpenetrant, could be used to better investigate the radé the
peripheral inflammation typically occurring in both disease$o testthis hypotheses,
compoundsll and 13 were tested infollow-up analysis in differeninflammatory and
neurodegenerative modelsf AD orMS Chaptes 3 and4 of the thesis)
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Influence of diet ageand MOGsss-peptide preparation on severity, survival,
incidence and body weight in experimental autoimmune encephalomyelitis

Mariella Martorelli, Matthias Dengler, Julian Laux, Tina Fischer, Agieeliunaite, Ulrike Hahn,
Thilo Weinstein, Santiago Cruc€dyristina Pokoj, Luciano de Oliveira da Cunha, Lara Wohlbold,
Pierre Koch, Stefan Laufislichael Burnet and Florian Maiegk robust, high incidence and moderate
severity form of EAE mediated aylow fiber diet and sonicate@FA/MOGemulsion.Under peer
reviewin the Journal of Neuroinflammatian
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2.1 Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease that affectsethigal 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 sigjigdong the nerve fibers.
When myelin is damaged, the transmission of these signals is disrupted, leading to a wide
range of neurologicaligns >

The exact cause of multiple sclerosis is still unknown, but it is believed to involve a
combination of genetic and environmentactors. 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 riskdeveloping the diseas®.

MS affects approximately 2.8 million people worldwide, according to estimates by the
Multiple Sclerosis International Federation (MSIF). The dispasgominantly 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.

The immune system plays a crucial role in the development and progresswa bf MS,
immune cells, particularly T cells, become activated and migrate into the CNS. These
immune cdls 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 CKS.

Various diseasenodifying therapies (DMTs) are available to help mang&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 immunomodujatiougs3?

Themyelin oligodendrocyte glycoprotein &b (MOGsss)-peptide induced experimental
autoimmune encephalomyelitis (EAE) moted 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 humanadel. 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 avariability in diseaseeverity, incidenceand progression
among different EAE studies. This variabiiitgkes it difficult to compare results across
different laboratories or reproduce findings consistentlyln 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, admingstredute, 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 ésghenotype 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 cthers.

Due to the complex nature of MS and the variation in disease manifestation, the
translatability issues athe EAE model to humanare well known. Tése are due to
different causes: dmmunopathological differenceEAE is induced by actively sensitizing
animals withmyelin 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 gparity limits the direct translation of findings from EAE studies to
human diseasgeb) 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 oftenlack substantial remyelination, making it challenging to study this critical
aspect of MS pathologyg) Therapeutic responses: Some therapeutic strategies that show
promise in EAE models have not been as successful in human clinical trials. This
discrepary suggests that the response to treatment can differ between the two systems,
highlighting the limitations in translatabilifi:3*

It is important to note that despite these limitatns, 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 modelike 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 thatron is an essential nutrient involved in various
physiological processeg)cluding immune function. Studies have suggested that iron
levels caninfluence the severity of EAE. High iron levels have been associated with
increased disease severity and immune dysregulation in EAE n#&deéls.

A recent study demonstrates thatrqtein content in the dietis crucial for maintaining
overall health and immune function. Limitedidence suggests that protein intakeay
affect EAE outcomes. One studgmonstrated that a lowprotein diet reduced EAE
severity and delayed diseaonset in mice. However, more research is needed to
establish the precise rolef protein in EAE?

Vitamin E is an antioxidant known for its immunomodulatory properties. Sstudies
haveinvestigated the effects of vitamin E supplementation in BEfddels, with mixed
results. While vitamin E has shown potential protecteféects against EAE in some
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studies, others have reported no significamipact. Further research is required to clarify
its role in EAE%4L

It is also known thatigh sugar intake has been associated with chronic inflammation and
increasedisk of various diseases. However, thieect influence of sugar on EA&mains
largely unexplored. Given the potential pmflammatory effects ofexcessive sugar
consumption, it is reasonable to speculate that it coeddcerbate inflammation in EAE.
However, more research is needed to estsiba definitive link*?

Different studies show thatidtary fiber has been recognized for its beneficial effects on
overall health, including modulation of the gut microbiota and immune system. While
there is limited researctspecifically on fiber in EAE, studies in otheflammatory
conditions suggest that fibeich diets may havemmunomodulatory effects. These
effects could potentially influence EAfttcome, but more research is needed in this
area®

It is important to note that the studies cited above may dotectly address thenfluence

of these dietary components on EAE. Further research is necessajytanderstand
the specific effects of diet on EAE outcome and to estaliestary recommendations for
individuals with MSYet, similar to MS, EAE is@heterogeneous, characterized by high
variability of both disease incidence and coufée.

The variability between protocolsintroduces discrepancies in clinical disease and CNS
pathogenesis, limiting the comparability betweestudies and slowing mueheeded
translational research?

Secondlyfor a robust induction of EABye preparation and viscosity of the MGas-
peptide emulsion and pertussis toxin (PTX) dpgesd to induce the EAE phenotype play
important roles.Additionally, considering that more mature animals develop a trained
and tolerogenic immune systerthe role of the age and immunological maturity of the
mice were also investigate® 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
adolescent(14 weeks old) and aged (33 weeks old) female C57BL/6 Establishing a
stableprotocol to reliably induce a homogenous disease phenotype in mice is essential
for obtaining asolid, reproduciblén vivo modelin 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 severitip reliably induce a homogenous disease
phenotype in micdhat is essential for obtaing asolid, reproducible in vivo model in
order to get reliable results to drug efficacy testifigirthermore,l aimed to proove the
theory that animal age and immune sigm training has a major impact on disease
severity in the EAE modelo this enddiet and CFAMOG emulsion preparation were
systematically evaluated for their impact &AE induction in adolescent (14 weeks old)
and mature (33 weeks old) female C57BHige. AIN 93M (low fiber) and VRF1 (high
fiber) diet were tested in combination with two different CFA/MOG ésiam preparation
methods (sonicatedversusun-sonicated). Thdncidence and everity of this murine
model was detected by different techniques:in vivoparameters such as body weight
loss andEAEdisease scoring)) qPCR methodic with selected markers for reflecting
infiltration, inflammation and demyelination process c) histologcal findings to
determin myelin loss and astrocypeoliferationin brain and spinal cord.

2.2 Material and Methods

Induction materials:

Heatinactivated M. tuberculosis (strain H37RA) dn@ Y LJ SGS CNBdzy RQa
(2 mg/mL heatinactivated mycobacterium tuberculosis) wdveth obtained from Difco,
Product No. 11719062, USA; the murine MOGsss-peptide
(MEVGWYRSPFSRVVHLYRNGK) was obtained from Panatecs, Produd®-3®6AU
Germanywhile Pertussis toxin was obtainetbin Sigma Aldrich, Germany.

Diets:

The certified, cereabased rodent diet SM R/M VRF1 and the purified EF R/M acc. AIN

93M diet from SSNIFF® Spezialdiaten GmbH, Soest, Germany were used as experimental

diets as indicated ifrigure9. V 1534 000SSNIFF® R ANl 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 graingrpducts, and oil seed products, which may
vary due to seasonal crop. This adgaplies for the VRFdiet, while seasonality of crop is

no influence factor on the AIN 93#liet due to the purified nature of ingredients.
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Table25. Overview of relevant differences in composition between the experimental diefd VR
and AIN 93M, thought to impact disease manifestation in both EAE and human MS. Detailed
description of diet content is listed ifable B, 27 and28. NDF: neutral detergent fiber.

Diet VRF1 AIN 93M Control diet
Protein @oof total kJ) 23 13 24

Sugar ¢o 5.6 11.2 5.4

NDF #5) 16.3 - 16.9
Crudefiber (%) 4.5 5.0 5.0

Vitamin E (mg/kg) 135 75 110

Iron (mg/kg) 185 47 189

Table26. Description of the AIN 93M Control Diet for rodeqtmaintenance: 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 veaao
micronutrients are low, all requirements will be met with that diet.

MJ/kg KJ% (9 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
Crudefiber 5.0

. Crude ash 3.0

Crude Nutrients Starch 248
Dextrin 15.3
Sugar 11.2
N free extracts 71.8
Calcium 0.55
Phosphorus 0.36

Minerals Ca /.P 155:1
Sodium 0.16
Magnesium 0.09
Potassium 0.54
C12.0 -
C 14:.0 0.02
C 16:0 0.50

Fatty Acid C 17:.0 0.01
C 18:0 0.15
C 20:0 0.02
C 16:1 0.01
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c18:1 1.03
C 18:2 2.11
C 18:3 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
Aspatrtic acid 0.92
Proline 1.41
Serine 0.74
Alanine 0.37
Vitamin A 4,000 IU
Vitamin 1,000 IU
Vitamin E 75 mg
Vitamin K 4 mg
Thiamine (B 12 mg
Riboflavin (B 16 mg
Vitamins Pyridoxine (B 7 mg
Cobalamin (B) 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 39 mg
Trace elements Copper 10 mg
lodine 0.3 mg
Selenium 0.2mg

Table 27. Description of theVRFL NBESRAY3I 5AS0i O2YLRaAGA2Yy I TF2I
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
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performance during reproduction to meet the increased nutrient requirements

fortified for sterilization processes.

. This diet is

MJ/kg KJ% (94 per kg

Gross Energy (GE) 16.6

Metabolizable Energy (ME) 14

Fat 13

Protein 23

Carbohydrates 64
Crude protein 19
Crude Fat 5.0
Crudefiber 4.5
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

Minerals Ca /_P 1.38:1
Sodium 0.30
Magnesium 0.27
Potassium 0.95
C12.0 -
C 14:.0 0.02
C 16:0 0.62
C 18:0 0.16

Fatty Acid C 20:0 0.02
C 16:1 0.03
c18:1 1.13
C 18:2 2.70
C 18:3 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
Aspatrtic acid 1.85
Proline 1.29
Serine 0.98
Alanine 0.88
Vitamin A 25,000 IU
Vitamin B 1,500 |U
Vitamin E 135 mg
Vitamin K 20 mg
Thiamine (B 87 mg
Riboflavin (B 33 mg
Vitamins Pyridoxine (B 31 mg
Cobalamin (B) 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
Zinc 88 mg
Trace elements Copper 15 mg
lodine 2.1mg
Selenium 0.3 mg

Table28. Description of Rat/Mous®laintenance Complete feed for mice and rdtet: This diet
has been designed for rats and mice andugablefor long term experimentse(g., chronic
toxicity studies), because of the moderate energy density and the very low nitngsacontents.

MJ/kg KJ% (99 per kg
Gross Energy (GE) 16.2
Metabolizable Energy (ME) 13.5
Fat 9
Protein 24
Carbohydrates 67
Crude protein 19
Crude Fat 3.3
Crudefiber 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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CalP 143:1
Sodium 0.24
Magnesium 0.22
Potassium 0.92
C 12:0 -
C 14:0 0.01
C 16:0 0.45
C 18:0 0.09
Fatty Acid C 20:0 0.01
C 16:1 0.01
c18:1 0.62
C 18:2 1.76
C 18:3 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
Aspatrtic acid 1.79
Proline 1.29
Serine 0.99
Alanine 0.82
Vitamin A 15,000 1U
Vitamin 1,100 IU
Vitamin E 110 mg
Vitamin K 7 mg
Thiamine (B 18 mg
Riboflavin (B 22 mg
Vitamins Pyridoxine (B 21 mg
Cobalamin (B) 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 15 mg
lodine 2.1 mg
Selenium 0.3 mg

Preparation and administration of CFA/M¢&3&s-peptide emulsion:

First, to ensure homogeneity, twaials each containing 10 mL of CFAN@/mL heat
inactivated mycobacterium tuberculosis) were thoroughly mixed. Subsequently, the
contentsof both CFA vialseretransferred ino a 50 mL centrifuge tube and mixed. Then,
anadditional 100mg of heatinactivated 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. Secontiyg MOGsss-peptide solution was prepared

at RT with a final concentration of 4 mg/f800 pg MOG final concentration) or 2mg/mL
(150 ug MOG final concentratiom) 1X PBS. Bothe prepared MOGsss solution and CFA
stock were kept on ice until procesgi Using a 1 mL pipet with filter tips, 1 mL of MOG
ss-peptide solution was then added into a 9.8yringe and 1 mL of Cisalution was then
added into a second &L syringe. Both syringes, one containing 1 mL CFA and the other
containing 1 mL of thMOGsss-peptide solution, were connected to each other with a
3-way valve connector. The contents were mixed by vigorousand down pipetting
several times until a homogeneous emulsion was obtained -§wricated groups). For
the groups with sonicatiosteps (sonicated groups), the syringe containing the emulsion
was disconnected from the-®ay valve Subsequently, these samples were dipped into a
0.34 cm diameter ultraonicator Hielscher Ultrasoni¢gdJP50H, No. 35039908/1) and
sonicated4-times with 70 % amplitude for 10 s The syringe containing the sonicated
emulsion was again connected to thendy valve connector and th&hole process was
repeatedthree times. Takingcare to avoid any air bubbles)dse emulsions were then
transferred to 1 mL syringes. Each mouse was then injected subcutaneously with 150 L
(equaling 300 pg or 150 pug M@ss-peptide per mouse of either the norsonicated or

the sonicated emulsion ahe base of the tail (100 pL on one side of thebaie, 50 uL

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 $¥PIRS to a final
concentration of 12 pg/mL (240 ng)or 06 pg/mL (120 ng) The first PTXnjection (i.p.)
was done immediately after the administration of the M§€s-peptide emulsion, the
second PTajection(i.p.)was given 48 h after the first. Groups were either injected with
240 ng or with 120 ng PTX on both dayale31 and 32).
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Animals:

7-weekold female C57BL/6 mice were obtained from Janvier LBéfare 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 haldveeks priorto
MOG/PTX induction on the respective distinctly different {dists (Figure 9). In the
second study, to evaluate lortgrm feeding effects, each group, consisting fotir
animals for the Control diet grougjghtanimals in the AIN 93M and ¥Rgroups, were
pre-fed with the respective diet for 24 weekBigure9). In both studies, animals were
provided with respective food and water ad libitum and on day 0 induced with MG
peptide sonicated or nogonicated emulsion and PTHdurel0and11). Euthanasia was
performed by C®@inhalation, either at study termination or upon reaching fefined
termination criteria éither due to animal welfare ogatellite animals in study Zfrigure

9). Brain and spinal cord samples were collected for gPCR-{ftzzdm in liquidnitrogen
and stored at80 °C until processing) and fhistological samples (directly transferred to
4%PFA, and 24 h later stored in Z6€EtOH until further workup, see histology paragraph
of the Materials and Methods section). Ethical approval forghely was obtained from
local authorities (Regierungsprasidium Tubingen).

Normal diet Euthanasia
My Mice with first x
e disease symptoms
VRF1 Study 1 yime //
High fiber diet I //
OR Day 9 Day 17
PN 2N {
, m‘[ N\ MOG35-55/PTX &/\\,PTX booster
x4 // \, induction \ injection
/7
-6 weeks Day 0 Day 2 “Satellites”
(Study 1) Euthanasia Euthanasia
5% OR : x Mice with first
-24 weeks disease symptoms
(Study 2) Study 2 | | / /
Day 7 Day 11 Day 15

Figure9. C57BL/6 female mice were pfed for six weekgStudy 1) and 24 weeks (Study 2) with
three different diets. Then, EAE was induced by subcutaneous injection of diffé@Ggsss-CFA
emulsion preparations. MOgss-peptide was administered either assonicated €sor) or non
sonicated {son) emulsion. PTX i.p. injection was done on days 0 and 2 (relative to:dMOG
injection), while satellite animals were terminated for stutlgn day 7post induction On day 17,
Study 1 mice were euthanised; for Study 2, animals were euthanised on day 1K @Gs ss-
injection. This Figure is adapted fromartorelli et.al. 2024, under revision.
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Figure10. Scheme of variables examinedSudy 1. different diet compositions (Control diet,
VRF1 and AIN 93M respectively) aragiations in MOGsss-peptide emulsion preparation (+son
versus-son).This Figure is adapted fromartorelli et.al. 2024, under revision.

300 pg MOG / 240 ng PTX

PN

Normal chow ; | ; +SON OR -SON
\ / Sonicated NON-Sonicated
3 Vel OR OR

VRFlchow > QJ‘” \//150 Mg MOG /240 ng or 120 ng PTX
+SON

/ Sonicated
OR
@ -NOT induced

Figurell. Scheme of variables examined in Study 2: different doghpositions (Control diet,
VRF1 and AIN 93M respectively), variations in M@@eptide dose (150 pg versus 300 pg) and
emulsion preparation (8n versusson), and variation of PTX dose (120 ng versus 240Thg.
Figure is adapted froartorelli et.al. 2024, under revision.

Clinical observations weretectedaccording to a standardized scoring system {Ealge
29). Body weight was assessed daily, starting onIdatil the end of the experiment.
Exemptions being day, whereg in order to avoid additional stress for the mice that could
impact disease developmerthe weighing was skipped. The scoring was evalulyetie
same operatordaily, beginning on the respéiwe day of symptorronset. Incidence is
calculatedas percentage of symptomatic mioe9 ! 9 & O peNiBnepointn ®p 0
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Table29. Mouse EAE Scoring system.

Sore

Clinical observation

0

No obvious changes in motor functiocompared
G2 y2ymnmAYYdzyAl SR YAO
When picked up by the tail base, the tail h
tension and is erect. Hind legs are usually spr,
apart. When the mouse is walking, there is
gait or head tilting.

0.5

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

1.0

Limp tail.

When picked up by base of tail, instead of be
erect, the whole tail drapes ovéinger. Hind legg
are usually spread apart. No signs of
movement are observed.

15

Limp tail and hind leg inhibition.
When picked up by base of tail, the whole t
drapes over finger.

When the mouse is dropped on a wire rack,
least one hind leg falls through consistent
Walking is very slightly wobbly.

2.0

Limp tail and weakness of hind legs.

When picked up by base of tail, the legs are
spread apart, but held closer togeth&hen the
mouse is observed walking, it has a clez
apparent wobbly walk. One foot may have to
dragging, but the other leg has no appare
inhibitions of movement.

2.5

Limp tail and dragging of hind legs.

Both hind legs have some movement, but bc
are dragging at the feet (mouse trips on hi
feet).

Tt 2 NJ C

No movement in one leg/completely draggi
one leg, but movement in the other leg.

3.0

Limp tail and complete paralysis of hind le
(most common).

Tt 2 NJ C
Limp tail and almost complete paralysis of hi
legs.

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

Limp tail and complete paralysis of hind legs.
In addition to: Mouse is moving around the ca
but when placed on its side, is unable to rig
itself. Hind legs are together on one side of t
body.

Tt 2 NJ C

Mouse is moving around the cage, but the hi
guarters are flat like a pancake, giving t
appearance of a hump in the front quarters

the mouse.

4.0

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

Often euthanasia is recommended after t
mouse scores 4,0 for 2 days. However, wilkhyd
s.c. fluids most C57BL/6 mice may recover to
or 3,0, while SJL mice may fully recover eve
they reach score 4,0 at the peak of disea
When the mouse is euthanized because
severe paralysis, a score of 5,0 is entered for {
mouse for the est of the experiment.

4.5

Complete hind and partial front leg paralysis,
movement around the cage.

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

Euthanasia is recommended.

5.0

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

T 2 NJ C

Mouse is found dead due to paralysis.

Total RNA isolation anguantitative RTPCR:

Using a FastPrep4 5G instrument (MP Biomedicaldpsh frozen brain and spinal cord
samples were homogenized in lysis buffer (Jena Biosciefata). RNA was isolated using

Total RNA Purification Kit (Jena BiosciemceprdingtoKS Y I y dzF | Ol dzNB N &
RNA quantity and purity were evaluated spectrophotometrically with the Nanodrep NP
80 instrument (Implen). After DNase | treatment (PerfeCTa DNase |, Quanta Bioscience),

500 ng of total RNA was transcribed into cDNA witR®meScript RT Mastermix (Takara).

dzaAy3 . tdzS { QDNBSy

it/ w aAB

instructions, he gPCR reaction was performed on the QuantStudio® 3tineal

polymerase chain reaction (PCR) system (ThermoFisher Sciénkifv dzI y (G & 4 dzRA 2 x
& Analysis Software v.1.4.3). Relative expression levels were determined using the
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Hbpnp/ ¢ an@HPRT®aR useds reference gerféand theControl diethot-induced
animalswere usedas control group. Primer sequences are listed@iable30. In the spinal
cord analysis|L-10 marker was not evaluated due to insufficient sample matesiadi
observed signals being below the lower limit of detectjseeFigurel4, 16 and 19).

Table30. Primer listusedfor quantitative RIPCR

Gene Forward Primer Reverse Primer

Hprt AGTTCTTTGCTGACCTGCTG | CCACCAATAACTTTTATGTCC(
Mbp CGAGGAGAGGCTGGAAAGAA TGCTTGGAGTCTGTCACCG
Gmecsf GGGGCAATTTCACCAAACTCA TCCGCATAGGTGGTAACTTGT
H2-Ab1l TGCAGACACAACTACGAGGG| TGAGCAGACCAGAGTGTTGT
Mog TTGTGGAGCTTCTCTTGGCC | GTACCAACCCACCTCCATGC
Gfap GCAAGAGACAGAGGAGTGGT| ACTCCAGATCGCAGGTCAAG
Olig2 CCACACACACACCTTTTGCC | CACGTTGTAATGCAGGTCGC
Foxp3 TCGAGGAGCCAGAAGAGTTT | AGACTGCACCACTTCTCTCT
IL-10 AGAGAAGCATGGCCCAGAAA| CTCCACTGCCTTGCTCTTATTT
Cspg4 GACCAACCCCCTGTTCTCAC | TGGGCCCGAATCATTGTCTG
Thx21 CAAGGGGGCTTCCAACAATG| GCTCTCCATCATTCACCTCCA

Histology instruments:

Histological preparation of samples was performed using a paraffin dispenser fitted with
an MPS/Slispensing module (SLEE Medical), Paraplast Plus (Leica BioSystam, art.
X881.1 REF 39602004An HM325 Manual Microtome (Leica BioSystewgs used to
perform 5 pm cuts. Cuts were mounted on glass Superfrost PLUS or Superfrost R
(Langenbrinck GmbH, ar0.03 0060) slidesUsing the same exposure and intensity for
each sample,immunofluorescent images were acquired with a Keyence8EBX
fluorescence microscope (Keyence, Tokyo, Japan) using a 20X, 40X and/@r4B)0iX/
immersion objective lens he Imagedoftware was used to quantifipof area of positive

cells stained by respective antibodiesrsus total area analyzefibr each organ

Staining potocol:

MBP, Neuron, Astrocytes, DAPI immunostaining:

After deparaffinizing andehydrating steps using 1@@xylene (isomeric mixture, ACROS
ORGANICS), increasing ethanol (VWR Chemicals) dilutions and water, antigen (epitope)
retrieval was performed using citrate buffer (45 min at°@). After washing steps (3 x 5

min in PBS), bloaky was performed for 60 min at room temperature witt/@Normal
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serum Blocking solution (BioLegend) in @Jriton %100 in PBS. Incubation with the
primary antibodies was done overnight at 4 °C (MBP, NeuN, GFAP). After washing steps
(3 x 5 min in PBShcubation with the secondary antibodies was done for 45 min at room
temperature (1:400 dilution, dylight88 horse anti rabbit IgG, Vector Lab, Cat.Ne. DI
10881.5; AlexaFlue647 donkey anti goat IgG, abcam, Cat.No. ab150135; Cy3 horse anti
mouse IgG, \Wor Lab, Cat.No. @3001). DAPI BioMount aqueous mounting glue {Bio
Optica, 051740) 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
backgroundluorescent exposure thresholaf 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 Shayir test.
Before conductig further statistical analysishe BrownForsythe test was used to test
data for homoscedasticity while ordinary ome&ety ANOVA was used for multiple
comparisons (Bonferroni correction). Incidence was compared using the Chi? test and p
values were correetd with the Bonferroni method for multiple comparisons. Es&Bres
were compared using multiple MaAWhitney tests withtwo-stage stepup (Benjamini,
Krieger, and Yekutieli);ymlues were corrected with the Bonferroni method for multiple
comparisons. In@ddition, two-way ANOVA was used to tdst differences in body weight
data, pvalues were corrected with the Bonferroni method for multiple comparisons.
Significance levels are indicated by £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 designetb assess the influence of the M@Gs-peptide
preparation and of two different dietsr mice with different ageypungversusmiddle-

aged to evaluatedisease manifestatioand variability of EAE induction. Moreover, the
MOGsss- and PTX concentration used for inductiovere varied with theaim to
investigate the possibility to obtain different EAE severity models.

To this endat firsta study with 36 female C57BL/6 miwas performedTable31). Due
to the known impact of dietary factors likéer content, antioxidants, sugar, iron and
protein levels on MS and EAE disease manifest&inthe purified low fermentative
diet AIN 93Mwas usedand compared it with th@ro-fermentative diet VRF1, rich in nen
digestiblefiber and protein The AIN 93M dieis characterized by a low natigestible
fiber content and overall fewer antioxidants combinedthwa higher energy density
compared to VREJA basic maintenance die(1534- 000 SSNIFF&;ontrol die) was
used to feed the control mice group. To allow adaptation to the respective glianice
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were prefed for 6 weeks with the indicated dietbefore disease induction on day 0
(Figure9).

In Study 1the micewere divided into five treatment groupg éble 3) and either fed
with the maintenance diet (control group 1, four animals) or with the experimental diets
VRF1 (group 2 and 3, eighhimals) or AIN 93M (group 4 and 5, eight animdls).
additionallywanted to assess the influence of different M§36s preparations on EAE
induction. To this end, two different preparations of the M{26s-peptide were tested:
one where homogenization of the peptide in CFA emulsion was achiexede double
syringe methodand one emulsion that was prepared via sonication with an wultra
sonicator toensurecomplete homogenizatioas described in Material and MethodAt
day 0,mice were injected with 150 L of the respective homogenate (300 pug MG
/animal) at the base of the tail, except for the control mice (grouptirhdid not receive
any injection.

Table31. Study 1 experimental groups

croupio.| N | crow | TSN R reparaton
1 4 Control diet - - -
2 8 VRF1 300 ug 240 ng -son
3 8 VRF1 300 ug 240 ng +son
4 8 AIN 93M 300 ug 240 ng -son
5 8 AIN 93M 300 ug 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 stresshich could impactthe disease
development. Starting from the first manifestation of diseasgn® 0 &3 O02NAYy 3 X
animals were scored dail¥Figure9).

As expected, body weight did not differ noticeably between groups during the first half
of the study (day O to day 9), repessting thetypical symptom free phase of the EAE
model Figurel2b). However, on dag0, differences became noticeable between groups
2 and 3 (AIN 93M diet) and 4 and 5 (VRF1 diet). AINf@8Nhice displayed substantial
and continuous loss in bodyeight reaching an overall weight loss of %ggroup 4, AIN
93Ms°M and 16%(group 5, AIN 93Ka°" at study termination (day 17). In contrast, both
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groups fed on VRF1 diet (2 and 3, VRFANdVRF1%°) reachedaloss in body weight of
only 3%

As expected, thdisease scores obtained for the different groups matched the differences
observed in body weight. Average symptom scerealculated as AUGC differed
significantly between the diets (p < 0.01 for VR™VersusAIN 93M*°" p < 0.050r VRF1
sonyersusAIN 93Ms°), but not between thalifferent emulsion preparation methods. On
day I7, AIN 93Ms°"fed mice reached disease score of.6 + 0.6 representing severe
signs, compared to anild score of1.9 £ 1.3 and 1.8 + 1.éptained for the VRFed
animals.Due to the aggressiveness of the modéle tstudy was terminatedhead of
schedule (on day 17Figures 9 and 12¢, Table32). At day 15 of the first study, animals
g A UK a0 adedtharizedRigure 12: 3 in the AIN 93MP"group (62,3%survival)
and 6 in the AIN 93K°"group (25%survival)lt was observed thasurvival rates differed
significantly between AIN 93WP"and VRFireatment groups (p = 0.0027).

The incidence of EAE manifestation was analyzed dependent on the disease Bigones (
12h). 100%incidence was shomwonly by themice onthe AIN 93M diet, independent of
the MOGsss peptide preparation methodTables 2 and 34, Figure 2h, i andj). In
contrast, disease incidence was lower in batie VRFE" and VRFE"groups: In the
former, only 62.%%0of animals displayed diseasigtss by the end of the study, and 76

in the latter. Additionally, a delapf the first occurrence of igns was observed:
occurrence inVRF1 groups was observed two days later compared to the AINS93M
group (day 1¥ersusday 9) Tables 2 and 34, Figure 2h).
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Figurel2. Comparison of ifferent induction methods of the EAE model: i) preparatioM@Gs
ss-peptide emulsion by +sorversus-son, a lowfiber, lowantioxidant diet versusa pro
fermentative diet and highersudow doses oMOGsss-peptideand PTX; ii) also the pfeeding

time was comparedsix weeksn Study lversus 6 months in Study 2. Body weightq) and
symptom score -g) were assessed daily and total incidence of animals developing EAE was
recorded f-j). Data are displayed as mearsBof 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 stigb 1 and 2of mice postimmunization with MOGs.ss-peptide
over time. When comparing the last day of the study, animals fed with the AIN 93M diet
experienced a significant loss of BMfsusanimal fed theVRF1 diet. (n = 8).
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e-g) Average symptom score of sied1 and 2of mice postimmunization with MOGs.ss-peptide

over time n = 8. igns developed earlier and more severely in the groups fed with the AIN 93M

diet. Sonication of the MOfsss-peptide emulsion further increased severity in the AIN 93M
groups.(h-j) Incidence per group. Animals were countéd ad & @ YLIi 2 Yl GA O¢ 6 KSy G
reached valuesk 0.5. Data are displayed as percentiles (n =®)is Figure is adapted from

Martorelli et.al. 2024, under revision.

Table 32. Disease incidencand EAE scoref Study 1 at the end of the study (day 17 post
immunizaton,n =8 YAYlI f & 6SNB O2dzyiSR a aaeayvyLliz2YldAao
values > 0. Summary of the EAE score: VRF{at@isAIN 93M diet.

VRF1 diet | AIN 93M diet VRFIdiet AIN 93Mdiet

incidence incidence EAE score EAE score
MOG 300, PTX 24ibuble syringe| 62.5% 100% 1.8+1.4 3.9+1.1
MOG 300, PTX 240 sonication 75% 100% 1.9+1.3 46+0.6

In order D evaluate the robustness of the detected effects causeddth, diet and
emulsion preparation, and to test the effect of lotgrm dieting and ageing(trained
immune systenff, thein vivostudy was repeatedvith adaptations In the second study,
animals werere-fed with the respective dietfor 24 weekgFigurell). Additional groups
were included in order tdirstly evaluate the optimal dose of MQ&ss peptide and
secondlyto assess the optimal dose of the intraperitoneal booster injections of RTX.
the second studya total of 68 C57BL/6 miogere included (Figure1l and Table 33).
Similar to study 1, mice were either fed wi@ontrol diet(group % 4 animals) or with
experimental diets VRF1 (group 2, 4, andB5animal$ or AIN 93M (group 3,-8; 8
animalg. EAE was induced bmpmunization with either 300 or 150 pug M@{ss per
mouse as indicated inTable 33. Similar to study 1, MQfss peptide emulsion was
prepared either bynon-sonicated double-syringe or ultrasoundsonication method.
Intraperitoneal booster injections with PTre performed twiceat a dose of 240 or 120
ng/mL, first on study day O, directly after M&&s induction and then again on study day
2 (Figure9). The body weight of the animals wabkeckeddaily, starting on dayi.
Exemptions being da@ to avoid additional stress for the mice during the induction
period.
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Table33. Study 2 experimental group design

Group N Chow MOGsss5 PTX Emulsion
No. Concentration Concentration preparation
1 4 | Control diet - - -
2 8 VRF1 - - -
3 8 AIN 93M - - -
4 8 VRF1 300 ug 240 ng -son
5 8 VRF1 300 ug 240 ng +son
6 8 AIN 93M 300 ug 240 ng -son
7 8 | AIN93M 300 ug 240 ng +s0n
8 8 AIN93M 150 ug 240 ng +son
9 8 AIN 93M 150 ug 120 ng +son

As observed in study Figurel2b, e, h), body weight did not diverge noticeably between
groups during the firshine days (sed-igurel2c, d). At study day 10, differences became
noticeable. Interestingly, animals treated with nspnicated MOGsss emulsion
displayed the lowest impact on body weight, irrespective of diet, with a final body weight
loss of 3vand 5%in AIN 93MF°"and VRF"animals respectivelylncontrast, VRFE"

and AIN 93NFP"animals suffered a weight loss of ¥8to 15 % respectively at study
termination Figurel2c). Within the groups treated with sonicated M@ss emulsion,

the higher MOGsss dose (300 pgersusl50 pg) resulted in stronger overall body weight
loss, as expected b %versus 5%). The same wasbservedfor PTX the higher dose of
PTX (240 ng) was associated with a more severe body weighFligase(l2d). Disease
scoring reflected theobservations in body weight. AIN 93¥'animals displayed the
highest disease scorddble 34, Figure 12). Interestingly, despite the profound body
weight loss, VRFE¥"animalsonly reached a disease score of £3.2, which is similar to

the scoreachieved by this diet/treatment combination in the first study (study 1 VRF1
score: 1.8+ 1.4). Animals treated with nemonicated, inverted MOfsss emulsion
displayed the lowest score. Again, the higher dose of PTX (240imgl) and MOGsss
emulson (300 pg/animalyesulted in increased disease scores reflecting a more severe
phenotype (sed-igurel2g and Table34).
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Table34. Diseaséncidence of Study 2 at the end of the study (ddypostimmunization, n = 8).
L'YAYlLfa 6SNB O2dzyiSR |a aaeyvyLiz2YlIiA0é 6KSy

the EAE score: VRF1 dietrsusAIN 93M diet. n.d.: not done.

VRF1 diet
incidence
MOG 300, PTX 24louble syringe 50%
MOG 300, PTX 240 sonication 75%
MOG 150, PTX 240 sonication n.d.

MOG 150, PTX 120 sonication n.d.

These results indicate that variability in disease manifestation is caused by a) diet, with

AIN 93M diet
incidence
38%
85%
100%

85%

VRF1 diet
EAE score
0.7+1.0

1.3+1.2

AIN 93M diet
EAE score
0.7+0.9
24+1.1
2.9+0.5

25+1.2

AIN 93Mdiet-fed animals displaying Eessvariable phenotype; and b) the MQ£ss
peptide emulsionpreparation the data at hand impt that +son emulsionreduces
variability of the EAHnodel introduced by the MOfssspeptide preparation.

Disease incidence in studyFAgurel2i andj) was reproducible despite variationoverall
disease(body weight lossand EAEscore3 displayed by similar treatment groups of the
two different studies independentfrom MOGsss peptide preparation method used,
mice held on AIN 93M diet displayedighincidence(85 or100% in both, study 1 and
study 2(Tables 32 and 34, Figure12h, i andj). Also, AIN 93M dieted but half dose
induction (150 ng/mouseMOGssss peptide, sonicated and20 pg/mousePTX injection)
resultedin an incidence of 8% On the other handdisease incidence was lower in both
VRF#ed groupsthe incidence resembled what was seersiudy 1, withlowerincidence
for VRFE°"mice (62.5%) anda slightly highemne for VRF1"animals(75 %) (Table34

andFigurel2h, iandj).

In order to evaluate effects of MQ&ss-peptide preparation and diet on overall survival,
data was evaluated combining similar groups of both studies (nmidé per group). In
the shortterm study (6 weeks préed animals), no mice were found dead in the cage or
had to be euthanized due to the developmesftsevere gns over the end of the study.
This wabservedfor both tested MOGsss-peptide preparatiormethods. On the other
side, for the AIN 93ed mice three animals were euthanized until study day 17 in the AIN
93Ms°" group (62,5% survival) and six animals in the AIN 93Ngroup due to severe
signs reported by the operator (2%survival) Overall survival rates differed statistically
significantly between both VRRdeatment groups and AIN 93NP"(p = 0.0027). Also, in
the longterm study (24 weeks préed animals) no mice were euthanized or found dead
in cage due talevelopmentof severe gns.
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MOGsss-peptide preparation andiet play different roles in the regulation mhmune

cell marker ananyelin related genes in brain and spinal cord

With the aimto evaluate therole of the MOGsss- peptide preparation andested diets

on the EAE induction in more detdiie effects on demyelination processes and the grade
of inflammation inbrain andspinal cordwere assessed by gene expression analyBis
this end the expression levels of relevanbflammatory cytokines (IL-10, GM-CSH;
immune cell markersHoxP3GFARPTBX21H2-Ab1) andrelated markers for myelination
processesNIOG MBP, OLIG2CSPGHwere determinedin brain and spinal cordamples
taken fromeuthanizedmice of study &t day15 by RTgPCRFigures 13-16; 18-20).

The results of this analysis revealidtht Mbp, in brain samples 0fRF1°"and in both
AIN 93M fed mice groups, wagnificanty downregulaed (Figurel3c). While Olig2and
Mog expression in the brain did not significantly differ between the groifgure13d,

e), Cspgdwvasalsosignificantly downregulated in brain samplesuRFE°"and AIN 93M
so"mice EFigurel3b). In spinal cor@f-son MOG preparation micenRNA levels of myelin
related genes were diminish€#ligurel4bge). Markers which ar&nown to beassociated
with the activation of astrocytes3fapf*and microgliaki2-Ab1y2were correlated to EAE
scores and incidenceBoth, Gfapand H2Abl, were primarily upregulated in mice that
were induced with sonicated MQ6&ss preparation with a evenstronger induction in AIN
93M fed mice(Figurel3f, gand Figurel3f, g). As an indirect readout for the disruption
of the blood brain barrierJ-cell markersTbx21and Foxp3were measuredin mice that
received the sonicated MOG preparatioregulatory effects of these markers could be
observed(Figure 13h, i and Figure 14h, i). In order to evaluate general inflammation
processes irthe brain and spinal cord, mRNA levels of the cytokiGascsfand IL-10
were analyzedGmcsf expression levels were significantly upregulated in spinal cord
samples of mice that were induced Wwisonicated MOgsss preparation Figure 14j),
while in brain sample®nly VRFIed mice showed significant upregulation ®mcsfin
combination with the sonicated MQ&sspreparation Figurel4j). Due to low expression
levels oflIL-10 in the spinal cord, mMRNA levels were only quantified in brain samples,
where a significant upregulation could be observed in mice with sonicated sM@G
preparation.

70



Q
(=3
-
[-;]
|
*
*
*
*
*
*

‘ 300 ug MOG / 240 ng PTX ' . X
7 7 .
Normal chow & = f +SON OR -SON
) —_ \ \ © Sonicated NON-Sonicated
k=i OR )
VRF1 chow > @% OR 0.4- E A
Qe 2

e - NOT induced
0.0-

W

|_|._4,

fold change
o
(=]
1
.
o
H
]

AIN 93M chow
c MBP d MOG e Olig2
whkkk Fhkkk kkkk
1.6 1.6 1.6
o
. - .
L] L ] L ]
3,1'2_ —I— . 1.2+ —I— . o e 1.2 _1_ e o,
c * o
5 © 2 4o T I
508 T . s . F &+ F 084 T <se _%_ L
% s 0 L.% .=- g o 8 8 : >
= 0.4- F B 0.4- . 0.4- ’
0.0- 0.0- 0.0-
1 ) 1 I 1 ) 1 1 1 1 ) 1 I 1 1
f H2-Ab1 g GFAP h TBX21
* *k dk
50 . 12+ 60
° ]
30 ., _-% 3 o 40+ o® o
] ] e®
> % % 8 20 °
g = ooF : . | F+EFE
= \ ° o0 N
G 3y -I— _1'_ o 20\
o
Y 4- ; i .
N & ° 8 °0° o
0- 0- 0.0-
1 1 1 1 ) I 1 1 1 1 I 1 1 1 1
1 FoxP3 J GM-CSF k IL10
*K * * *k R
20 100+ R 20—
L]
- - 15- L]
nor 0 %l
o 104 o . 7 P = o040
5 I 5 ¥ Ey
< g 20+ o 54 °
g 5/ . 90 -E- %8 AN a%e Q?ﬁ o%e® C%U N ¢ Oi %
QO 34 20 % 2.0 .
% ° ° L] o ° °
24 °®
- . oo 104 F 8 1.0- ‘I‘ .
14 % 00 8 . o . 8
0- 0.0~ 0.0~
T T T T T T T T 1 T T T T T T
() +sON -SON +SON -SON (@) +SON -SON +SON -SON (/) +SON -SON +SON -SON

Figurel3. gPCR on bragof EAE induced mice with different MOG emulsion preparaapg&ffect

of MOGsss preparation and diet (VRRErsusAIN 93M) of induced female C57BL/6 mice (300 pg
MOGsss, 240 ng PTX) normalized to healthy control animals (Control diet fed) in the la)in.
Quantitative analysis of myeliMBP and MOQG and oligodendrocytes marker€$PG40lig2)

71



showing a moreaelevant diet effect in comparison to the M@ss preparation for theCSPG4
marker (oligodendrocytes precursor) amBP(Myelin Base Proteinj-k) Quantitative analysis of
the immune cell profile showing in the brain in the M#%s sonicated emulsion gups an

upregulation and higher infiltration of-dells different subpopulations. *n ®np T
FDrtp @re displayed asdmean & B of the mean4d to 8. AIN 93M

LI XX nodnamT

FF LI X n o,

results displayed in purple and VRF1 resdisplayed in cyanThis Figure is adapted from
Martorelli et.al. 2024, under revision.
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Figurel4. gPCR on spinal caadf EAE induced mice with different MOG emulsion preparation.
a) Effect of MOGgss preparation and diet (VRRZersusAIN 93M) o induced female C57BL/6
mice (300 pg MOf4sss, 240 ng PTX) normalized to healthy control animals (Control diet fed) in the
spinal cordb-e) Quantitative analysis of myeliMBPand MOQG and oligodendrocytes markers
(CSPGAIigd showing a more relevant diet effect in comparison to the Nga§preparation for

the CSPG#arker (oligodendrocytes precursor) amBP(Myelin Base Proteinj:j) Quantitative
analysis of the immune cell profile showing in the spinal cord in the M{$dnicated emulsion

groups upregulation and higher infiltration ofc8@ls different subpopulation. * gn ®np T
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93M results displayed in purple and VRF1 results displayed in TganFigure is adapted from
Martorelli et.al. 2024, under revision.

The PTX dodeighly affect the severity of the EAE model

Different PTX and MQéss doses were tested on +son emulsion induced mice in Study 2
(longterm). It was observed that the severity afss was dependent on the PTX dose,
but remained unaffected biowering the amount oMOGsss-peptide from 300 to 150

Mg used for inductiorfFigure B and 16). Results also showed thathigher dose of PTX
(240 ng) is associated with the severity of the Ei§Bssn terms ofa) body weight loss,

b) EAE scoring. At day B3TX higher dose (240 ng) induced animals showed an incidence
of 100%(seeFigure Pj), a body weight lossf 20% (Figure 2d) and animals hadn EAE
scoreof 2.9+ 0.5 on averagenfeant D, Figure Pgand Table 3).

This effect was not directly reflected by the analysis of myelin related g€sgmavas
significantly downregulated in brains 240 ng PTX / 150 MOGsssgroup and120 ng

PTX / 150 pgMOGsss induced mice Eigure 15b). In all induced miceMbp was
downregulated Figure15c), while thedownregulationof Mog expression could only be
observed in the 150 uylOGsss5 / 240 ng PTX groug-igure15d). For theMog target,
diminished mRNA levels could only be detectedpinal cord samplesf the 240 ng PTX

/ 150 pgMOGsss group (Figure 16b-e). Activation markers fomicroglia H2-abl) and
astrocytes Gfap), T-cell markergFoxp3 andrbx2) and the cytokinegGmcsf andiL-10)

were primarily upregulated ibrain samples andpinal cord@ of mice that received the
higher PTX dose (240 ng, 150 pg M£3¢ (Figure Bf-k, Figure Bf-j), while the low PTX
dose (120 ng) was not sufficient to inducedll (Thx2) infiltration through the BBB
Additionally, the low dose PTX (120 ng) animals were terminated at dagr&lshe high
dose PTX (240 ng) animals terminated at dayTlese 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 #ldys$ >3 These findings
indicate thatthe PTX dose increast¢he severity of gns in a doselependent manner.

The severity of the EAE model can be explained by different processes, in particular the
disruption of the BBB, astrocyte and microglia activation &eell infiltration.
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Figurel5. gPCR on the bragof EAE induced mice with different MOG doges.Effect of PTX
dose and MOgzss in the brain of induced female C57BL/6 mice (300 pg M&&240 ng PTX,
150 pg MOGsss, 240 ng PTX, and 150 pug Mdg 120 ng PTX) compared to healthy animals
(Control diet fed). l§-e) Quantitative analysis of oligodendrocytes markeddig2 CSPG4and
myelin MOGandMBB showing a more relevant PTX effegth respect to the MOg&ss0ne for
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the MBPand CSPG#arker (oligodendrocytes precursorj-k) Brain quantitative analysis of the
immune cell profile showing higher infiltration of-cEls and upregulation in different
subpopulatiors with the highest PTX and MQézsdose. * p<n ®np T F F
FFFF L] BDatane displayedbas mean £ SD of the maary to 8. This Figure is adapted
from Martorelli et.al. 2024, under revision.
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Figurel6. gPCR on the spinal cardf EAE induced mice with different MOG doge} Effect of
PTX dose and MQ&ssin the spinal cord of induced female C57BL/6 mice (300 pg Me@40

ng PTX, 150 pg MQ@ss, 240 ng PTX, and 150 pg M@&4g 120 ng PTX) compared to healthy
animals (Control diet fed)b{e) Quantitative analysis of oligodendrocytes mark&&g2 CSPG}
and myelin MOGandMBBP showing a more relevant PTX effegth respect to the MOgssone

for the MBP and CSPG4narker (oligodendrocytes precursor)-K) Spinal cord quantitative
analysis of the immune cell profile showing higher infiltrationTefells and upregulation in
different subpopulatios with the highest PTX and MQ{gsdose. *p<n ®np T FfF LI XK
noénnmT F F F Patalare Hsplayedias mead+ SD of the mean4no8. This Figure is
adapted fromMartorelli et.al. 2024, under revision.
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Severedemyelination andnflammation inthe spinal cordand brain of MOGsss-peptide

EAE induced miase highly correlated t&\IN 93Mlow fiberdiet

In order to evaluate inflammation and demyelination processes and to complement the
gPCR results obtained for study 2, histological analysis was perforntld lomain and
spinal cord of AIN 93M°"and VRFE°"animals(these groups were specifically selected

to check for the suspected diet effect, while the emulsion preparation method resulted
mostly in increased variabilitypue to boththe robust incidence and expression of target
genes, this analysis was done ofty the two groups induced with 300 pug M@Yss-
peptide and 240 ng PTX, both +son emulsions. At termination agdys after EAE
induction), mice were sacrificed and brains and spinal carel® harvested for myelin
basic protein (MBP) and activated astytes (GFAP) analysis. KEYENCE inverted
fluorescence microscope B2810 was used to digitalizained sections. 20X and 100X
magnification imaged{gurel7candb), respectively for spinal cord and brain, were used
for all quantitativeanalysis. Astrocytpositive fraction stained with &FAP antibody
(yellow channel) and myelipositive cell fraction stained bynaViBP antibody (green
channel) were quantifiedvhile as contrastaining was used a neuronal marker (Neun, red
channel) Foldedorgan sections were excluded from analysis because they led to false
positive results. On both AIN 93M ditd and VFR1 dided induced mice, as expected,
the percentage othea . t b I NBl aK2gSR adldArAadAaoltte &j
I Yy R LB, reEpegtidely) but interestingly, not on spinal coeventhoughthe analysis
showedan area reduction ithe spinal cord of AIN 93NWP"miceof ~30% On the other
hand, in both brain and spinal cortthe percentage of GFAP+ area shoveestatistically
AAIAYATFAOFYOG AYyONBIFAS 2yteée Ay !'Lb doa RASH
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Figurel?. Histopathological examination of brains and spinal cords of female C57BL/6 mice (300
Mg MOGsss, 240 ng PTX, AIN 93¥"and VRFE°"groups, Study 2R) Percentage of MBP and
GFAP positive area on coronal brain sections of AIN93hd VRFE"induced mice normalized
versusControl diet notinduced miceb) Percentage of MBP and GFAP fpasarea on spinal cord
sections of AIN 93M°"and VRFZE°"induced mice normalizedersusControl diet notinduced
mice;c) As expected, MOfsssimmunization resulted in demyelination and inflammation in brain
and spinal cord. Control diet fed notduced mice showed healthy condition in both organs, while
VRFI*°" fed mice displayed mild demyelination (MBPgreen) and moderate inflammation
(astrocytesc yellow) in brain and spinal congersusa severe inflammation and demyelination
O2YLJI NBR G2 !'Lb doa FSR YAOS® f LJ X Dattare T FF L
displayed as mean = SD of the mears 4 to 8. AIN 93Mresultsdisplayed in purple and VRF1
results displayed in cyaifihis Figure is adapted froltartorelli et.al. 2024, under revision.

Asymptomatic satellit¢ YA YI f & Q o6sNdwi dfwnradulatibdi oBndyelinrelated
genes

In Study 2, symptomaticsatellite animals were sacrificed at day 7, in order to investigate
parameters like diet or preparation of emulsion by #gression kinetics of the selected
targets and molecular mechanisms involved in the onset of the disease. Interestingly,
myelin relded genes were primarily downregulated in brain samples of satellites,
followed by an increase to basal expression levesp(4 (Figurel8b), respectively from

high to moderate significancéipp in AIN 93M fed mice(Figurel8c), 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 GmcsfandIL-10 remained unregulated iboth spinal cord

and brain samples of the satellimimals(Figure18 and 19).
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Figurel8. gPCR on satellite brasof EAE induced mica) Satellites animals (terminated 7 days
after induction) compared to +son induced C57BL/6 mice 300 pg sM&@40 ng PTX
(terminated 15 days post induction) and N@idduced healthy animals (Control diet fed) on
expression levels in the braib-e) Quantitative analysis of oligodendrocytes markeZSPG4
Olig2d and myelin MBP and MOG showing strong downregulation dhe CSPG4narker
(oligodendrocytes precursor) andBPin the initial asymptomatic phase post M@gand PTX
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induction in both, AIN 93M and VRF1 fed animialg. Quantitative analysis of the immune cell
profile showing upregulation and higher infiltration ot@lls differem subpopulation only after 7

days post MO@ssand PTX induction.*en ®np T FfF LI X ndnmT F pPata LJ nd
are displayed as mean * SD of the mean4rta=8. AIN 93M results displayed in purple and VRF1
results displayed inyan.This Figure is adaptdcbm Martorelliet.al. 2024, under revision.
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Figure19. gPCR on satellite spinal cerof EAE induced mic® Satellites animals (terminated 7
days after induction) compared to +son induc€87BL/6 mice 300 pg M@s, 240 ng PTX
(terminated 15 days post induction) and N@fiduced healthy animals (Control diet fed) on
expression levels in the spinal coroke) Quantitative analysis of oligodendrocytes markers
(CSPGADIigd) and myeliniMBPandMOQG showing recovery dESPG#harker (oligodendrocytes
precursor) andMBPat day15 post MOGsssand 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 Fcells different subpopulation. * gn®np T FfF LI X ndnmT FFF L

0.0001.Data are displayed as mean + SD of the mean4ric8. AIN 93M results displayed in
purple and VRF1 results displayed in cydms Figure iadapted fromMartorelli et.al. 2024, under
revision.
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Dietary effect orthe expression level afstrocyte, microglia anchyelin related genes

markers in the braiof naive control mice

To shed more light on the digtffect, gPCR analysis in brain and spinal cord samples of
naive AIN 93Mand VRF1 fednice was performed. Surprisingly, gene expression analysis
of naive, notinduced mice revealed a regulatory effect of both dietsastrog/te, and
microglia markersas well as on myelin related genes in the brain, but not on
inflammation and immune cell marker€spg4, Mbmand 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 miceHRigure 20b, c). These observations are comparable to EAE
induced mice, where low fiber fed mice displayed higher incidence and EAE sowieg (
severe disease). Howeverlog expression was only decreased in VRF1 fed (Ricgire
13d). Moreover, reducedsfapand H2-Ab1expression levels were detected in brains of
AIN 93M and VRF1 fed midadure20f, g). On the other hand, in spinal cord samples the
analysed targets remained unregulatéeigure 2); thus, diet effects on gene regulation
could only be observed in the brain, but not in the spinal cord of naivepdested mice.
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Figure20. gPCR on brasof uninduced mice prded with different dietsa) Effect of diet (VRF1
versusAIN 93MversusControl diet) on noinduced, naive female C57BL/6 mice in the brhain.
e) Quantitative analysis of oligodendrocytes mark&SPG4lig2 and myelin MBPand MOG
showing downregulatiomn mice fed with AIN 93M and VRFL1 diet in comparison to Contrbl die

81



f-k) Quantitative analysis of the immune cell profile showing no significant regulatiorcelfsT

and GMCSF, in contrast to astrocyt6SFARIn brain of mice fed with AIN 93M diet. *90.05;

FF LI XX nodnmT FffF LlIDatg are diplayad &s nreanpt ©D dfthetneandve=n N m @
to 8. AIN 93M results displayed in purple and VRF1 results displayed iT hisRigure is adapted

from Martorelli et.al. 2024, under revision.
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Figure21. gPCR on spinal cadf uniinduced mice prded with different dietsa) Effect of diet
(VRF1versusAIN 93MversusControl diet) on NOihduced female C57BL/6 mice in the spinal
cord.b-e) Quantitative analysis of oligodendrocytes mark€&SPG4lig2) showing no diet effec

on myelin markerst-j) Quantitative analysis of the immune cell profile showing no difference,
irrespective of dietData are displayed as mean + SD of the mean4ra=8. AIN 93M results
displayed in purple and VRF1 results displayed in dyds Figure is adaptdcbm Martorelliet.al.
2024, under revision.
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2.4 Discussion

The mouse model of MQg&ss-induced experimental autoimmune encephalomyelitis
delivered critical insight into the pathological mechanisms of huii&For both, EAE in
mouse and MS in human, autmmunity, demyelination, inflammation and gliosis are
critical disease hallmarks. Thése severity, incidence and disease onset can be
modulated in the mouse via PTéncentrations used for prime and boost, but also via
variation of the mycobacterium tuberculosis content of the used Complete Freund’'s
Adjuvant (CF®*%5 In addition, important influential facta for the aforementioned
disease hallmarkarethe used dietand the age’®#656In addition, while the EAE model is
well-validated inyoung C57BL/6 mice, usually in the age range of 6 to 12 weeks, there is
a paucity of information and studies on midedged mice. This is especially the case for
long dietary prefeeding periods mimicking loAgrm dietary habits in humans. Thus,
investpated shoriterm (six weekspre-feeding), as well as lofgrm (6 months pre
feeding) dietary effects on young and middiged mice, respectively. Overall, model
aggressiveness was increased in younger animals in comparison to{aggienice. This

is prdbably 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 o€SPG{a hallmark protein of oligodendrocyte progenitor
cells) after a shorterm feeding period could amplify the damage in the skierm
feeding model observed in adolescent mi¢aglre B). Moreover, a trained immune
system hashe effect of dampening immune response, especially autoimmupiity

It has been shown for both mouse amdiman, that diet heavily influences and also
controls encephalomyelitis diseas®°56.58.59Djetary components influencing onset,
EAEseverity, weighdoss and incidence include, but are not limited to: sugdyer-, iron-

, Vitamin E or total protein content36:38.40.50.5861 Three different dietswere chosenfor
specific reasons: the control maintenance diet used in this study is a standard ahdent
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).Riv
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 cont@hich
makes itsuitable for long term studie$? In direct comparison, the AI3M diet is
produced from purified source material, while the used control maintenagie¢ and
VRF1 are produced from seasonal grain by respective manufactliedsie$ B-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 digtisstudy clearlydemonstrates

that the purified AIN 93M diet causes a more severe-B&Hel in comparison to the
VRF1 diet, with higher average symptom scores, increased mortality and body weight
loss.Dataalsoshowed a statistically significant difference in incidencéween the two

diets, with lower incidence in the VRF1 groups and a later onségias (figure 2).

A critical factor for immune modulation in several autoimmune diseases is, in fact,
associated with gut microbiota and their metabolites, which are hgawiluenced by
dietary macre and micronutrients. Several studies show that diets rictiber, vitamin E

and protein, while having a low sugar content, can play a key role in preserving gut
microbiome composition, especially by regulating host physiologand
macronutrients3:3 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 tdhe Clostridrium family? Several studies show how changes in
microbiome composition are associated with the regulation of -jpftammatory
cytokines. This shift towards a pnoflammatory state has been demonstrated to have
effects on intestinal physiology, leading tlysbiosis 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 K& This incrase 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 inflammatiloat 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 sheath$?Whileit wasnot investigate dieteffects on gut microbiome composition

and possible dysbiosidiber, 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 8®more vitamin E77% more protein, 294% more

iron per kg and 5@oless sugar in comparison to the AIN 93M di€t)esefindings on the
influence of diet on EAE occurrence are in line with the woievér et.al. who achieved
similar results in a genetically vulnerablspontaneous EAE model. There, mice were
either fed with a control diet or a diet rich in cruéflber, especially cellulose. Animals kept

on control diet had a significantly higher risk to spontaneously develop EAE. However,
unlike inthis studies, diet had no influence on BW or scotes.

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 Efiaed
Interestingly, mice fed with the AIN 93M diet displayed arraasedReactive Oxygen
SpeciegRO$ 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 R@Svhich fits tothe obtainedresults as AIN 93M is in direct
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comparism to VRF1 (among other factors) deprived in vitamin E, protein and4fén.
Moreover, in MS, sugar intake leads to activation of the TGFA YYdzyS YS&aaSy
protein, resulting in enhanced proliferation of immune céfik 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 pf&fié?
Dysfunction of the BBB can also be caused by abnormal metabolism of iron, and can result
in iron deposition in the braif?Iron is essential for the integrity of the BBB as well as for
regular cell function in the CN&%* Not surprisingly, deviations in iron metabolism are
often associated with neurodegenerative diseases such as MR a ! £ T KSA YSN.
Disease®%0 Furthermore, iron is essential as co-factor for enzymes crucial for
oligodendrocyte function and therefore for myelination and neuronal stafiti#yIt has

been demonstrated that astrocytes channel iron to oligodendrocytes as protmimd

iron. When oligodendrocytes are deprived of iron, proliferation atiflerentiation of
oligodendrocyte precursor cells (OPCs) is impaired, leading to a delay in remyelination
after injury in viva*381 Astrocyes 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 inflammatay mechanisms occurring in neurodegenerative disease, leads to
neuronal toxicity and scar formatiorooth in the brain and spinal cord. Studies also
showed that astrocyte activation is often affected by multiple factors, one of the most
important being guflora mediated metabolite$® 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 remyelindfjamhich 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, M@£3s preparation and PTX dose, gene expression
analysis of markers associated wiBBBdamage, neuroinflammation, demyelination and
neurodegeneration were analyzedhesefindings showed that disease severity and
incidence is strongly associated with neuroinflammation BBd&disruption, as expected.
Furthemore, in AIN 93M fed mice, microglia and astrocyte associated markers were
upregulated, underlining their key role for disease development and severity. These
findings were underlined by histological examinations, proving highade
demyelination and asocytosis in AIN 93M fed mice, while this was attenuated by feeding
the VRF1 diet.

Besides dietary effectsn this projectthe impact of the preparation method of the
MOGsss5-CFA emulsion used for induction of Eé&s investigated | compared two
protocols: one preparation method included intermittent sonication of the peptide/CFA
emulsion, while the second method did not include this sonication $Results showed
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that sonication of the emulsion was associated with higher EAE sdomeased 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 thesanicated 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]esnpalrticles 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 nearbyiss after s.c. injection, where

it activates cells of the innate immune system, and thus results in stronger efif@btn
comparing the different experimental groups and conditions, it is clearly evident that the
change in diet had a more decisive infleenon disease severity compared to the two
emulsion preparation methods. Average EAE scores in the AIN 93M groups on day 17
(Study 1) were.2- (-son) and 2.4 (+sor) -times as high as the corresponding VRF1 group
scores, respectively. Conversely, sonimgtihne emulsion only increased average scores
by 11%(VRFL1 diet) and 1%(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 modedr se

Finally,in this studythe effect of both, MOGsss- and PT>dose on the modl was
investigated Surprisingly, lowering the dose of Mé&3&s used for disease induction from

300 pg per mouse to 150 pg per mouse had no effect on incidence, severity or body
weight loss. In contrast, lowering both M@ss- and PT>lose (MOG: 300 ugtl50 ug;

PTX: 240 ng to 120 ng) significantly reduced incidence, severity and body weight loss. This
was reflected by reduce@BX21, GMCSF, GFAPand CSPG4hduction in the brain. In

the spinal cord, on the other han@lig2and CSPG¥vere elevated irdirect comparison

to the remaining experimental groupEi@ures 5 and 16). Likely, the lowered PTdose

was insufficient for robust disruption of the BBB.

To investigate dieeffects in the early phase of EAE @ssamptomatic phase), satellite
animals were terminated 7 days after induction. For these satellite groups, sonicated
emulsionswas usedo produce robust effects, as expected a high degree of vaitiain

the expression level in the early phase in combination with the variable induction quality
of the nonsonicated peptide emulsion preparation. Also, in the satellite groups, the full
dose of both MOgsss and PTXwere respectivelyused Surprisingt, robust TBX21
expression was found at day 7 post induction in the brain, but not in the spinal cord, while
Olig2expression was significantly reduced in satellites that werefedewith AIN 93M,

but not VRFL1. In additiodMOGwas also found to be sigieantly downregulated in the
spinal cord of AIN 93Nkd satellite animals. Thus, pfeeding AIN 93M, but not VRF1
had an impact on the preymptomatic demyelination and inflammatory response to EAE
induction.

86



To complement this body of data, netkte dietary effects in naive animals that received
no EAENduction (AIN 93M and VRF1, as welttes Control dietwere fed for 2 weeks,
respectivelywas alsanvestigated Whiledata showed ncignificant differences in the
expression profile of either analyzedbarker in the spinal cord, dietary effects in the brain
were found.CSPG4GFARand MBPwere significantly downregulated in both, AIN 93M
and VRF1 fed groups, whilé2-Abl 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 EABtudies in different institutions worldwide.

2.5 Conclusion

Taken togetherthis projectshowed that age anddiet have a major impact on disease
severity, incidence and on the gene expression pattern indtddies, while the MO§s.
s5-CFAemulsion preparation method has implications for robustness and variability of the
model. Thisstudy demonstrates thatmore harmonization between centers is needed,
especially with respect to mouse husbandry.
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Chapter3

P38 MAP Kinasénhibitors decrease severityof sgns and increaseanimal
survivalin a mouse model of MS

Abbreviations:

% Percentage;

°C,Celsius degree;

ACAanterior commissure, anterior part;

ACN, Acetonitril;

155 1fT KSAYSNRa RA&aSIHAST
BBB, Bloodrain-barrier;

/] Cl's [ 2YLX SGS CNBdzyRQa ! R2dzdl yiaT
CNS, Central nervous system;

CQ, Carbon dioxide;

DMDs, Dimethyl disulfide;

DMTs Diseasemodifying treatments (DMTS);

EAE, experimental autoimmune encephalomyelitis;
EBVEpsteinBarr virus;

ESI, [ectrospraylonization

FDA, Food and drugs administration;

H&E, Hematoxylin Eosin;

HPLC/MS/MS,iquid Chromatography with tandem magsectrometry
i.p., Intra Peritoneal

L[ mi T AYGSNISdZlAY ™M oSGl T
IL-6, Interleukin 6;

IS, Internal Standard;

LCMS,Liquid Chromatography mass spectrometry
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MAP, Mitogeractivated protein;

MBP, Myelin Based protein;

MOGsss, MyelinOligodendrocyte 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 Oxyg8pecies;

S1p, Sphingosing-phosphate receptors;

TMEV, Theiler's Murine Encephalomyelitis Virus;

¢bCh> ¢dzvY2NJ ySONRaA& FlFOG2NJh
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3.1Introduction

In the previous chapteit was discussed the EAE animal model dmay it is used for
studying MS, an autoimmune disease affecting the ONiS.weltknown murine model
wasoptimized by immunization with MOgsss-CFApeptide sonicated emulsion and PTX
injection, in combination with a low fiber high sugar diet (AIN 93M) @ntdined a more
stable model in order to get reliable resufts drug efficacy testing.

As already discussed @hapter 1, p38" MAPKinaseinhibitors are a class of drugs that
target the p38 MAP Kinasesignaling pathway, which is involved in various cellular
processes, including inflammation and immune responBee. to their inhibiting activity,

in this chapter, two of ltese inhibitos have been investigated for their potential
therapeutic effects in EAE and MS.

As already described inChapter 2 of this thesis, MS is a chronic
autoimmunéinflammatory CNSdiseasecharacterize by attacksof the myelin protein
shielding the neurons or the axonEheprogressiorof MS is varied and unpredictable. In
most patients, the disease isitially characterized by episodes of reversible neurological
disabilities which is often followedver timeby progressive neurologitdegeneration’
From 250,000 to 350,000 patients in the Uag affected byMS, and 50% of these
patients will need help walking within 15 years after the onset of the dis&ase.

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 togetheresult in a seklsustaining autoimmune and
inflammatory disorder that leads to recurrent immune attacks on the CNS, leading to
demyelination of neurons by T cells, microglia and B.€ellie correlation between
EpsteinBarr virus (EBV) infection and MS has bemported as highly associatetskin
several epidemiologicaitudies’® The mechanism of EBV causing MS remains unknown
but it is believel to lead to the production of autoreactive immune cells responsible for
the aberrant sektargeting immune responseersusthe myelin protein present in the
CNS* MS pathogenesisan beexplaired by autologous myelin reactive T cells initially
primed withantigenpresentingcells(APQin the periphery (lymph node#at then cross

the corrupted BBB entering the CNS. Within brain and spinal cord, these leukocytes could
activate macrophages and microglia whibloth release cytokines promoting local
inflammation and myelin destiction (Figure 2).”* The myelindamageoccurring in both

brain and spinal coratan slow or block the electrical signals that carry information
between theCNSand the rest of the bodyTypically occurringigns are: problems with
vision, movement, muscle strength, coordination and thinkingowadays, 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 Diseasiyingtreatments
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(DMTSs),targeting sphingosind-phosphate (S1p) receptomnd monoclonal antibody
based therapeutics on B cells and Tréys.

T cells are
primed by APC in
the lymph node

( Blood vessel (permeable)

. T cell BBB hecemes permeable B cell
3 to leukocytes and blood
/ ‘ proteins \)
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Figure22. The inflammatory phase of multiple sclerosiscells are primed in the periphery)(
and migrating with the B cells in the CNS trough a disrupted BBBffer autoreactivel cells, B
cells(including macrophagg¢®nter the CN$rimed with macrophage and microgliaalandb),
that secrete inflammatory cytokineand antibodies4). The damage on the oligodendroglial cells
forming the myelin sheath on axons leads to neurodegenerafdnThe injured myelin cannot
conduct electrial impulses normallyeading toan abnormal transmitting signal and consequent

symptoms such as: double vison, vision loss, eye pain, muscle weakness, and loss of sensation or

coordination Tis figurewascreated with BioRender aratlapted fromRongzeng Liat. al”™

Thep38MAP Kinaspathway is involved in the production of pmoflammatory cytokines,
such as TNF ILm i X 1U6,yivRich contribute to the inflammatory cascade observed in
EAE and Mifferent hypothess suggest thatp38" MAP Kinaseénhibitors are good
candidates for MS treatment) by inhibitingp38 MAP Kinasgthese inhibitors can reduce
the production of preinflammatory cytokines and dampen the immune response, leading
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to a decrease in disease activity It has alsdbeendemonstrated thatp38 MAP Kinase
inhibitors can modulate the function of immune &lbuch as T cells and macrophages,
which play a central role in EAE pathogenesis. By inhibgB8MAP Kinasethese
inhibitors can suppress the activation and migration of these immune cells to the CNS,
where they can cause damage) Asis well known, EAE and MS involve damage to the
myelin sheath and nerve cells in the CNS38" MAP Kinasenhibitors may have a
neuroprotective effect by reducing inflammation and preventing damage to the myelin
sheathand neuronsijv) In additionp38" MAP Knaseinhibitors can helgo 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 BB8, MAP Kinasénhibitors may

limit the infiltration of immune cellsito the CNS.

Ly GKS LI ad mn &@SEFENBRXZ aSOSNIft LINBOt AyAOlf
MAP Kinaseinhibitors lead to promising results in reducing disease severity and
improving neurological igns. Three of the most investigatednes are: SB203580,
SB239063, and BIRB 798s expected, lese 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 braith gpinal

cord3

While SB203580 wafound 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 CNSnd inhibited the production of prinflammatory cytokines.
SB239063 was also found to modulate the balance between regulatory T cells and
effector T cells, leading to a more controlled immune respo@sethe other handBIRB

796 treatment resulted in redced disease severity, decreased inflammation and
demyelination in the CNS, and improved motor function. BIRB 796algasound to
inhibit the activation of microglia, which are immune cells in the CNS involved in the
inflammatory responsé’é

These studies collectively suggest tip@8 MAP Kinasénhibitors have the potential to
modulate the immune respnse and alleviate EAE symptoms by reducing inflammation,
inhibiting immune cell activation, and protecting against demyelination and axonal
damage.

However, itis 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 p88P Kinasenhibitors in human

trials are yé to be fully determined. Even if some ttfe compound showed promising
results in the treamentof MS, none of the p3BIAP Kinaseandidatesresulted in a good
candidate in clinical trialof MS patiens. The failure of p38MAP Kinasenhibitors 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 summaryp38 MAP Kinasénhibitors have shown potential in preclinical studies using
EAE models by modulating the immune response, reducing inflammation, and protecting
against demyelination in the CNS. Hawe 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 p38MAP Kinasenhibitors on 14 weeksld EAE
induced mice, previously characterizedvitro andin vivo(seeChapter 1of the thesis),

that showed no toxicity effectsTheirpotential beneficial effect in the reduction of the
severity of the EAE modelere evaluatedand the possible side effect on the livevas

also investigatedCompoundL1 and compoundlL3 were selected based on them vitro
andin vivoLJ2 G Sy O @& 51 @B b C1and5.3+ 0.6, respectively) and their difference

in the analytic results. Compourid did not cross the BBB while the secarmmpound
(slightly less potent) was found in brain and spinal cord {&ade 1415 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 dise@ke.resultshowed that
compoundll, 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 mildmoderate.

3.2 Material andMethods

Inductionmaterials:

HeatA Y I OGA Bl SR ad® (dzo SNDdzZf 2aA&8 O6&AGNIAY | oTw
(2 mg/mL heainactivated mycobacterium tuberculosis) were both obtained from Difco,

Product No. 11719062, USA; the murine M&speptide
(MEVGWYRSPFSRVVHLYRNGK) was obtained from Panatecs, Produd?®-3&@6AU

Germany while Pertussis toxin was obtained from Sigma Aldrich, Germany.

Diets:

The certified AIN 93M diet from SSNIFF® Spezialdiaten GmbH, Soest, Germany was used
for experimental dets as indicated in thEigure23.
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Preparation and administration of CFA/Mé&3&s-peptide emulsion:

The 300 pg/mice MO4sss/CFA emulsion was prepared accordinglypsvagraph 2.2of
Chapter 2using the sonication method.

Preparation andnjection of PTX solution:

The PTX stock was freshly prepared by diluting powdered PTX with sterile 1X PBS to a final
concentration of 1 pg/mL (240 ng). The first RAj¥ction (i.p.) was done immediately

after the administration of the MO£zss-peptide emulsion, the second Pifection (i.p.)

was given 48 h after the first. Groups were injected with 240 ng PTX on bothTddos (

35).

Animals:

28 7weekold female C57BL/6 mice were obtained from Janvier Labs. Before the study
wasinitiated, an acclimation phase of seven days was necesbagyre 3). Animals were

held 6 weeks prioto MOG/PTX induction othe AIN 93M diet. Animals were provided
with food and water ad libitum and on day O induced with M&4speptide sonicated

and PTXinjection Figure 3B). Fournot induced animals were pried with Control diet
(Table B, thapter 2) and used as baseline controls for the gPCR downstream analysis
(group 1) whileeight induced animals per group were pfed with the AIN 93M diet
(Table B, Chapter 2) and treated with 0.84citric acid yehicle, group 2), compountil
(group 3) and compand 13 (group 4) Table ¥). After the first symptoms occurred,
animals were daily p.o. treated with 0% citric acid, compound.1 or 13 (12 umol/kg)
according to the group desigimdble %) until the end of the study. Euthanasia was
performed by C@inhalation at study termination (day 17). Brain and spinal cord samples
were collected for qPCR (flaflozen in liquid nitrogen and stored aBO0 °C until
processing) and fonistological samples (directly transferred t&/dPFA, and 24 h later
stored in70 % EtOH until further workup, see histology paragraph of the Materials and
Methods section). Ethical approval for the study was obtained from local authorities
(Regierungsprasidium Tubingapprovalnumber SYN 04/21
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Figure23. C57BL/6 female mice were pfed for six weekswith AIN 93M diet. Then, EAE was
induced by subcutaneous injection oMOGsss-=CFA emulsion. MQ6&ss-peptide was
administered as sonicated emulsion. PTX i.p. injection was done on days 0 and 2 (relative to
MOGsss-injection). On day 17 post MQ&zs-induction, mice were euthanised.

Table35. Experimental groups

Group N Chow Treatment | Route Dose MOG§555 per PT?( per EmuIspn
No. [mg/kg] animal animal | preparation
1 4 Cohtrol ] ) ] ) ] ]
diet
2 8 | AIN 93M Vehicle p.o. 5 300 ug 240 ng +son
3 8 | AIN 93M 11 p.o. 5 300 ug 240 ng +son
4 8 | AIN 93M 13 p.o. 5 300 g 240 ng +son

Clinical observations were detected according to a standardized scoring systehaldee
29, hapter 2). Body weight was assessed daily, starting on day 1 until the end of the
experiment. Exemptions being day Wherein order to avoidadditional 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 syrgiteet.

Formulation:

Eightfemale 14 weeks oldCFA/MOGnduced nice were treated with0.5%ocitric acid, 5
mL/kg {ehicle, group 2Table %) while n=8 animals per group were treated with 12
pmol/kg of compoundl11 or 13, respectivelyifi 0.5%citric acid, 5 mL/kggroup 3 and 4,
Table 3§. Not induceccontrol diet group received no treatment (groupTable 3).
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LCMS analysis:

The analytical methodologis 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) (1) 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 40C using Restek Biphey¥ pm, 50*21 mm column. The mobile phase
consisted of a gradiensée Table36) of water + 0.Pb4formic acid, and ACN + Gdformic

acid at a flow rate of 500 pyL/min arahinjection volume is 4 pL.

Table36. Method mobile phase gradient

Flow rate
Total time (min) (Kl/min) A @9 B @0
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.%0Formic acid
B: ACN+0.%Formic acid

Positive ion electrospray ionization (ESI) mass spectrum assessnE8 AP Kinase
inhibitors and thelnternal Standardl§ was carried out. P3BIAP Kinasénhibitors and
terbuthylazine (internal standard) Q1/Q3 masses, dwell time and mass spectrometer
analytes specific parameters can be found able37.

Table37. Mass spectrometer parameters for PBBAP KINASIBhibitors andterbuthylazine.

Qlmass Q3 mass DP EP CE CXP
Compound
(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 GoHision energy. CXP: Collision cell exit potential

Valve:
Total time
(min) Position
1 0 | Waste
2 35| MS
3 6.0 | Waste

The calibration curves and quality controls were obtained by preparing a stock solution in
DMSO with a finatoncentration of 10 mM. The calibration curve ranges were set from 5

to 100000 nM. The QCsdha concentration of 100, 1000, and 10000 nM.

Preparation and handling of samples forMGS analysis:

Thesamples produced were stored @&0c /
shortly prior to the HPLC/MS/MS process. The already processed samples were
introduced directly into the autesampler or stored at £C until measurement. The

remainingsamples were stored aR0 °C for further needs or requirements.

Plasmasample preparation for l-MIS analysis:

Ay {ey2020a4

FILOAftAGASA

The samples were transferred into individual tubes and/olumes of ACN containing the

IS (ACNS) were added to each sample (e.g. 10 pyL plasma + 60 pLSAGNter mixing
and centrifuging for 5 minutes at 10040000 RCF (Eppendorf Centrifuge 5417R 10,000
rpm), the supernatant was transferred into a propddipelled glass autsampler vial.

When dilutingof the samples was needed due to too high concentration or too little
sample volume, the samples were dilutedaisimilar matrix as the samples (e.g. plasma
from same animal strain). When diluting the samples, the dilution fagtsconsidered

in the data acquisition and calculations.
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Tissue sample preparation (e.g. brain, liver) faMSCanalysis:

The tissue amples were weighed and one volume of proteinase K solution was added.

The tissue was digested by incubation with proteinase K atGf@or 13 h. After the

incubation, the tissue was mechanically broken. The digested tissue was mixed with six
volumes of AN containing the internal standard. After centrifugation, the supernatant

was taken and introduced in a properly labelled glass @atmpler vial

Total RNA isolation and

guantitative RTR:

Using a FastPrep4 5G instrument (MP Biomedicals), flash frotieer, brain and spinal

cord samples were homogenized in lysis buffer (Jena Bioscience). Total RNA was isolated
t dZNAFAOF GAZ2Y YA

dzaAy3d ¢20l f

whb!

instructions. RNA quantity and purity weevaluated spectrophotometrically with the

Nanodrop NFBO instrument (Implen). After DNase | treatment (PerfeCTa DNase |, Quanta
Bioscience), 500 ng of total RNA was transcribed into cDNA with 5x PrimeScript RT
O¢k 1 NF U P xEBSparsteROX (Bidym)facedddiBtb tfie 1j t /
manufacturer’s instructions, the gPCR reaction was performed on the QuantStudio® 3
(ThermoFisher

al 3G SNX)AE

reaktime polymerase
{ OASYGATAOK
g SNE RS{SNY

chain reaction
vdzZl yi&addzRA2u
AYSR dzaAy3

sequences are listed ifable38.

Table38. Primer list used for quantitative RFACR

(PCR)

idKS

system

OWSYyI

o)

5 S & A 3 gxpressioh Mlels & & A &

Hbpnp/ ¢

Y*&ihdK 2 R
not-induced animals fed with the samdiet (AIN 93M) were used as control group. Primer

Gene Forward Primer Reverse Primer

Hprt AGTTCTTTGCTGACCTGCTG | CCACCAATAACTTTTATGTCC(
Mbp CGAGGAGAGGCTGGAAAGAA TGCTTGGAGTCTGTCACCG
NP GAGGGAAGAAGCAGCCATTG| GGCAAGTCCCAACATCAACA
IL-6 ACTTCACAAGTCGGAGGCTTA TCTGCAAGTGCATCATCGTT
Olig2 CCACACACACACCTTTTGCC | CACGTTGTAATGCAGGTCGC
IL17A CCACCACGCTCTTCTGTCTA | CTGATGAGAGGGAGGCCATT
CXCL16 AGTGGGTCCGTGAACTAGTG| GTCTGGGTACTGGCTTGAGG
TGE ™ CTACTATGCTAAAGAGGTCA(Q 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.
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X881.1 REF 39602004). A HM325 Manual Microtome (Leica BioSystem) was used to
perform 5 pM cuts. Cuts were mounted on glass Superfrost PLUS or Superfrost R
(Langenbrinck GmbH, ar0.03 0060) slidesUsing the same exposure and intensity for
each sampleH&E andimmunohistochemicalmages were acquired with 3D HISTECK,
panoramic scaner 2.1.1.

Protocols:

HematoxylinREosin staining (H&E):

After the deparaffinizing and dehydrating steps using P8&ylene (isomeric mixture,
ACROS ORGANICS), increasing ethanol (VWR Chemicals) dilutions and Vixater on
brain and spinal cord slides (5 pm cut), Eosin % ghjueous solution, Bi®ptica) was
dzZaSR G2 aidl Ay O eHeddtdkylind BieOpii¢aniasSusea to 8t&r\aliciei.

MBP immunostaining:

After the deparaffinizing and dehydrating steps using P8&ylene (isomeric mixture,
ACROS ORGANICS), increasing ethanol (VWR Chemicals) dilutions and water, antigen
(epitope) retrieval was performed using citrate buffer (45 min at@ Aftethe washing

steps (3 x 5 min in PBS), blocking was performed fani6Cat room temperature with 5

% Normal serum Blocking solution (BioLegend) in%.Briton X100 in PBS. Incubation

with the Myelin base protein (MBR)rimary antibody was done overnight at 4 °C. After
washing steps (3 x 5 min in PBS), incubation with the secondary aptasddone for 45

min at room temperature (1:400 sheep améibbit IgG, Alkaline Phosphatase, antibodies
online, product n. ABIN102021). Dako kit(idjpermanent red) was used asubstrate

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 Shayiik test.

Before conducting further statistical analysise BrownForsythe test was usetb test

data for homoscedasticity while ordinary omeay ANOVA was used for multiple
comparisons (Bonferroni correction). Incidence was compared using the Chi2 test and p
values were corrected with the Bonferroni method for multiple comparisons-4€aEes

were compared using multiple MarAwhitney tests withtwo-stage stepup (Benjamini,

Krieger, and Yekutieli);yalues were corrected with the Bonferroni method for multiple
comparisons. Significance levels are indicated by<smp®np T FF LI OO dnmT
FFFF LI X ndnnnamd
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3.3Results

Theperipherally active compound showed increased survival atess severe EAE

scoring

In order to evaluate a possible therapeutical effect of the selected compounds, a study
with 28 female C57BL/6 miogas performed (Table ®) where 24 animals were EAE
induced after 6 weeks prieeding with the AIN 93M diet and 300 pg/mice M@$3s/CFA
sonicated emulsion s.c. and 240 ng/mice PTX i.p. injeclioim. p38& MAP Kinase
inhibitors (Skepinone derivate number 11 and 13, Chapter 1) showed high potencin

vitro and ex vivo(¢ b A®o=1.3 +0.1and 5.3 + 0.6, respectivelyput different organ
affinity: compoundll was found in the periphery (liver and spleen) while compo&d

was presentn the CNS (brain and spinal cord). Control mice (group 1, n=4) did not receive
any MOG/CFAemulsion injecon (Table 3). Analytic results were analyzed in order to
evaluate the kinetisand the metabolism of the selected compounds ateght daysof

daily p.o. application whilg¢he last injection was done B before termination/organ
collection. As showin Figure 2la, compoundll has a faster clearance from tail plasma
compared withcompound13.

As already discussed @napter 1of the thesis, also in this vivoexperiment, after daily
p.o. treatment from day 9 to day 17 (12 umol/kg), compouridvasnot BBB penetrant
while compoundL3was found irthe brain and spinal cord (6025.7 nM and 112 + 28.2
nM, respectively). Both compounds were detected byMEin te periphery in liver and
spleen: compound 1 with an average concentration of 364 nM and 250 nM respectjvely
while compoundL3with an average of 39 nM and 125 nM respectivéligre 2b).
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Figure24. Analytic resultsa) Tail plasma curve after p.o. applicationl@ umol/kgof compounc
1land13at day 17 post induction. Tail blood was taken after 5 min, 15 min, 30 min, 60 min, 120
min and 240 minb) Concentrations of compoursd 1and13in liver, spleen, brain and spinal cord
after p.o. administration of 12 pmol/kat 240 minValues are displayed as mean + G@mpound
11results are displayed in light green (square shape)l&@rdsults are displayed in violet (triangle
shape).
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Body weight did notdiffer between groupauntil the endstudy Figure Ba). All groups
showed a loss of body weight at day 1~df5%while, on the other handn the first half
of the study(day 8)representing the latent symptom free phase of EAlEgroups reach
10%body weightgain

Average disease scooxer time(calculated byhe AUCof the score time curvediffered
significantly betweervS K A Of S vérstgcofripdudd®l treated animalsli(J XX n dnmo
while, on the other hand, compounti3 treated animalgdid not showless severeigns

when compared to vehicle group micEigure 25h. Also, compound.1l treated mice

showed &8 %survival (only one animal was terminated due to the severity ofdiigas
developed), while numerous vehicle mice and compo(Bdreated mice needed to be
GSNXYAYFGSR 0STF2NB RFE& wmMtT | FiSNI %Wt DAY I &C
survival, respectively on study day 1Figure 25

These resultare interesting at several levels. First, that althodgland 13 are similar in
celkbased assays, and plasma exposure, they differ in overall effect in EAE. Secondly, that

a moreperipheral inhibition of the immuneresponsds moreeffective in EAE terms of

severity and survivakven when given after the onset of sigiiis probably reflects the

situation that EAE is induced in the periphery with central signs being a later
manifestation. However, in this study, compouhtiwas given first on day-91 when the

animals had reached at least score 0.5. This indicatesstreat when immune cells have

just entered the CNS and spinal cord, compoddds still able to exert an effect that

restricts their action in the nervous system. The effect was observed after a deldy of 4

days. This may reflect the time required for thebstance 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 orearly or prophylactic dosing to disrupt antigen presentation
and inflammatory responses to the antigen after inoculation.

That compoundLl is active at such a late stage is a positive sign for its general activity
and clinical potential

102



b)

Body Weight
120+ .
= Vehicle
= o 11
21101 =it * 13
] .. P
2 . \
21001 \
£ i
‘6 90- - 4 L x
b L s
o _L"'!‘H—-q'r
* 804 X
7G T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18
time [d]
Disease Scoring
6- » Vehicle
o 11
51 * 13
® v
S 41 i ]
(3]
33- p o8
<
w 24
1.
OilIlll‘llII:-')‘i T T T 1
0 2 4 6 8 10 12 14 16 18
time [d]
Survival Curve
100 : = Vehicle
: a 11
S " w13
_ 75 :
© i
2 V-
£ 50]
/2] :
2 v
251 —
G T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18

time [d]

Figure25. In vivo parametersafter EAE induction. P.o. administration of 12 pmol/kg was daily
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FFF LI XXX ndnn mVehiglg resplts drd diplayed im ned @eircle shapeinpoundll
results are displayed in light green (square shape)camapoundl3results are displayed in violet
(triangle shape).

Theperipheally active compounghowed reduction aipoptosismarkerandincreased

myelinpreservation in brain by gPCR and histology

Toinvestigate mechanism conferrirtige effect of the two compoundsn EAEQPCR and
histological analysis were performed on brains. Whereas, mRNA expression-of pro
inflammatory markersvere not regulated by compound treatment, the apoptosis marker

Casp3 was downregulated in the brains of compodddreated mice6 F f LI X ndna
indicating protection against neuronal loss in the bradtig(re ®). In order to evaluate

myelin loss in the braifMBPIHC assay was performed in corosattionsof each brain.

Myelin is found to be disrupted in the vehicle group in different regions of the brain, while
compound11 treatment preservedmyelin. Compoundl3 decreased the loss of myelin
versusvehicle, but less so thahl (Figure 27. In contrast, the oligodendrocyte marker,

Olig2 mRNA was downregulated in the brains of compodfdreated miceo f L) X n dm
(Figure 26.
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Figure26. Gene expression analysis of ENBS t S @Iy Ay T I I¥oY(-bj, apuiosi® ¢ b Ch |
(Casps3jc) andoligodendrocytes (Olig2iY markers in the brain of4week-old mice.Plotted are

the normalized expression levels as fold change relatitegmot-inducedcontrol group(circle

black shape) p<n ®np T FfF LI X ndnmT F.Dataad didgplayedbasmeah F F F F
+ SD of the mean, n =@ehicle results are displaya@dred (red circles compoundll1results are

displayed in light green (squares) and compodBdesults are displayed in violet (triangles).
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Figure27. MBP IHC staining of brain cororsactions from EAE MQ£3s induced mice. Myelin
fibers (pink stained) loss is indicated by blue arrows in cortex, corpus callosurangaribr
commissure, anterior pafacd. Compoundd1and13are compared tdahe vehicle group.

Bothcompound showed ugregulation ofmyelinmarkerand downregulation of

apoptosis markein spinal cord by gPCR and histology

Furthermore, gene expression amdstologicalanalysis were performed in spinal cord
samples. Inthe spinal cord mRNA levels of prmmflammatory cytokines were not
regulated by compound treatment, while the apoptotic markeZatp3 displayed
significant dowrregulation in treated groupso f F LJ ). Hn additiorm the
oligodendrocyte marker Olig2 (oligodendrocytes)was significantly upregulated in
GNBFGSR YAOS O0FF LI X nonm FyR F glapd13J X n o,
(Figure 28. These results together indicate that both p38 MKRaseinhibitors 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 perf@taied in

pink, myelin is severely disrupted in vehicle mice compé&wemdmpoundl1treated mice,
which instead showed myelin protection. Also in this analysis, as already shown in the
brain, compoundL3 protected against the loss of the myelwrersusvehicle, butwasless
effectivethan compoundl11 (Figure 29.
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Figure28. Gene expression analysisof ENBS f S@I y i Ay F I I¥oy(d-ty, apefosi® ¢ b Ch |
(Casp3)(c) and oligodendrocytes (Olig2d) markers in the spinal cord df4-weekold mice.

Plotted are the normalized expressitevels as fold change relative tbhe not-induced control

ANRdzL) 606t O1 OANDESAa0® F LI X n ¢Damdre gisplayedask n dnwm
mean = SD of the mean, n =\&hicle results are displayed in red (circles), compdLiesults

are displayed in light green (squares) and compol@®desults are displayed in violet (triangles).
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Vehicle 11 13

200 um

Figure29. MBP IHC staining of spinal cord sections fEofE MOgz.ssinduced 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). Compotftdsd 13 are comparedvith the
vehicle group.

Bothcompound showed liver necrosis protection and reduction of inflammaiipn
gPCR and histology

Gene expression analysis in liver samples revealed no compound effect on mRNA levels

of the inflammation markes IL17A andIL-6, while TGF m gl a aAIYyATA
downregulated irvehicle miceDysregulation of TGF M Ol y f SIFIR (02 (0KS R
hepatic fibrosis’®’°Due to compound treatmenfGH m SELINB&aaAiA 2y f S@St a
to similar levelsto those in healthy mice.Furthermore,expression levels of the anti
inflammatory and liver protective cytokine -10 were analyzed. A significant
downregulation oflL.-10 was observed in EAE mice and in compo@Bdreated mice,

whereas compound.1treated mice displayedo significant changes liver [10 levels

compared to healthy miceF{gure30e). It has been shown thall-10 attenuates liver

fibrosis and possess liver protective propertie$® Upregulation of the fructose
transporter Glut5 and increased dietary fructose intake is associated witkalommolic

fatty liver disease (NAFLB)Significantly upregulated Glut5 expression levels were
detected in vehicle treatedEAE miceBoth compounds1l and 13 restored Gluts

expressia to the levels irhealthy mice(Figure 30e).
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Figure30. Gene expression analysis of E&Evant fibrosis/necrosis (IL17A, CXCLa&nd b),

inflammatory (-6, TGF mandIL-10) (c, dande) and metabolic (GLUTH) markers in the liver

of 14-week-old mice.Plotted are the normalized expression levels as fold change relativetio

induced control group (black circlesp<n ®np T FfF LI XX ndnmT Ff.Pga LI XX nd
are displayed as mean = SD of the mean, n ¥eBicle results are displayed in red (circles),
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compoundllresults are displayed in light green (squares) and compdg@mdsults are displayed
in viokt (triangles).

Vehicle 11 13

200 um , 200 pm \ zo um
Figure31. Representativéd&Estainedliver tissuegrom 14-week-old EAE MOgsssinduced mice.
Vehicle treated liver shows severe inflammation and macroscopic morpicalaamage, scale
bar 200 um. Both compoursdll and 13 treated livers appear to have lesbver damage and
preservation of normal hepatic histologgcale bar 200 pm.

3.4 Discussion

The p38MAP Kinasaignaling pathwayasbeen identified as a centraégulatorin the
pathophysiology of MS and its most commonly used murine model, 1¥#ARS
progression, characterized bydemyelination, immune dysregulation, and
neuroinflammation is linked to oligodendrocyte destructicemd glial overactivationlt
has already been demonstrated that inhibitiong#8 MAP Kinassignaling pathways can
promote neuroprotection and neurotrophic effects against the clingathological
presentation of MS and influence other neurological disorders such & AD.

Given this rationalein the first chapter of this thesis, out of the 13 Skepindike p38
MAP Kinasénhibitors tested, the two most potenin vitro andin vivocompounds were
selected: compoundlthat showed no BBB penetrating ability, and compodBavhich
distributes in both the brain and spinal cord of C57/BL6 mice after p.o. and i.v.
administration. In order to testhe 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 reproducibi@del, with high
incidence and low group variabilitfhis murine model alloweghe to test compoundd.1

and 13, underlying the potential of targeting p3BIAP Kinasgathway as a disease
modifying therapy in MSp38 MAP Kinasenhibitors havealreadyshown potential in
preclinical studies using EABodels bymodulating the immune response, reducing
inflammation, and protecting against demyelination in the dNtheir failure in clinical
trials for MS patienthias beemattributed to several factors such as lack of efficaog

side effects in the livef?
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Herel K @S (G Sa (i SMRP Kidagenhibiwmng With different profiles and organ
affinity in order to evaluate their therapeutical potential in treating EAE induced ifige.
hypothesis was that by inhibiting the two concomitant inflammatory events occurring in
CNS and in the periphery reenting the crucial elements sustaining MS and HAE,
would be able to attenuate the severity of the symptoms occurring in the disease. To test
this hypothesis, 24 C57/BL6 female mice {fa@ with AIN 93M diet for 6 weeks)ere
inducedwith MOG/CFA sonated emulsion and therapeutically treated only after the
first symptoms were scoredn this project,the effects of compound.1 and 13 versus
vehicle treated animalgiascompared while all groups were later compared to the not
induced mice. Furthermore, with the aim to investigate probable side effects that other
p38 MAP Kinas@hibitors showed during clinical trial testgere alsoexamined possible
hepatic toxicity.

Thein vivo results confirmed the analytic data weshowed inChapter 1of this thesis:
compoundllresulted in being not BBB penetrant, while compour&dvas found in the
brain and spinal cord (60 = 25.7 nM and 112 + 28.2 nM, respectively). Both compounds
were deected by LEMS in the periphery in liver and spleen: while compouridwas
detected at an average concentration of 364 nM and 250 nM respectively, comd@und
had a poor affinity for these two organsigure 24h. Furthermorewhile body weight did

not differ between groups until the end of the studyigure 253 compoundl1displayed
survival protection (87.%6survivallversusd S K A Of S  1%gukvival) il Becréasenl
symptom severity (from extremely severe in the vehicle group to-mibdlerate severity
with compoundlltreatment) (Figures 25f@ndc). These results indicate that a peripheral
inhibition of the immune response leads to a therapeat effect in terms of both severity
and survivahndthat, by inhibiting p38VIAP Kinasectivity, the disease signs appeared
less severe due to the reduction of the production of qmrlammatory cytokines and a
consequent damp of the immune responddistology and qPCR analysis on brain and
spinal cord demonstrate that both compounds have a beneficial effect on the CNS, with
myelin preservation and downregulation of apoptosis markéfigyres 26¢ 29). This
resultis reflecting what has already been pisbledby Noubadeet. al. showing that by

the regulation of p38 MARKiInaseactivity specifically in T cells is sufficient to modulate
EAE severity* Furthermore, Cap3 (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 beXialg p38" MAP
Kinaseinhibition providesneuroprotecton by reducing inflammation and preventing
damage to the myelin sheath and neurdtts

Moreover, my investigations on liver toxicity displayed by hisgical findings, that the
macroscopic structure of livers treated with both compounds is maintained healthy, while
vehicle animals displayed severe liver damdggure 3). Furthermore, analysis on liver
by gPCR confirmed that compoudd might be protective against liver fibrosiBigure

30). These findings suggest that, while old generation of B8 Kinasénhibitorshave
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been poorly tolerated in the clinic, eliciting side effects such as liver toXéthg selected
KAIK LRISYy(d | MAP Kh&intbiiois Ar@rdt hepatgtdxic andnay even
be beneficial to overall liver performanae MS patient.

In this studyit wasdemonstrate thatperipheralinhibition of p38MAP Kinasalows the
development of EAE, and can increase survival and lower the severity of theTsiges.
together, these results show thatJo yMAP Kinasenhibition treatment with the

peripherally active selected compound leads to neural and liver protection
ameliorating EAE disease symptoms and increasing animal survival.

3.5Conclusions

Compoundl1l, the peripherally activgpo y MAP Kinaseanhibitor, increasedin vivo
survivalby over 50% in EAE CHMOG inducedmouse moded versusvehicle treated
animals, resultinglso inadecreasef the severity of thesymptonsrecorded In addition,
histological and gPCR analyssults shoved that spinal cord and brairs benefited from
the anttinflammatory effect of the drug displaying neuroprotection by myelin fiber
preservation and aecreaseof apoptotic factors.

In contrastto the failure of others p38 MAP Kinasenhibitors in clinicaltrials for MS
patients attributed toside effects in the liveboth compound 11 and 13 showed liver
toxicity protection by histopathological and qPCR analyisidicating great potential
beneficialtherapeuticeffectsasdrugs against MS.

112



/ K| Ldd S NJ
P38 MAP Kinas@hibitors restorememory in12-months-old APP/PSinice

Abbreviations:
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APOEA4, apolipoprotein E;

APP, amyloid precursor protein
A, beta amyloid

BBB, Bloodrain-barrier;

CNS, Central nervous system;
CQ, Carbon dioxide;

DAM, Diseas@ssociated microglia;
FDA, U.S. Food and Drug Administragtion

HFD, High fat diet;

i.p., Intra Peritoneal;

IF, immunofluorescence

1I-18, interleukin 18;

IL1a, interleukin 1a;

L[ mi & AYUSNI SdzZlAy m o6S0FT
IL-6, Interleukin 6;

LOAD/ ate Onset oAlzheimeDisease;

M1, Microgliatype 1

M2, Microgliatype 2;

MAP Kinasemitogenactivated protein kinase

MAP, Mitogeractivated protein;
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MoA, Mode of Action;

NFTs, neurofibrillary tangles

NOR, Novel Object Recognition;

OF, Open Field,

p.o., Peroral;

PFA, paraformaldehyde

pg, Picogram;

PS1, presenilinl,;

Rab5, Raselated Rab protein 5;

RT, room temperature

STREMZ2, soluble TREM2;

TLRA4, Toll like receptor 4

¢bChX ¢dzvY2NJ ySONRPaAa FIFOG2NI T
TREMZ2, triggering receptor expressed on myeteits 2
WT, Wild type
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4.1 Introduction

Alzheimef) ®isease (AD) is an insidious, neurodegenerative disorder of the central
nervous systenand a major cause of dementia0 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 fat03%

of dementia casesl he first description of tsidisease was carried out by Alois Alzheimer

at the beginning of the 20 century, defining AD pathogenesisas an extracellular
accumulation ofamyloidd 6! i 0 LISLJGARSA 3ISYSNIGSR o6& (KS
protein (APP)andhyperphosphorylatedlau proteins accumulating inside neurons known

as neurofibrillary tangles (NFEg)usingheuronal deathL y ISy SNI £ = G KS | 331
is consideredio be an essential trigger in AD pathogenesis that gives rise to NFTs,
neuronal dysfunction andementia®’

The FDA has approved five drugs for symptomatietrditment, four acetylcholine
esterase inhibitors and one NMDARtagonist, however, all of them share limited
efficacy and only shotierm beneficial treatment effects in AD patients that vary from
person to person. So far, all afimyloidsmall molecul@rugs in clinical trials have failed,
including betaand gammasecretase inhibitors Mostanti-amyloid antibodieslso failed
initially. The exceptiols have beeduhelm (aducanumab), which was only recently very
controversially approved by the FDekdLecanemab only recently in Phas&# Despite
historic failure of antinflammatory drugs (e.g., NSAIDs) targetipgripheral and
neuroinflammation this kind of investigationis stillof prime interest andctould support
anti-amyloid therapiesand otherinflammatorydriven pathologies of th€NS

The interest in central anihflammatory drugs is the evidence thato-inflammatory
cytokine levelsare increased in both autopsied braisd the peripheral blood ofAD

LI GASyGaz gAGK ¢bCh So3 @ THes NidMdiBds weréSdkso (i 2
reported byKimet al., 2018, who found elevated plasma cytokine levels of ";NIED

and IL1 in dementia patient$?

O«

Recent advances in immunology revealed that the immpnelege hypothesis of the
CNS is no longdully valid in that peripheral cells can enter the CNSfact,the lymph
system is draining cerebrospinal fluid and brain, conimgcCNS and periphery and
provides constant crosmlk between peripheral and CNS imnai systems(Figure
32).93%4 pProiinflammatory immune cells and cytokines are major players in the
progression to chronic inflammatiom both the periphery and CNS and are decisive
mediators between these inflammatory compartments that are influehby factors like
diet, infection and stres® Master regulators of inflammation, including pB8VAP
Kinase are correlated to both peripheral and CNS inflammation. Thereby, peripheral and
central inflammatory events have the potential to interact and getipel into a vicious
cycle,resulting in chronic inflammatim This new insight into the pathogenesis of AD
opens discussions about the link to other chronic inflammatory diseases such as diabetes
Among the aging populatigndiabetes and AD are two highpyevalent diseaseand it
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has been shown in several studies thhey are linkedwith a significant risk to each
other.969798 Multiple factors which are involved in diabetepathogenesis and
complicationsare found toalsoplay a role in the development of neurodegeneration in
AD patiens. The problem of insuliresistanceanddeficiencyis welldescribed andnown

in diabetesbut there are many studies which suggest dysregulation of insulin levels as a
reason behind the development oAD contributing to vessel leakage and BBB
disruption®"®°Moreover, it has been shown thadefects in insulinignaling may lead to

the acceleration of AD progressi@nd severityby inhibiting microglia phagocytosis
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Figure32. Systemic inflammation, neuroinflammation, aAf-specific pathways. On the left, the
systemic inflammatiorfcaused by events such as infection, chronic iliness, and epsiarked

by increased circulating proflammatory cytokines (e.g.,-M.i [Z6X ¢ b Ch-28) drogdued L [

by lymph nodes or the spleen for example These cytokines can bind to receptors on endothelial
cells and cause a signaling cascade in thvags a) cytokine release into the bloodstrearh)
opening of tightjunctions between vdothelial cells,c) and cytokine release into th€NS
Proinflammatory cytokines in the CNS can also activate MO resting microglia and astrocytes to
releasemore pro-inflammatory cytokines. Prolonged inflammatory activatiomfmicroglia and
astrocytegs believed to promote neurodegeneration aAdrelated pathologies bypregulation

2T 1AylrasSa GKFG O2ydNR o dziadyloitl dligoineridatioftBel BEINLIK 2 &
phenotype switch of microgliand p38MAP Kinaseathway activatiot. This figure was created

with BioRender

Recent studies demonstrate the potential benefits of novel Skepifias=dp38 MAP
Kinaseinhibitors. Activity 6 the p38 MAP Kinaseignaling pathway hkls to increased
pro-inflammatory cytokine levels associated with neuroinflammation and
neurodegeneration; this has been documented in both, brains from AD patients and
transgenic AD mic&?’ Thep38 MAP Kinaséamily consists of 4 different isoformstAP
Kinasel4 (p38 ), MAP Kinasél (p38 ), MAP Kinasé&2 (P38 ) andMAP Kinasé&3 (P38).

The isoforms have different functions and are expressed in different ss§ezuliarly,
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p38" is mostly expressed in immune cells, gkdlsand neurons, making it a relevant and
valid target for CNS disordemssociated with an inflammatory respon¥&.Several
studies demonstrated how a variety of genes involved flrammation, such ashose
coding for¢ b Ch-\zi IM6,[cyclooxygenasg, and collagenasg and-3, are positively
NB 3 dzf I  SNRAP Kidasdclivatibn, makind.Jo YMAP Kinas@ potential target as
a novel therapeutic strategfpr chronic inflammatory i$eases.

The a and b isoforms of p38VIAP Kinasshare 75% homology9 I NX @ 3 Sy SNJI (A 2
MAP Kinasénhibitors were active on botla andb isoforms and also were not selective

enough with respect to offargets'41%n addition, the effect of norselective p38MAP

Kinase inhibition showed inin vivo modes of inflammation equivocal results.
Furthermore, even if early generation pB8/AP Kinasenhibitors hal been found to

reduce TNFlevels in LR#iduced animal models of inflammation, these effects were not
reproducible, even with a potent inhibitor (SBZ580)1°6

Themore recently described p3BIAP Kinasenhibitor Neflamapimod X 749, being
BBBpenetrant,but with alow brain to plasma ratio and inferior selectivity amongst p38
isoforms, completed Phase Il trials for the treatment of AD (NCT02423200, NCT02423122
& NCTO03402659). Originally, Neflamapimod was developed for the treatment of
Rheumatoid Arthris, however was discontinued due to sidffects in clinical studie’$.

Neflamapimodalsofailed in the improvement of episodic memory in the REVEBBE
trial, a Phase Il trial including 161 mild AD patiérit$Reportedadverseeffects included,

but were not limited to nausea, headache, diarrhea, and upper respiratory tract infection.
On the other handijt provided positive data in Lewey body dementia. Very little data
were published on the dose/PD relationships of the substanNor were there
descriptions of its effects on microglia in either AD patient brains or in mouse models

Activated gliacells in the CNS are among the most important contributors to the
pathophysiology and progression in AD linked to an excessive mngexd increase in
proinflammatory cytokine productiorMicroglia contribute to neurodegeneration in AD
through the release of toxic substancdi&e cytokinesand regulation of synaptic
function.1°” Understanding the role of microglia in AD is crucial for developing effective
treatments.Microglia can be categorized into two opposite typae®-inflammatory(M1)

or anti-inflammatory(M2) that, in healthy brainsare balancedFigure33a).1°¢ WhileM1
microglia inducenflammation they also have diminished ability to phagocytose amyloid
leading toneurotoxicityas Amyloid over saturates receptors like TURZ.microgliaare
considered anti-inflammatory and neuroprotecte due to their anti-inflammatay
activity and efficacy in phagocytosing amyloid, resulting in clearafigeires 34a and
b).109

Within AD, the formatiorof ! | aggregatesand NFTs leads to the chronic activation of
microglia into the pranflammatory M1 phenotypecausing a misbalance between the
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M1 and M2 phenotypsthat normally occur irthe brains ofhealthypatients 2 K S y°
peptides arecontinuouslyproduced as in ADpro-inflammatory cytokinegproduced by
activated astrocytes and Mdhronially activatedmicroglialeadsto further aggregation
2F i lasdldlchnBefuent | A f dzN&eardnge(Figure 3, red rectangle)
Ultimately, this chronic activation leads to neurodegeneratiand AD pathology®
During the progression @&D,the anttinflammatory M2 microglia, whicls functional in
its phagocytosis roléndudng tissue repair and healing, becomeover-stimulated and
dysfunctiona) leading to a loss of the balance in favor of the-inflammatory M1
microglia(Figure 3b), creating further damage accompanied ¢gnitive impairment!!
Previous studies showed that balancitige M1/M2 polarization had a promising
therapeutic prospect in neurodegenerative diseadebas also been deamstratedthat
shifting microglia from M1 to M2 maye the key to possible therapies for
neurodegenerative diseaséBigure 3b andFigure 3, green rectanglg.1%®
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Microglial polarization in healthy brain
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Figure33. Diagramof the dual role of microglia in neuronal health and disease, underlining the
critical balance between the M1 and M2 statey Balanced microglia polarizationtime healthy
brain. The diagram shows the dual functions of microglia through M1 and M2 pheestyhe
M1 microglial phenotype promotes neuroinflammation through the secretion of- pro
inflammatory factors, leading to neuronal damage. The related pathways involved in this process
encompass Tollke Receptors (TLRs), Nuclear Fakappa B (N& . 0 &thelp38 MAP Kinase

activation pathway. In contrast the M2 phenotype of microglia secretes aimflammatory
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factors, thereby providing neuroprotective effe¢f8 b) Microglial activation in
neurodegenerationThe chronic inflammation in the CNS occurring in AD patleatisto a M1
polarization shift. M2 Diseas&ssociated Microglia (DAM) are found near amyloid plaques trying
to compensatdor the loss of the balance by mitigatidisease progression through phagocytosis
of misfolded and aggregated protein$he switch to DM is triggered by phagocytosis of
apoptotic neurons and depemscn the activation of TREMRPOE signaling? This figure was
created with BioRendeand adapted from Miat. al.?®
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Figure34.9 T T S O (i MAPKindsimhjbition on the chronically inflamed AD bra@®n the upper

part of the diagram, highlighted in red, the microgteediated neuroinflammation, common

features in neurodegenerative disease such as AD. The production-offlrmmatory cytokines

(e.g.,b C! I y Reads to @ ehibnic activation of the neurotoxic M1 phenotype of microglia.

Below, on the green highlighted diagram, is shown the two different impacts oM#g8 Kinase

inhibitor compounds on the chronic inflammation occurring in the AD b@iwlirect inhibition

of activated astrocytes inhibiting pfioaflammatory productionb) M1 phenotype switches into

0KS aH YySdzINPLINRGSOGAODS LIKAP Kigas@hihi®rs.dtds figuldBadsi Y Sy
created with BioRender.

A recently identified subset of CNS resident macrophages found at sites of
neurodegeneration, might play such a protective rdlee Diseasédssociated Microglia
(DAM)1 13 The microglia phenotypeswitch to DAMnN order to compensatéor the loss of
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the balanceof M1/M2, wasfound to betriggered by phagocytosis of apoptotic neurons
and depend on the activation of TREMRPOE signaling*

TREM2 is a transmembrane receptor that is predominantly expresseyetoid cells

including microtia in the brain. Mutations inTREM2have been associated with an

increased risk of developing Late Onset Alzheinbesease (LOAD)in both the
homozygous and heterozygous staté3''* TREM2 is a receptor for a range of aggregates

and particles including AB, but also ApoE emrfobth the healthy state and in ADREM2

plays a crucial role in regulating microglial activation. Increasing TREM2 expression
through overexpression of human TREM2 redsitei R S LJp@suriablg irough

increased clearancE’ Agonistic antibodies against TREMI2ONE RdzOS ! i | O0OdzY d:
and improven vivobehavioral performancén AD modeld1811°

The soluble form of TREM2, STREMZ2, has been founddtebated inthe cerebrospinal

fluid (CSF) of AD patientmaking ita useful marker of AD pathology and cognitive
declingl20121122123124 STREM? influencesi Apathologyby 6 t 2 O1 Ay 3 'y R NB @S
oligomerization and fibril T I G A 2y = | y EhducédBediSnAlliossl Atro.125i

While this effect appears usefud vitro, in vivg the signaling function is probabigore

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 tlaeeteform

of the receptor is likely local proteolysis induced by amyloid driven TLR4 activation.

Several studies showed thati R S LJ& &a tirdinZcgh activatéoll-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 STREMZ2 is still able to bind amyloid,
it is incapable of signaling an increased clearance reaction. Thus, increased activation of
TLR4, further signals via MyD88, p8&\P Kinaseand ADAM10 mediated processe
(Figure %) to cause increasing suppression of TREM2 expression and TREM2 function.
This is, in turn, a downward spiral of loss of clearance function anerdiaimmatory
effects of TREM$6127128

These observations suggest thawestigating the role of TREM2 in microglial cells is
crucial to better understand the molecular mechanisms underlying AD pathogenesis and
to developng new therapies that target microglia and TREM2
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Figure35. Schematic model of the interplay between triggering receptor expresseahy@ioid

cells 2 TREM2 and ToHike receptor 4 TLR#induced activation after chronic inflammation
typically occurring in the AD braiithis diagram showsly K & LJ2 (i K S & A MAP KiyfaseLJo y h
inhibitors possible MoAThe TLR4nduced inflammation suppresses thEREM2signaling

LI Kol & G2 SEINASNDINBSR (AKSTHHYYFG2NE NBaLRYyasS
the activated TLR4pathway can interfere witiTREM2by inhibiting the increment of REM2
expression and cleawg TREMZnto its soluble form (STREM2) known to reduce amyloid plaque
load and to positively impact amyleiélated pathology.This figure was created with BioRender

and adapted from Het. al.»*°

Also, he dysfunction of enddysosomal and autophagic processes play a crucial role in
the pathogenesisf AD. After endocytosisAPRcontaining vesicles are delivered to early
endosomes, marked by Rab%his general mechanism has been found to occur in
microglia, neurons and astrocyté¥:132133Early endosomes serve as a sorting apparatus,
regulating the destiny of cargo proteins by the transport toiemas organelles. The
transition from early to late endosomes, marked by the replacement of RgBab7 and
followed by the fusion with lysosomes, is essential for lysosomal degradation of
proteins!3* The level ofextracellular and intracellular APP is believed to induce
overactivation of Rab5, which leads to enlarged early endosomes and blocks the
conversion of early endosomes to Rapd@sitive late endosomesConsequently the
dysregulation of the endocytic pathway leads to ition of the lysosomal degradation

of APR and its unprocessed form is released from the cell via the recycling endosomal
pathway, marked by RablFigure &a, b and ¢).!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 diseas&he p3& MAP Kinaspathwayis the major regulator of Rab5
activity.’

For this reasonmy hypothesis is thaselective p38 kinase inhibitors could reverse the
overactivation of Rab5 and restore the transition from early to late endosomes with the
subsequent lysosomal degradation of APRy(re &d).

Figure36. Dysfunction of endosomdysosomal protein degradation in AR).APP endocytosib)

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 endosanaenprocessed

APP is released from the cell via Rap&itiveendosomes Thelnhibition of p38 downregulates

the overactivation of Rab5 and restores the transition from early to late endos¢ahésllowed

by APPdegradation in lysosome%his figurewas created with BioRender.

For these investigationg used the welknown 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 mutah of APP and the L166P mutation of human
presenilinl (PSL) under the murine Thyl promotor. These mutations lead to increased
LINE RdzOGA2Y YR FOOdzydz F iA2y 2F 1i LISLIWARSaA
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