doi:10.1093/brain/awy 127 BRAIN 2018: 141;2329-2342 | 2329

A JOURNAL OF NEUROLOGY

Impaired plasticity of macrophages in X-linked
adrenoleukodystrophy

Isabelle Weinhofer,' Bettina Zierfuss,' Simon Hametner,>* Magdalena Wagner,'*
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X-linked adrenoleukodystrophy is caused by ATP-binding cassette transporter D1 (ABCD1) mutations and manifests by default as
slowly progressive spinal cord axonopathy with associated demyelination (adrenomyloneuropathy). In 60% of male cases, however,
X-linked adrenoleukodystrophy converts to devastating cerebral inflammation and demyelination (cerebral adrenoleukodystrophy)
with infiltrating blood-derived monocytes and macrophages and cytotoxic T cells that can only be stopped by allogeneic haemato-
poietic stem cell transplantation or gene therapy at an early stage of the disease. Recently, we identified monocytes/macrophages but
not T cells to be severely affected metabolically by ABCD1 deficiency. Here we found by whole transcriptome analysis that, although
monocytes of patients with X-linked adrenoleukodystrophy have normal capacity for macrophage differentiation and phagocytosis,
they are pro-inflammatory skewed also in patients with adrenomyloneuropathy in the absence of cerebral inflammation. Following
lipopolysaccharide activation, the ingestion of myelin debris, normally triggering anti-inflammatory polarization, did not fully reverse
the pro-inflammatory status of X-linked adrenoleukodystrophy macrophages. Inmunohistochemistry on post-mortem cerebral adre-
noleukodystrophy lesions reflected the activation pattern by prominent presence of enlarged lipid-laden macrophages strongly positive
for the pro-inflammatory marker co-stimulatory molecule CD86. Comparative analyses of lesions with matching macrophage density
in cases of cerebral adrenoleukodystrophy and acute multiple sclerosis showed a similar extent of pro-inflammatory activation but a
striking reduction of anti-inflammatory mannose receptor (CD206) and haemoglobin-haptoglobin receptor (CD163) expression on
cerebral adrenoleukodystrophy macrophages. Accordingly, ABCD1-deficiency leads to an impaired plasticity of macrophages that is
reflected in incomplete establishment of anti-inflammatory responses, thus possibly contributing to the devastating rapidly progressive
demyelination in cerebral adrenoleukodystrophy that only in rare cases arrests spontaneously. These findings emphasize monocytes/
macrophages as crucial therapeutic targets for preventing or stopping myelin destruction in patients with X-linked
adrenoleukodystrophy.
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Introduction

With an estimated overall frequency of 1:17 000, X-linked
adrenoleukodystrophy (X-ALD, OMIM #300100) is a rare
inherited disorder that is characterized by the destruction of
myelin sheaths that normally protect and insulate nerve
fibres in the CNS (Moser et al., 2001). X-ALD shows a
striking phenotypic heterogeneity. The severe inflammatory
form (cerebral ALD, CALD), often of childhood onset, ex-
hibits rapidly progressive, fatal cerebral demyelination with
disruption of the blood-brain barrier and infiltration of
immune cells, mainly monocytes/macrophages and CD8+
T cells. The milder default manifestation of X-ALD is
adrenomyeloneuropathy (AMN), characterized by slowly
progressive non-inflammatory adult-onset spinal cord axo-
nopathy with associated demyelination. All X-ALD pheno-
types are caused by mutations in the ABCDI gene
encoding the peroxisomal ATP-binding cassette transporter
subfamily D, member 1 (ABCD1, formerly ALDP). Thus, a
dysfunctional ABCD1 protein is necessary but not sufficient
to initiate the disastrous cerebral inflammation in patients
with X-ALD. The biochemical function of ABCD1 is the
import of coenzyme A-activated saturated very long-chain
fatty acids (VLCFAs) into peroxisomes, where they are
degraded by B-oxidation (van Roermund et al, 2008,
2011; Wiesinger et al., 2013). Accordingly, the pathogno-
monic abnormality of X-ALD is the accumulation of
VLCFAs in body fluids and tissues of patients (Moser
et al., 2001). How the excess of VLCFAs contributes to
X-ALD pathogenesis and what kind of environmental or
possibly genetic or epigenetic factors trigger the start of the
rapidly progressive demyelination in CALD remains largely
unclear (Berger et al., 2014; Wiesinger et al., 2015).
Currently, the only treatment option to halt the devastat-
ing course of CALD is allogeneic haematopoietic stem cell
transplantation or gene therapy using ex vivo genetically
corrected CD34 + stem cells, when performed at an early
stage of the disease (Cartier and Aubourg, 2010). To
understand why haematopoietic stem cell transplantation
or gene therapy stops the inflammation in CALD, we re-
cently determined the extent of the metabolic defects of the
different CD34 + -derived immune cell populations from pa-
tients with X-ALD and identified monocytes, in which
ABCD1 is normally highly expressed, as metabolically
most severely affected by X-ALD in terms of B-oxidation
and VLCFA accumulation (Weber et al., 2014). Monocytes

are circulating blood phagocytic cells that are part of the
peripheral innate immune system. Upon CNS injury,
monocytes respond to chemotactic factors by passing the
blood-brain barrier and migrating to sites of tissue
damage. There, monocytes differentiate into macrophages
and, together with CNS-resident microglial cells, initiate
defence mechanisms aiming to clear the injured site by pro-
ducing neurotoxic cytokines and reactive oxygen species
and by phagocytosing myelin debris. The uptake of
myelin directly affects the function of macrophages by
inducing an anti-inflammatory polarization state, which
promotes tissue regeneration and remyelination (Boven
et al., 2006; Prinz and Priller, 2014). Thus, under neuro-
degenerative conditions, macrophages and microglia are
thought to exert dichotomous functions by participating
in both tissue destruction and repair.

Myelin-laden macrophages are prominent in active
CALD lesions (Powers et al., 1992). Nevertheless, the
inflammatory reaction in CALD is not self-limiting but
proceeds progressively resulting in almost complete loss of
brain myelin. Thus, the situation in CALD is in stark
contrast to other disorders characterized by inflammatory
demyelination, such as multiple sclerosis, which typically
displays a relapsing-remitting course. This prompted us to
hypothesize that ABCD1 deficiency alters the function of
monocytes and macrophages towards an intrinsically
skewed, pro-inflammatory state, rendering them unable to
acquire the anti-inflammatory polarization state necessary
to dampen the destruction of myelin and to initiate repair.
In line with this assumption, a recent study demonstrated
alterations in the lipid-driven pro-inflammatory cascades of
glycosphingolipid and glycerophospholipid synthesis in per-
ipheral blood mononuclear cells isolated from patients with
AMN (Ruiz et al., 2015). In post-mortem CALD brains, a
zone lacking microglia was found in perilesional white
matter immediately beyond the actively demyelinating
lesion edge (Eichler er al., 2008). Like monocytes and
macrophages, microglial cells are important phagocytes ne-
cessary for removal of myelin debris and for initiating re-
cruitment of oligodendrocyte precursor cells. Accordingly, a
decimation of microglia would even further necessitate
proper monocyte/macrophage function in the context of
CALD. Thus, the aim of the present study was to char-
acterize the plasticity of monocytes and macrophages in
X-ALD by comprehensive analyses of circulating blood
monocytes and differentiated macrophages i vivo and
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in vitro, before and after myelin phagocytosis, to under-
stand their particular role in the pathology of X-ALD.

Materials and methods

Patients and healthy volunteers

The study included peripheral blood samples from seven pa-
tients with AMN (age 23-45 years, mean = 35 years) and 19
healthy volunteers (age 25-61 years, mean = 38 vyears), all
males of Caucasian origin. All recruited AMN patients dis-
played clinical symptoms of axonopathy in the spinal cord
but no signs of cerebral involvement at brain MRI. White
blood cell counts, obtained at the time of sampling, did not
reveal any signs of inflammation. None of the patients received
medication, including Lorenzo’s oil, for treatment of neuro-
logical symptoms. However, in five patients, adrenocortical
insufficiency was managed by steroid replacement therapy.
The accumulation of VLCFAs in the blood of patients with
AMN was confirmed by measurement of the total amount of
the fatty acids C26:0, C24:0, C22:0 and, for normalization,
C16:0 by wusing gas chromatography—mass spectrometry
(GC-MS) as described (Weber et al., 2014). The study was
approved by the FEthical Committee of the Medical
University of Vienna (EK1462/2014) and informed consent
was obtained from participating AMN patients and healthy
volunteers. Immunohistochemistry was performed on post-
mortem CNS tissue from five X-ALD (z=3 childhood
CALD, 7 =1 adult CALD, 7 =1 AMN) and six acute multiple
sclerosis cases. Patient characteristics and conditions are listed
in Supplementary Table 1. Use of this material was approved
by EK729/2010 and EK535/2016.

Isolation and lipopolysaccharide
stimulation of human monocytes

Blood was collected by venipuncture under fasting conditions
into heparin tubes and CD14 + monocytes were isolated by
magnetic-activated cell sorting (MACS) using CD14 microbe-
ads (Miltenyi Biotec) as described (Weber et al., 2014). The
purity of the cells was measured by flow cytometry using
FITC-coupled mouse antibodies directed against human CD3
and CD14 (Miltenyi Biotec; Supplementary Fig. 1). For lipo-
polysaccharide (LPS) stimulation, monocytes were plated onto
uncoated 12-well culture plates (3 x 10° cells/well) in RPMI
complete medium [RPMI 1640 supplemented with 2mM
L-glutamine, 100 pg/ml streptomycin, 100 U/ml penicillin (all
Invitrogen) and 10% heat-inactivated LPS-free foetal calf
serum (FCS) (Gibco Life Technologies)] and stimulated for
6h with either 0.5 ng/ml or 10 ng/ml LPS (Sigma).

RNA isolation and reverse
transcription-coupled quantitative
PCR analysis

RNA isolation and reverse transcription-quantitative PCR
(RT-qPCR) analysis was carried out as previously described
(Weber et al., 2014). Cells were lysed in TRIzol® following
the manufacturer’s (Invitrogen) instructions and homogenized

Downl oaded from https://academn c. oup. conf brai n/articl e-abstract/141/8/ 2329/ 5025745

by Library MedUni

on 27 July 2018

Vi enna (10333010) user

BRAIN 2018: 141; 2329-2342 | 2331

by passing through a QIAshredder spin column (Qiagen). The
isolated total RNA fraction was purified using RNeasy® Mini
Kit and RNase-free DNase digestion (Qiagen). RNA concen-
tration was measured using a Nanodrop spectrophotometer
(Peglab), and total RNA (100ng) was reverse transcribed
using the iScript™ ¢DNA Synthesis Kit (Bio-Rad). The
¢DNA was amplified in technical duplicates by RT-qPCR
using the SsoFast™ Eva Green® Supermix (Bio-Rad) and the
primers listed in the Supplementary Table 2. Relative tran-
script abundance was detected by SYBR Green incorporation
and calculated by the 272%“" method using GAPDH as in-
ternal reference for normalization. HPRT and HMG20B
were detected using the TagMan™ method and SsoFast™
Probes Supermix (Bio-Rad). Each sample was measured in
two technical replicates.

Transcription profile of monocytes
from patients with adrenomyelo-
neuropathy and healthy controls

For whole-transcriptome analysis of mRNA expression, RNA
was extracted from freshly isolated CD14 + monocytes of five
patients with AMN and five healthy control subjects as
described above, and 3 pg total RNA was used for the gener-
ation of mRNA-focused libraries. The samples were sequenced
on a HiSeq2000 sequencing system (Illumina) at the
Biomedical Sequencing facility of the Medical University of
Vienna, Austria. This resulted in 16-36 million 50 nucleotide
(nt) long reads per sample. Reads were mapped to the UCSC
GRCh37 (hgl9) reference genome with TopHat v 2.0.12
(K et al., 2013) using the UCSC Ensembl gene annotations.
TopHat was configured with standard parameters except for
setting the seed length to 15 and the maximum number of
multi-hits to 100; expected inner distance between mate pairs
was set to 190. Read mapping resulted in an average of 28
million aligned reads (97.74-98.25%) per sample. Count-
tables were created with HTSeq v0.6.0 (Anders et al., 2015).
Differential expression between different sample groups was
calculated using edgeR v3.6.8 and DESeq v1.16.0, P-values
were adjusted using Benjamini and Hochberg’s algorithm
to control the false discovery rate. Genes with adjusted
P-values < 0.05 were considered as significantly deregulated
unless stated otherwise. Heatmaps were created using the R
‘heatmap’ package, normalized read counts were calculated by
dividing raw counts by DESeq-calculated size factors. Pathway
analyses were conducted with the standard GSEA method
(Subramanian et al., 2005) as accessible at http://software.
broadinstitute.org/gsea by entering lists of significantly deregu-
lated genes. Results were then confirmed by using the more
sophisticated ‘GSEAPreranked” method. For this, a ranked list
of all genes was created by setting the rank of a gene to
sgn(logFC) x (1 / q) + logFC where logFC is the calculated
log-fold change and q is the adjusted P-value as calculated
by edgeR. GSEAPreranked tested this list for significant enrich-
ment at the beginning and end of this list and the overlap with
the standard GSEA results was checked manually.

Library-normalized read counts and the output from the
used differential-expression tools EdgeR and DEseq are listed
in Supplementary Tables 5 and 6.
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Quantification of the phagocytic
ability of monocytes

The phagocytic ability of monocytes was determined in whole
blood samples using the pHrodo® Red E. coli BioParticles®
Phagocytosis Kit (Life Technologies) according to the manu-
facturer’s instructions. In brief, 100 ul of heparinized whole
blood samples were incubated with 20ul non-opsonized,
fluorogenic Escherichia coli particles at 37°C or on ice
(negative control) for 15 min. To stop phagocytosis, all tubes
were placed on ice. Monocytes were distinguished from other
phagocytosing immune cell types by forward- and side-scatter
characteristics and by labelling with Pacific Blue™-conjugated
CD14 monoclonal antibody for 30 min at room temperature
in the dark. Fluorescence-activated cell sorting (FACS) ana-
lysis was carried on a FACScalibur™ Flow Cytometer (BD
Bioscience) at the Core Facility of the Medical University of
Vienna, Austria.

Viability and glutathione
measurement of monocytes

The viability of monocytes was measured by the MultiTox-Glo
Multiplex Cytotoxicity Assay and the glutathione red-ox bal-
ance was determined by the GSH/GSSG Glo Assay according
to the manufacturer’s instructions (both Promega). The detec-
tion was carried out using the Glomax detection system
(Promega). For each assay 5 x 10 freshly isolated monocytes
plated into opaque, white 96-well plates were used.

Determination of oxygen
consumption in monocytes

Bioenergetic analyses were performed by XF24 Extracellular Flux
Analyzer (Seahorse Biosciences) following the manufacturer’s in-
structions. Monocytes were seeded at a density of 2.5 x 10° cells/
well in an XF24 cell culture plate. Cells were allowed to adhere
for 2h in RPMI complete medium; 1h before the bioenergetic
assays were performed, culture medium was replaced by glucose-
containing medium (Seahorse Biosciences). Cells were allowed to
equilibrate at 37°C and then the basal oxygen consumption rate
and the response to sequential incubation with oligomycin
(0.5uM), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP, 0.6 uM) and antimycin A (10 uM) was assessed.

In vitro differentiation of human
CDI14+ monocytes to macrophages

CD14 + monocytes were differentiated by seeding the cells at a
density of 7.7 x 10° cells per well into 12-well plates in RPMI
complete medium supplemented with either 50 ng/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF) or M-CSF
(PeproTech) for 7 days to obtain M1-like pro-inflammatory or
M2-like anti-inflammatory macrophages, respectively. The differ-
entiated macrophages were further activated with 100 ng/ml LPS
(Sigma) plus 25ng/ml IFN-y (PeproTech) or 100ng/ml IL-4
(Novartis) for 2 days in the presence of either 10 ng/ml GM-
CSF or M-CSF. The accumulation of VLCFAs in blood mono-
cytes and in vitro differentiated macrophages was analysed by
using GC-MS as described (Weber et al., 2014).

I. Weinhofer et al.

Flow cytometry

In wvitro differentiated macrophages were detached using
1.5mM EDTA in Hanks’ Balanced Salt solution (Invitrogen)
and then washed with phosphate-buffered saline (PBS) contain-
ing 1% BSA and 0.02% NaNj. Cells were blocked with
2.4 mg/ml human IgG (Beriglobin P) on ice for 30 min to pre-
vent non-specific binding before the addition of monoclonal
antibodies. The following monoclonal antibodies were used:
Alexa Fluor® 700-conjugated anti-MHC class II monoclonal
antibody (clone MEM-136, EXBIO); FITC-conjugated CD80
monoclonal antibody (clone 2D10); APC.Cy7-conjugated
CD206 monoclonal antibody (clone 15-2); PerCP.Cy5.5-con-
jugated CD163 monoclonal antibody (clone GHI/61),
PerCP.Cy5.5- and FITC-conjugated isotype control monoclo-
nal antibody (clone MOPC21, all BioLegend). Samples were
analysed on a LSRII flow cytometer (BD Biosciences) and the
data were further processed with the FlowJo software
(Treestar). Living single cells were gated according to their
forward- and side-scatter characteristics and exclusion of
dead cells using 4',6-diamidino-2-phenylindole (DAPI) (Sigma).

Cytokine and free haemoglobin
measurement

Cytokines were measured from cell-free supernatants via
Luminex® technology using specific matched-pair antibodies
and recombinant cytokines as standards (eBioscience).
Free haemoglobin was measured in plasma samples using
3-wavelength spectrophotometry according to the method of
Harboe (1959).

Myelin isolation

Myelin was isolated from whole brains of a total of 17 male 6-
8-week-old wild-type (C57BL/6]) mice by ultracentrifugation ac-
cording to the protocols of Norton and Poduslo (1973) and
Larocca and Norton (2007). The isolated myelin was recovered
in PBS, tested for putative LPS contamination using an
Endotoxin detection kit (Lonza) and stored in aliquots at
—80°C until use.

Western blot analysis

About 5pg of isolated myelin and, as a control, 19 ug whole
brain homogenate in 5 x sample buffer [60 mM tris(hydrox-
ymethyl)aminomethane (Tris)-HCl pH 6.8; 25% (w/v) gly-
cerol; 2% (w/v) SDS; 5% (v/v) B-mercaptoethanol; 0.025%
bromophenol blue] were loaded onto a 12% polyacrylamide
gel for discontinuous sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) followed by blot transfer onto
a nitrocellulose membrane. The membrane was probed at 4°C
overnight with the following primary antibodies: rabbit poly-
clonal anti-ionized calcium-binding adapter molecule 1 (Iba-1;
Thermo Scientific, 1:4000), rabbit monoclonal anti-synapto-
physin (Epitomics, 1:4000) and rabbit polyclonal anti-proteo-
lipid protein 1 (PLP1; Serotec, 1:10 000). The secondary goat
anti-rabbit IgG antibody conjugated with horseradish peroxid-
ase (Bio-Rad; 1:20000) was detected by application of
Immobilon Western HRP Substrate Peroxide Solution and
Immobilon Western HRP Luminol Reagent (both Millipore)
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using the ChemiDoc Imaging system and Image Lab software
(Bio-Rad).

Fluorescent labelling of myelin and
measurement of macrophage uptake
by fluorescence-activated cell sorting

Isolated myelin was fluorescently labelled by incubating 1 mg
myelin in PBS with 10 ul pHrodo®-Red succinimidyl ester dis-
solved in DMSO (1 mg/ml, Life Technologies) for 45 min at
room temperature in the dark. Excess dye was removed by a
short centrifugation and the labelled myelin was resuspended
in PBS (pH 7.4) and stored in aliquots at —80°C.
Differentiated macrophages were stimulated with 100 ng/ml
LPS for 24h and further incubated with 20 pg/ml pHrodo®-
Red stained myelin for 6 or 24 h before FACS analysis.

Immunohistochemical analysis of
post-mortem CNS tissue

Target, type, pretreatment, dilution and source of the primary
antibodies used for immunohistochemistry are listed in
Supplementary Table 3. Immunohistochemical single labelling
targeting CD68, CD86, CD163, CD206 and MRP14 were per-
formed as described (Hametner et al., 2013) using the avidin-
biotin complex method. Single labelling for CD86 additionally
included a biotinylated tyramine amplification step (termed
‘catalysed signal amplification’ in Supplementary Table 3),
which is described elsewhere (King et al., 1997). For immunohis-
tochemical double-labelling targeting CD86 + CD206, after pre-
treatment (see Supplementary Table 3) and blocking of unspecific
background staining using 10% FCS diluted in Dako® wash
buffer (Code number S3006) (FCS/DAKO), the primary antibo-
dies were diluted in FCS/DAKO and applied simultaneously over-
night at 4°C. The following day, sections for CD86 + CD206
staining were rinsed five times with Tris buffer (0.01M, pH
8.5) and incubated with simultaneously applied secondary anti-
bodies diluted in FCS/DAKO (biotinylated anti-goat antibody
diluted 1:500; peroxidase-conjugated anti-mouse antibody diluted
1:100; both Jackson ImmunoResearch) for 60min at room
temperature. After a Tris buffer washing step, sections were
incubated with avidin-alkaline phosphatase (Sigma, product
code A-7294) diluted 1:500 in FCS/DAKO for 60 min at room
temperature. Alkaline phosphatase labelling for CD86 was de-
veloped with Fast blue (blue precipitate) substrate (Sigma).
Then, peroxidase labelling of CD206 was developed with
3-amino-9-ethyl-carbazole  (Sigma, product code AS5754).
Sections were coverslipped with GelTol.

Statistical analysis

For comparison of matched pairs of AMN and healthy control
derived monocytes that were isolated and treated in parallel on
the same days, the Wilcoxon-signed rank test or the paired
two-tailed Student’s #-test were used. For statistical analyses
of untreated monocytes, in vitro differentiated macrophages
and immunohistochemical staining, the unpaired two-tailed
Student’s z-test was used. The P-value was calculated and the
null hypothesis was denied when the P-value exceeded 0.05.
All boxplots and dot plots were drawn using the R software
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[www.r-project.org (Tippmann, 2015)], whereas bar graphs
were generated with Microsoft Excel. The sample sizes were
determined based on our preliminary data and all samples
obtained were included in the analysis.

Results

Dysregulation of immunoregulatory
pathways in adrenomyeloneuropathy
monocytes predisposes for
pro-inflammatory activation

First, we asked how ABCD1 deficiency affects the transcrip-
tome of X-ALD monocytes. Thus, we purified CD14 + mono-
cytes from peripheral blood of five AMN patients without
brain inflammation (pure AMN; three patients received steroid
replacement treatment for adrenocortical insufficiency), and
five healthy controls. After establishing purity of the cells by
flow cytometry (Supplementary Fig. 1), RNA was isolated for
next-generation sequencing. Bioinformatic pathway analysis
revealed the most significantly altered mRNA levels for
genes related to inflammation such as cytokine-cytokine recep-
tor interaction, chemokine signalling or NOD-like receptor
signalling (Table 1, top). The expression pattern of two
AMN patients (Patients P1 and P2) showed a pronounced
upregulation of a specific set of genes that consisted of pro-
inflammatory markers like TNFA or IL1B (Supplementary
Fig. 2). This activation pattern was never observed in healthy
control monocytes, analysed in parallel, and could also not be
attributed to elevated erythrocyte haemolysis during handling
(Supplementary Table 4), steroid replacement therapy, or any
overt clinical changes in disease progression. To explore
whether monocytes of some AMN patients are chronically
particularly pro-inflammatory, we reinvestigated the highly
activated Patient P2 around 2 years later. This reanalysis re-
vealed activation similar to that of monocytes derived from
the other AMN patients (Supplementary Fig. 3). Thus, we
reasoned that a predisposition for temporary, pronounced ac-
tivation of monocytes seem to be associated with X-ALD and
could possibly vary with disease course-related factors like
microscopic dysmyelinative foci in AMN brain tissue or sub-
clinical urinary tract infection due to bladder dysfunction
(Powers et al., 2000; Hofereiter et al., 2015).

We next hypothesized that the induction of pro-inflam-
matory genes in AMN monocytes could reflect a higher
susceptibility for pro-inflammatory priming of these cells.
To explore this possibility, we isolated monocytes pairwise
from AMN patients and healthy controls, stimulated these
with different concentrations of LPS iz vitro and then ana-
lysed the induction of selected pro-inflammatory genes by
RT-qPCR. When comparing the fold induction obtained by
high (10ng/ml) relative to low (0.5 ng/ml) dose LPS treat-
ment, the AMN monocytes displayed significantly stronger
increases in TNFA, IL1B and IL6 mRNAs than healthy
control cells treated in parallel (Fig. 1). These results
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Table | Top five differentially regulated canonical
pathways in AMN monocytes

KEGG pathway analysis g-value
AMN patients n=5, controls n=5

Cytokine-cytokine receptor interaction 2.64 x 107"
Chemokine signalling pathway 2.64 x 107"
NOD-like receptor signalling pathway 2.64 x 107"
Toll-like receptor signalling pathway 545 x 1078
Cytosolic DNA sensing pathway 1.37 x 10~°
AMN patients n =3, controls n=5

Chemokine signalling pathway 858 x 10°*
Cytokine-cytokine receptor interaction 1.64 x 1073
MAPK signalling pathway 1.05 x 1072
Glycerophospholipid metabolism 233 x 1072
Insulin signalling pathway 2.75 x 1072

Top: Top 5 KEGG pathways that are significantly enriched with genes found to be
differentially expressed between AMN patients and healthy controls (n =5 each).
Adjusted P-values (‘q-value’) were calculated with Gene Set enrichment analysis.
Bottom: Top 5 KEGG pathways that are significantly enriched with genes found to be
differentially expressed between AMN patients (excluding the ‘activated’ patient
samples from Patients Pl and P2; n = 3) and healthy controls (Subjects C1-C5; n = 5).
Adjusted P-values (q-value) were calculated with Gene Set enrichment analysis.

indicate that ABCD1 deficiency predisposes monocytes for
pro-inflammatory activation.

The pronounced activation state of the original samples of
AMN Patients P1 and P2 could potentially mask alterations in
other important pathways associated with monocyte functions.
However, a separate comparison of monocytes from AMN
Patients P3-P5 and controls again revealed chemokine signal-
ling and cytokine-cytokine receptor interaction as the most
affected processes (Table 1, bottom). Hence, alterations in
these pathways apparently occur in AMN monocytes, inde-
pendent of acute inflaimmatory activation. Next, we filtered
gene hits by differential expression and significance level be-
tween the AMN and healthy control groups and found 36
genes being significantly deregulated (Fig. 2A, Supplementary
Tables 5 and 6). To verify the next-generation sequencing
results, we applied RT-qPCR for selected mRNAs in an
enlarged validation cohort; the results confirmed the statistic-
ally significant deregulation of five candidate genes (upregu-
lated: ATP-binding cassette subfamily A member 1, ABCAT;
C-C motif chemokine ligand 4, CCL4; suppressor of cytokine
signalling 3, SOCS3; and purinergic receptor P2Y13, P2RY13;
downregulated: krueppel like factor 10, KLF10) in AMN
monocytes compared with healthy controls (Supplementary
Fig. 4A). Furthermore, the mRNA level of the chemotactic
gene C-X-C motif chemokine receptor 4 (CXCR4), which
was close to the threshold for statistical significance in the
RNA-Seq experiment, was significantly upregulated in AMN
monocytes of the validation cohort (Supplementary Fig. 4B).

To reflect and corroborate the dysregulation of chemo-
kine signalling found in AMN monocytes, we next
investigated whether monocytes and macrophages accumu-
late in long ascending and descending spinal cord tracts of
a well-characterized AMN case with primary axonal loss
and associated demyelination (Budka et al, 1976).

I. Weinhofer et al.

Immunohistochemistry for migration inhibitory factor-
related protein 14 (MRP14), an early activation marker
for monocytes/macrophages recently recruited to the CNS
(Briick et al., 1995) and CD68, a microglia/macrophage
phagocytosis marker, revealed accumulation of MRP14 +
and CD68+ monocytes/macrophages in perivascular cuffs
around blood vessels of affected AMN spinal cord tracts
(Fig. 2B), thus confirming previous investigations (Powers
et al., 2000). These results imply that in the AMN spinal
cord, monocytes and macrophages are recruited to perivas-
cular cuffs in affected tracts and accumulate there, thus
reflecting the chemotactic pathway alterations of monocytes
found in the RNA-Seq analysis (Fig. 2 and Table 1).

To evaluate other functional aspects of AMN monocytes,
we also analysed their phagocytic ability, intracellular redox
status, viability and mitochondrial oxidative phosphorylation
(Supplementary Fig. 5). We observed no significant alter-
ations in these parameters and, thus, conclude that although
AMN monocytes possess a pro-inflammatory predisposition,
other monocyte functions are not compromised.

Repolarization from a pro-inflamma-
tory to an anti-inflammatory state is
incomplete in adrenomyeloneuropa-
thy macrophages

We next assessed how ABCD1 deficiency affects the differen-
tiation of monocytes towards macrophages and to which
extent the VLCFA accumulation in these cells is altered
during the differentiation process. Accordingly, we differen-
tiated monocytes from AMN patients and healthy controls
in vitro to either pro- or anti-inflammatory macrophages by
using either GM-CSF or M-CSF, respectively, followed by
further activation with LPS plus IFN-y (M1) or IL-4 (M2).
FACS analysis revealed no statistically significant difference in
the expression of pro- (MHC-II, CD80 and CD86) and anti-
inflammatory (CD163 and CD206) cell surface markers
between AMN and control samples (Fig. 3A). These results
indicate that ABCD1 deficiency does not impair the ability for
differentiation into either M1 or M2 polarized macrophages
per se. However, when comparing cytokine levels in the
supernatant of GM-CSF differentiated and LPS plus IFN-y
activated macrophages, we noticed a trend for increased
production of the pro-inflammatory cytokines TNF-o, IL-1p,
IL-12p40 and IL-23 in the M1-activated macrophages from
AMN patients versus healthy controls (Fig. 3B). We then
measured the total amount of the VLCFAs C26:0 and
C22:0 and, for normalization, the long-chain fatty acid
C16:0 in both monocytes and activated macrophages by
GC-MS. As expected, the relative amount of C26:0, displayed
as a ratio to either C22:0 or C16:0, was ~7-fold higher in
AMN blood monocytes compared with those of healthy con-
trols (Fig. 3C). When comparing the levels of C26:0/C22:0
and C26:0/C16:0 of in vitro differentiated and activated
macrophages, we found a 10-14-fold and 10-12-fold in-
crease, respectively, in AMN cells over controls (Fig. 3C).
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Figure | Transcriptome analysis reveals dysregulation of inflammatory pathways in monocytes of AMN patients. The complete
transcriptome of primary CD14+ monocytes from AMN patients and healthy controls was obtained by RNA-Seq. RT-qPCR analysis of pro-
inflammatory cytokine (TNFA, ILIB and IL6) expression in AMN and control monocytes cultured for 6 h with either 0.5 or 10 ng/ml LPS. See also
Table |. Left: Representative results of monocytes derived from one AMN patient and a matched healthy control, isolated and treated in parallel.
Each bar represents the mean of two independent LPS treatments each measured in two technical replicates. Right: Pairwise comparisons
(indicated by lines) of the response to LPS of AMN and corresponding healthy control monocytes isolated and treated in parallel (n =5 each).
The induction is depicted as the fold-increase in relative mRNA levels of TNFA, ILIB and IL6 obtained by high LPS (10 ng/ml) relative to low LPS
(0.5 ng/ml) concentration. The mRNA levels were normalized to GAPDH, which is not induced by LPS. *P < 0.05 (Wilcoxon-signed rank test);

error bars = standard deviation; P = AMN patient; C = healthy control.

Accordingly, the high degree of VLCFA accumulation under
conditions of ABCD1 deficiency is even further elevated upon
differentiation of monocytes to macrophages; thus, also re-
flecting the induction of fatty acid synthesis as a driving
force for phagocytic differentiation (Ecker et al., 2010).

Phagocytosis of myelin is a robust anti-inflammatory
stimulus inducing the alternative activation (M2) response
in macrophages (Boven et al., 2006; Prinz and Priller,
2014). Hence, we tested if AMN macrophages have an
altered capacity for switching towards the anti-inflamma-
tory M2 phenotype upon myelin phagocytosis. First, we
ensured that the uptake of myelin, isolated from murine
brain (Supplementary Fig. 6), was similar in AMN and
healthy control macrophages (Fig. 4A). Then we activated
in vitro differentiated macrophages with LPS and deter-
mined the mRNA levels of the pro-inflammatory genes
TNFA and IL12B (IL-12p40) by RT-qPCR in response to
myelin treatment. Without added myelin, the expression of
both genes was markedly higher in AMN macrophages
compared with healthy controls (Fig. 4B). Upon myelin in-
gestion, the fold decrease of TNFA and IL12B/IL-12p40
expression was comparable in AMN and healthy control
macrophages (Supplementary Fig. 7), indicating that the
pro-inflammatory status decreased also in X-ALD cells.
However, the final level of expression in the AMN macro-
phages appeared much higher, with pro-inflammatory
mRNA levels still approaching those seen in activated con-
trol macrophages without myelin treatment (Fig. 4C).

Comparison of the activation status
of macrophages in active CNS lesions
of cerebral adrenoleukodystrophy
and multiple sclerosis

To confirm reduced plasticity of X-ALD macrophages
in vivo, we used immunohistochemistry to compare the
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activation status of macrophages in cerebral demyelinating
lesions of post-mortem brains from four CALD and six
multiple sclerosis cases (Supplementary Table 1). Like
CALD, multiple sclerosis is an inflammatory disease with
primary demyelination in the CNS and prominent mono-
cyte/macrophage as well as T cell infiltration (Powers et al.,
1992; Frischer et al., 2009). However, in contrast to the
relentless progression in CALD, multiple sclerosis typically
displays a relapsing-remitting course.

In the profoundly inflammatory lesions of CALD brains,
neutral lipid-containing late macrophages indicative of
prior myelin phagocytosis are prominent. Accordingly, we
selected acute multiple sclerosis cases with active inflamma-
tory lesions comprising comparable densities of macro-
phages in general as well as similar amounts of neutral
lipid-containing macrophages. At this stage of multiple
sclerosis, anti-inflammatory markers are expressed in
macrophages/microglia (Vogel ef al., 2013). Thus, for
quantification of microglia/macrophage markers in both
CALD and multiple sclerosis lesions, we selected regions
with (i) high densities of microglia/macrophages in the
CD68 staining; and (ii) high expression of the anti-inflam-
matory macrophage marker mannose receptor (CD206).
We first counted infiltrating monocytes, macrophages and
activated microglia in CALD and multiple sclerosis lesions.
Accompanying rather late and comparable stages of myelin
degradation in the CALD and multiple sclerosis lesions (pres-
ence of periodic acid-Schiff-positive myelin degradation prod-
ucts in macrophages), we observed significantly higher
numbers of recently recruited MRP14 + cells (Fig. 5SA) in
CALD lesions than in multiple sclerosis lesions. This result
might reflect a sustained ability of X-ALD monocytes to mi-
grate to sites of injury, as also observed for AMN (Fig. 2B).
Neither the density of cells positive for the pan macrophage/
microglia marker CD68 nor for the pro-inflammatory marker
CD86 was significantly different between CALD and multiple
sclerosis lesions (Fig. SA and B). Most importantly, the
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Figure 2 Deregulated gene expression pathways in AMN monocytes are reflected by recruitment of monocytes to perivas-
cular cuffs in AMN spinal cord areas affected by myelopathy. (A) Heatmap of normalized read counts for genes found to be significantly
deregulated in these cells. This list includes all genes with an adjusted P-value < 0.1 as determined by either edgeR or DESeq. Genes that were
also deregulated in activated monocytes from AMN Patients Pl and P2 are underlined. P = AMN patient; C = healthy control. (B) Light mi-
croscopy images taken from the centre of cervical demyelinating lesions in post-mortem AMN spinal cord tissue. Left: Imnmunohistochemistry for
MRP14 (early marker for activated monocytes/macrophages) detects infiltrating monocytes/macrophages. Right: Staining for the phagocytosis
marker CDé68 reveals the presence of macrophages and microglial cells. See also Table I.

numbers of macrophages expressing the anti-inflammatory
markers CD206 and haemoglobin-haptoglobin receptor
(CD163) were significantly reduced in CALD lesions com-
pared with multiple sclerosis lesions (Fig. 5A-C). For
CD206, this also held true after normalization to the total
(CD68 +) number of macrophages (Fig. 5A-C). Although
lipid-laden macrophages, indicative of myelin phagocytosis,
were abundant in CALD lesions, these macrophages were
remarkably large—even for lipophages—and predominantly
expressed pro-inflammatory CD86 but only low levels of
anti-inflammatory CD206 (Fig. 5D). This was in stark
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contrast to the activation of macrophages in multiple sclerosis
lesions, where about half of CD86-positive cells also ex-
pressed CD206, thus showing an intermediate activation
status (Fig. 5D).

Discussion

In X-ALD, monocytes/macrophages are metabolically the
most severely affected immune cells (Weber et al., 2014)
and the dominant leucocytes in inflammatory demyelinating
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Figure 3 ABCDI deficiency does not impair in vitro differentiation and pro- or anti-inflammatory polarization of monocyte-
derived macrophages. (A) CDI4+ monocytes isolated from the blood of AMN patients or healthy controls were differentiated with either GM-
CSF or M-CSF for 7 days and subsequently either activated with LPS plus IFN-y or IL-4, resulting in pro- or anti-inflammatory activation, respectively, or
left untreated for additional 2 days. Pro-inflammatory (MHCII, CD80 and CD86) and anti-inflammatory (CD163, CD206) cell surface marker ex-
pression was assessed by flow cytometry. The dashed, vertical line represents the 1% threshold of the isotype control staining of AMN-derived
macrophages. Histograms represent one out of three experiments with independent AMN and healthy control donor pairs. (B) Secreted levels of pro-
inflammatory cytokines (TNFo, IL-1f3, IL12p40 and IL-23) were measured in cell culture supernatants of LPS/IFN-y activated GM-CSF differentiated
macrophages, derived from blood monocytes isolated from three pairs of AMN patients and matched healthy controls and treated in parallel. The
results are depicted with the level in patient samples relative to the matched controls (= 100%). (C) The concentrations of C26:0, C22:0 and C16:0
were determined by GC-MS in monocytes and in vitro differentiated and activated macrophages from one AMN patient and a matched healthy control.
The relative amounts of C26:0 displayed as ratio to either C22:0 or C16:0 are shown. P = AMN patient; C = healthy control.
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Figure 4 Macrophages derived from AMN patients only partially downregulate LPS-induced pro-inflammatory genes upon
myelin phagocytosis. CD14 + bloodstream monocytes isolated from AMN patients or healthy controls were differentiated in vitro with M-CSF
and subsequently activated with LPS for 24 h before incubation with or without myelin for additional 24 h. (A) The efficiency of myelin
phagocytosis in AMN and healthy control macrophages was determined by FACS analysis after incubation with pHrodo®-Red labelled myelin for
6h or 24 h. The mean fluorescence intensity of macrophages derived from isolated blood monocytes of three AMN patients and three healthy
controls is depicted. *P < 0.05, n.s. = not significant (two-tailed unpaired Student’s t-test). (B and C) The relative expression of ILI2B/IL-12p40
and TNFA induced by LPS activation was measured by RT-qPCR without (B) or with (C) added myelin. The mRNA levels were normalized to the
geometric mean of two reference genes, HPRT and HMG20B, which are not induced by LPS. In C, the normalized mRNA levels of control
macrophages without myelin addition was set as 100%. For statistical analyses, logarithmic transformation was used to normalize the IL12B/IL-
12p40 dataset. *P < 0.05 (two-tailed unpaired Student’s t-test). P = AMN patient; C = healthy control.

brain lesions (Powers et al., 1992). Here, we attempted to
shed light on a detrimental role of these cells in the patho-
physiology of X-ALD.

By applying whole transcriptome sequence analysis, we
identified a pro-inflammatory skewing of the expression pat-
tern in AMN monocytes, independent of the initiation of
CALD symptoms. This intrinsic pre-activation profile, to-
gether with the increased propensity for full pro-inflamma-
tory activation in response to LPS that we observed in vitro,
is reflected in vivo by enhanced recruitment of monocytes/
macrophages to perivascular cuffs at sites of myelopathy in
AMN spinal cord. Importantly, in addition to the intrinsic
activation profile due to ABCD1 deficiency, appropriate
signalling from an active primary site of CNS injury,
possibly by activated microglial cells, is required to attract
recruitment of monocytes. Recently, Musolino and collab-
orators (2015) showed in witro that the lack of
ABCD1 in endothelial cells resulted in increased adhesion
of co-cultured monocytic THP-1 cells and proposed a
blood-brain barrier dysfunction in endothelial cells of
X-ALD patients. Accordingly, our data complement this ob-
servation by showing that, in X-ALD, not only endothelial
cells are dysfunctional but also monocytes appear to have
an increased propensity to migrate to sites of CNS injury
and, possibly, through the blood-brain barrier.

In contrast to the chemotactic pathway alterations
observed in AMN monocytes, we were unable to detect
significant deviations in other monocyte functions including
phagocytic ability, viability, mitochondrial oxidative phos-
phorylation or intracellular redox status. The latter aspect
contrasts with a recent observation by Turk and colleagues,
who found a reduction of the total antioxidant capacity in
monocyte lysates of both AMN and CALD patients
(Turk et al., 2017). However, in this report, the monocytes

were cultured for 7 days before analysis, possibly indicating
that an imbalance in the oxidative status of X-ALD mono-
cytes develop upon prolonged culture or is conceivable also
upon differentiation to macrophages.

Concerning CALD, a critical question is why the transi-
tion of the inflammatory reaction in the brain, from an
initially destructive pro-inflammatory phase to a prolifera-
tive remodelling phase aimed to halt demyelination and
induce repair, is less efficient than in other demyelinating
disorders like multiple sclerosis. We targeted this therapeut-
ically important aspect by investigating the ability of
X-ALD macrophages to polarize towards a deactivated,
anti-inflammatory M2 phenotype upon phagocytosis of
myelin. Indeed, our in vitro studies revealed that the
pro-inflammatory skewing of X-ALD monocytes persists
upon differentiation to macrophages. Furthermore, after
the ingestion of myelin debris, the pro-inflammatory gene
expression remained at a higher level than in control
macrophages. Importantly, the immunohistochemical post-
mortem examination of CALD brain lesions reflected these
findings. When compared to classically active lesions
of acute multiple sclerosis cases, where macrophages
display an intermediate activation status expressing
both pro-inflammatory and anti-inflammatory markers
(Vogel et al., 2013), significantly fewer infiltrating macro-
phages expressed the anti-inflammatory markers CD206
and CD163 in CALD lesions (Fig. 5). Thus, although
lipid-laden macrophages are generally observed in CALD
lesions, these cells apparently have a reduced ability to
adopt the anti-inflammatory polarization state that would
induce repair processes. This drastically reduced number of
anti-inflammatory macrophages/microglia might contribute
to the lack of spontaneous halt of inflammation in most of
the X-ALD lesions. In this context, however, it should be
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Figure 5 Comparison of pro- and anti-inflammatory polarization markers on monocytes/macrophages and microglia in pri-
mary demyelinating CNS lesions in CALD and multiple sclerosis. (A) Primary CALD (Cases | and 3, one tissue section per patient;
Case 2, two tissue sections; Case 4, three tissue sections; n = 4 cases) and multiple sclerosis brain lesions (one tissue section per patient, n = 6
cases) were stained with antibodies directed against the early activation marker MRP14, the macrophage/microglia phagocytosis marker CD68,
the pro-inflammatory surface marker CD86 and the anti-inflammatory surface markers CD206 and CD163. The number of positively stained cells
in the centre of primary lesions was counted manually under the light microscope. The cell density is depicted as boxplot (median =+ interquartile
range) comparisons between multiple sclerosis and CALD. For cases where more than one tissue section was counted, the mean was used for
calculation. For statistical analysis, logarithmic transformation was used to normalize the distribution of MRP14 and CD206 positive data sets.
*P < 0.05 (two-tailed unpaired Student’s t-test). Coloured dots indicate the cases used for immunohistochemistry in C: red dot = childhood
CALD Case 2; yellow dot = adult CALD Case 4; green dot = multiple sclerosis Case 9. (B) Number of cells expressing the activation markers
CD86, CD206 and CD163, respectively, in relation to the total number of CDé8 positive macrophages in the counted fields. For statistical
analysis, logarithmic transformation was used to normalize the ratio data. *P < 0.05 (two-tailed unpaired Student’s t-test). (C) Top row: Classical
active multiple sclerosis brain lesion (Case 9); middle row: primary inflammatory childhood CALD brain lesion (Case 2); bottom row: primary
inflammatory adult CALD spinal cord lesion (Case 4). The columns show immunohistochemical single staining for MRP14, CD68, CD86, CD206
and CD163, as used for the quantification in A. Arrows point to positive cells for which magnified views are shown in the insets. (D) Double
immunohistochemistry for CD86 and CD206 in the same regions as shown in C. Arrowhead points to a double-positive macrophage, repre-
senting an intermediate inflammatory phenotype, which was observed in multiple sclerosis but hardly present in the CALD cases. Arrows point to
the few CD206-single-positive cells detected in multiple sclerosis and CALD. Scale bars = 50 um; inset scale bars = 25 um.
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Figure 6 Hypothetical model of the progression of CALD when compared to multiple sclerosis. In CALD, a reinforced destruction
of myelin occurs that could be caused by a reduced capacity of pro-inflammatory enlarged lipid-laden macrophages to clear the injured site and

induce remyelination.

stated that in contrast to the relentless disease progression
in CALD, multiple sclerosis typically displays a relapsing-
remitting course and, thus, a considerable variability with
respect to anti-inflammatory activity between multiple
sclerosis lesions is expected. Accordingly, we took utmost
care in selecting acute multiple sclerosis lesions that com-
prised comparable densities of macrophages and microglia
(CD68 + cells) in general as well as similar amounts of
neutral lipid-containing macrophages, in order to minimize
the disease-specific pathophysiological differences between
multiple sclerosis and X-ALD. Intriguingly, detailed histo-
logical analysis of the lipid-laden macrophages in CALD
lesions revealed an exceptionally enlarged size and, in
stark contrast to multiple sclerosis lipophages, predomin-
antly pro-inflammatory phenotype. The ballooned appear-
ance of the lipid-laden macrophages in CALD lesions
probably reflects a reduced capacity of these cells to clear
injured sites of tissue debris potentially inhibiting remyeli-
nation. Together, these findings strongly support our
hypothesis that in the inflammatory form of X-ALD, a fail-
ure of macrophages to transit from the pro-inflammatory
phase to the regenerative phase of repair perpetuates the
destruction of myelin (Fig. 6). In addition, the success of
haematopoietic stem cell transplantation or gene therapy
for CALD would also be in line with this assumption, as
the ABCD1-positive monocytes/macrophages derived from
the donor CD34+ stem cells are able to degrade the
VLCFAs enriched in the phagocytosed myelin. Thus, in
the treated patients, the metabolic defect hindering
transition to the anti-inflammatory remyelinating phase is
presumably corrected. Although the interpretation of our
results would fit the proposed hypothesis, it must be
taken into account that with X-ALD being a rare disorder,
only a limited set of patients could be analysed and that
these, at least in the context of monocyte transcriptome
analysis, displayed substantial interindividual variability.
Haematopoietic stem cell transplantation and gene ther-
apy cannot rescue CALD patients with advanced disease
progression. In addition, haematopoietic stem cell trans-
plantation requires a well-matched donor to reduce the

risk of graft-versus-host reactions and periprocedural mor-
tality. Accordingly, these procedures can only be applied to
a selected subset of patients at early stages of cerebral in-
flammation, whereas all other childhood and adult CALD
patients are still left without treatment. So, how could a
detrimental role of pro-inflammatory skewed monocytes
and macrophages in X-ALD pathology be prevented? One
strategy would be to correct the inherited functional defect
in X-ALD macrophages by pharmacologically upregulating
the homologous peroxisomal ABC transporter ABCD2
(Weinhofer et al., 2002, 2005, 2008). Upon overexpres-
sion, ABCD2 is able to compensate for the lack of
ABCD1 in cultured cells as well as in the X-ALD mouse
model (Netik et al., 1999; Pujol et al., 2004). Current
investigations will reveal whether induction of ABCD2 ex-
pression in X-ALD monocytes and macrophages can revert
the pro-inflammatory skewing in these cells. However, the
results of the present study might also trigger research
along a new alternative therapeutic avenue for X-ALD
based on metabolic reprogramming of pro-inflammatory
M1 macrophages. Recently it was discovered that specific
metabolic processes such as glycolysis, Krebs cycle
and fatty acid metabolism are strongly associated with
macrophage polarization (Mills and O’Neill, 2016). Thus,
pharmacological manipulation of these pathways in X-ALD
macrophages could be promising for dampening the
pro-inflammatory response in CALD lesions.

In summary, our results show that ABCD1 deficiency
results in innate pro-inflammatory skewing of X-ALD
monocytes and macrophages. In CALD, the rapid progres-
sion of myelin destruction associated with the necessity of
macrophages to phagocytose the VLCFA-enriched myelin
debris, despite impaired capacity to degrade these lipids,
seems to cause an enormous metabolic burden on
these already pro-inflammatory skewed cells. Accordingly,
X-ALD macrophages divert by forming exceptionally
enlarged foam cells that are incapable of switching to an
anti-inflammatory activation state that would possibly be a
prerequisite for stopping the destruction of myelin and ini-
tiate remyelination.
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Supplementary table 1

Demographics and clinical characteristics of the AMN, CALD and MS cases

Case Age at death Sex | Disease course | Disease duration | Lesion characterization Localization of pathology | Number of analyzed
ID (years) (months) tissue blocks per case
1 9 male | childhood 15 1 inflammatory CALD forebrain 1

CALD lesion
2 11 male | childhood 9 2 inflammatory CALD forebrain; pontine 2
CALD lesions corticospinal tract
3 13 male | childhood 51 1 inflammatory CALD forebrain (inflammatory | 2
CALD lesion; 1 Wallerian tract | lesion); lateral funiculus
degeneration of lumbar spinal cord
(Wallerian degeneration)
4 23 male | adult CALD 40 3 inflammatory CALD forebrain; mesencephalic | 3
lesions crus cerebri; lateral and
dorsal funiculi of the
thoracic spinal cord
5 24 male | AMN 24 Tract degeneration Long ascending and 1
descending tracts of the
cervical and sacral spinal
cord
6 34 female | acute MS 4 classically active brain forebrain 1
lesion
7 35 male | acute MS 15 classically active brain forebrain 1
lesion
8 45 male | acute MS 0,2 classically active brain forebrain 1
lesion
11 46 female | acute MS 7 classically active brain forebrain 1
lesion
9 69 female | acute MS 2 classically active brain forebrain 1
lesion
10 78 male | acute MS 2 classically active brain forebrain 1
lesion




Supplementary Table 2

Primers used for RT-gPCR analysis

Gene MRNA accession product length sequence
number (bp)

HMG20B NM_006339 168 F 5°-caacggaaaagcagcggtac-3”

R 5°- ggagagtgttcatgagccca-3”

Cyb-cgggcgtaccagcagtctga-BHQ3
HPRT NM_000194 220 F 5°- ccetggegtegtgattagt-3°

R 5”- caggtcagcaaagaatttatagcc-3°

FAM-caggactgaacgtcttgctcgaga-BHQ1
GAPDH NM_002046 77 F 5”-aggtcatccatgacaacttt-3”

R 5”-agtcttctgggtggcagt-3
TNFA NM_000594 250 F 5”-cccaggcagtcagatcatct-3

R 5"-ctgatggtgtgggtgaggag-3
ILIB NM_000576 213 F 5”-gcttggtgatgtctggtcca-3°

R 5’-tgggatctacactctccagcet-3°
IL6 NM_000600 164 F 5"-catcctcgacggcatctcag-3°

R 5’-tcaccaggcaagtctcctca-3”
IL12B/ NM_002187 264 F 5 -tcatcagggacatcatcaaacct-3
1L12p40 R 5 -tatagtagcggtcctgggee-3°
ABCAL NM_005502 219 F 5"-agagacgaccctggaagaaatatt-3°

R 5”-ccatccatcccactgagcaa-3”
CCL4 NM_002984 133 F 5’ -tgtggtattccaaaccaaaaga-3”

R 5 -caggtgaccttccctgaaga-3”
SOCS3 NM_003955 158 F 5”-cctactgaaccctcetcega-3°

R 5 -agatgctgaagagtggccac-3
P2RY13 NM_176894 115 F 5°-caaaggtgacactggaagca-3”

R 5”-actgtgtagagggctgggaa-3°
MLC1 NM_015166 197 F 5’-tcagcaataaacatcaacttcaacc-3

R 5”-acctcgacgactgagtaaga-3
KLF10 NM_005655 115 F 5”-gaaatttgcgtgccccatgt-3”

R 5-gctcacttccatctgccagt-3°
CCL3L1 NM_021006 85 F 5"-caagcccagtgtcatcttcct-3°

R 5”-actgacgtatttctggacccac-3
CXCR4 NM_001008540 156 F 5 -atcagtctggaccgctacct-3

R 5”-atctgcctcactgacgttgg-3°




Supplementary Table 3

Primary antibodies and conditions used for immunohistochemistry

Target  Antibody  Dilution Antigen Retrieval Source Staining
type (product number) protocol
CD68  mc mouse 1:100 60’ steaming with Dako, Carpinteria, CA SL
EDTA, pH 9 (M0814)
CD86  pc goat 1:250 60’ steaming with R&D Systems SL
(CSA) EDTA, pH 9 (AF-141-NA)
CD86  pc goat 1:50 60’ steaming with R&D Systems DL (with
EDTA, pH 9 (AF-141-NA) CD206)
CD163 mc mouse 1:1000 60’ steaming with Novocastra SL
citrate, pH 6 NCL-L-CD163
CD206 mc mouse 1:200 60’ steaming with Abcam SL, DL
EDTA, pH 9 (ab 117644) (with CD86)
MRP14 mc mouse 1:500 60’ steaming with BMA Biomedicals, SL
EDTA, pH 9 Augst, CH
(T-1026)

Abbreviations: CSA = catalyzed signal amplification (see Methods for description); DL =

double-labelling; EDTA = ethylenediaminetetraacetic acid; mc = monoclonal; pc =

polyclonal; SL = single-labelling;



Supplementary Table 4

Free hemoglobin levels in plasma samples of AMN patients and healthy controls.

ID genotype | free hemoglobin (mg/dl)
C1 healthy 1.5

C2 healthy 1.73

P1 (highly activated) | AMN 1.21

P2 (highly activated) | AMN 2.1

P3 AMN 2.47

P4 AMN 1.5

P5 AMN 2.61

Positive control healthy 75.3

(hemolytic plasma)
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Supplementary Fig. 1 Flow cytometric analysis of CD14+ cell purity
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Freshly isolated CD14+ monocytes were stained with fluorochrome-labelled antibodies (A, B) CD14-FITC and
(C, D) CD3-FITC or (E, F) the corresponding isotype control IgG2a-FITC. Here representative FACS results of
monocytes derived from (A, C, E) an AMN patient and (B, D, F) a healthy control are shown. Monocytes were
gated on forward versus side scatter (left scatterplot) and then the gated cell population was analysed for FITC
expression (right scatterplot). The purity of the isolated CD14+ monocytes was generally around 98%.
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Supplementary Fig. 2 Heatmap of cytokine/cytokine receptor genes in AMN
monocytes and healthy controls
The heatmap shows normalized read counts for 212 genes (Y-axis) from the KEGG
cytokine/cytokine receptor interaction pathway (M9809). Values are scaled per gene;
red corresponds to low relative expression, white to high relative expression among
all samples. P = AMN patients, C = healthy controls.
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Supplementary Fig. 3 RT-qPCR reanalysis of monocytes derived from AMN patient P2

TNFA RT-qPCR comparison of monocytes isolated at two different time points (T1 and T2, 27 months
later) from the blood of AMN patient P2. The mRNA levels were normalized to GAPDH, Each bar
represents the mean of two technical replicates.
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Supplementary Fig. 4 RT-qPCR validation of the whole-transcriptome sequencing of AMN and healthy
control monocytes

RT-qPCR verification (mediantinterquartile range) of (A) six deregulated candidate genes

(ABCA1, CCL4, SOCS3, P2RY13, MLC1, and KLF10) identified by whole-transcriptome sequencing. The
validation cohort consisted of seven independent blood donations (including two blood donations used for
RNA sequencing and one blood donation from a new patient) of a total number of four AMN patients

and of seventeen (SOCS3, CCL4, ABCA1) or sixteen (KLF10, P2RY13, MLCI) independent blood donations of
either fourteen or thirteen healthy control individuals. (B) Validation of two genes (CXCR4 and CCL3L1I) for
which the differential expression level between AMN and healthy control monocytes was close to the
threshold of statistical significance in the original RNA-Seq experiment. The validation cohort consisted of
eight (CCL3LI) or seven (CXCR4) independent blood donations from a total of either five or four AMN
patients (including three or two, respectively, blood donations used for RNA-sequencing and one blood
donation from a new patient) and seventeen independent blood donations of fourteen healthy control
individuals. Two-tailed unpaired student s t-test, P = AMN patients, C = healthy controls



SUPPL. FIGURE 5

A) B)
n.s.
@ @ 70
— n.s.
100 - > 20
P 3 6 {0
3 5 3) (4) 4
o o -
o 8 w& 5 215
£ o Q ©
& 60 224 o
g 8 2 ®10
o >3 3 8
2 40 - &5 Q
2 8 I
S n.s. = 2 7]
R 204011 g1 o5
4) 4) £
0 T o 0
P c P
37°C
n.s.
——
C) 7000000 A (4)
4)
= = 6000000 -
r 3
4 £ 5000000 -
8 3
S $ 4000000 -
@ @
E 2 3000000 -
5 £
2 5
S S 2000000 - n.s.
Q S 1000000 -
S )
S ) @ @
[6) 0 -~
Digitonin -+ -+ Digitonin  _ 4 I
c P c P
D)
oligomycin FCCP antimycin A
1004 1 l l
= 80 -O- AMN
E -l healthy control
S 60-
£
— 40
14
Q
O 20
0

0 20 40 60 80 100 120
Time (min)

Supplementary Fig. 5 Functional characterization of AMN monocytes

Phagocytosis, intracellular redox status, viability and mitochondrial function were analysed in freshly
drawn peripheral blood or isolated monocytes from matched pairs of AMN patients (P) and healthy
controls (C). (A) FACS analysis of phagocytosis of pHrodoRed-labelled E. coli particles in whole blood
samples of AMN patients (P) and healthy controls (C) stained with a FITC-labelled CD14 antibody. The
left-hand panel shows the percentage of phagocytosing monocytes, as a negative control the number of
phagocytosing cells at 4 °C is depicted. The right-hand panel indicates the efficiency of blood monocytes
to phagocytose the fluorescent E. coli particles (phagocytic ability). (B) The levels of intracellular reduced
glutathione (GSH) and oxidised glutathione (GSSG) were measured in monocytes and depicted as ratio,
which serves as an indicator for oxidative stress. (C) Assessment of viability (left-hand panel) and
cytotoxicity (right-hand panel) of monocytes. As a positive control, monocytes were treated with the
cytotoxic agent digitonin. For A-C, the number of independent samples is indicated in parentheses above
each group in the bar graphs, where each graph represents mean + standard deviation. n.s., not significant
by two-tailed paired student’s t-test. (D) The oxygen consumption rate (OCR), a measure of
mitochondrial respiration, was analysed pairwise in AMN and healthy control monocytes isolated and
analysed in parallel. Here the results of one representative pair of four independent sets are shown.
Depicted is the mean + standard deviation of two replicates. Oligomycin, an ATP-synthase inhibitor,
differentiates the OCR used for ATP synthesis from proton leak across the inner mitochondrial
membrane; FCCP, uncouples the proton transport from ATP synthesis, resulting in the maximal OCR
without mitochondrial ATP generation; antimycin A inhibits mitochondrial complex III, leaving only the
spare respiratory capacity of the cells.
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Supplementary Fig. 6 Western blot analysis of isolated myelin

Western blot analysis of the pooled myelin fraction derived by density gradient centrifugation from whole
brains of 17 wild type C57BL/6] mice and whole brain homogenate (WBH) as a control. The immunoblot
was probed with antibodies directed against (A) PLP1, (B) Iba-1 and (C) synaptophysin to verify the
absence of microglial or synaptic elements and to show the enrichment of myelin when compared to WBH.

Specific bands are marked by arrows.
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Supplementary Fig. 7 Fold-change of TNFA and IL12B/1L-12p40 mRNA levels
in AMN and healthy control macrophages upon myelin ingestion.

The fold-change in expression of TNFA and IL12B/IL-12p40 was calculated for
the data obtained in Fig. 4C. n.s., not significant by Mann-Whitney test.
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