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Abstract

The functional diversity and molecular adaptations of reactive microglia in the chronically
inflamed central nervous system (CNS) are poorly understood. We previously showed that mice
lacking multifunctional protein 2 (MFP2), a pivotal enzyme in peroxisomal -oxidation,
persistently accumulate reactive myeloid cells in the gray matter of the CNS. Here we show that
the increased numbers of myeloid cells solely derive from proliferation of resident microglia and
not from infiltrating monocytes. We defined the signature of M#p27~ microglia by gene
expression profiling after acute isolation, which was validated by quantitative PCR,
immunohistochemical and flow cytometric analysis. The features of Mfp2~~ microglia were
compared with those from SOD1693A mice, an amyotrophic lateral sclerosis model. In contrast to
the neurodegenerative milieu of SOD1S93A spinal cord, neurons were intact in Mfp2~~ brain and
M2/~ microglia lacked signs of phagocytic and neurotoxic activity. The chronically reactive
state of Mfp27~ microglia was accompanied by downregulation of markers that specify the unique
microglial signature in homeostatic conditions. In contrast, mammalian target of rapamycin
(mTOR) and downstream glycolytic and protein translation pathways were induced, indicative of
metabolic adaptations. Mfp27~ microglia were immunologically activated but not polarized to a
pro- or anti-inflammatory phenotype. A peripheral lipopolysaccharide challenge provoked an
exaggerated inflammatory response in Mfv2~/~ brain, consistent with a primed state. Taken
together, we demonstrate that chronic activation of resident microglia does not necessarily lead to
phagocytosis nor overt neurotoxicity.
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Introduction

Microglia, the resident immune cells of the CNS, are actively engaged in both homeostasis
and pathology in the adult brain. Under physiological conditions, microglia constantly
survey the microenvironment and communicate in a bidirectional way with neural cells
(Ransohoff and Perry, 2009, Hughes, 2012, Gomez-Nicola et al., 2013, Prinz and Priller,
2014). It has become clear that microglia play a critical role in neuronal plasticity by
controlling synaptic function and synaptogenesis (Tremblay et al., 2010, Salter and Beggs,
2014). Recently, important progress was made in the molecular characterization of
homeostatic microglia, by differentiating their transcriptome signature from that of neural
cells and other myeloid cells (Butovsky et al., 2012, Gautier et al., 2012, Chiu et al., 2013,
Hickman et al., 2013, Butovsky et al., 2014).

In addition to their role in CNS homeostasis, microglia sense CNS damage and can act as
versatile effector cells during neuropathological conditions. To this end, microglia adopt a
range of activation states which remain ill-defined at the molecular level. In particular, the
diverse phenotypes of microglia in conditions of chronic stress in the brain are poorly
understood (Gomez-Nicola et al., 2013, Cherry et al., 2014). The morphological transition
from ramified to amoeboid is accompanied by new effector functions that can vary widely
and encompass proliferation, migration, production of cytokines and chemokines, and
phagocytic activity. Whether chronically activated microglia always attain neurotoxic
properties is still a matter of debate (Biber et al., 2014). An undervalued aspect in chronic
neuroinflammation is that concomitant with acquiring novel shapes and functions, microglia
might also lose features related to their homeostatic role. To better understand the spectrum
of phenotypes of reactive microglia, information on gene expression and insights in
signaling pathways are necessary. Recently, the microglia transcriptome of SOD1G93A mice,
an amyotrophic lateral sclerosis (ALS) model was defined (Butovsky et al., 2012, Chiu et
al., 2013). These microglia concurrently upregulate both neurotoxic and neuroprotective
factors as well as genes associated with lysosomal activity and phagocytosis (Chiu et al.,
2013). Their molecular profile was different from that of lipopolysaccharide (LPS)-activated
microglia and of M1 or M2 macrophages, and was denoted as a neurodegeneration-specific
signature (Chiu et al., 2013).

Chronic microglia activation is an important hallmark of many neurodegenerative diseases
and contributes significantly to the progression of these disorders (Glass et al., 2010).
Moreover, microglial dysfunction might underlie some neurological disorders, such as Rett’s
syndrome (Derecki et al., 2013) and Nasu-Hakola disease (Satoh et al., 2011). Also in X-
linked adrenoleukodystrophy, a neurometabolic disorder caused by peroxisomal p-oxidation
deficiency (Kemp et al., 2012), microglia seem to play a pivotal role in disease pathogenesis.
This is inferred from the therapeutic efficacy of bone marrow transplantation or
hematopoietic stem cell gene therapy to halt the inflammatory demyelination seen in the
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cerebral childhood form of the disease (ccCALD) (Cartier et al., 2009, Cartier and Aubourg,
2010). Due to the absence of neuroinflammation in the corresponding mouse model
(AbcdI™"), the precise molecular abnormalities leading to cerebral inflammation and/or
microglial dysfunction cannot be investigated (Kemp et al., 2012). Interestingly, we recently
showed that mice lacking multifunctional protein-2 (MFP2; also known as D-bifunctional
protein), a peroxisomal p-oxidation enzyme downstream of the ABCD1 transporter, develop
robust neuroinflammation (Huyghe et al., 2006c, Verheijden et al., 2013). This initiates
before the age of 8 weeks and is confined to the gray matter throughout the brain and spinal
cord. The expanding inflammation parallels the aggravating neurological phenotype of the
mice, characterized by motor and cognitive impairments, lethargy and death before the age
of 6 months ((Huyghe et al., 2006c¢) and unpublished observations). With the exception of
testicular degeneration, no peripheral organ failure was observed (Jia et al., 2003, Huyghe et
al., 2006a, Huyghe et al., 2006b). Interestingly, mice with selective elimination of MFP2
from neural cells develop minor neuroinflammation and have an extended lifespan compared
to general knockouts (Verheijden et al., 2013). This suggests that loss of peroxisomal -
oxidation from non-neural cells (e.g. microglia and/or infiltrating monocytes) worsens the
inflammatory state of the brain.

For unknown reasons, the phenotype of Mfo27~ mice deviates from the severe
neurodevelopmental pathology of patients with total ablation of MFP2 (Ferdinandusse et al.,
2006b). Milder mutations give rise to degenerative neurological anomalies including ataxia,
leukodystrophy and vision/hearing problems (Ferdinandusse et al., 2006a, Khan et al., 2010,
van der Knaap et al., 2012) but it has not been assessed whether neuroinflammation
develops. The precise metabolic role of MFP2 in the formation and maintenance of the CNS
remains unresolved. Apart from increased levels of very long chain fatty acids, no other
metabolic anomalies have been identified (Huyghe et al., 2006a).

In this study, we used M£p27~ mice as a unique tool to study the cellular and molecular
aspects of neuroinflammation in peroxisomal p-oxidation deficiency. Specifically, we aimed
to molecularly define the activation state of microglia and to uncover the cellular
mechanisms driving the neuroinflammatory response. Our findings show that Mfp27~
microglia adopt a strongly proliferative and immunologically activated phenotype that is
neuron-sparing. As this contrasts with microglia in the neurodegenerative milieu of the
SOD1G%A spinal cord (Chiu et al., 2013), we directly compared gene expression and
histological features of microglia in both mouse models.

Materials and Methods

Mouse breeding

The generation of Mfo27~ mice has been described (Baes et al., 2000). M2~ mice were
bred on a Swiss/Webster background in the specific pathogen free animal housing facility of
the KU Leuven, had ad /ibitum access to water and standard rodent food, and were kept on a
12-hour light and dark cycle. As we did not detect differences between wild type and
heterozygous mice in our previous investigations, they were both used as controls. Unless
stated otherwise, all experiments were performed on 17-20 week old mice with mixed
gender and were in accordance with the “Guidelines for Care and Use of Experimental
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Animals” and fully approved by the Research Ethical committee of the KU Leuven
(#190/2012).

Microglia isolation by FACS sorting

Microarray

Microglia were acutely isolated from M2~ and control mice (n=4 for each genotype).
After transcardiac perfusion with ice-cold PBS, brains were quickly dissected and
mechanically homogenized with a tissue homogenizer in ice-cold HBSS containing 15mM
HEPES and 0.5 % glucose (De Haas et al., 2007). Cells were filtered over a 70 um strainer
and pelleted at 220 g for 10 min at 4 °C. Contaminating myelin was removed by
resuspending the pellet in 25 ml ice-cold 22% Percoll buffer, overlaying with 5 mL ice-cold
PBS followed by centrifugation in a swinging bucket rotor at 950 g for 25 min at 4 °C
(modified from (Olah et al., 2012)). The cells were incubated with mouse anti-CD45-FITC
(eBiosciences 11-0451; 1:40) and mouse anti-CD11b-APC (eBiosciences 17-0112; 1:100)
for 30 minutes at 4 °C in the dark. CD11b"3h/CD45™Mid cells were isolated using an Avria |
fluorescence-activated cell sorter (FACS) (BD Biosciences) equipped with a 488 nm and 633
nm laser. Cells with low forward/sideward scatter profile were excluded from the isolation.
Microglia yield ranged between 1 x 10° to 3 x 10° cells/mouse brain. Cells were collected in
RNA lysis buffer provided with the RNeasy microkit (Qiagen, 74004). Data from FACS
sorting of CD11b"9"/CD45Mid myeloid cells were analyzed using BD FACsuite software
(BD Biosciences).

Total RNA was isolated from FACS sorted microglia by using the RNeasy Micro kit
(Qiagen). The quality of the RNA samples was determined with an Agilent 2100
Bioanalyzer (Agilent Technologies, California, USA). Only samples with RIN values (RNA
Integrity Number) higher or equal to 8 were used. The RNA was amplified with the NUGEN
amplification kit (Agilent technologies). For microarray analysis, the whole genome
GeneChip Mouse Gene 1.0 ST Array was used as described previously. Quality control,
amplification, labeling of the samples, hybridization, washing and scanning of the chips and
first-line bioinformatics was carried out at the MicroArray Facility (MAF, VIB, Leuven,
Belgium). The complete dataset is available under GEO record GSE66420.

Flow cytometry

Brain cells were isolated by Percoll gradient centrifugation as described above. For antibody
labeling, 1 x 10° cells were incubated in 200 pl for 20 min at 4 °C with combinations of
mouse anti-Cd11b-APC (1:200) and either rat anti-LY6C-FITC (1:200), rat anti-5E12
(CD39) (1:300) rat anti-FCRLS (1:300) antibodies (Butovsky et al., 2012, Butovsky et al.,
2014). The latter two were detected with goat anti-rat 1gG conjugated to FITC (1:300;
BioLegend). To demonstrate cell proliferation, bromodeoxyuridine (BrdU) (Sigma B5002)
was dissolved in sterile Dulbecco’s phosphate buffered saline at 37°C and injected
intraperitoneally (50 mg/kg body weight) daily for 3 consecutive days in 12-week-old or 16-
week-old Mifp2knockout and wild type littermates. Twelve hours after the last BrdU
injection, proliferating cells were detected using flow cytometry with anti-BrDU antibodies
(BrDU Flow Kit; BD Biosciences). Alternatively, animals were sacrificed for
immunohistochemical detection of BrdU. Flow cytometry was performed on a FACSVerse
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(BD Biosciences), and data analyzed with BD FACsuite software (BD Biosciences). For
immunological profiling, CD11b-Pe Cy7 (clone M1/70, Biolegend) was used in combination
with CD11c-APC (clone HL3, BD Pharmingen), F4/80-APC (clone BMS8, eBioscience),
CX3CR1-FITC (Goat polyclonal, R&D Systems), CD204-Alexa 647 (clone MR5D3, AbD
Serotec), CD206-Alexa 647 (clone 2F8, AbD Serotec) or IL10R (Imtec Diagnostics) all at
dilutions of 1:200.

Real time PCR

Real time PCR was performed as previously described (Bottelbergs et al., 2010) using an
ABI PRISM 7500 Real Time PCR instrument (Applied Biosystems, Lennik, Belgium).
Primers and probes were either designed using Primer Express Software (Applied
Biosystems) (B-actin, iNOS, Tnf sequences available on request) or ordered from Applied
Biosystems as premade Tagman Gene Expression assays (111b, Mm011336189 m1; 116,
Mm01210733_m1; Cx3crl, Mm0262011_s1; Tgfbrl, Mm00436964_m1; arginase,
MmO00475991 _m1; Mrcl, Mm00485148 m1). Assays were performed in duplicate or
triplicate in 10 uL TagMan Fast Universal PCR Master Mix (Applied Biosystems). Relative
expression levels of the target genes were calculated taking into account the amplification
efficiency as described (Giulietti et al., 2001). The relative expression levels of the target
genes were calculated as a ratio to the housekeeping gene p-actin.

Bioinformatics

Histology

Differential expression of genes between the two conditions is based on the robust multi-
array analysis (RMA) expression values (Irizarry et al., 2003) as obtained with the xps
package (version 1.18.1) of BioConductor (www.bioconductor.org). We tested whether it
significantly deviates from 0 with a moderated t-statistic (implemented in limma). The
resulting p-values are corrected for multiple testing with Benjamini-Hochberg (Hochberg
and Benjamini, 1990) to control the false discovery rate. In general, differential expression is
based on the p-values, corrected for multiple testing (e.g. all probes with a corrected p-value
less than 0.01) together with a cut-off on the fold-change of 1.5. Pathway analysis is based
on information provided by The Ingenuity Knowledge Base. For data interpretation and
visualization Ingenuity pathway analysis (IPA) and the functional annotation tool KEGG
(Kyoto Encyclopedia for Genes and Genomes database) from DAVID (Database for
Annotation, Visualization and Integrated Discovery v6.7) was used. In addition, the dataset
from Mfp2~~ microglia was compared to transcriptomics datasets based on either RNA-
sequencing of microglia in homeostatic conditions and from SOD1%93A mice (Chiu et al.,
2013) (GEO dataset GSE43366) or gene expression profiling of microglia in homeostatic
conditions using a NanoString nCounter platform (Butovsky et al., 2014). The RPKM gene
levels from the RNA-seq experiment were converted to fold change as compared to control
values. Differentially expressed genes (fold > 1.5, p-value < 0.01) were used for all analyses.

Anesthesia of the mice and tissue processing and immunohistochemical (IHC) staining were
performed as described (Hulshagen et al., 2008). Routinely, paraffin sections (7 um) were
used for immunofluorescent stainings. The following primary antibodies were used:
polyclonal rabbit anti-1bal (1:500; Wako D19-19741), rabbit anti-phospho-S6 ribosomal

Glia. Author manuscript; available in PMC 2019 June 17.


http://www.bioconductor.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Verheijden et al.

Page 6

protein mAb (Ser235/236) (1:400; Cell signaling D57.2.2E), rabbit Cathepsin D (1:200
Santa Cruz), Lamp2/Mac3 (1:100, BD Pharmingen), rat Anti-BrDU mAb (1:100; AbD
Serotec OBT0030), rabbit 3-nitrotyrosine (1:100; Millipore 06—-284), and rabbit 4-
hydroxynonenal (1:500; Millipore 393204). Cryo sections were used for staining with
polyclonal rabbit anti-P2RY 12 (1:500; provided by Prof. O. Butovsky, Boston, USA).
Frozen sections of spinal cord of endstage SOD1G93A mice were kindly provided by Prof. L.
Van Den Bosch (VIB and KU Leuven, Belgium). After incubation with primary antibodies
overnight at room temperature (at 4°C for anti-P2RY 12 staining) HRP-labeled secondary
antibodies (1:200) were applied for 1 hour, followed by fluorescent labeling with a cyanine 2
(FITC) TSA kit (Perkin Elmer Life sciences, Boston, USA). P2ry12 antibodies were
detected with goat anti-rabbit 1gG conjugated to Alexa647 (1:300; Life technologies
A21244). When double immunolabeling was performed, sets of primary and secondary
antibodies were applied sequentially. As second fluorescent labels, cyanine 3 TSA kits
(Perkin-Elmer) were used. Images were acquired with a motorized inverted 1X-81
microscope connected to a CCD-FV2T digital camera (Olympus, Aartselaar, Belgium) and
processed with LSM Image browser software (Zeiss, Germany). Microglia cell numbers
were quantified on Iba-1 immunofluorescent stained paraffin sections (7 um) around the
sagittal midline (n=4). Within one plane (20 x magnification), only Iba-1-positive cells that
fully colocalized with DAPI-positive nuclei were counted in the different regions of the
brain, namely cornu ammonis (CA) 1-3 and dentate gyrus (DG) of hippocampus,
somatosensory cortex, motor cortex and dorsal pons. Microglia number/frame was corrected
for surface area. Quantification of neuronal numbers in CA3 of hippocampus was performed
on cresyl violet stained sections (n=5) in a similar way as described for microglia. Only cells
in which the Nissl substance was clearly visible were quantified.

In vivo LPS challenge and cytokine measurements

M2~ and control mice 14 weeks of age received an intraperitoneal injection of LPS
(Img/kg, Sigma, L4391) or sterile saline vehicle in a total volume of 100ul. Four hours later,
mice were sacrificed, plasma and brain regions were collected and flash frozen in liquid
nitrogen. Brainstem was homogenized 1:10 (w/v) in ice-cold PBS containing a cocktail of
protease inhibitors (Roche) and lysates were cleared by centrifugation at 140009 for 20 min
at 4°C. Immunoreactive levels of TNF, IL1p and IL6 were measured in plasma and
brainstem lysates by using a cytometric bead array mouse soluble protein flex set system
(BD Biosciences). The samples were prepared according to the manufacturer’s instructions
and analyzed on a FACSCanto HTS (BD Biosciences) and analyzed by FCAP array software
(BD Biosciences).

Statistical analysis

One-way ANOVA was carried out using Graphpad Prism 3.0 software (San Diego, CA). For
microarray data, p-values are corrected for multiple testing with Benjamini-Hochberg
(Hochberg and Benjamini, 1990).
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No invasion of Ly6C* monocytes but proliferation of resident microglia in Mfp2~~ brain

One of the most striking neuropathological hallmarks of M2~ mice is the development of
extensive neuroinflammation involving astro- and microgliosis (Huyghe et al., 2006c¢,
Verheijden et al., 2013). During the disease course, Ibal* brain macrophages acquire an
activated phenotype and display enlarged cell bodies and a deramified morphology together
with increased F4/80 expression (Verheijden et al., 2013). In order to estimate whether these
cells increase in number, Ibal* cells were quantified in different regions of the CNS of mice
at end stage (5 months old). In hippocampus, motor cortex and pons, microglia/macrophage
numbers were 46 fold increased in Mfp2~~ compared to control brain (Fig. 1A). To
investigate whether this increase arises from influx of peripheral monocytes or accumulation
of resident microglia, we evaluated the presence of markers that are respectively expressed
by blood monocytes (Ly6C) and resident microglia (CD39, FCRLS). Indeed, Butovsky et al
recently showed that the expression of Ly6C and CD39/FCRLS effectively distinguishes
non-overlapping populations of peripheral inflammatory monocytes and CNS-resident
microglia in mice (Butovsky et al, 2012; Butovsky et al, 2014). The efficacy of these
discriminating markers has been convincingly proven in a mouse model of ALS
(SOD1G93A) (Butovsky et al., 2012, Butovsky et al., 2014). FACS analysis on brain
homogenates of endstage Mfp2~~ mice showed that almost all CD11b™* cells are negative
for the monocyte marker Ly6C (> 99%) (Fig.1B). In contrast, the vast majority of CD11b*
cells (> 97%) is positive for CD39 and FCRLS, two specific markers for resident microglia
(Fig. 1C-D). Moreover, all CD11b* cells are CD45%M, which is another characteristic of
resident microglia (data not shown). Together, these data show that the expanded myeloid
population is of local origin allowing to further designate these cells as microglia.

Having excluded influx of inflammatory monocytes in the M#n2~~ brain, we next wanted to
verify whether the accumulation of brain myeloid cells originates from proliferation of CNS
resident microglia. We analyzed BrdU incorporation in microglial cells and indeed found
significantly increased numbers of proliferating Ibal*/BrdU* cells by IHC analysis (Fig. 1E)
and Cd11b*/BrdU™ cells by FACS analysis in Mfo27~ compared to control mice (Fig.
1F,G). Together, these data demonstrate that the inflammatory response in Mfp27~ brain is
governed by proliferation of resident microglia and not by infiltration of peripheral cells.

Defining the molecular signature of a non-neurodegenerative microglia phenotype

As microgliosis in Mfp2~~ mice is confined to gray matter areas such as cortex,
hippocampus and brainstem (Verheijden et al., 2013), we performed double
immunofluorescence stainings with microglial and neuronal markers. \We observed that
microglia enwrap neuronal cell bodies (Fig. 2A—F), suggesting that microglia in Mfo27~
mice become activated in response to neuronal demise, analogous to several disease models
of neurodegenerative disorders. However, previous FluoJade and caspase/TUNEL stainings
did not show evidence for neuronal damage nor death in the CNS of M2~ mice (Huyghe
et al., 2006c¢). To further confirm the conservation of neurons, we counted neuron numbers
in the CA3 region of the hippocampus of endstage Mf2~~ mice (Fig. 2G-1). We did not
find significant differences between Mfp2~~and control mice. Also in other brain regions,
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we could not detect an overt reduction of neuron numbers (not shown). The microglia
microenvironment in Mfp2~~ brain thus deviates from the milieu in neurodegenerative
disorders. We therefore characterized the molecular signature of this non-neurodegenerative
microglia phenotype and performed microarray analysis on acutely isolated microglia
(CD11b*/CD459M) from whole brain of 5 months old control and Mf2~7~ mice (Fig.
3A,B). We found that 983 genes were differentially expressed in Mfp2~~ compared to
control microglia (288 downregulated, 695 upregulated; fold = 1.5, p-value < 0.01) (Fig.
3C). The top 50 up- and downregulated genes, the unsupervised hierarchical clustering of
RMA values and the principle component analysis of gene expression data are shown in
Suppl. Fig.1. Pathway enrichment by Ingenuity and DAVID analysis demonstrated
pronounced induction of pathways related to protein translation, cellular growth and
proliferation, such as Eif2 signaling, mTOR signaling and regulation of elF4 and p70S6K
signaling (Fig. 3D and Suppl. Table 1). Activation of mTOR was validated by IHC, showing
increased phosphorylation of the downstream target ribosomal S6 protein (pS6) in Mfo27~
compared to wild type microglia (Fig. 3E,F). The transcription factor Hypoxia-inducible
factor 1-alpha (HIF1a), another downstream target of mTOR (Duvel et al., 2010), was
significantly induced according to the microarray data, which was further supported by
elevated transcripts of several enzymes of the glycolytic pathway and VEGF (Suppl. Table
1). Interestingly, the regulatory subunit of 5° AMP-activated protein kinase (AMPK) that
inhibits mTOR in conditions of cellular energy depletion, was downregulated by 50%. The
enrichment of mTOR and elF2 signaling is in accordance with the strong proliferative
response and cellular growth observed in M£p27~ microglia.

Mfp2~/~ brain are not phagocytic and do not produce reactive oxygen/nitrogen

We compared the transcriptional signature of M2/~ microglia residing in a neuron-sparing
milieu, with the previously published neurodegeneration-specific microglial signature in
SODI1G%A mice, a model for ALS (GEO dataset GSE43366)(Chiu et al., 2013). The most
pronounced difference between the Mfp27~ and SOD1%3A model was the strong
enrichment of the KEGG pathway Lysosome in SOD1%93A microglia (37.9% of genes
related to Lysosome upregulated) (Fig. 4B) whereas this was less obvious for Mfp27~
microglia (11.7% of genes upregulated) (Fig. 4A). Comparison for enriched functions
between the two models using Ingenuity analysis demonstrated marked enrichment for
‘phagocytosis’, ‘cytoskeletal organization” and ‘respiratory burst’ in the SODIG%A as
compared to M2/~ microglia (Fig. 4C). As these data suggest that microglia in Mfp27~
mice do not acquire phagocytic properties, in contrast to microglia in a neurodegenerative
disease model (SOD1G%A), we performed IHC for markers associated with lysosomal
activation and phagocytosis. There was no increased immunoreactivity of Cathepsin D (Fig.
4D,E), LAMP2/MACS3 (Fig. 4G,H) and CD68 (not shown) in brain of M2/~ versus
control mice (shown for visual cortex and brainstem). In contrast, we detected clear positive
staining for these markers in the lumbal spinal cord of endstage SOD159%A mice (Fig. 4F,1).

The low expression of ‘respiratory burst’ genes in M2~ as compared to SOD1693A
microglia comprised normal levels of Nos2, Nox1 and Nox2 (Cybb) versus controls. In
contrast, SOD1%93A microglia showed a very strong upregulation of Cybb compared to
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control microglia (> 40 fold) (Chiu et al., 2013). As reactive oxygen and nitrogen species are
known to be important mediators of neurotoxicity, and upregulation might take place at the
posttranscriptional level, we further evaluated oxidative stress markers. IHC stainings for
nitrated proteins (Fig. 4J-L) and lipid peroxidation (4HNE, not shown) were not detectable
in Mfo2~~ brain (Fig. 4K), whereas both were positive in SOD1G%A spinal cord (Fig. 4L
and data not shown).

In summary, despite their chronic active state, M2~ microglia do not upregulate
pathways associated with phagocytic clearance, lysosomal activity and reactive oxygen/
nitrogen species production. This is in striking contrast to the neurodegeneration-specific
microglial signature of SODI1G%A mice.

Mfp2~/~ microglia are immunologically activated but not polarized

In response to disruption of CNS homeostasis by infectious or sterile conditions, reactive
microglia can produce pro-inflammatory cytokines such as TNF. Chronic release of these
substances by microglia can affect neuronal viability (Block et al., 2007). In contrast, the
induction of an anti-inflammatory microglia phenotype is generally linked to
neuroprotection (Kigerl et al., 2009, Liao et al., 2012). In view of preserved neuron numbers
in Mfo2~~ mice and the absence of a neurodegeneration-specific microglial signature, we
explored transcript levels of genes associated with pro- and anti-inflammatory activation in
the micro-array dataset. Microglia in Mfp27~ mice are clearly immunologically activated as
several genes encoding cytokines (//16, Tnf, 1112b), chemokines (Cc/5, Ccl2) and surface
markers (/tgax, Emrl, Cd83, Cd86) associated with inflammatory activation were strongly
induced (Fig. 5A,C). Remarkably, the expression of several key pro-inflammatory genes was
unchanged (Nos2, 1112a, Cxcl9, Ifnb1, IcamI) or even downregulated (//6), suggesting that
microglia in Mfv2~~ mice do not acquire a typical pro-inflammatory activation state.
However, Mfo2~~microglia could also not be categorized as anti-inflammatory, because
typical anti-inflammatory genes were either induced (ArgZ, MsrI) or repressed (Mrcl,
Stabl) (Fig. 5A-C). gRT-PCR and FACS analysis of some key inflammatory markers further
confirmed that the microglia activation state in Afp2~7~ mice cannot be categorized as pro-
or anti-inflammatory (Fig. 5B,D). Analysis of cytokine levels in brain homogenates revealed
that despite strongly increased transcript levels of 7nfand /16 in microglia, the respective
cytokine levels were not detectable (TNF) or only 1.5 fold increased (IL1p) (not shown) in
M2~ brain, further supporting the absence of a typical pro-inflammatory effector state.
Interestingly, after intraperitoneal injection of LPS, both transcript (Tnf, 111b) and protein
levels (IL1B, 1L6 and TNFa) were more strongly induced in Mfp2~~ compared to control
mice, consistent with a primed state (Perry and Holmes, 2014) (Fig. 5E,F). In order to
exclude that this particular immunological state of microglia is induced by systemic
inflammation, we analyzed cytokine levels in plasma (111, 116, TNFa) and the leucocyte
profile in blood. There were however no signs of peripheral inflammatory anomalies in
M2~ mice and after LPS administration cytokine levels increased similarly in control and
mutant mice (data not shown).
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It thus seems that M£p27~ microglia exhibit an immunologically activated and primed state,
but they are not polarized and only acquire a typical pro-inflammatory effector state after a
secondary stimulus.

The homeostatic microglial signature is downregulated in Mfp2~~ microglia

Several research groups recently reported the specific transcript signature of homeostatic
microglia (Gautier et al., 2012, Chiu et al., 2013, Hickman et al., 2013, Butovsky et al.,
2014) by comparing the transcriptomes of microglia with those of other CNS cell types
and/or peripheral myeloid cells. This resulted in the identification of specific markers of
microglia in their surveillance mode. When comparing our data set with the homeostatic
microglial signature, it was conspicuous that the bulk of microglia specific genes was
significantly suppressed in Mfz2~~ microglia (46% when compared with Butovsky et al.
(Butovsky et al., 2014) (Fig. 6A) and 53 % compared with Chiu et al. (Chiu et al., 2013)),
whereas only a few were upregulated (6-9%). These data demonstrate that in the inflamed
M2~ brain, microglia loose typical features related to their homeostatic function. In order
to validate the microarray data, we performed gRT-PCR of Cx3cri and Tgfbrl on isolated
microglia (Fig. 6B,C) and IHC analysis of P2RY12 (Fig. 6D,E) which confirmed the
downregulation of these surface markers in Mfp27~ microglia. FACS analysis for CX3CR1
and IL10R showed a clear reduction in CX3CR1 expression and a slight reduction in IL10R
expression (Fig. 6F,G). Taken together, a hallmark of the microglia phenotype in Mfp2~~
brain is the loss of surface and other markers that were shown to be highly and exclusively
expressed in these cells in homeostatic conditions.

Discussion

This study contributes to a better understanding of the wide spectrum of phenotypes that
microglia can adopt in the diseased brain. We determined the microglial signature in a
murine model of peroxisomal B-oxidation deficiency in which robust and chronic
inflammation in the gray matter occurs in the absence of neuronal loss. We show that the
resident microglia in Mfs27~ mice proliferate, are permanently in an activated non-
phagocytic state and lose their typical homeostatic markers. Our data prove that microglia
can remain in a reactive state without acquiring overt neurotoxic and phagocytic properties.

As infiltrating bone marrow-derived monocytes may have a major impact on the
pathological course of neurological conditions (Prinz and Mildner, 2011, Yamasaki et al.,
2014), it was of prime importance to establish the source of the expanded microglial
compartment in M2~ mice. Analysis of specific markers corresponding to peripheral
monocytes and resident microglia clearly showed that the myeloid cells in M2~ brain,
even at late stages of disease, solely derive from local microglia. This differs from the
neuroinflammatory demyelination condition in the peroxisomal p-oxidation disorder,
ccALD in which the fast progressive phase coincides with opening of the blood brain barrier
(Kemp et al., 2012).

Although the immunological profile of Mfp2~~ microglia is clearly distinct from naive
microglia, the affected cytokines and inflammatory mediators could not be clustered in
currently known pro- or anti-inflammatory states. In contrast to acute insults to the brain,
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where microglia switch from an initial proinflammatory to a resolving anti-inflammatory
state, the microglial phenotype in chronic sterile stress conditions can be very
heterogeneous. In the SOD1G95A mouse model of ALS, microglia were shown to convert
during the course of disease from an alternatively activated to a classically activated state
(Liao et al., 2012). The latter were shown to be neurotoxic to motor neurons in vitro. It is
now recognized that microglia induce inflammatory markers in the aged rodent brain and it
is hypothesized that this modest chronic neuroinflammation impairs neuronal functioning
(Norden and Godbout, 2013). Age is not contributing to the inflammatory response in our
model as mice only survive up to 5-6 months of age. It remains however unsolved whether
long-term activation of microglia is necessarily deleterious for neural cells (Biber et al.,
2014). Interestingly, crucial players in the neurotoxic properties are reactive oxygen and
nitrogen species (Block et al., 2007, Brown and Neher, 2014). Although a set of pro-
inflammatory surface and cytokine markers are induced in AM£027~ microglia, the genes
responsible for generation of reactive oxygen and nitrogen species are not upregulated, even
at endstage of disease. The induction of Arg, a well characterized anti-inflammatory
marker gene, also indicates that Mfp2~~ microglia are rather protective for their
environment than toxic. Indeed, the enzyme arginase 1 utilizes, similar to iNOS, arginine as
a substrate, but converts it to products that serve as precursors in repair processes and not to
destructive nitrogen species (Lange et al., 2004, Estevez et al., 2006).

Gene expression screening and histological analyses further indicated absence of lysosomal
activity and cytoskeletal remodeling that normally accompany phagocytosis. This is in sharp
contrast with the gene expression signature of SOD1%%34 microglia in which these pathways
were strongly induced (Chiu et al., 2013). In the latter model, microglia respond to early
changes in motor neurons and develop phagocytic and neurotoxic properties even in a
presymptomatic stage (Sanagi et al., 2010). On the contrary, reactive microglia in Mfp27~
brain seem to get stuck in their graded response from a ramified to a fully activated
phagocytic state. This raises the question whether Mfp2~~ microglia have the ability to
develop lysosomal activity and execute phagocytosis. In this respect it is important to note
that cathepsin D positive microglia were present in cerebellar white matter (data not shown),
where we previously showed degeneration of Purkinje cell axons (Verheijden et al., 2013),
indicative of a proper phagocytic function. Microglia in MFP2 deficient mice thus transform
for a prolonged period in a reactive state that lacks neurodestructive behavior within their
lifetime. It needs to be elucidated whether this state is triggered by cell autonomous
processes in microglia resulting from peroxisomal B-oxidation inactivity or by microglial
responses to MFP2 deficiency in neighbouring cells or a combination of these mechanisms.
The fact that the microglial reactivity is confined to the gray matter strongly suggests that
metabolic distress caused by peroxisomal MFP2 deficiency in neurons contributes to
pathology.

In view of the seemingly harmless microglial activation, the question arises whether this
contributes to disease pathogenesis in Mfo27~ mice as increasing microgliosis coincides
with the neurological symptoms. In this respect, it should be emphasized that the most
prominent coordinated change in Mf»2~~ microglia is rather a loss-of-function than a toxic-
gain-of-function. Several research groups recently defined the unique transcriptome
signature of homeostatic microglia by comparison with their neural cell neighbors and
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myeloid cell family members (Gautier et al., 2012, Chiu et al., 2013, Hickman et al., 2013,
Butovsky et al., 2014). These typical microglial markers were generally downregulated in
M2/~ microglia pointing to a loss of their surveillance state. Butovsky et al recently
reported that the microglia specific gene signature is mainly driven by transforming growth
factor B (TGFp) and that loss of TGFp signaling leads to downregulation of the homeostatic
gene signature (Butovsky et al., 2014). In Mfp2”~ microglia the expression of 7gbrl was
downregulated, probably contributing to their loss-of-homeostatic-function phenotype. A
large fraction of the downregulated genes encode cell surface proteins such as the purinergic
receptors P2RY 12 and P2RY13. It should however be noted that this loss of microglial
membrane proteins is selective as several others are either unchanged (e.g. P2RY6) or
increased (e.g. P2RX4) in expression. It is plausible that these alterations will perturb the
microglial communication with the microenvironment or that chronic deprivation of
homeostatic microglial properties impairs neurological function. It was indeed shown that
lack of CX3CRL1 signaling in microglia perturbs synaptic function in the postnatal period
resulting in persistently disturbed brain connectivity and behavioral disorders (Zhan et al.,
2014). Furthermore, loss of microglia in adulthood was proven to impact on memory and
motor learning through impaired synapse formation, emphasizing the importance of proper
neuron-microglia crosstalk in normal brain functioning (Parkhurst et al., 2013).

Whereas the primary trigger for microglia activation in M2~ brain remains unknown, we
found that mTOR and other pathways driving protein synthesis were induced in the reactive
microglia. Activation of these pathways leads to cell proliferation and growth, in line with
the observed morphological and mitogenic response of Mfp27~ microglia. The pathways
downstream of MTOR are known to be involved in ribosomal activity, protein synthesis and
energy generation through induction of HIF1a, glycolysis, and enhanced mitochondrial
functioning (Hay and Sonenberg, 2004, Duvel et al., 2010). In fact, little is known on the
role of mTOR in the diverse microglial phenotypes. /n vitro experiments with primary
microglia and BV2 cells showed increased mTOR signaling after exposure to hypoxia, LPS
or a mixture of cytokines (Lu et al., 2006). Mouse models with various neurological
conditions such as spinal cord injury and epilepsy, were shown to improve when treated with
mTOR inhibitors but the impact on the inflammatory reaction remains poorly documented
(Sekiguchi et al., 2012, van Vliet et al., 2012, Lu et al., 2014). Interestingly, mTOR was
recently identified as a novel factor involved in macrophage polarization although
contradictory findings were reported whether mTOR activation biases the cytokine response
towards a pro- or an anti-inflammatory state (Byles et al., 2013, Luo et al., 2014). In
addition, it was recently shown that the AKT-mTOR-HIF1a pathway is instrumental for
‘training’ of macrophages whereby cytokine expression is enhanced following a prior
exposure to B-glycan (Cheng et al., 2014, Saeed et al., 2014). This signaling orchestrates a
switch in macrophages from oxidative metabolism to aerobic glycolysis. In this respect, the
upregulation of the mTOR pathway in Mfp27~ microglia, may play a broader role than only
sustain growth and proliferation. The activation of the transcription factor HIF1a and its
downstream glycolytic enzymes might play a pivotal role in the primed state of Mfp27~
brain and possibly in other chronic neuroinflammatory states. In view of the premise that
primed microglia in neurodegenerative diseases become detrimental after a systemic insult
such as infection or illness, it is important to further investigate whether targeting mTOR can
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modify the microglia expression pattern in Afp27~ mice and in other neuroinflammatory
conditions.

In conclusion, our data indicate that chronically reactive microglia in Mfp2~~ brain adopt an
immunologically activated but non-polarized phenotype that is marked by morphological
and metabolic adaptations. These microglia act in a pro-survival environment without overt
neuronal demise, although an adverse effect on neuronal functioning through loss of
microglial homeostatic functions cannot be excluded.
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Refer to Web version on PubMed Central for supplementary material.
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Main points

Resident microglia in MFP2 deficient mice exhibit a proliferative and
immunologically activated state but they lack signs of phagocytic and
neurotoxic activity

The chronically reactive microglia lose their typical homeostatic markers but
upregulate pathways associated with growth and proliferation

The molecular signature of microglia in Mf»27~ brain strongly diverges from
microglia in the neurodegenerative milieu of an ALS mouse model
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Figure 1. Increased numbers of myeloid cells in pr2‘/‘ brain do not derive from influx of
peripheral monocytes but from proliferation of resident microglia

(A) Immunofluorescent staining for the microglia/macrophage marker Iba-1 reveals an
increased number and altered shape of brain myeloid cells in the CA3 region of
hippocampus in Mfp2~~ mice at 5 months compared to an age-matched control.
Quantification of l1ba-1* cells in different brain regions shows increased microglia cell
numbers in hippocampus (hpc), motor cortex (mcor) and pons of M£p27~ mice (** p <
0.01). Nuclei are stained blue with DAPI. (B) FACS analysis of Ly6C expression in CD11b-
gated cells (n = 6 per group). Quantification shows that nearly all CD11b™* cells in brain of
control and Mfn2~~ mice are Ly6c negative. (C) Nearly all Cd11b myeloid cells from
control and Mfo2~~ brain express the microglial specific surface marker CD39 (n = 6 per
group). (D) Nearly all Cd11b* myeloid cells from control and A/fp27~ brain express the
microglial specific surface marker FCRLS (n = 4 per group). All FACS data are presented as
mean + SEM (n = 4— 6 per group) **p < 0.01. (E) BrdU incorporation (green) in lba-1* cells
(red) in Mfp2~~ but not in control brain using immunofluorescent staining. Nuclei are
stained blue with DAPI. (F,G) BrDU incorporation in CD11b-gated cells is higher in
M2~ compared to control mice (n = 3—4 per group, mean = SEM) *p < 0.05.
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Figure 2. Abundant microglia-neuron contacts but no neuronal loss in pr2_/_ mice
(A-D) Activated microglia (Ibal*, green) enwrap cell bodies (DAPI, blue) in the CA3 region

of the hippocampus in M2~ mice (C,D) but not in control (A,B). B and D are
magnifications of the highlighted area in A and C, respectively. Nuclei are stained blue with
DAPI. (E) F4/80* cells contact NeuN neurons in the brainstem of Mfp27~ mice. (F)
Magnification of E. (G — I) H&E staining and quantification in the CA3 region of
hippocampus reveals preservation of neurons in Mfo2~”~ mice.
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Figure 3. Transcriptomics analysis on acutely isolated microglia from control and Mfp2

mouse brain

100 pm

—/-

(A,B) Cd11b/Cd45 FACS sorting of microglia isolated from control (A) and Mfp27~ (B)
mouse brain. (C) Volcano plot of differentially expressed genes of Mfp27~ versus control
microglia (cut-off; 0.75 = fold change = 1.5; p < 0.01). (D) The 10 most upregulated
pathways after applying the canonical pathway enrichment tool of Ingenuity software on the
microarray dataset of Mfn2~~ microglia (differentially expressed genes: 0.75 < fold <1.5; p-
value 0.01). (E,F) Increased IHC staining for phosphorylated ribosomal S6 (pS6, green), a
downstream target of mTOR, in Ibal* microglia (red) in Mfp27~ mice (F) as compared to
control (E), shown for thalamus region.
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Figure 4. Differences in expression of lysosomal, phagocytic and nitrosative stress markers in
Mfp2~/~ versus SOD1G93A microglia

(A-B) After transcriptomics analyses of M2~ microglia (A) and SOD1E93A microglia
(B) (data from GEO GSE43366) the expression of genes associated with the Lysosome
(mmu04142) KEGG pathway were plotted. The percentage of genes of this pathway
differentially expressed in both mouse models is shown. (C) Heatmap for enriched functions
of SOD1G93A microglia as compared to Mfp2~~ microglia (Ingenuity analysis). Enrichment
is depicted as activated (orange), not enriched (white) or deactivated (blue). Red arrows
point to functions related to phagocytosis, green arrows to growth and proliferation. (D-F)
Staining of the lysosomal marker Cathepsin D (green) in visual cortex of control (D) and
M2~ mice (E) and in spinal cord of endstage SOD1%%A mice (F). (G-1) Co-staining of
the microglial marker Ibal (red) and the lysosomal marker LAMP2/MAC3 (green) in
brainstem of control (G) and M#2~~ mice (H) and in spinal cord of endstage SOD16G%3A
mice (I). White arrowheads point to LAMP2* microglia. (J-L) Staining for nitrosylated
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proteins (green) in visual cortex of control (J) and Mf2~~ mice (K) and in spinal cord of
endstage SOD15934 mice (L). Nuclei are stained blue with DAPI.
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Figure 5. The immunological profile of prz‘/‘ microglia is not polarized to a pro- or
antiinflammatory state
(A) Relative transcript levels of pro-inflammatory (dark gray bars) and anti-inflammatory

(White bars) activation markers as determined by microarray analysis in M2~ microglia
compared to wild type (n=4). (B) gRT-PCR analyses of the pro-inflammatory markers IL1f
and IL6 and the anti-inflammatory marker Arg-1 confirm micro-array data and indicate that
microglia are not unequivocally polarized. mRNA expression levels were normalized to -
actin. Data are presented as mean = SEM (n = 3-4). * p < 0.05; ** p < 0.01. (C) Surface
markers expression associated with classical (gray) and alternative (white) macrophage
activation as determined by microarray analysis. (D) FACS analysis of CD11b* microglia
shows increased expression of CD11c and F4/80 surface markers associated with classical
activation. There is also increased expression of the anti-inflammatory marker CD204P%S
(Msr1) as well as an increase in the proportion of microglia that are CD206"¢9 (Mrc1)
(representative experiment out of two). (E-F) M#fp27~and control mice (n=3-5) were
challenged with intraperitoneal LPS and brainstem tissue was analyzed after 4 hrs.
Transcripts (E) and cytokine levels (F) of //1b, //6and Tnfwere more elevated in Mfo27~ as
compared to control mice. # = not detectable, * p<0.05, ** p < 0.01, ***p<0.001.
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Figure 6. Repression of homeostatic gene signature in pr2‘/‘ microglia
(A) Heatmap showing expression values of signature genes of microglia (according to

Butovsky et al, 2013) in control versus Mfo27~ microglia. In Mfp2~~ microglia, 40 out of
86 genes are significantly downregulated (47%). Expression values are expressed as robust
multi-array analysis (RMA). (B,C) gRT-PCR confirms the downregulation of the microglia-
enriched genes Cx3crl (A) and Tgfbrl (B) in Mfo2”~ microglia. Expression levels were
normalized to B-actin. Data are presented as mean + SEM (n = 34, ** p < 0.01; *** p <
0.001). (D,E) Immunohistochemical staining confirms downregulation of the purinergic
receptor P2RY 12 on microglia of Mfo27~ as compared to wild type mice. (F,G) FACS
analysis of CD11b* microglia shows reduced expression of CX3CR1 and to a lesser extent
of IL10R in Mfo2”~ microglia (1 experiment out of 2 with similar data).
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