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Brain Health Preclinical body brain model

Model for Brain Health, Aging and Neuroinflammation

* Proprietary TNO strain: Ldir-/-.Leiden mouse
*  Humanized genetic background: 262 high-impact human SNPs
* Translational for obesity, IR, MAFLD/MASH, CVD.
*  Human disease mechanisms, pathology, biomarkers and drug responses

*  Mimics high-risk patient groups (patented model)
(Morrison, Hepatol Comm., 2018; Martinez-Arranz, Hepatology 2022; Verschuren Nat
Comm. 2024)

* Functional and molecular readouts: body & brain

BioSpec 47/40USR

*  Behaviour & cognition tests during aging and/or obesity
*  Histopathology: morphology & protein expression and distribution

*  Brain transcriptomics, lipidomics, oxylipins, neuroinflammation, blood brain
barrier dysfunction

* MRI imaging with Radboudumc

* Brain structures (e.g. grey matter and white matter integrity);
thinning of cortex

*  Brain functions (connectivity, cerebral blood flow, BBB integrity)

*  Polarized light imaging
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Brain Health Preclinical body brain model

Mechanistic differences with conventional model

4 1 Compared to C57BL/6:
s i Increased metabolic oxidative stress in CNS
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Wareham et al. Molecular Neurodegeneration 2022
Established BBB dysfunction (MRI tracer studies, TNQ noyation
) . or life
Seidel et al, Brain Behav Immun Health. 2025 collaboration Radboud UMC, Jia et al., IIMS 2025)

Seidel et al., Frontiers Cell Neurosc., 2023



Brain Health Preclinical body brain model

Neurodegeneration in the brain (CNS)

Neurodegeneration

* Underlying disease process in all neurodegenerative diseases Histological analysis — comparison with conventional model

(C57BL/6J wt mice)
* Loss of neuronal function — breakdown connectivity & communication:

axonal damage, synaptic dysfunction/loss
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[ 18-wo C57BL/6) [ 18-wo Ldir-/-.Leiden
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Health Neurodegeneration

Misfolded proteins
and abnormal protein
accumulation

Lysosomal

Altered glial function
depletion

and inflammation

=,
T

Mitochondrial
dysfunction

Degeneration severity scores (1-5)

Average neurodegeneration 2. A
Garman, Toxicol Pathol. 2011

Impaired RNA homeostasis N
* Neurodegeneration more pronounced in LdIr-/-.Leiden model than in
Fig. 1. Major cellular and molecular processes contributing to neurodegeneration. There are multiple processes that drive neurodegeneration as a result of .
specific genetic vulnerabilities or aging. Such processes include abnormally altered expression of some disease-driving RNAs and proteins, dysfunction of specific Co nve ntlona I mod eI
cellular organelles such as mitochondria or lysosomes, and neuroinflammation and altered responses of glia in the brain. Lysosomes and mitochondria are shown *

in green and pink, respectively. Abnormal protein accumulation and altered RNA-protein interactions are depicted as black dots.

Katnelson et al. Sci Trans! Med. 2016 * In addition: demyelination of peripheral nerves (histology, lipidomics)

Seidel et al. Front.Cell Neurosc. 2023
Seidel et al. Brain Behavior Immun Health 2025
Seider et al., PLoS One, in revision
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Brain Health Preclinical body brain model

Pathology of small vessel disease incl. BBB ‘leakage’

Pathophysiology of ¢cSVD and MRI hallmarks

Neurcimaging markers of SVD BBB permeability detection

Brainatrophy Mouse — 1. DCE-MRI using gadolinium injection real-time dynamic measures

Holder ! #" 2. NaFlinjection last 15 minutes experiment detects NaF diffusion at
e =

i WMH _‘ .1‘.) = fixed time point post mortem
Blood-brain-barrier : ﬁ TI ——
= S Microbleed ey
Dysregulation < W A\
Lacune . / a

*

Perivascular
space

In collaboration with Radboud UMC, with
courtesy of A. Kiliaan

* BBB leakage in Ldlr-/-.Leiden mice compared to BL/6 wt

compared to BL/6 wt mice
=» see next slide: fits with increased local ketone formation
(and breakdown of structural lipids in cortex
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KETONE BODIES ELEVATED IN CORTEX INDICATES PATHOLOGICAL LIPID BREAKDOWN

Analysis of cortex tissues from Seidel et al., Front. Cell Neurosc. 2023 indicates an enhanced lipid breakdown (probably of brain-lipids ie. which may explain
cortex thinning on HFD) and thereby the impaired brain functions
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Brain Health Preclinical body brain model

Age-related gliosis

Total brain specific regions

Gliosis

* Reactive change (proliferation) in glial cells in response to damage. . .

p=0.09 —i

*  Glial cells: ‘helper cells’ of nervous system (homeostasis, myelination, BBB,
supply neurons with nutrients, support & protect neurons)

*%¥
1

p=0.07

i)

* Important pro-inflammatory mechanism in neurodegenerative diseases

GFAP immunoreactivity (%)
-~
1

GFAP immunoreactivity (%)

* Astrogliosis: proliferation of astrocytes. rm—— ic HPC H
. Index for neuronal damage. E ) 18-wo C57BL/6) [ 18-wo Ldir-/-.Leiden B 50-wo C5BL/6) B 50-wo Ldir-/-.Leiden
«  GFAP: marker protein for astrocytes. 18-wo BI6 18-wo Ldlr-/-.L SO-WO BI6 ?O-WO Ldlr-/-.L
= . 3 .{5'
* Histological analysis — comparison with conventional model < e
o &
e LdIr-/-.Leiden model shows age-related gliosis, that is not observed in 5
conventional models : - ’

Seidel et al. Front.Cell Neurosc. 2023
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Brain Health Preclinical body brain model

Oxidative stress & Mitochondrial dysfunction

Top 3 pathways in NGS:

*  Down-regulated OXPHOS (#1)
* elLF2 (associated with UPR) (#2)

* Mitochondrial dysfunction (#3)

Hippocampus transcriptomics

Oxidalive Phosphorylation -l - . - 1
EIF2 Signaling 1 : : - 1
Mitochandrial Dysfunction —
Granzyme A Signaling - 1: .
Estrogen Receptor Signaling - :
Regulation of elF4 and p70SEK Signaling
Sirtuin Signaling Pathway : ]

mTOR Signaling
Coronavirus Pathogenesis Pathway =
Glucocorticoid Receptor Signaling ———— -
Androgen Signaling :
CLEAR Signaling Pathway -
Assambly of RNA Polymerase |l Complex 1':
Cardiac Hypertrophy Signaling

Synaptogenesis Signaling Pathway . . . .
0 10 20 30 40
-log(p-value)

Seidel et al. Front.Cell Neurosc. 2023 &
Seidel et al. Brain Behavior Inmun Health 2025

Aamir et al. Unfolded Protein Response | SpringerLink 2022

ROS

Hippocampal lipidomics & IHC:

* Lipid biomarkers of ROS exposure
* Increased LPC and LPE

e 4-HNE IHC-staining

PC
135 15
E 10 i f; 10
%‘ £
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o & & §s@*
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cerebellum (giant neuronal

cells)
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o can be formed via ROS
or by lipoases

Morrison et al. unpublished Engel et al. Frontiers Physiol. 2021

Increased cholesteryl esters

CE is neutral from of free
cholesterol, which is
proinflammatory (inflammasome)
CE accumulation is well known in
neurodegenerative diseases.

Shirane et al. Neural Regen Res. 2024
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Morrison et al. unpublished
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https://link.springer.com/referenceworkentry/10.1007/978-3-030-57401-7_10074

istology (ongoing)

Neurotoxicity Trimming Guide

Level 1

Level 2

Level 3

Level 4

Thalamus
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Brain Health Preclinical body brain model

Aging associated neuroinflammation: spatial differences

 Significant spatial differences in protein expression and inflammatory Example: Effects of anti-inflammatory
cytokines, for instance: treatments targeting inflammasome:

* VCAM-1 (per mg tissue): thalamus = cortex << hippocampus
(per mg tissue) PpocamP « IL-1B (HPC, CTX) 4

 IL-6 (HPC, TH) ¢,
e TNF-a (HPC, CTX) ¢,
e IL-33 and IL-15 (TH)

* BDNF (per mg tissue): cortex < thalamus << hippocampus
* |L-33 (per mg tissue): cortex = hippocampus << thalamus

* TNFa (per mg tissue): cortex < thalamus < hippocampus

Results from 80 w old C57BL/6 mice and similar regional differences in Ldlr-/-
.Leiden mice (data from Public Private Partnership I-BRAIN) e IL-10 (TH) T (HPC) ¢

 MIP-1, VCAM-1, GDF15 and
Osteopontin (no difference)

Cortex IL-6 (pg/mg protein)

At t=8 weeks
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Brain Health Preclinical body brain model

Obesity-induced neuroinflammation in Ldlr-/-.Leiden mice

* Neuroinflammation on protein level: HFD induces

F‘,ffect of HFD feeding on chemokine and cytoklfle conc.entratlons inﬂammatory response as evidenced by cytokine
in cortex homogenates of S0 week-old Ldlr-/-Leiden mice -
profiling of cortex.

Chow HFD
Cytokines e |L-33 /]\
Mean SEM Mean SEM
IL-17A/F 0,13 0,02 0,14 0,01 e IL-10 M
IL-27p28/IL-30 028 0,05 0.26 0,03 HFD
L33 38.82 1122 78507 13.68 ° 1T VS.
IP-10 0.79 0,04 0.89 0,08 e IL-6 Chow
MCP-1 1.94 021 1,89 0,09
TFN-y 0.00 0,00 0,00 0,00 * TNF-a T
IL-10 0.09 0.02 0.14* 0.01
IL-1B 0.09 0.02 013" 002
L2 0.03 0.00 0.03 0.00 * Dynamical changes over time (typically no gradual
ns 029 0.06 0.41* 0.02 increase but bell-shaped with earlier peak on HFD
KC/GRO 0.96 0,10 0.86 0,03 as compared to chow)
INEx 0.02 201 003" " 000 * Significant regional (spatial) differences in cytokine
Concentrations are expressed as pg / mg protein. and chemokine expressi on

Seidel et al. PLoS One, in revision

Seidel et al. Front.Cell Neurosc. 2023 m ifnn?\f/ation
or lite




Recent example: some cytokines peak at early time points
of HFD feeding

Osteopontin (used as marker of microglia activation)

.0  Plasma Liver Hippocampus
HFD reference W W E 1.5 . c_ I, . % B~
HFD control | HFD [ HFD > $3 23 0 ,'_‘ &=
% £ 1.04 af A £3
Semaglutide | HFD | HFD + semaglutide > ° SE | *x S%.
2 5 o @ E 4
Exercise | HFD )l HFD + exercise > E 0.5 ; E& 5 EE
Semaglutide + exercise I HFD >_ o 3 £ gE 24
t=-20 t=0 t=14 weeks 00- 0

PubMed: Osteopontin drives neuroinflammation and cell loss in MAPT-N279K frontotemporal dementia patient neurons: Cell Stem Cell

PubMed: Plasma osteopontin as a biomarker of Alzheimer’s disease and vascular cognitive impairment | Scientific Reports

After 20 w of HFD run-in, hippocampal expression of many cytokines is higher than after prolonged HFD
(by another 14w) or after continuous chow-feeding (34 w). This suggests that neuroinflammation peaks
at an early time point, ie. at 18-20 w of HFD.

Hl Chow
HFD reference 45 4 0.8 70—
3 HFD control 9 _ 204 el -] s ‘4 v BO- s 400+
. a5 = E 34 E £ 0.6 <= - pet
=3 HFD + semaglutide W = "3 3 25 8- 1
) 5 2 1.5+ 35 25 e ;.%]l]l]— .
1 HFD + exercise g-ﬂ- =051 E'n.z_ E':“- 3_54 w5
. i 8= . = E o =
E= HFD + combination cE10 * g_ﬁ_f_ g £ § 23 E o 200
e g 2214 a2 0.2 85 SE
2= 0.5 £ = &= 22 25
I T 22 g & 100
ol 10 I
0.0 0- 0.0~
n_
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https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(24)00094-8
https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(24)00094-8
https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(24)00094-8
https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(24)00094-8
https://www.cell.com/cell-stem-cell/fulltext/S1934-5909(24)00094-8
https://www.nature.com/articles/s41598-021-83601-6
https://www.nature.com/articles/s41598-021-83601-6
https://www.nature.com/articles/s41598-021-83601-6

Brain Health Preclinical body brain model

Obesity-induced neuroinflammation

In line with human data, obesity-associated changes in immunophenotype in Ldlr-/-.Leiden model:

e Upregulation of other microglia markers (CD68 and TREM2): both linked to human neurodegenerative diseases

TREM?2 (microglia activation)

CD68 (phagocytic microglia)

0.4+ 0.5
g |—|* ;\? % %k
> Z 0.4
20 34 > —
£0.3 2
= >
° =1
© ® 0.3
o o
20.2+ - 9
2 2 0.2-
£ €
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o (&)
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Average CD68 IC HPC TH HTH

S o
T °.’

TREM2 immunoreactivity (%)
o
o

©
=}

Average TREM2

0.8+

I g
EN o
1 1

TREM2 immunoreactivity (%)

o
o

IC HPC

* Neuroinflammation is not simply upregulation of number of cells or a single marker => it is a change in immunotype (as also

observed in human neurodegeneration).

* LdIr-/-.Leiden model replicates microglial marker expression patterns observed in human neurodegenerative disease

Legenda: IC=internal capsule, HPC=hippocampus, TH=thalamus, HTH=hypothalamus

Seidel et al. Front.Cell Neurosc. 2023
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Iba-1 and GFAP in WT, db/db and LdIr-/-.Leiden mice

Iba-1 GFAP
Study setup

A o WT dbidb LDLr— . Leiden+HFD+C LDLr—".Leiden+*HFD
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N
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| |

0 4 8 2 i
WT é : .I
N EEEEEEw " i o
ab7db " : w :! :{';.Ij,.
-  E NN NY W ] :
4 wks old sl 5
LDLr"Leiden e L= - : | == el . ; .
EEEE T = “’ﬂ 120 ™ . . éz.o % - An'n . :«:1 E‘
4 wks old g e e Y = oo 3 16 g 33
LDLr-Leiden 2100 éw = P DL HED 5‘50 .Em I gz
--..--"“\ : I | | : . "1_ I—;
24 wks old S Los & H
E ‘ . én_ . . : 1 , l | . léo I |
T o e e Significantly increased in Ldlr-/-.Leiden Significantly increased in LdIr-/-.Leiden
prior to start of N . . - o .
the study mice and reduced in db/db mice mice (astrogliosis) and unchanged in

compared to wt C57BL/6J db/db mice compared to wt C57BL/6)
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Jie et al, IIMS 2025 (in press)



Brain Health Preclinical body brain model

Obesity-induced neuroinflammation - mechanisms

Activation z-score - -

-3,000
Hippocampus transcriptomics

Activation of several neuroinflammatory pathways

* Inline with histological analysis: not all inflammatory pathways are upregulated, some
also inactivated. - immunophenotypical change

Canonical Path

Neuropathic Pain Signaling In Dorsal Horn Neurons
Synaptogenesis Signaling Pathway

SNARE Signaling Pathway

GNRH Signaling

PI3K/AKT Signaling

Neuroinflammation Signaling Pathway

Interferon Signaling

RHOGDI Signaling

EIF2 Signaling N . . . . s
FATH0 Oancer Snaling Pitiniay E.g. axon ensheathment, neurotransmission, synaptic pIast|C|ty

TREM1 Signaling

Superpathway of Cholesterol Biosynthesis

Cholesterol Biosynthesis |

Cholestercl Biosynthesis |1 (via 24,25-dihydrolanos

Cholestercl Biesynthesis Il (via Desmosterol) . . . . .

Goraravkus Pathagenesis Pathway * Many processes with described role in neurodegenerative disease
Adrenomedullin signaling pathway

Signaling by Rho Family GTPases

Chemokine Signaling

ILK Signaling

Factors Promoting Cardiogenesis in Vertebrates
Oxytecin Signaling Pathway

ERBB Signaling

Corticotropin Releasing Hormone Signaling
LPS-stimulated MAPK Signaling

Renin-Angiotensin Signaling

Cardiac Hypertrophy Signaling

PFKFB4 Signaling Pathway

CLEAR Signaling Pathway

Dopamine-DARPP32 Feedback in cAMP Signaling
’_c Estrogen Receptor Signaling

R HFD vs CHOW

Deregulation of processes involved in neuron health/function:

J—,—.—:ﬁ'—.l.——————

P2Y Purigenic Receptor Signaling Pathway
RHOA Signaling
IL-1 Signaling

MIF Regulation of Innate Immunity m innovation
for life

Seidel et al. Front.Cell Neurosc. 2023




Brain Health Preclinical body brain model

Obesity-induced pancreas pathology (new)

baseline 24 weeks 40 weeks

* PB-cells at baseline comparable to situation in humans

* Hypertrophy at 24 weeks of HFD consistent
with high plasma insulin levels

* Severe hypertrophy at 40 weeks of HFD

Human protein Atlas

Unpublished, with courtesy of S. Tokg6z and
M.Gotthardt. Radboud UMC Nijmegen
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Brain Health Preclinical body brain model

Publications Ldlr-/-.Leiden brain studies

Intervention Publication

Butyrate Arnoldussen et al. Int J Obesity 2017

Propionate Tengeler & Gart et al. FASEBJ 2020

Milk fat globule membrane (MFGM) Arnoldussen et al. Int J Obesity 2021

Exercise and branched-chain amino acids Lohkamp et al. Nutrients 2023
Anti-inflammatory Comparison Ldlr-/-.Leiden vs BL6 Seidel et al. Front.Cell Neurosc. 2023

+ anti-inflammatory treatment (anti-C5)

Metabolic correction Lipectomy (visceral WAT removal) Seidel et al., Brain Behavior Immun. Health, 2025
Semaglutide (GLP1 analogue) vd Hoek et al., in preparation

Sex differences Male vs female Jacobs et al. Nutrients 2019
Time course chow and HFD Seidel et al., PLoS One, in revision

Aging & BBB dysfunction Comparison with C57BL/6 & dbdb mice Jie et al., IJMS, 2025 (in press)
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Brain Health Public Private Partnership Opportunity

Opportunity to join Brain Health PPP

Mechanistic Readouts //_
of Brain Health -

Neurodegeneration Astrogliosis Neuroinflammation

Brain Energy Metabolism BBB - vascular integrity

e.g. immunohistochemistry, cytokine profiling, gene expression
(transcriptomics and pathway analysis), lipid- and oxylipin profiling

obesity.

e Publication of results.

* Ldlr-/-.Leiden mice in the context of aging and/or dysmetabolism or

Open for collaboration!

martine.morrison@tno.nl

N Functional behavioural
(& and cognitive tests

7/

* Looking for partner(s) with interest to study treatment
(prevention/intervention) to improve brain health.
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