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Multiple sclerosis (MS) is a chronic inflammatory disease affecting the central nervous system (CNS). While multiple
effective immunomodulatory therapies for MS exist today, they lack the scope of promoting CNS repair, in particular
remyelination. Microglia play a pivotal role in regulating myelination processes, and the colony-stimulating factor 1 (CSF-1)
pathway is a key regulator for microglia differentiation and survival. Here, we investigated the effects of the CSF-1
receptor kinase inhibitor, BLZ945, on central myelination processes in the 5-week murine cuprizone model by non-
invasive and longitudinal magnetic resonance imaging (MRI) and histology. Therapeutic 2-week BLZ945 treatment caused
a brain region-specific enhancement of remyelination in the striatum/cortex, which was absent in the corpus callosum/
external capsule. This beneficial effect correlated positively with microglia reduction, increased oligodendrocytes and
astrogliosis. Prophylactic BLZ945 treatment prevented excessive demyelination in the corpus callosum by reducing
microglia and increasing oligondendrocytes. In the external capsule oligodendrocytes were depleted but not microglia
and a buildup of myelin debris and axonal damage was observed. A similar microglial dysfunction in the external capsule
with an increase of myelin debris was obvious in triggering receptor expressed on myeloid cells 2 (TREM2) knock-out
mice treated with cuprizone. Finally, therapeutic BLZ945 treatment did not change the disease course in experimental
autoimmune encephalomyelitis mice, a peripherally driven neuroinflammation model. Taken together, our data suggest
that a short-term therapeutic inhibition of the CSF-1 receptor pathway by BLZ945 in the murine cuprizone model
enhances central remyelination by modulating neuroinflammation. Thus, microglia-modulating therapies could be
considered clinically for promoting myelination in combination with standard-of-care treatments in MS patients.
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Introduction

Multiple sclerosis (MS) is a chronic immune-mediated
multifocal demyelinating disease of the central nervous
system (CNS) with progressive neurodegeneration. The
pathology is believed to be mainly driven by the adaptive
immune-system and/or autoimmune mechanisms that
damage neurons and oligodendrocytes (ODs) in the
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CNS leading to white and grey matter degeneration. The
relevance of the innate immunity of the CNS in disease
initiation and progression has not been extensively
investigated. Activated microglia and astrocyte together
with neurodegeneration has been observed in MS pa-
tients and this neuroinflammatory condition is believed
to play an important role in the grey matter damage (for
review see [3, 35]). Although white matter lesions are
the classical hallmarks of MS, the demyelinating events
observed in the grey matter might have a more profound
contribution to the permanent neurological dysfunction
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than assumed. Available treatments for MS primarily
address the peripheral inflammation and help relapsing-
remitting MS patients to gain normal neurological func-
tion again. However, a substantial number of MS
patients suffer from irreversible progression of clinical
disability. The progressive phase of MS is believed to be
the consequence of altered central function of microglia,
astrocytes and ODs. In this neuroinflammatory milieu
ODs and oligodendrocyte precursor cells (OPCs) seem
not to be able to exert their proper function anymore,
mainly remyelination, and thus further demyelinating
events in grey and white matter occur with subsequent
axonal pathology. There is a high unmet medical need in
MS patients to stop demyelination, enhance remyelina-
tion and prevent irreversible axonal pathology.

The cuprizone model is a toxin-induced demyelin-
ation model to study myelination processes in the
CNS [22, 50, 57] without a major involvement of the
peripheral immune system. The copper chelator
cuprizone induces mitochondrial damage and the sub-
sequent energy deficit in the highly energy-dependent
ODs leads to apoptosis. OPCs are not affected by
cuprizone intoxication and can readily proliferate and
differentiate to produce new ODs with normal mye-
lination efficiency. Thus, the cuprizone model is well
suited to test regenerative treatment paradigms for
MS that enhance remyelination independently of in-
vading peripheral immune cells.

Microglia are the resident phagocytes of the brain that
play an important role in modeling the CNS synaptic
circuitry, keeping myelin homeostasis and removal of
pathogens and cell debris ([17], for review see [38]). It
has been shown that reduced neuroinflammation pre-
serves axons [39] and that removal of myelin debris is
essential to initiate repair by remyelination [4, 26, 40] in
the cuprizone model.

The colony-stimulating factor 1 receptor (CSF1R) sig-
naling pathway is essential for microglia survival [10, 11].
Several groups have shown that inhibition of the CSF1R
pathway is neuroprotective in different disease conditions
like amyotrophic lateral sclerosis [30], Charcot-Marie-
Tooth type 1 neuropathies [23], catatonia in psychiatric
disorders [19] and Alzheimer’s disease [29, 36, 48] by
reducing neuroinflammation/inflammation. Here, we
investigated the involvement of microglia in the de- and
re-myelination processes in the murine cuprizone model.
Mice were treated prophylactically and therapeutically
with the CSFIR kinase inhibitor, BLZ945 [25, 41], to
investigate the consequences of microglia depletion on
de- and re-myelination events. Magnetic resonance im-
aging (MRI) was used to monitor in vivo the effects of
cuprizone in several brain regions. Specifically, changes in
magnetization transfer ratio (MTR) and signal intensity
were used as markers of alteration in myelin levels

Page 2 of 17

induced by cuprizone, as confirmed by post-mortem histo-
logical analyses and in agreement with earlier work [12,
31, 49, 51, 56]. In both treatment paradigms BLZ945 en-
hanced myelination in certain brain regions, thus opening
a new way for a novel therapy in treating myelination defi-
ciencies in MS.

Materials and methods
Animals
Studies described in this report were approved by the
Swiss Cantonal Veterinary Authority of Basel City,
Switzerland, under the license numbers 2711 and 2119.
Mice (C57BL/6 J and C57BL/6 J OlaHsd) were com-
mercially purchased from Charles River Laboratories
(Sulzfeld, Germany), Harlan Laboratories BV (Horst,
The Netherlands) or obtained from Novartis Pharma
AG breeding colonies (8—9 weeks old, females). TREM2
knock-out mice were purchased from UCDavis KOMP
Repository (Project ID VG10093) and were then bred at
Novartis Pharma AG. Genotyping of TREM2 KO mice
was performed according to the provided method. All
the animals were allowed to adapt for 7 days prior to the
start of the experiment and housed in IVC racks (max. 4
mice/X] Type cage). The animals were given access to
food and water ad libitum. Before killing animals were
perfused trans-cardiac by phosphate-buffered saline
(PBS) and then with 4% paraformaldehyde (PFA). The
brains were subsequently isolated and fixed in 4% PFA
for 48 h at 4 °C.

Compound treatments

Animals were treated with cuprizone for 5 weeks. Cuprizone
(Bis(cyclohexanone) oxaldihydrazone, Sigma-Aldrich, Buchs,
Switzerland) was mixed into rodent food pellets (0.2% w/w)
by Provimi Kliba AG (Kaiseraugst, Switzerland). Animals
were treated with 169, 127, 100, 85, 60, 20 and 7 mg/kg of
BLZ945, once per day (qd), per os (p.0.) 10 ml/kg. BLZ945
was prepared in 0.5% methylcellulose in water and 0.1%
Tween-80.

Magnetic resonance imaging (MRI)

Measurements were performed with a Biospec 70/30 spec-
trometer (Bruker Medical Systems, Ettlingen, Germany)
operating at 7 T. The operational software of the scanner
was Paravision 5.1 (Bruker). Images were acquired from
anesthetized, spontaneously breathing animals using a
mouse brain circularly polarized coil (Bruker, Model 1P
T20063 V3; internal diameter 23 mm) for radiofrequency
excitation and detection. Neither cardiac nor respiratory
triggering was applied. Following a short period of intro-
duction in a box, animals were maintained in anesthesia
with 1.5% isoflurane (Abbott, Cham, Switzerland) in
oxygen, administered via a nose cone. During MRI signal
acquisitions, animals were placed in prone position in a
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cradle made of Plexiglas, the body temperature was kept at
37+1 °C using a heating pad, and the respiration was
monitored.

A T,-weighted, two-dimensional multislice RARE (Rapid
Acquisition with Relaxation Enhancement) sequence [18]
was used for determining the anatomical orientation and for
evaluating signal intensities. This was followed by a two-
dimensional multislice gradient-recalled FLASH (Fast Low--
Angle Shot) acquisition [16] for assessment of MTR. As both
sequences had the same anatomical parameters, the choice
of the regions-of-interest for evaluations was performed on
the RARE images and then transferred to the FLASH im-
ages. MRI images were analyzed using the ParaVision
software.

The parameters of the acquisitions were the following:
(a) RARE sequence: effective echo time 80 milliseconds
(ms), repetition time 3280 ms, RARE factor 16, 12 aver-
ages, field of view 20 x 18 mm?, matrix size 213 x 192,
pixel size 0.094 x 0.094 mm?, slice thickness 0.5 mm, 15
adjacent slices. Hermite pulses of duration/bandwidth
1 ms/5400 Hz and 0.64 ms/5344 Hz were used for radiofre-
quency excitation and refocusing, respectively. Fat suppres-
sion was achieved by a gauss512 pulse of 2.61 ms/1051 Hz
duration/bandwidth followed by a 2-ms-long gradient
spoiler. The total acquisition time was of 7 min 52.3 s; (b)
FLASH sequence: echo time 2.8 ms, repetition time
252.8 ms, 4 averages, field of view 20 x 18 mm?, matrix size
213 x 192, pixel size 0.094 x 0.094 mm? slice thickness
0.5 mm, 15 adjacent slices. A hermite pulse of 0.9 ms/
6000 Hz duration/bandwidth and flipangle 30° was used for
radiofrequency excitation. MTR contrast was introduced by
a gauss pulse of 15 ms/182.7 Hz duration/bandwidth
applied with radiofrequency peak amplitude of 7.5 pT and
an irradiation offset of 2500 Hz. The acquisition was then
repeated with the same parameters but without the intro-
duction of the MTR contrast. MTR was then computed
using the formula MTR = (So-Syrr)/So where Sg and Syrr
represent respectively the signal intensities in the FLASH
acquisitions without and with the introduction of the MTR
contrast. The total acquisition time for both data sets was
6 min 31.6 s.

Quantitative determination of BLZ945 in blood and brain

Sample preparation and analysis was based on a modi-
fied protein precipitation procedure followed by liquid
chromatographic separation coupled with mass spec-
trometry for detection. Cerebella were homogenized in a
gentleMACS™ Dissociator (Milteniy Biotec, # 130-093-
235) by adding 20% CH3OH to a final concentration of
0.20 g/mL. Blood-EDTA samples were directly used for
further preparation. Calibration, quality control, and re-
covery control samples were prepared by spiking blank
blood and blank brain homogenate with known quantities
of BLZ945 (between 0.02 and 62.5 pg/mL). For analyte
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determination, Labetalol hydrochloride (Sigma-Aldrich,
#L1011) was used as generic internal standard (IS).
Aliquots of 10 pL calibration standard, quality control, re-
covery control, and unknown samples were transferred to
0.75 ml 96- well- Loborack (Vitaris AG, # 51004 BC
-MIC) and 3 pL IS mixture (2.5 pg/mL in 50% CH3CN)
was added to each tube. For protein precipitation and ex-
traction from the blood and brain matrix, 200 pul CH3CN
was added. After vortexing for 10 min, the samples were
centrifuged at 3220 g for 15 min at 4 °C. 50 pl of the upper
layer was transferred to a 1.2 mL 96 deep well plate
(Thermo Scientific, # AB-0787).

LC-MS-MS analysis: For quantitative analysis, a 1.5 pl
aliquot of each sample, including calibration, quality con-
trol, and recovery control samples were injected with a
cooled Waters™ Acquity Urbinary sample manager and
HPLC system. The test article and its internal standard
were separated with an ACE C18-PFP (50 x 2.1 mm ID,
3.0 um pore size; # ACE-1110-0502) as column at 40 °C.
For separation a linear gradient from 5 to 65% B in 1.7 min
at a flow rate of 0.400 mL/min was applied. The total cycle
time was 3.5 min. The mobile phase used was A: water with
0.1% formic acid, and B: CH5CN with 0.1% formic. For de-
tection the column effluent was directly guided in a AB
Sciex API5500 Triple quad mass spectrometer equipped
with a TurbolonSpray™ interface. The detection was done
in MRM positive ion mode. Quantification was based on
the compound/IS ratio of the extracted ion chromatograms
of the selected mass transitions 399 m/z — 242 m/z for
BLZ945 and 329 m/z — 162 m/z for Labetalol (IS). The un-
known sample concentration was calculated using external
calibration curves. The LLOQ of the method was set to
20 ng/mL for blood, and 100 ng/mL for brain samples, and
the recovery from the matrix was 95 + 2%. All calculations
were performed with AB Sciex Analyst software 1.6.2.

Histology of brains

After fixation brains were processed for paraffin embed-
ding by dehydration through increasing ethanol series.
Automated immunohistochemistry of paraffin sections
was performed on 3 pm paraffin sections mounted on
SuperFrost+ slides (Thermo Fisher Scientific) and auto-
matically immunostained using the Discovery XT tech-
nology (Ventana, Roche Diagnostics). Sections were
deparaffinized, rehydrated, subjected to antigen retrieval
by heating with CC1 cell conditioning buffer for 28—
68 min according to the antibody, incubated for 1-3 h
according to the antibody at room temperature with pri-
mary antibody diluted in antibody diluent (Ventana), in-
cubated with the respective biotinylated secondary
antibody diluted in antibody diluent, reacted with DAB-
Mab kit and counterstained with Hematoxylin II and
Bluing reagent (Ventana). Slides were washed with soap
in hot tap water and rinsed under cold running tap
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water to remove the soap, then dehydrated and embed-
ded with Pertex.

For LFB staining, slides were deparaffinized and rehy-
drated to 95% ethanol. Slides were then incubated in
LFB solution (Solvent Blue 38 (Sigma S3382) in 95%
ethanol and 10% acetic acid (Sigma 695092)) overnight
at 60 °C, rinsed in 95% ethanol for 1 min, then in dis-
tilled water for 2 min and in 0.05% lithium carbonate for
5 s. Subsequently, slides were rinsed in 70% ethanol
twice for 10 s, then in distilled water for 2 min. The
rinsing was repeated in 0.05% lithium carbonate (Merck
105680) prepared freshly, 70% ethanol and distilled
water until there was a sharp contrast between the blue
of the white matter (myelin) and the colorless grey-
matter. Finally, slides were dehydrated starting with 95%
ethanol and mounted in Pertex.

For Ki67 and Ibal immunofluorescence co-staining,
5 pm-thick sections were de-paraffinized, rehydrated
and subjected to antigen retrieval in 10 mM citrate buf-
fer pH 6. After blocking with 10% normal donkey serum
(NDS) in 1xTBS for 20 min, sections were incubated
with monoclonal IgG rabbit anti-mouse ki67 antibody
overnight at 4 °C. Sections were then washed twice in
TBS and incubated for 30 min at RT with biotin donkey
anti-rabbit IgG (H +L). After washing twice in TBS,
slides were incubated with Streptavidin, Alexa Fluor™
546 conjugate for 30 min at RT, washed again twice in
TBS and blocked in 10% NDS for 20 min at RT. This
was followed by incubation with goat anti-Ibal antibody
for 1 h at RT, washing steps in TBS and incubation with
donkey anti-goat IgG Alexa Fluor™ 488 for 30 min at
RT. After washing in TBS, nuclei were stained with
DAPI (Thermo Fisher Scientific R37606) for 10 min at
RT, washed and slides were mounted with MOWIOL 4-—
88 Reagent solution (Merck, 475904).

Histology on the spinal cord

Lumbear spinal cord (L1-L3 spinal segments) samples were
carefully dissected with the corresponding vertebrae and
fixed in 10% neutral buffered formalin (Sigma-Aldrich,
HT501128) for 48 h. Tissues were then transferred to de-
calcifying reagent Immunocal® (StatLab, 1414-32; StatLab
Medical Products) for 96 h. Dehydration and paraffin infil-
tration were performed on a Tissue-Tek VIP 6 Vacuum
Infiltration Processor (Sakura Finetek Europe). Following
paraffin embedding, 5 pm-thick sections of spinal cord
samples were cut and stained with Ibal antibody, as de-
scribed for brain sections.

Antibodies

Primary antibodies are: rabbit anti-mouse MBP (Dako
A0623) 1:1000; rabbit anti-mouse GST-m (MBL 312)
1:500; Rabbit anti-Ibal (Wako 019-19741, 50 ug/100 ul)
1:500; rabbit anti-GFAP (Dako Z0334) 1:5000; rabbit anti-
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mouse MOG (abcam ab32760) 1:100; rabbit anti-dMBP
(Millipore AB5864) 1:3000; mouse anti-Neurofilament
(Covance SMI312) 1:5000; rabbit anti-mouse ALDHI1L1
(abcam ab87117) 1:1000; rabbit anti-mouse NeuN (Milli-
pore ABN78) 1:2000; rat anti-mouse CD107a (Biorad
MCA4707T) 1:200; rabbit anti-mouse NG2 (abcam
ab129051) 1:200; rabbit anti-mouse ki67 (abcam ab16667,
clone SP6) 1:100; goat anti-Ibal (Thermo Fisher Scientific
PA5-18039) 1:250.

Secondary detection antibodies are: Goat anti-rabbit
IgG biotinylated (Jackson ImmunoResearch 111-065-144)
1:1000; Goat anti-rabbit IgG biotinylated (Vector BA-
1000) 1:200 or 1:1000; Goat anti-mouse IgG biotinylated
(Vector BA-9200) 1:1000; Goat anti-rat biotinylated
(Vector BA-9400) 1:200; donkey anti-rabbit IgG (Jackson
ImmunoResearch 711-065-152) 1:200; Streptavidin, Alexa
Fluor™ 546 conjugate (Thermo Fisher Scientific S11225)
1:800; donkey anti-goat IgG Alexa Fluor™ 488 (Thermo
Fisher Scientific A11055) 1:500.

Analysis of histological images

For the quantitative evaluation of microglia/astrocyte
numbers and morphology based on image analysis from
histological stained brain sections, a proprietary image
analysis platform (ASTORIA, Automated Stored Image
Analysis, Novartis Pharma AG) was developed based on
MS Visual Studio 2010 and many functions from Matrox
MIL V9 libraries (Matrox Inc).

For the detection and analysis of soma, proximal and
distal processes, the following sequence of steps was per-
formed (Additional file 1: Figure S14): 1. Slides with
brain sections for assessment of (brown) immunohisto-
chemically stained microglia (Ibal) or astrocyte (GFAP)
soma and their proximal and distal processes were
scanned with Aperio’s Scanscope (Leica Biosystems AQG)
at 20x magnification (Additional file 1: Figure S14A). 2.
Each image was processed using the ImageScope soft-
ware (V12.1.0.5029, Aperio, Leica Biosystems AG) ac-
cording to the following steps: A: color deconvolution to
obtain brown staining without blue; B: segmentation of
brain tissue from white background through threshold-
ing, morphological closing, filling of holes, opening and
elimination of too small objects, resulting in a binary
mask of the valid tissue and sample area; C: adaptive
thresholding for the individual segmentation of soma,
based on the average gray value of the blue channel of
the color-deconvoluted brown image at sufficiently dark
regions (indicative for soma). The computed threshold
was used for binarization, and after size filtering yielded
the soma mask image (within the valid sample region,
Additional file 1: Figure S14B); D: segmentation of pro-
cesses through morphological tophat transformation
with a size to pick thin processes. Adaptive thresholding
was applied again to segment the processes (using the
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previously determined gray average of brown objects),
followed by binarization of the top hat image and size fil-
tering of the resulting objects; E: subtraction of soma (that
may also have been picked by top hat thresholding) to ob-
tain an image mask of true processes (Additional file 1:
Figure S14C); F: ultimate thinning of processes for length
computation; G: proximal processes: A predefined num-
ber of dilations of soma was used to define a reference
(marker) region for proximal soma, employing a circle
around the soma center to define the cutoff boundary for
proximal processes. Thinned proximal processes with
marker in dilated soma and limited by circular influence
zone (set of “proximal thinned processes”) were then re-
constructed around the soma center. “Final proximal pro-
cesses” were collected through reconstruction of all
processes having markers in the “proximal thinned pro-
cesses” set (Additional file 1: Figure S14D); H: soma was
added to proximal processes to obtain a set of “visible
microglia”; I: Distal processes: Reconstruction of processes
from proximal processes only (i.e. ignoring those in back-
ground or from soma in different focus plane), then sub-
tract circular region defining proximal processes, to yield
set of distal processes (Additional file 1: Figure S14E); J: in
the optical density computation for soma as well as “vis-
ible microglia” (individual soma+proximal processes com-
plex within circular reference region, Additional file 1:
Figure S14F), local background (non-visible microglia)
was used for reference; K: morphometric features (size,
form factor, length) were computed for soma, proximal
and distal processes (Additional file 1: Figure S14G).

These image analysis algorithms were also used to
quantify SMI312, dMBP, GST-n, MBP and NeuN stained
sections according to the above description.

For MBP an alternative quantification with Image]J
analyzing IntDen (integrated density) with threshold was
performed in addition to the one described above.

MOG peptide-induced experimental autoimmune
encephalomyelitis (EAE)

Female C57BL/6 mice (Harlan, Itingen, Switzerland; n = 30)
were immunized with a subcutaneous injection of rat myelin
oligodendrocyte glycoprotein peptide (MOG1-125; in house
produced; 200 pg/100 pl) emulsified in 4 mg/ml complete
Freund adjuvant (CFA, Sigma-Aldrich) in the lower back.
Pertussis toxin (200 ng per mouse; Sigma-Aldrich) was ad-
ministered intraperitoneally on days 0 and 2.

Evaluation of EAE: The mice were observed and
weighed daily. They were assessed for clinical signs on a
scale from 0 to 5, with graduations of 0.5 for intermedi-
ate scores. 0: no clinical signs, 1: Limp tail/complete loss
of tail tonus; 2: Clear hind limb weakness; 3: Complete
bilateral hind limb paralysis; 4: Fore limbs and hind
limbs paralysis; 5: Death. Supplementary food and gel
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food were provided inside the cage once first clinical
signs appeared.

Gene expression

Lysing Matrix D tubes (MP Biomedicals, 116913500) were
used for lysis of lumbar spinal cord (L4-L6 spinal segment)
in 1 ml of TRIzol reagent (Thermo Fisher Scientific,
15596018). Total RNA was then isolated with TRIzol reagent
according to the manufacturer’s instructions and a TURBO
DNA-free™ Kit (Thermo Fisher Scientific,c AM1907) was
used for complete digestion of DNA.

RNA (500 ng) was reverse transcribed to cDNA using
the High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher
Scientific, 4387406).

Quantitative PCR (qPCR) was carried out using 10 ng of
c¢DNA per each sample and TagMan® Universal PCR
Master Mix (Thermo Fisher Scientific, 4324018). Gene-
specific primers with FAM-labeled probes were from
Thermo Fisher Scientific: Aifl, Mm00479862_g1; Csflr,
Mm01266652_m1; Cx3crl, Mm02620111_s1; Tmem119,
MmO00525305_m1; Trem2, Mm04209424_gl. Gapdh-
specific primers (Mm99999915_g1) were used as internal
control.

PCR cycling conditions on software supplied with
ViiA™ 7 System (Applied Biosystems) were as follows:
50 °C for 2 min, 95 °C for 10 min, 40 cycles at 95 °C for
15 s, and 60 °C for 1 min. Data were expressed as Ct
values and used for the relative quantification of targets
with the AACt calculation to give N-fold differences.
Data were transformed through the eq. 274",

Results

The CSF1R kinase inhibitor BLZ945 therapeutically
enhances remyelination in the cuprizone model

The cuprizone model is ideal to analyze myelination
processes in the CNS. We used 0.2% cuprizone in mice
feed for 5 weeks to induce a strong demyelination to-
gether with a massive involvement of microglia and as-
trocytes as observed by histology (Fig. 1 and Additional
file 1: Figure S1). We implemented a longitudinal, non-
invasive magnetic resonance imaging (MRI) method to
measure myelination in the brain (Fig. 1a) and correlated
the MRI parameters with quantitative histological readouts
in brain (Fig. 1b, ¢ and Additional file 1: Figure S2) similar
to what has been described by others [5, 49]. After stop of
feeding cuprizone and change to normal food for 2 and
4 weeks recovery spontaneous remyelination by MRI could
be observed (Fig. 1la and Additional file 1: Figure S2a).
Quantitative histological readouts for myelin (Luxol Fast
Blue (LFB), myelin oligodendrocyte glycoprotein (MOG))
and oligodendrocytes (ODs, GST-) revealed robust reduc-
tion after 5-week intoxication and reappearance during the
2 and 4 weeks recovery phase (Fig. 1b and Additional file 1:
Figure S2b). All histological quantifications correlated
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Fig. 1 MRl reliably detects de- and re-myelination events in the cuprizone model in the corpus callosum/external capsule, correlating with myelin
and oligodendrocyte histology. a Representative MRI images acquired from two mice, one receiving normal food (left) and the other treated with
0.2% cuprizone for 5 weeks with subsequent switch to normal food. b Representative pictures from histological and immunohistological stainings
from the corpus callosum/external capsule after 5-week 0.2% cuprizone food and control food treatment and recovery for 2 and 4 weeks (switch
to normal food) of C57BL/6 mice detecting myelin by Luxol fast blue (LFB), myelin oligondendrocyte glycoprotein (MOG) and GST-1 positive
oligodendrocyte cells in the corpus callosum/external capsule. ¢ Correlation analysis of quantitative histology (LFB and MOG optical density (OD),
GST-11 positive soma area normalized (norm.) to region of interest) and MRI signal/MTR parameters. Two-tailed Pearson correlation analysis, correlation
coefficients (R%) and p values are indicated. Scale bars: 400 pm. cc: corpus callosum, ec: external capsule, MRI: magnetic resonance imaging, MTR:
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significantly with the MRI parameters at baseline, at max-
imal cuprizone-induced pathology and during recovery
(Fig. 1¢).

We next tested the CSF1R kinase inhibitor, BLZ945, in
this model at a high dose of 169 mg/kg p.o. This dose
has been chosen based on studies in naive mice, reveal-
ing that BLZ945 administered daily p.o. during 5 days
dose-dependently deplete microglia in the brain cortex
and spinal cord (Additional file 1: Figure S3 and S4).
After 4-5 days microglia depletion was maximal at the
high dose of 169 mg/kg (Additional file 1: Figure S3b).
After treatment stop microglia re-appeared readily
already after 3 days and reached normal numbers at

7 days (Additional file 1: Figure S3b). Microglia activation
(microglia soma and proximal processes normalized to distal
processes) was analyzed by morphological characteristics via
image analysis of Ibal-immunostained brain sections (see
Material and Methods and Additional file 1: Figure S14).
BLZ945 treatment induced a slight increase in activation
status of the remaining microglia. However, newly
generated microglia after 3 days BLZ945 removal
were highly activated, while they reached normal
levels after 7 days (Additional file 1: Figure S3b). Further-
more, microglia activation was dose-dependent but bell-
shaped that was highest at a medium dose of 60 mg/kg
BLZ945 (Additional file 1: Figure S3c). Microglia depletion
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in the spinal cord was additionally confirmed on gene ex-
pression level (Additional file 1: Figure S4b).

BLZ945 treatment for 2 weeks with normal food after
induction of demyelination for 5 weeks with 0.2% cupri-
zone (Fig. 2a) showed a significant effect in the cortex
and striatum (relative to that in control mice, see Fig. 2¢
for the region-of-interests used for MRI quantification)
as measured by in the MRI in two independent experi-
ments (Fig. 2b). For both brain areas, the MRI signal in
BLZ945-treated animals almost normalized to levels of
control mice, whereas the MRI signal of cuprizone-fed,

vehicle-treated mice was still enhanced as compared to
that in control mice. This effect was highly significant
only after 2 weeks of BLZ945 treatment (Additional file
1: Figure S5a, b). No effect of BLZ945 was observed in
the corpus callosum and external capsule in two inde-
pendent experiments at any time-point (Fig. 2e and
Additional file 1: Figure S5c, d), as evidenced by both
the MRI signal intensity and MTR. In this therapeutic
experiment, mice were randomized according to the re-
sponses detected by MRI at week 5 of maximal cupri-
zone intoxication, just before beginning of vehicle or
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Fig. 3 A 2-week therapeutic treatment with BLZ945 after a 5-week cuprizone intoxication period enhanced remyelination and increased the
number of mature oligodendrocytes in cortex and striatum but not corpus callosum/external capsule compared to vehicle treatment. a Represen-
tative pictures from immunohistological stainings detecting myelin basic protein (MBP) and mature oligodendrocytes positive for GST-m in the
cortex for the different treatment groups at week 7 (see Fig. 2a for the experimental setups and groups). b, ¢ Corresponding quantitative analysis
of the immunohistochemistry for MBP (stained area) and GST-m (number of positive cells) in the cortex and striatum normalized to values from
control vehicle mice. d Representative pictures from immunohistological stainings detecting myelin oligondendrocyte glycoprotein (MOG) and
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Corresponding analysis of the immunohistochemistry for MOG (optical density, OD) and GST-1 (number of positive cells) as well as OD analysis of
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BLZ945 treatment, to obtain homogenous groups at the
start of the treatment.

The positive effect in the MRI parameters observed after
2 weeks of therapeutic BLZ945 treatment could be con-
firmed in immunohistochemistry of paraffin-embedded brain
sections and quantitative image analysis (Fig. 3). Myelin basic
protein (MBP) and ODs (GST-m) were significantly increased
after BLZ945 treatment compared to vehicle control in the
cortex (Fig. 3a, b and Additional file 1: Figure S6a-b) and stri-
atum (Fig. 3c and Additional file 1: Figure S6a). However, the
extent of MBP-positive remyelination and GST-m-positive
OD numbers did not reach control levels after 2 weeks of
BLZ945 treatment. Furthermore, the absence of any en-
hancement of remyelination in the corpus callosum and ex-
ternal capsule as observed by MRI could be verified by

histology (Fig. 3d, e). There was a marked reduction of
MOG, ODs (GST- ) as well as myelin based on Luxol Fast
Blue (LFB) staining after cuprizone treatment in the vehicle
group compared to controls but no difference following
2 weeks of therapeutic BLZ945 treatment (Fig. 3d, e).
Important to note that BLZ945 treatment substantially re-
duced the NG2-positive oligodendrocyte precursor cells
(OPCs) (Additional file 1: Figure S6c) similar as reported
elsewhere [17]. This indicates that either the NG2-positive
OPCs differentiated readily to mature ODs upon BLZ945
treatment and/or that NG2-negative precursor cells exist as
a pool for ODs.

Microglia and astrocytes were highly activated and in-
creased after 5-week cuprizone-induced demyelination
in all brain areas examined (Fig. 4 and Additional file 1:
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Figure S7). In the cortex and striatum the numbers of
Ibal-positive microglia were 1.5-2-fold higher than in
control mice (Fig. 4b, c), whereas in the corpus callosum
and external capsule this increase was 6-fold (Fig. 4d).
BLZ945 significantly reduced the number of Ibal-positive
microglia compared to cuprizone-challenged, vehicle-treated
animals in all brain areas analyzed (Fig. 4). Moreover, com-
pared to control+vehicle treatment, BLZ945-treated mice
after cuprizone intoxication showed a lower number of Ibal-
positive microglia in the cortex and a trend towards lower
number in the striatum (Fig. 4b, c) but not in the corpus cal-
losum and external capsule (Fig. 4d). However, this reduction
in Ibal-positive microglia with BLZ945 in the cortex of
cuprizone mice was much lower than that observed in naive
animals (Additional file 1: Figure S3). In cortex and striatum
the GFAP-positive astrocytes were increased 5—-6-fold com-
pared to control (Fig. 4b, c) whereas in the corpus callosum

and external capsule this increase was only 2—2.5-fold higher
(Fig. 4d). Similar results for enhanced astrocytosis could be
observed with the alternative astrocyte marker ALDIL1
(Additional file 1: Figure S8). We did not observe any
astrocyte proliferation by GFAP and Ki67 co-
immunofluorescence staining in any brain area (data not
shown). Interestingly, the extent of increase of microglia
and astrocytes in cortex, striatum and corpus callosum/
external capsule seemed to occur reciprocally. In cortex
and striatum the increase of microglia (1.5-2-fold) was
not as extensive as the increase of astrocytes (4—6-fold)
whereas in the corpus callosum/external capsule it was
the opposite, the increase of Ibal-positive microglia was
much higher (6-fold) than that of astrocytes (2.5-fold).
However, BLZ945 treatment for 2 weeks after cuprizone
feeding even further increased astrocyte numbers in all
brain areas compared to vehicle (Fig. 4). This astrocyte
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increase was substantially higher in cortex and striatum
than that in corpus callosum/external capsule. Morpho-
logical microglia image analysis to determine size and acti-
vation status (Additional file 1: Figure S14) revealed brain
region-specific differences after therapeutic BLZ945 treat-
ment (Additional file 1: Figure S7). Microglia size (micro-
glia soma and proximal processes area normalized to
microglia soma numbers, Additional file 1: Figure S7a),
microglia form factor (Additional file 1: Figure S7b) and
microglia activation (microglia soma and proximal
processes area normalized to microglia distal pro-
cesses area, Additional file 1: Figure S7c) were mostly
increased after cuprizone treatment in all brain areas
analyzed. Therapeutic BLZ945 treatment even further
enhanced these microglia parameters in cortex and
striatum revealing a higher morphological activation
status of the remaining microglia. The meaning of
this is for now uncertain, but it could either relate to
higher microglia functionality like phagocytosis or on-
going microglia turnover. In corpus callosum and external
capsule, however, these parameters were not changed at
all or even reduced.

To investigate the relevance of microglia in an auto-
immune disease model we therapeutically treated EAE
mice, a model of human MS. Animals received two dif-
ferent doses (85 and 127 mg/kg, p.o., qd) of BLZ945
starting at near maximal disease 14 days after
immunization (Additional file 1: Figure S9a). Treatment
lasted until the end at day 28 post-immunization. No
difference in clinical score for both BLZ945 groups com-
pared to vehicle could be observed (Additional file 1:
Figure S9a). The onset of EAE clinical pathology around
11-12 days post-immunization as well as the weight
change was similar between the treatment and vehicle
groups. Microglia depletion could be observed in the
spinal cord gray matter at day 28 with treatment of
127 mg/kg BLZ945 (Additional file 1: Figure S9b, c).
However, no microglia reduction after high dose BLZ945
treatment could be detected in the cortex (Additional
file 1: Figure S9b, d). The microglia displayed a higher
activation status in spinal cord and cortex (Additional
file 1: Figure S9b, ¢, d). Furthermore, microglia in the
cortex were highly proliferating as shown by Ibal and
Ki67 co-immunofluorescence staining (Additional file 1:
Figure S9e); this was not observed in the cortex of
vehicle-treated EAE mice (data not shown). This contra-
dicts the mechanism of action of BLZ945, but as the
microglia are confronted with peripheral immune cells
in the EAE model their phenotypic status could be
altered and other additional factors might contribute in
regulating microglia homeostasis independent of the
CSFIR pathway. Further work is needed to understand
the microglia phenotype in the EAE model. Nevertheless,
CSF1R kinase inhibition does not alter disease progression
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in the EAE model, a peripherally driven neuroinflamma-
tion model.

In summary, therapeutic BLZ945 treatment enhanced
remyelination in specific brain regions after 5-week
cuprizone intoxication, like cortex and striatum but did
not change remyelination processes in the corpus callo-
sum/external capsule.

The CSF1R kinase inhibitor BLZ945 prophylactically
prevents demyelination in the cuprizone model
selectively in the corpus callosum but enhances myelin
debris and axonal pathology in the external capsule and
cortex

To analyze the involvement of microglia in the cupri-
zone model we depleted microglia before cuprizone ad-
ministration. For this, mice were treated for 1 week
before as well as during the cuprizone intoxication
period with a high dose of BLZ945 (169 mg/kg p.o. qd)
(Fig. 5a). The myelination status was assessed by longitu-
dinal MRI (Fig. 5 and Additional file 1: Figure S10) and
subsequent histology (Figs. 6 and 7 and Additional file 1:
Figure S11, S12). Animals treated for 5 weeks with
BLZ945 and cuprizone showed differential effects at the
MRI in the corpus callosum and external capsule (Fig. 5b,
see Fig. 5c for the region-of-interests used for MRI
quantification). The external capsule displayed the ex-
pected demyelination as observed by increased MRI signal
(Fig. 5b, d, green arrows). On contrary, in mice receiving
both BLZ945 and cuprizone the corpus callosum did only
show mild demyelination as suggested by the significantly
lower MRI signal in comparison to that in the corpus callo-
sum of animals from the cuprizone+vehicle group (Fig. 5b, d,
red arrow). A slight but significant regional difference
of MTR was obvious in the cuprizone group treated
with BLZ945, but not the vehicle+cuprizone group
(Fig. 5€). The MTR for the corpus callosum and external
capsule was increased in BLZ945- compared to vehicle-
treated mice. This increase in MTR (Fig. 5e) was even
higher in the corpus callosum than the in external capsule
in BLZ945-treated mice. These MRI effects were only ob-
vious at week 5 (Additional file 1: Figure S10).

In analogy to the MRI observations, differential regional
effects were also observed for demyelination and Ibal-
positive microglia numbers after 5 weeks BLZ945 + cupri-
zone treatment (Fig. 6). At this time point, vehicle mice
treated with cuprizone displayed again the expected
demyelination (LFB) and increase of microglia (Ibal) in
the corpus callosum and external capsule (Fig. 6, red and
green arrows, respectively). However, mice with BLZ945
+ cuprizone treatment for 5 weeks displayed in the corpus
callosum a substantial amount of remaining myelin, but a
reduction of Ibal-positive microglia (Fig. 6, red arrows).
Furthermore, according to the increased presence of mye-
lin, significantly more ODs in the corpus callosum could be
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detected (Fig. 7e, f). No difference of SMI312-positive axon
fibers was observed in corpus callosum in mice treated with
BLZ945 + cuprizone (Fig. 7c, d). Contrasting observations
could be seen in the external capsule. Ibal-positive micro-
glia were only slightly affected by the CSF1R kinase inhib-
ition (Fig. 6¢, d, green arrows), but a reduction of myelin
(LFB) could be observed in the external capsule (Fig. 6a, d,
green arrows). However, the external capsule displayed an
enhanced presence of myelin debris (Fig. 7a, b) which was
accompanied by reduced axonal fibers as detected by
SMI312 (Fig. 7¢c, d) in mice treated with BLZ945 + cupri-
zone. In the cortex similar observations, enhanced myelin
debris, axonal pathology and reduced NeuN-positive cells
in the BLZ945 + cuprizone treatment group could be
detected (Additional file 1: Figure S11). Finally, the
external capsule displayed a similar reduction of ODs
in vehicle+cuprizone and BLZ945 + cuprizone treated
mice (Fig. 7e, f) correlating with the absence of myelin in

this region. Again, as for the therapeutic BLZ945 treatment
(Additional file 1: Figure Séc), in mice treated prophylactic-
ally with BLZ945 in the cuprizone model a dramatic reduc-
tion in NG2-positive cells was obvious (data not shown).
Important to note, besides reducing microglia and NG2-
positive cells there was no change in any of the analyzed
parameters in mice treated for 6 weeks with BLZ945 alone
without cuprizone intoxication. GFAP-positive astrocytes
and the expression of the lysosomal marker Lamp-1
(CD107a) were increased during cuprizone treatment, but
both were indifferent between the vehicle+cuprizone and
BLZ9459 + cuprizone groups (Additional file 1: Figure S12).
The similar increase of Lamp-1 in the external capsule in
both treatment groups indicates that microglia are reacting
similar to the intoxication but are in their function
somehow impaired as myelin was not properly cleared and
thus, could be detected as myelin debris. Similar microglia
dysfunction in the same brain region could also be observed
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capsule. d Corresponding quantitative analysis of the immunohistochemistry for Iba1-positive microglia numbers in the corpus callosum and
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means+SEM. Scale bars: 200 um for the higher magnification. Statistics: Turkey’s multiple comparison test one-way ANOVA (*: p < 0.05,
% p <0.001, **** p <0.0001), cpz: cuprizone, cc: corpus callosum, ec: external capsule, OD: optical density

in MRI scans from TREM2 (triggering receptor expressed
on myeloid cells 2 protein) knock-out animals treated for
5 weeks with cuprizone revealing as well increased myelin
debris in the external capsule (Additional file 1: Figure S13).

In summary, prophylactic BLZ945 treatment before
and during 5-week cuprizone intoxication reduced
microglia in specific brain regions, prevented demyelin-
ation in the corpus callosum while myelin debris build
up due to functionally impaired microglia could be ob-
served in the external capsule.

Discussion

In this study we pharmacologically depleted microglia
therapeutically and prophylactically to investigate the con-
tribution of microglia on de- and re-myelination processes
in the cuprizone model. Cuprizone intoxication is a widely
accepted experimental model to investigate MS-related
pathology, characterized by a direct degeneration of ma-
ture oligodendrocytes (ODs, for review see [22, 50, 57]).
We used the CSF1 receptor kinase inhibitor BLZ945 that
has been shown previously to alter macrophage
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Fig. 7 Prophylactic treatment with BLZ945 1 week before and during 5-week cuprizone intoxication revealed reduced oligodendrocyte numbers,
appearance of myelin debris and axonal pathology in the external capsule but not in the corpus callosum. a Representative images from
immunohistological stainings in the external capsule and corpus callosum detecting debris of myelin basic protein (dMBP). Myelin debris
were obvious in the external capsule with BLZ945 and cuprizone treatment while no obvious change could be observed in the corpus
callosum. b Corresponding quantitative analysis of the immunohistochemistry for dMBP-positive area in the corpus callosum and external
capsule. Please note: The threshold for the staining of the control groups were below the image analysis parameters used. Values were
normalized to those of control vehicle mice. ¢ Representative images from immunohistological stainings in the external capsule and corpus callosum
detecting neurofilament (SMI312) for the different treatment groups at week 5. Loss of axonal neurofilaments was obvious in the external capsule with
BLZ945 and cuprizone treatment while no change could be observed in the corpus callosum. d Corresponding quantitative analysis of
the immunohistochemistry for SMI312-positive area in the corpus callosum and external capsule. e Representative images from immunohistological
stainings in the external capsule and corpus callosum detecting mature oligodendrocytes (GST-m) for the different treatment groups at week 5.
Reduced oligodendrocyte numbers were observed in the external capsule while an increase in the corpus callosum was obvious with
BLZ945 and cuprizone treatment. f Corresponding quantitative analysis of the immunohistochemistry for GST-m-positive soma numbers in
the corpus callosum and external capsule. Values were normalized to those of control vehicle mice. Group sizes: for all treatment groups
n=4-5. Data are shown as means+SEM. Scale bars: 100 um. Statistics: Turkey's multiple comparison test one-way ANOVA **: p < 0.01, ***: p <0.001,
*¥x% p < 0.0001, ns: not significant), cpz: cuprizone, cc: corpus callosum, ec: external capsule

polarization and block glioma progression in preclinical
models of glioblastomas [41] as well as to control myelin
homeostasis in adult mouse brain [17]. We could show
that BLZ945 dose-dependently depleted microglia in the

central nervous system after 5 days of daily treatment con-
sistent to a report by others that used a different CSFIR
kinase inhibitor [10]. After inhibitor removal microglia re-
populate readily and more importantly show unaltered
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function without any apparent adverse effects [9]. A
complete absence of the CSF1 receptor on the contrary is
detrimental for proper brain development [11].

The 2-week therapeutic treatment of BLZ945 in the 5-
week cuprizone model showed a beneficial effect in the
non-invasive longitudinal MRI signal intensity measure-
ments as well as subsequent histology analysis on myelin
level and OD numbers. MTR changes in these areas
were not considered here, because of the small magni-
tude (<2%) of MTR reductions in the cortex and
striatum following the 5-week cuprizone intoxication
period. The beneficial effect of BLZ945 was brain
region-specific, with only the cortex and striatum show-
ing increased remyelination whereas the effect was ab-
sent in the corpus callosum and external capsule. Other
brain areas have not been analyzed in this study. The
extent of beneficial effect obtained here was similar to
enhanced remyelination in the cuprizone model de-
scribed elsewhere [27] for therapeutic treatment with
clemastine, a compound that is currently being tested in
the clinic [14]. Furthermore, this differential brain region
effect on myelin was also observed on microglia/astro-
cyte numbers as well as on the microglia activation sta-
tus. In cortex and striatum the BLZ945-induced
microglia reduction was much more pronounced than
that observed in the corpus callosum and external cap-
sule; the reduction of microglia was even below control
levels in cortex and striatum. In contrast, the astrocytes
were even further increased in cortex and striatum
whereas this increase was only minimal in corpus callo-
sum and external capsule. Similarly, morphological pa-
rameters characteristic of microglia activation were
mostly increased in cortex and striatum, whereas there
was no change or even a reduction of these parameters
in corpus callosum and external capsule. This indicates
that microglia numbers and morphology is brain region
specifically altered, with subsequent consequences on
myelination processes.

Astrocytes and microglia are known to play an import-
ant role in myelination in the cuprizone model (for re-
view see [15]). Peripheral lipopolysaccharide (LPS)
treatment in the cuprizone model delayed demyelination
and enhanced remyelination by inhibiting microglia but
enhancing oligondrocyte proliferation [47]. It has been
also shown that astrocytes are needed to recruit micro-
glia for clearing myelin debris and initiate repair [46].
Additionally, proper microglia function for clearing mye-
lin debris is needed for efficient remyelination. It has
been demonstrated through cuprizone intoxication that
mice lacking the triggering receptor expressed on mye-
loid cells 2 (TREM2) and CX3CR1 microglia were not
able to properly clear myelin and thus inefficiently
remyelinated upon cuprizone removal [4, 26, 40]. Others
have shown that enhancing microglia phagocytosis by
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inhibiting soluble TNF enhances remyelination [21]. Fur-
thermore, laquinimod and quetiapine have been shown,
via different mode of actions, to reduce microglia activa-
tion in the cuprizone model and promote myelin repair
[2, 24, 52]. Microglia and astrocytes express different
markers, have different polarization status (e.g. M1/M2
and A1/A2 classification) and functions during the
course of the neuroinflammatory response to an insult
[13, 28]. Despite the fact that M1/M2 phenotype classifi-
cation for microglia has been challenged [42], as the
boundaries between pro-inflammatory M1 and pro-
resolution M2 microglia are not so well defined, it has
been shown that M2 microglia promote oligodendrogen-
esis and thus shows enhanced remyelination [32, 55].
Thus, it might be conceivable that BLZ945 treatment al-
ters the polarization of microglia/macrophages [41]. In
our study the microglia depletion was not complete and
the remaining microglia might have adopted an activa-
tion status that could promote myelin clearance, en-
hanced recruitment of astrocytes and increased OD
proliferation and maturation. A thorough single-cell or
cell population RNAseq expression analysis would be
needed to investigate the microglia phenotype after
BLZ945 treatment in the cuprizone model. Important to
note, in human brain differences have been observed in
the dynamics of OD generation between white and gray
matter [54], a factor that could have also contributed to
the differences in BLZ945 efficacy between cortex/stri-
atum and corpus callosum/external capsule observed
here. Furthermore, brain region-specific effects have
been reported with chemokine knockout mice, showing
beneficial effects in cortex but not corpus callosum [20],
indicating that region-specific pathophysiological pro-
cesses do exist. It has been shown that microglia are
essential for the development and homeostasis of
oligodendrocyte precursor cell (OPCs) [17]. We also
could observe that BLZ945 treatment substantially re-
duced NG2-positive OPCs. Microglia seem to be es-
sential in OPC maintenance as OPCs do not express
CSFIR [17]. Nevertheless, mature ODs are still being
generated and are even enhanced upon therapeutic
BLZ945 treatment. It seems that OD numbers and
function profit from microglia depletion. It can be
speculated that in our model ODs are being gener-
ated by NG2-negative OPCs/pre-mature ODs or other
unknown precursor cell populations. It has been
shown that BLZ945 treatment induced an increase in
GFP-positive/NG2-negative cells with the Sox10
promoter-driven inducible GFP reporter mouse [17],
indicating an enhanced maturation of ODs or prompt
differentiation of OPCs upon CSF1R pathway inhib-
ition. Similar to Hagemeyer et al. [17] we also did
not observe any myelination, axonal fiber and OD dif-
ferences in the corpus callosum/external capsule after
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6 weeks high dose BLZ945 treatment without cuprizone.
Importantly, after BLZ945 removal OPCs similar to
microglia seem to reappear [17].

Our data suggest that the microglia populations in the
corpus callosum and the external capsule differed exten-
sively in their behavior during prophylactic BLZ945 treat-
ment in the cuprizone model. When BLZ945 was given
prophylactically before and during cuprizone intoxication
microglia in the external capsule became insensitive
towards CSF1R kinase inhibition resulting in a functional
impairment. It has been reported that heterozygous
CSFIR knock-out mice also have abnormal myelination
and aberrant activation of microglia [6]. This is similar to
data observed in TREM2 (triggering receptor expressed
on myeloid cells 2 protein) knock-out animals where
microglia impairment could be observed by us and others
[4, 40]. TREM2 and CSFIR presumably signal via the
same adapter protein DAP12 [37] and when dysfunctional
contributes to chronic neurodegeneration in humans. Defi-
ciency in TREM2 leads to Nasu-Hakola disease and patients
with partial loss-of-function mutations in CSFIR suffer from
hereditary diffuse leukoencephalopathy with spheroids (see
reviews [34, 53]). This indicates that the CSFIR and TREM2
pathway may converge and even interact to exert similar
downstream events. At week 5, there was a discrepancy be-
tween the MRI readouts at the level of the external capsule
of cuprizone-challenged mice: whereas the signal intensities
were approximately the same for the BLZ945 and vehicle
groups, consistent with the similar levels of demyelination in
both groups evidenced by histology, the MTR was signifi-
cantly increased in BLZ945- compared to vehicle-treated an-
imals. However, increased myelin debris was observed by
histology in the external capsule of mice that had received
BLZ945, suggesting that myelin debris contributed to MTR.
These observations are consistent with earlier work showing
that OD ablation resulted only in minor decreases in MTR
due to inefficient removal of myelin debris [33]. In the cor-
pus callosum on the contrary, for BLZ945 given prophylac-
tically, microglia were substantially reduced, comparable to
the situation in the therapeutic BLZ945 treatment mode,
and additionally microglia functionality was altered, leading
to reduced demyelination, no accumulation of myelin debris
and absence of axonal damage. This is in agreement with the
reduced MRI signal and the increased MTR measured in the
corpus callosum of cuprizone challenged animals receiving
BLZ945 prophylactically. Therefore, a discrepancy between
MRI signal and MTR might thus indicate poor myelin debris
removal in a given area, pointing to the importance of asses-
sing both parameters.

Microglia can also exert pro-inflammatory neurotoxic
function in chronic neurodegenerative diseases, damaging
neurons, synapses, neuronal processes directly or indirectly
by helping spreading of toxic proteins. It has been shown
that CSFIR kinase inhibition in animal models of
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Alzheimer’s disease (AD), amyotrophic lateral sclerosis
(ALS), brain lesions, tauopathies and catatonia of neuro-
psychiatric diseases prevented or functionally improved
disease progression [1, 8, 19, 30, 36, 43]. Similarly, mice
lacking the chemokine Cxcll0 showed a reduction of
microglia activation and as a consequence a reduced
demyelination and axonal pathology [7]. Brain areas with
the strongest microglia depletion by BLZ945 also displayed
enhanced myelination and OD numbers. This implicates
that a reduction of microglia is beneficial for the myelin-
ation processes exerted by remaining ODs. The exact
mechanisms by which microglia are inhibiting mature OD
myelination remains to be elucidated. Important to note
that in an experimental autoimmune encephalomyelitis
(EAE) model therapeutic treatment of BLZ945 did not
change disease progression despite a significant reduction
of microglia cells in the spinal cord gray matter. However,
microglia were not reduced in the cortex, but showed
enhanced proliferation indicating that peripheral immune
cells in the EAE model do alter microglia response towards
BLZ945. Further studies are needed to characterize the
phenotype of microglia in the EAE model. Additionally,
combination therapies in the EAE model for modulating
peripheral as well as central inflammatory processes may
shed more light on the contribution of microglia to the
pathology. Furthermore, combining cuprizone and EAE
models could prove to have good translational value for
studying inflammatory lesions in the forebrain [44, 45].
Nevertheless, our results indicate that microglia modulation
via the CSF1R pathway seems not to play a crucial role in
modifying the disease progression in the EAE model.

Taken together, the myelination processes can be posi-
tively modulated by reducing microglia and enhancing
astrocytes and thereby increasing and/or preserve ODs
and, finally, myelination. As this is brain region-specific
and depends on disease state the timing on the interven-
tion is crucial. Our results show for the first time benefi-
cial effects on myelination events in the cuprizone
model by CSFIR kinase inhibition. Thus, microglia-
modulating mechanisms could be potentially pursued as
new short-term treatment paradigms for initiating and
enhancing myelination processes in combination with
standard-of-care medication in MS.

Additional file

Additional file 1: Figure S1-S14. Figure S1. 5-week cuprizone
intoxication leads to demyelination and neuroinflammation in the
corpus callosum when compared to healthy control. Figure S2. MRI
reliably detects de- and re-myelination events in the cuprizone model
in the corpus callosum/external capsule (cc+ec), correlating with myelin and
oligodendrocyte histology. Figure S3. BLZ945 dose-response and
time-course on microglia depletion and activation in the brain. Figure S4.
BLZ945 dose-response on microglia-specific gene expression and microglia
depletion in the spinal cord. Figure S5. Longitudinal MRl measurements of
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a 2-week therapeutic treatment with BLZ945 (169 mg/kg p.o, qd) after
5-week cuprizone intoxication. Figure S6. A 2-week therapeutic treatment
with BLZ945 after 5-week cuprizone intoxication period enhanced remyelina-
tion but depleted NG2-positive oligodendrocyte precursor cells. Figure S7. A
2-week therapeutic treatment with BLZ945 after a 5-week cuprizone
intoxication period changed microglia morphology. Figure S8. A
2-week therapeutic treatment with BLZ945 after a 5-week cuprizone
intoxication period enhanced astrogliosis. Figure S9. Therapeutic
BLZ945 treatment in experimental autoimmune encephalomyelitis
(EAE) mice did not alter disease progression. Microglia in the spinal
cord were reduced, whereas in the cortex no reduction, but enhanced
microglia proliferation could be observed. Figure $10. Longitudinal MRI
measurements of prophylactic treatment with BLZ945 1 week before and
during the 5-week cuprizone intoxication. Figure S11. Prophylactic
treatment with BLZ945 before and during cuprizone intoxication led to
axonal pathology, myelin debris and reduced NeuN-positive cells in
cortex. Figure S12. Prophylactic treatment with BLZ945 before and during
cuprizone intoxication showed similar levels of astrocytosis as well as
increase in LAMP1 in external capsule (ec) and corpus callosum (cc).
Figure S13. 5-week cuprizone intoxication in TREM2 knock-out mice
led to enhanced pathology especially in the external capsule. Figure
S14. Quantitative image analysis of microglia/astrocyte numbers and
morphology of stained Ibal and GFAP brain sections. (PDF 13675 kb)
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