of Clinical and Translational Neurology

RESEARCH ARTICLE

AMERICAN
NEUROLOGICAL
N

=

Open Access gl

Targeting foam cell formation in inflammatory brain
diseases by the histone modifier MS-275

Bettina Zierfuss'

, Isabelle Weinhofer'

, Agnieszka Buda' (), Niko Popitsch?, Lena Hess®, Verena

Moos>, Simon Hametner?, Stephan Kemp®, Wolfgang Kohler®, Sonja Forss-Petter’, Christian Seiser>

& Johannes Berger'

"Department of Pathobiology of the Nervous System, Centre for Brain Research, Medical University of Vienna, Vienna, 1090, Austria

2Institute of Molecular Biotechnology, Vienna, 1030, Austria

3Division of Cell and Developmental Biology, Center for Anatomy and Cell Biology, Medical University of Vienna, Vienna, 1090, Austria

“Department of Neuropathology and Neurochemistry, Medical University of Vienna, Vienna, 1090, Austria

®Laboratory Genetic Metabolic Diseases, Amsterdam UMC, Amsterdam Gastroenterology & Metabolism, Amsterdam Neuroscience, University of
Amsterdam, Amsterdam, 1105AZ, The Netherlands

Department of Neurology, University of Leipzig Medical Centre, Leukodystrophy Clinic, Leipzig, 04103, Germany

Correspondence

Johannes Berger, Department of
Pathobiology of the Nervous System,
Spitalgasse 4, 1090 Vienna, Austria. Tel: +43-
1-40160 34300; Fax: +43-1-40160 934203,
E-mail: johannes.berger@meduniwien.ac.at

Funding Information

This work was supported by grants P26112-
B19, CCHD/DK W1205 and DOC 33-B27
from the Austrian Science Fund and the
European Leukodystrophy Association (ELA
2018-00312) and the European
Leukodystrophy Association Germany (to
J.B.). C.S. was supported by the FFG Bridge
Early Phase grant 851289 and by grants
P28705 and DK W 1261 from the Austrian
Science Fund.

Received: 8 July 2020; Revised: 25 August
2020; Accepted: 30 August 2020

Annals of Clinical and Translational
Neurology 2020; 7(11): 2161-2177

doi: 10.1002/acn3.51200

Introduction

Abstract

Objective: To assess class I-histone deacetylase (HDAC) inhibition on forma-
tion of lipid-accumulating, disease-promoting phagocytes upon myelin load
in vitro, relevant for neuroinflammatory disorders like multiple sclerosis (MS)
and cerebral X-linked adrenoleukodystrophy (X-ALD). Methods: Immunohisto-
chemistry on postmortem brain tissue of acute MS (n = 6) and cerebral ALD
(n = 4) cases to analyze activation and foam cell state of phagocytes. RNA-Seq
of in vitro differentiated healthy macrophages (n = 8) after sustained myelin-
loading to assess the metabolic shift associated with foam cell formation. RNA-
Seq analysis of genes linked to lipid degradation and export in MS-275-treated
human HAPI cells and RT-qPCR analysis of HAP1 cells knocked out for indi-
vidual members of class I HDACs or the corresponding enzymatically inactive
knock-in mutants. Investigation of intracellular lipid/myelin content after MS-
275 treatment of myelin-laden human foam cells. Analysis of disease character-
istic very long-chain fatty acid (VLCFA) metabolism and inflammatory state in
MS-275-treated X-ALD macrophages. Results: Enlarged foam cells coincided
with a pro-inflammatory, lesion-promoting phenotype in postmortem tissue of
MS and cerebral ALD patients. Healthy in vitro myelin laden foam cells upreg-
ulated genes linked to LXRa/PPARy pathways and mimicked a program associ-
ated with tissue repair. Treating these cells with MS-275, amplified this gene
transcription program and significantly reduced lipid and cholesterol accumula-
tion and, thus, foam cell formation. In macrophages derived from X-ALD
patients, MS-275 improved the disease-associated alterations of VLCFA metabo-
lism and reduced the pro-inflammatory status of these cells. Interpretation:
These findings identify class I-HDAC inhibition as a potential novel strategy to
prevent disease promoting foam cell formation in CNS inflammation.

atherosclerotic plaques.””” In the inflammatory demyeli-
nating disease multiple sclerosis (MS), foam cells in CNS

In neuroinflammation, CNS-resident microglia and infil-
trating macrophages are crucial for the clearance of lipid-
rich myelin to promote remyelination."™* Upon myelin
phagocytosis, these cells adopt an enlarged foamy mor-

phology similar to lipid-laden macrophages in
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lesions undergo a tri-phasic pattern of polarization.® In
the first phase, the uptake of myelin leads to a disease-
promoting phenotype associated with secretion of pro-in-
flammatory cytokines and toxic mediators. In a second
phase, intracellular lipid mediators produced by myelin
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MS-275 Interferes With Foam Cell Formation

digestion induce an anti-inflammatory program, probably
through activation of the nuclear receptors liver X recep-
tor (LXR) and peroxisome proliferator-activated receptor
(PPAR). This change in gene transcription patterns
enables phagocytes to export excess lipids, while secretion
of anti-inflammatory cytokines facilitates remyelination.
In the pathological context of MS, foam cells are chal-
lenged with export of accumulated cholesterol-rich mye-
lin debris. Thus, a third phase is triggered, which is
characterized by foam cells with lipid inclusions favoring
a lasting disease-promoting phenotype.® Myelin-laden
foam cells are also present in brain lesions of patients
with the neuroinflammatory demyelinating disease X-
linked adrenoleukodystrophy (X-ALD).® X-ALD is caused
by mutations in the ATP-binding cassette subfamily D
member 1 (ABCDI) gene, which results in impaired very
long-chain fatty acid (VLCFA) metabolism.” " Accord-
ingly, X-ALD patients show characteristic VLCFA accu-
mulation in tissues and body fluids, particularly in cell
types with high cholesterol turnover.”'? About 60% of
male X-ALD patients develop cerebral ALD (CALD), a
rapidly progressive inflammatory demyelination of the
brain.">'> When applied at an early disease stage,
hematopoietic stem cell transplantation or gene therapy
can rescue CALD patients from major disabilities.'®'®
The underlying mechanism might be the exchange of
mononuclear phagocytes, which are the immune cells
most severely affected by the disturbed VLCFA metabo-
lism."” Therefore, metabolic reprogramming of these cells
could be a novel approach to interfere with the neuroin-
flammation in CALD patients.*' We recently demon-
strated that application of the pan-histone deacetylase
(HDAC) inhibitor Vorinostat (SAHA) partially rescued
immunological and metabolic defects in X-ALD macro-
phages.®® A particular member of the class I HDAC fam-
ily, HDAC3, was found to be crucial for regulating lipid
metabolism in murine macrophages,*' > with deletion of
Hdac3 leading to significantly reduced lipid accumulation
and foam cell numbers in a murine atherosclerosis
model.”' This was possibly mediated by increased expres-
sion of genes in pathways associated with LXRa and
PPARy.”! Here, we hypothesize that the selective inhibi-
tion of class I HDACs using the pharmacological com-
pound MS-275 (Entinostat) may improve the lipid/
cholesterol homeostasis in human lipid-laden phagocytes
upon sustained myelin debris accumulation in demyeli-
nating disorders like CALD. Therefore, we investigated
the role of HDACI1-3 in lipid metabolism of primary
human monocyte-derived macrophages and assessed the
efficacy of MS-275 to prevent foam cell formation
in vitro. Furthermore, we tested whether MS-275 could
correct the disease-associated alterations in macrophages
derived from X-ALD patients.

B. Zierfuss et al.

Subjects/Materials and Methods

Patients and healthy volunteers

Peripheral blood samples were drawn from 35 healthy
volunteers (age 24-61 years, median = 37 years) and
from four X-ALD patients with the default disease vari-
ant adrenomyeloneuropathy (AMN; age 25-44 years,
median = 38 years, Table S1). At the time of blood
donation, none of the AMN patients revealed any signs
of cerebral involvement on MRI. VLCFA accumulation
in plasma and leukocytes of AMN patients was con-
firmed by measuring the total amount of the fatty acids
C26:0, C24:0, and C22:0 by GC-MS or in macrophages
by LC-MS/MS as described previously.'®** The in vitro
study of human primary macrophages was approved by
the Ethical Committee of the Medical University of
Vienna (EK1462/2014), and informed
obtained from participating AMN patients and healthy
volunteers. Histochemistry was performed using post-
mortem CNS tissue. Details of the patients’ characteris-

consent was

tics and conditions have been summarized previously.®
Use of this material was approved by EK729/2010 and
EK535/2016.

Isolation of human monocytes

Human CD14" monocytes were isolated from blood by
magnetic-activated cell sorting as described previously."

Flow cytometry

The purity of isolated CD14" monocytes was determined
by flow cytometry as described previously.® To analyze
the number of pHrodo Green-positive macrophages, the
cells were detached, washed and re-suspended in 250 uL
phosphate-buffered saline (PBS) before analysis. Viable
macrophages were gated using forward and side scatter.
Geometric mean of fluorescence intensity (gMFI) was
determined from 5000 macrophages per sample and using
a GuavaFasyCyte™6-2L system flow cytometer (Luminex)
and guavaSoft3.3 software.

In vitro differentiation of human monocytes
to macrophages and activation with
lipopolysaccharide (LPS)

CD14" monocytes (1 x 10° cells/well) were cultured in
RPMI medium (Sigma Aldrich) containing 1% Peni-
cillin/Streptomycin, 1% glutamine, 1% Fungizone and
10% FCS, supplemented with 50 ng/mL human recom-
binant M-CSF (PeproTech) for 7 days. For use in f-oxi-
dation assays, M-CSF-differentiated macrophages were
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polarized with 100 ng/mL IL-4 (Novartis) for 2 days in
the presence of 10 ng/mL M-CSF. The HDAC inhibitors
SAHA (Cat.No0.10009929, Cayman Chemicals) and MS-
275 (Cat.No.T6233, Target Mol) were added during the
last 48 h. For analysis of pro-inflammatory cytokine
gene expression, M-CSF-differentiated macrophages were
stimulated with 100 ng/mL LPS (E. coli 055:B5, Cat.no.
L4005, Sigma) and treated with DMSO, MS-275, or
SAHA in concentrations as indicated for 24 h. For
detachment, adherent macrophages were washed with
PBS and incubated with 300 uL Gibco™TrypLE™Select
(10x) (Gibco, Life Technologies) for 15 min at
37°C, and collected with a cell scraper after adding
300 uL PBS.

Generation of foam cells and determination
of neutral lipids and total cholesterol

Human blood-derived monocytes were differentiated
using 50 ng/mL M-CSF in the presence of 20 ug/mL
myelin for 7 days during differentiation to generate mye-
lin-laden foam cells and the viability was determined by
flow cytometry using the fluorescent dye 7-AAD detecting
dead cells (Fig. S3).

Then, foam cells were incubated with DMSO or MS-
275 as indicated for 24 h before harvesting for RNA anal-
ysis of gene expression or 48 h for assays of neutral lipids
and total cholesterol content. The myelin was isolated
from wild-type C57BL6/] mouse brains and the purity
was determined by western blotting with specific antibod-
ies as described and shown in detail previously.® Endo-
toxin  levels  were  determined by = Genscript
ToxinSensorTM Chromogenic LAL Endotoxin Assay Kit
and were far below the threshold (<0.5 EU/mL) for
medicinal products. Part of the myelin was labeled with
the amine-reactive pH-sensitive dye pHrodo®GreenSTP
ester (Thermo Fisher Scientific, Cat.No.:P35369) accord-
ing to the manufacturer’s instructions as described previ-
ously.?

Neutral lipids were visualized in the cultured cells
after fixation in 4% paraformaldehyde by Oil Red-O
(CI. 26125, Merck, Certistain®, ORO) staining. For
analysis of cellular cholesterol content, the harvested
cells were washed with PBS before lipid extraction by
sonication on ice in chloroform-methanol (v/v 2:1).
After centrifugation, the organic phase was transferred
to a fresh tube and air dried at 50°C. The dried lipids/
cholesterol were re-dissolved in reaction buffer (Compo-
nent E) of the Amplex Red Cholesterol Assay Kit
(Molecular Probes, Invitrogen/Thermo Fisher) and total
cholesterol was measured according to the manufac-
turer’s instructions.

MS-275 Interferes With Foam Cell Formation

Immunohistochemical staining of
macrophages/microglial cells in active
demyelinating lesions of postmortem CNS
tissue

Paraffin-embedded postmortem tissue containing active
demyelinating brain lesions was available from four
CALD cases and six MS cases as described previously®
and further outlined in Table S2. Immunohistochemical
staining for the pro-inflammatory macrophage/microglia
marker CD86 was performed as described before.® To
determine the size (cross-sectional area in gm?) of macro-
phages/microglia in active demyelinating lesions sections
were steamed in citrate buffer (pH 6.0) for 1 h and
stained using the primary rabbit antibodies against p22-
phox (Santa Cruz #sc20781) diluted 1:100 in 10% FCS/
Dako buffer and applied over night at 4°C. A secondary
biotinylated anti-rabbit antibody (Jackson#711-065-152,
diluted 1:1000) was applied, followed by avidin-conju-
gated horse-radish peroxidase (Jackson#016-030-084,
diluted 1:500) for 1 h, both at room temperature. Sec-
tions were developed with 3,3’-diaminobenzidine and
counterstained with hematoxylin. To quantify the cross-
sectional area of p22phox positive macrophages/microglia,
the software Image J was used. In addition, histochemical
myelin staining was performed using a routine Luxol fast
blue-periodic acid Schiff (LFB-PAS) protocol,” visualiz-
ing myelin-derived phospholipids and digested glycol-
ipids.

HAP 1 cells

HAP1 cells and HDACI, 2 or 3 knockout (KO) HAP1 cell
lines were obtained from Horizon Genomics (now, Hori-
zon Discovery). Mutant HAP1 cells expressing FLAG-
tagged catalytically inactive enzymes: HDAC1 HI141A,
HDAC2 H142A, and HDAC3 H135A were generated by
CRISPR-Cas9-mediated knock-in of the expression con-
struct under the control of the EFla promoter into the
safe harbor locus AAVSI of the corresponding KO cell
lines (V. Moos et al., manuscript in preparation).

Whole transcriptome analysis

Whole transcriptome analysis of human in vitro-gener-
ated foam cells was performed for eight healthy volun-
teers, and differential expression was compared between
vehicle-treated and myelin-laden macrophages. Total
RNA (100 ng) was used for the generation of mRNA-fo-
cused libraries. The samples were sequenced on a
HiSeq2000 sequencing system (Illumina) at the Biomedi-
cal Sequencing facility of the Medical University of
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Vienna, Austria as described previously.® After a global
analysis of deregulated genes, a targeted analysis of (1)
genes from cholesterol, LXR or PPAR pathways as
retrieved from the Molecular Signatures Database
(MSigDB) and (2) cytokine-cytokine receptor interaction
pathway genes (KEGG pathways:map04060) for pro- and
anti-inflammatory gene expression was performed (Data-
set S1).

Whole transcriptome analysis of HAP1 cells was per-
formed for three biological replicates each after treatment
with 1 ymol/L or 3 umol/L MS-275 for 24 h, samples
were compared to vehicle (DMSO)-treated cells (n = 3).
Here, we considered, only significantly changed genes (in
comparison to vehicle controls) from the cholesterol, LXR
or PPAR pathways, as described for foam cells. The com-
plete dataset from these pathways is shown in Dataset S2.

RNA isolation and reverse transcription-
coupled quantitative PCR (RT-qPCR)

RNA isolation and RT-qPCR analysis were carried out as
previously described.®'® Each ¢cDNA was measured in
technical duplicates. Relative mRNA levels were detected
by SYBRGreen incorporation and calculated by the
27AA% method using HPRTI as internal reference. In
addition, the absolute mRNA abundance of ABCDI,
ABCD?2 and for normalization, HPRT1 were obtained by
the TagMan ™ method. Sequences of primers are shown
in Table S3.

Statistical analysis

For normally distributed data, we performed either two-
tailed Student’s t-test or, when more than two groups
were analyzed, one-way ANOVA and post hoc Fisher’s
LSD test as indicated. The P-values were calculated and
the null hypothesis denied for P-values < 0.05. The soft-
ware GraphPad Prism 7 (GraphPad Software) was used
for graphical display and statistical analysis.

Further detailed methods are described in the supple-
mentary materials.

Results

Enlarged foam cells in actively
demyelinating CNS lesions are associated
with inflammation

To assess foam cell formation in acute MS and CALD
lesions, we first measured the size of enlarged macro-
phages/microglia in actively demyelinating lesions of post-
mortem brain tissue from patients using the lipid-staining
LFB-PAS (Fig. 1A and B) and the immunohistochemical

B. Zierfuss et al.

staining for the plasma membrane-accentuated p22phox
(Fig. 1C and D). We observed comparable enlarged LFB-
PAS positive phagocytes in CALD and MS and obtained
similar results when assessing enlarged p22phox-positive
foam cells (Fig. 1E-G). Because the smallest sizes in our
data unlikely reflect the true cell size, which also depends
on the plane at which the cell was cut, merely the highest
75% of the values were included in violin plots of the cell
size distribution (Fig. 1E and F). In both diseases, espe-
cially enlarged foam cell sizes (3™ quartile of the cell size)
coincided with a high number of CD86-positive, pro-in-
flammatory macrophages/microglia (Fig. 1H-J, Fig. S2),
and the presence of a phagocytic, inflammation-associated
phenotype evidenced by the marker CD68 (Fig. 1IK-M,
Fig. S2). Together, these results show that profound myelin
debris uptake by macrophages and microglial cells leads to
formation of enlarged foam cells in actively demyelinating
CNS lesions of both MS and CALD. In addition, especially
enlarged foam cells appear to coincide with a pro-inflam-
matory, disease-promoting environment.

Genome-wide analysis of human myelin-
laden macrophages

. < 5:26-30 .
In contrast to previous studies,”**>° we particularly

aimed to investigate the effect of a prolonged myelin
accumulation on human macrophages, and thus, per-
formed a genome-wide transcriptome analysis of in vitro-
differentiated macrophages, which were derived from
healthy donors (n = 8) and exposed for 7 days to myelin
debris (Fig. 2).

We found that myelin phagocytosis especially downregu-
lated genes involved in cholesterol and fatty acid synthesis,
whereas genes involved in intracellular lipid shuttle and
export were increased (Fig. 2A). Specifically, myelin-load-
ing prominently induced NRIH3 and PPARG encoding the
nuclear receptors LXRx and PPARY, respectively (Fig. 2A).
Whereas some pro-inflammatory genes were significantly
downregulated upon myelin ingestion, the expression of
genes encoding growth and neurotrophic factors or cytoki-
nes and their cognate receptors involved in homeostatic
functions was significantly upregulated in myelin-laden
macrophages (Fig. 2B). Using RT-qPCR and an enlarged
sample set (n = 13), we confirmed the differential expres-
sion patterns of selected key genes in lipid homeostasis.
Furthermore, we analyzed the expression of the characteris-
tic anti-inflammatory genes CCLI8 and CD83, which were
significantly  upregulated after myelin phagocytosis
(Fig. 2C-H). Together, these findings indicate that sus-
tained myelin loading of human healthy macrophages in a
non-inflammatory environment induce gene expression
programs possibly enabling not only efficient lipid degrada-
tion and efflux, but also tissue regeneration.
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Figure 1. Enlarged foam cells coincide with an increased number of activated and pro-inflammatory macrophages/microglial cells in active
demyelinating lesions of the CNS. (A-M): To analyze foam cells, active demyelinating lesions of postmortem CNS tissues derived from four
cerebral ALD (CALD) and six acute multiple sclerosis (MS) patients were immunohistochemically stained and exemplary images are shown for the
lipid staining LFB-PAS (A and B) to detect intact myelin or myelin debris and degraded intermediates of myelin engulfed by foam cells and
analyzed for the membrane-accentuated marker p22phox (C and D), the pro-inflammatory marker CD86 (H and 1) and the activation and
phagocytosis marker CD68 (K and L). Representative images of the p22phox-stained brain lesion edge are shown from CALD case #1 (C) and MS
case #3 (D). The cross-sectional area (um?) of LFB-PAS (E) or p22phox (F and G) positive macrophage/microglial cells within the active
demyelinating lesions is plotted. Symbols in (C and D) indicate the cells/data points of two exemplary cells from CALD #1 (star, diamond) and MS
#3 (triangle, square) in (G). The 75% highest values for each data set are described using violin plots in (E and F). The density of pro-
inflammatory CD86- and CD68-positive macrophages/microglial cells was determined within the lesion center for each case (J and M). When
more than one CNS-region revealing an active demyelinating lesion per case was available, the mean value was determined (CALD #2, n = 3 and
CALD #3, n = 2). Error bars indicate the maximum and minimum in (G) and standard deviation in (J and M). Scale bar = 50 um.
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A: Lipid metabolism

B: Cytokine-cytokine receptor interaction
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Figure 2. Human foam cells generated in vitro upregulate expression of lipid transport and efflux genes and are associated with a program
promoting tissue regeneration. (A and B) Heat maps of normalized expression values for macrophages differentiated in the absence
(Macrophages) or the presence (Macrophages + myelin) of myelin. Heatmaps were calculated from variance-stabilized (vst transformed)
expression values that were scaled per gene (Z-score) for 20 up- and 20 downregulated genes with maximum absolute log2 fold change from the
list of: genes involved in lipid metabolism (A) and genes annotated in the KEGG cytokine/cytokine receptor interaction pathway (B). Genes on the
y-axis were sorted by row-mean of the first shown condition. Sample identification numbers (ID#) refer to healthy controls 1-8. (C-H)
Confirmation of RNA-Seq results of selected genes involved in lipid metabolism (C-F) or cytokine-cytokine receptor interaction (G and H)
pathways by RT-qPCR in a larger sample set of healthy volunteers (n = 13). Relative gene expression levels were normalized to the reference gene
HPRT1. For statistical analysis two-tailed paired Student’s t test was used. Gene assignments according to their function are indicated by
superscript symbols: § transport (uptake, intracellular shuttle and efflux), §§ anabolism, §§§ catabolism, §§§§ nuclear receptors, # homeostasis, ##
inflammation. ** P < 0.01, ***P < 0.001, ****P < 0.0001.

metabolism in an atherosclerotic mouse model,”' could
be beneficial to prevent foam cell formation in human
macrophages. As an initial screening tool, we used the
human cell line HAP1, modified for production of iso-
genic variants carrying mutations in selected genes.>" First

Class | HDACGs regulate lipid metabolism-
associated genes in human macrophages

Next, we tested whether the specific inhibition of class I
HDACs, which was previously shown to regulate the lipid

Figure 3. Class | HDACs regulate lipid metabolism-associated genes in the human HAP1 cell line. (A and B) The expression levels of lipid
metabolism-associated genes were extracted from whole transcriptome RNA-Seq data acquired from the human haploid leukemia cell line HAP1
treated with 1 umol/L (A) or 3 umol/L MS-275 (B) for 24 h and compared to vehicle controls (n = 3 for each condition). Volcano plots indicate
the mean values of log2 fold changes and —log transformed P-values for each significantly changed gene. (C—F) The contribution of the individual
histone deacetylases inhibited by MS-275 to the regulation of key genes in lipid homeostasis was analyzed in mutant HAP1 cells with full
knockout (KO) of HDACT, 2 or 3 (HDAC1-3 KO) or the same lines with knock-in mutations generating stable but enzymatically inactive HDAC1-3
proteins (HDAC1 H141A, HDAC2 H142A or HDAC3 H135A) (n = 3 each). The relative mRNA levels of the LXR-regulated genes ABCAT and
ABCGT (C and D) and the PPARy-regulated genes CD36 and FABP4 (E and F) were analyzed by RT-gPCR and normalized to HPRT1. The mean for
each group is depicted and error bars indicate standard deviation. For statistical analysis, one-way ANOVA and Fisher’s LSD test were used to
compare gene expression levels between wild type (WT) samples and the enzymatically inactive variants of HDAC1-3 (HDAC1T H141A, HDAC2
H142A or HDAC3 H135A). ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

2166 © 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association



B. Zierfuss et al.

MS-275 Interferes With Foam Cell Formation

A B O Cholesterol
. @ LXR
1uM MS-275 vs vehicle 3uM MS-275 vs vehicle | @ PPAR
@ PPAR / Cholesterol
_ O LXR/ Cholesterol
1507 ACSL3 LRP2 3007 LieA @ LXR/PPAR
[ ]
SCD5
_ LIPA P LR’?
2 100- vV e 8 200 .
T g
Z. 4 ¢ CD36 é SCD5
= . v =] :
S 504 : o 2 1004 :ACSL1e NCEH1
;% S0AT?: NCEH1GRAMD1C ' SEame o<—CD36
oo AT F:‘ - \\:’ ¢ GRAMDICABCG1
T °e \: OLR1 ACOX2 So \ FABP6,~ RXRG
4 ® 4
0 (] '“I_ t’: :'/I ¢ i.‘/l "./<_RXRIG 0_'._!|_&-i g ! \ ,il
2 0 2 4 6 -4 2 0 2 4 6
log2 fold change log2 fold change
ABCG1 (LXR pathway) ABCA1 (LXR pathway)
401 54
N ~ *kkk N -~
3 & 30- o ol®
< T ol® < T i
Z 8 Z9o3
X 5 204 ? X5 ns
Eo Eo ns
o N ) N 24
23 S5 3 s
= E 104 . s E . -2 coo
g2 s ge' ¥ vas
0'_¢_&I._I_¢_LI_*_ 0 T T T T T T T
&
S IR SR S AR g AR SRR
O OO R R R O WO R R
F & & & & F T O & O
- & &S . & &
CD36 (PPARy pathway) FABP4 (PPARy pathway)
104 40
N X~ N ™~
-~ = I~
S 8- —I— S o
oQ o a 301
<T <T
Z o 61 Z 8
£ T3 2
N4+ N
:12: = Kk &. g 5 ole ns
SE ] are s E 104 ns
@ 2 - 3 @ 2
0- - O'M * ? T T
& o o (8]
€ \{9 qf}"o fb’l"o \“‘\v \"“‘y \'5{"?. L\ o &F r\"\v \&1}? \'56?
(¢} () O DR O (¢ O DR
& &S &F&S

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

2167



MS-275 Interferes With Foam Cell Formation

parental HAP1 cells that had been treated with 1 or
3 pumol/L MS-275 for 24 h were compared to vehicle
control in a whole transcriptome analysis. We queried
these gene sets selectively for pathways associated with
lipid metabolism (LXR, PPAR, and cholesterol) and
found significant upregulation of key target genes
(Fig. 3A and B, Dataset S2) from the PPAR and/or
cholesterol pathways and to a lower extent from LXR and
LXR/cholesterol-overlapping pathways. To obtain a better
understanding of the contribution of the individual his-
tone deacetylases inhibited by MS-275, we used isogenic
HAP1 cell lines with either complete knock-out of
HDAC1, HDAC2 or HDAC3 or the corresponding
knock-in mutants producing stable but catalytically inac-
tive variants (HDAC1 HI141A, HDAC2 HI142A, and
HDAC3 H135A) instead of the wild-type enzymes, result-
ing in the integration of non-functional HDACs into co-
repressor complexes. The latter strategy was applied to
prevent compensatory upregulation and integration of
other HDAG: into co-repressor complexes, thereby more
closely mimicking the pharmacological inhibition with
HDAC inhibitors (Moos et al., manuscript in prepara-
tion). The RT-qPCR analysis revealed that the lack of dis-
tinct class I HDACs results in upregulation of selected
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key genes in macrophage lipid metabolism, like LXR-reg-
ulated cholesterol efflux transporters, ABCAI and ABCGI
(Fig. 3C and D) and key players in lipid uptake and
clearance (CD36 and FABP4) linked to PPARy pathways
(Fig. 3E and F). However, this observed altered expression
might be independent of changes in acetylation patterns
at specific gene regions.

Intriguingly, when comparing the dosage effects of the
pan-HDAC inhibitor SAHA and the class I-specific
HDAC inhibitor MS-275 on the regulation of the same
lipid metabolism-associated genes in human macrophages,
we found that treatment with MS-275 showed a higher
potency than SAHA for upregulating these genes
(Fig. 4A-E). These results indicate that in human macro-
phages, especially class I HDACs play an important role
in regulating lipid homeostasis and, thus, constitute a
potential target for prevention of foam cell formation.

The class I-specific HDAC inhibitor MS-275
reduces human foam cell formation

Based on our findings that class I HDACs regulate genes
associated with lipid metabolism in human macrophages,
we analyzed the efficacy of MS-275 to improve lipid

C
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Figure 4. Inhibition of class | HDACs by MS-275 regulates lipid metabolism-associated genes in the human primary macrophages in vitro. (A-E)
To determine the role of class | HDAC inhibition in human macrophages, CD14+ monocytes were isolated from the blood of three healthy
controls and differentiated for 7 days using 50 ng/mL M-CSF. Mature M-CSF-dependent macrophages were incubated with different doses of
MS-275 or the pan-HDAC inhibitor SAHA or vehicle (DMSO) control as indicated. After 24 h of incubation, expression levels of the LXR-regulated
genes ABCAT, ABCGT and APOE (A-C) and the PPARy-regulated genes CD36 and FABP4 (D and E) were measured by RT-gPCR and normalized
to the reference gene HPRTT. The mean for each group is depicted and error bars indicate standard deviation. For statistical analysis, one-way
ANOVA and Fisher’s LSD test were used to compare samples treated with SAHA to MS-275-treated samples. ns = not significant, *P < 0.05,

**p < 0.01, #**P < 0.001, ****P < 0.0001.
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homeostasis using myelin-laden human macrophages. In
vitro-differentiation in the presence of myelin debris for
7 days resulted in enlarged macrophages with foam-like
morphology (Fig. 5A and C), as evidenced by ORO stain-
ing for neutral lipids including cholesterol esters. Without
myelin exposure the macrophages showed an elongated
morphology, typical for non-activated, anti-inflammatory
cells in vitro, and only scarce lipid inclusions (Fig. 5B).
Treatment of the lipid-laden macrophages with MS-275
(Fig. 5D and E) significantly reduced the number of foam
cells and increased the frequency of cells with an elon-
gated shape in comparison to vehicle-treated cells
(Fig. 5F). Whereas myelin uptake elevated the amount of
total cellular cholesterol (Fig. 5G), mainly containing free
cholesterol, treatment with MS-275 significantly lowered
the intracellular total cholesterol content of macrophages
upon prolonged myelin loading. Interestingly, even the
basal cholesterol levels of non-loaded macrophages could
be downregulated with MS-275 (Fig. 5G). To further
confirm that MS-275 interferes with lipid-enriched
myelin accumulation, macrophages were incubated with
pHrodo Green-labeled myelin and analyzed by flow
cytometry. Here, we consistently found a significant
reduction of pHrodo Green-positive foam cells indicating
a possible increased net efflux of myelin-associated lipids/
cholesterol upon 2-day-treatment with 2.5 ymol/L MS-
275 (Fig. 5H).

Next, we assessed whether the observed lowered lipid
accumulation in foam cells and, hence, possibly also tis-
sue clearance, after MS-275 treatment is mediated by the
induction of genes involved in lipid uptake and export.
Indeed, RT-qPCR analysis revealed that MS-275 treatment
resulted in a dose-dependent upregulation of ABCGI,
CD36, FABP4, and SOAT (Fig. 6A-F). In addition, pro-
tein expression of the lipid exporters ABCA1 and ABCG1
and the scavenger receptor CD36 crucial for lipid uptake
were further confirmed by flow cytometry analysis
(Fig. S3).

Taken together, our findings indicate that inhibition of
class I HDACs by MS-275 treatment leads to reduced
lipid accumulation with concurrent upregulation of genes
involved in cholesterol and fatty acid transport and adop-
tion of an anti-inflammatory morphology in human foam
cells generated in vitro.

MS-275 improves impaired lipid
homeostasis and immune functions in
macrophages from X-ALD patients

In the pathological context of X-ALD, we explored
whether class I HDAC inhibition by MS-275 would
improve the metabolic and immunological phenotype of
ABCDI-deficient macrophages, which accumulate high

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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levels of VLCFAs. Firstly, we found that the selective inhi-
bition of class I HDAC members in HAP1 cells leads to a
significant upregulation of the ABCD2 gene (Fig. 7A),
which upon overexpression can compensate for ABCD1
deficiency in X-ALD cells.’>** We recently found that
pan-HDAC inhibition with Vorinostat (SAHA) stimulates
ABCD2 expression in human macrophages.”® Interest-
ingly, the class I-specific inhibitor, MS-275 not only
caused a greater ABCD2 induction when compared to
SAHA (Fig. 7B) but also efficiently induced ABCD2
expression at low doses (Fig. 7C). When analyzing the
peroxisomal f-oxidation of the VLCFA C26:0, MS-275,
and SAHA stimulated the rate of VLCFA degradation
to a similar extent (Fig. 7D). A 5-day-treatment with
0.5 umol/L MS-275 or 2.5 yumol/L SAHA significantly
downregulated the accumulation of C26:0-lysophos-
phatidylcholine (C26:0-LPC) (Fig. 7E), albeit the levels
were still higher than those observed in healthy control
cells.

We have previously demonstrated that the disturbed
lipid homeostasis in X-ALD macrophages results in pro-
inflammatory skewing and impaired plasticity® and
recently found that SAHA treatment partially rescued this
phenotype.” Strikingly, MS-275-treatment almost com-
pletely abolished the IL12p40 secretion in LPS-stimulated
X-ALD macrophages (Fig. 7F). Finally, we analyzed the
effect of MS-275 on the ability of LPS-stimulated X-ALD
macrophages to attract monocytes in a Boyden chamber.
For this, we applied supernatants harvested from X-ALD
macrophages, which had been LPS-activated in the pres-
ence of either MS-275 or vehicle. Although statistical sig-
nificance was not reached, we found a trend for lower
numbers of migrating monocytes with supernatants
derived from pro-inflammatory X-ALD macrophages
treated with MS-275 in comparison to vehicle control
(Fig. 7G, P = 0.057).

Discussion

In CALD and MS, neuroinflammation is accompanied by
the presence of enlarged foamy macrophages with
increased intracellular lipid content and altered lipid
homeostasis.”®?” These foam cells are thought to con-
tribute to maladaptive immune responses and, thus, may
represent a novel target for pharmacologic interventions
against the pathogenesis and progression of neuroinflam-
matory demyelinating diseases.’ In active CALD lesions,
we previously found a pronounced pro-inflammatory
phenotype of foam cells as shown by enlarged macro-
phages with reduced expression of anti-inflammatory
markers compared to MS.® Here, we found that especially
enlarged foam cells coincided with a pro-inflammatory
CD86-positive and active, phagocytic CD68-positive
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Figure 5. MS-275 treatment restores lipid homeostasis in myelin-laden foam cells in vitro. (A) Experimental strategy: Human foam cells were
generated in vitro by differentiating monocyte-derived macrophages with M-CSF in the presence of 20 ug/mL myelin for 7 days. Foam cells were
treated with MS-275 or vehicle (DMSO) control in the presence of myelin for 48 h before analysis. (B—F) Neutral lipids were stained by Oil Red-O
in untreated macrophages without myelin (B), foam cells treated with vehicle control (C), foam cells treated with 0.5 umol/L MS-275 (D) or
2.5 umol/L MS-275 (E). Scale bar = 100 um. (F) The number of foam cells and the frequency (%) of elongated-shaped macrophages (resembling
normal morphology) were determined in samples derived from four healthy controls. (G) Macrophages without myelin or with myelin were
treated with vehicle control, 0.5 umol/L MS-275 or 2.5 umol/L MS-275. After 48 h, the total cholesterol content (ug) was determined in cell
lysates of 6 x 10° macrophages (pools of 3 wells per condition and proband) (n = 4). (H) Macrophages from five healthy controls were loaded
with pHrodo-Green labeled myelin and treated as described in (A) before detachment for analysis by flow cytometry. The right panel depicts the
geometric mean fluorescence intensity (gMFI) of MS-275-treated as fold-change to vehicle-treated myelin-laden macrophages derived from five
healthy controls. For statistical analysis, one-way ANOVA and Fisher’s LSD test was used when comparing vehicle control to MS-275 treatment.
Two-tailed Student’s t test was performed to analyze the difference of cholesterol between vehicle and myelin-treated macrophages in (G) and
for analysis of absolute values used to generate the fold-change display in (H). ns = not significant, *P < 0.05, **P < 0.01.

phenotype. Immunometabolism studies have revealed that
activation and function of macrophages are modulated by
altered metabolic profiles.’® ** With foam cells represent-
ing dysfunctional macrophages, pharmacological repro-
gramming of their lipid metabolism could be a novel
therapeutic strategy. Because previous studies by others
identified HDACS3 as a key regulator of lipid metabolism
in murine macrophages,”’ we here analyzed the role of
class I HDACI1-3 in human cells and the potential to

improve lipid metabolism by their pharmacological inhi-
bition using MS-275.

The whole-transcriptome analysis of human foamy
macrophages from healthy donors indicated that myelin
loading induced genes associated with lipid transport and
efflux, whereas genes for fatty acid and cholesterol synthe-
sis were found to be downregulated. Thus, healthy human
macrophages apparently can effectively remove lipid-en-
riched myelin in vitro, possibly by inducing pathways
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Figure 6. Pharmacological inhibition of class | HDACs by MS-275 leads to upregulation of lipid metabolism-associated genes in human foam
cells. (A-F) To investigate the effect of MS-275 on foam cells, macrophages from four healthy donors were loaded with 20 xg/mL myelin during
M-CSF-dependent differentiation for 7 days and then treated with vehicle control, 0.5, 1 or 2.5 umol/L MS-275 in the presence of myelin for
further 24 h. Relative expression of the indicated genes involved in lipid metabolism regulated by LXR (A-C) or PPARy (D-F) were analyzed by RT-
gPCR and normalized to mRNA levels of HPRT1. Mean and standard deviation are shown. For statistical analysis, one-way ANOVA and Fisher's
LSD test were used. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. Inhibition of class | HDACs leads to ABCDZ2 induction and improved metabolic and immunological dysfunction in human X-ALD
macrophages. (A) Expression of the ABCD2 gene was analyzed in wild-type (WT) or mutant HAP1 cells with either full knockout of HDAC1, 2 or
3 (KO) or isogenic lines expressing stable but enzymatically inactive proteins (HDACT H141A, HDAC 2 H142A or HDAC3 H135A). Absolute
ABCD2 and, for reference, ABCD1 mRNA levels were analyzed and normalized to HPRT1 using RT-gPCR. The dashed line marks the level of
ABCD1 mRNA in WT HAP1 cells. (B and C) Human macrophages (M-CSF-dependent) derived from three healthy donors were treated with vehicle
control, SAHA or MS-275 for 24 h as indicated. ABCD1 and ABCD2 mRNA levels were analyzed as described for (A). (D) The degradation of the
VLCFA C26:0 was determined in macrophages derived from three healthy controls that had been anti-inflammatory polarized with IL-4 and
treated with vehicle control, SAHA or MS-275 for 48 h. The B-oxidation rates were normalized to protein content and are depicted as fold
increase over the vehicle control. (E) The levels of C26:0-lysophophatidylcholin (LPC) were determined by LC-MS/MS after 5 days of treatment
with vehicle or HDAC inhibitor (SAHA or MS-275). The results of macrophages derived from three healthy donors and three X-ALD patients are
shown normalized to protein content. (F and G) Macrophages derived from three X-ALD patients were stimulated with LPS for 24 h in presence
of either vehicle, 2.5 umol/L SAHA or 0.5 umol/L MS-275. The pro-inflammatory cytokine IL12p40 secreted into the supernatant was determined
by ELISA (F). (G) These cytokine-containing supernatants from X-ALD macrophages were used in Boyden chambers to attract monocytes from a
healthy donor. The number of migrating monocytes was determined after 12 h. Means and standard deviations are shown. For statistical analysis
one-way ANOVA and Fisher’s LSD test were used in (A) and (D) and two-tailed Student’s t-test was performed in (E and F). In (A), statistical
analysis was only applied for the HAP1 cells with enzymatically inactive HDACs compared to wild type (WT) HAP1 cells. ns = not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

regulated by LXRo and PPARy. When comparing genes
from the cytokine/cytokine receptor pathway, mostly pro-
inflammatory genes as defined by others*' were downreg-
ulated, which is in good agreement with previous reports
that myelin after proper degradation first initiates an
anti-inflammatory program. Interestingly, the top 20 signif-
icantly upregulated genes are linked to cell differentiation,
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proliferation and other homeostatic functions, which are
also important for tissue regeneration. However, a clear
anti-inflammatory signature was not indicated in these
human foam cells in vitro. Instead, some of the upregu-
lated genes (e.g., CXCL8) reflect a typical pro-inflamma-
tory program. These results imply that upon sustained
myelin phagocytosis, healthy human macrophages initiate
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a metabolic program to support tissue regeneration but
lack a distinct anti-inflammatory phenotype.
Whole-transcriptome analysis of MS-275-treated HAP1
cells revealed significantly upregulated genes involved in
lipid metabolism, with pronounced induction of genes
linked to LXR, PPARy, and cholesterol. These pathways are
known to be associated with lipid degradation and export
but also with the induction of an anti-inflammatory pro-
gram in immune cells.**”*** Interestingly, a previous
study found that in particular inhibiting the class I
HDACs, however, independent of regulating the LXR path-
way, upregulated the secretion of ApoE in a human astro-
cytoma cell line.** In the CNS, ApoE is an important
protein required for the binding and the export of lipids.
A schematic summary of MS-275-regulated lipid pathways
in human HAPI cells and primary macrophages is shown
in Figure 8. Noteworthy, MS275-treated primary human
microglia were not considered in our study and might
behave differently. Specifically, we found MS-275-mediated
induction of the genes for scavenger receptors CD36 and
oxidized low-density lipoprotein receptor 1 (LOX-1,
encoded by OLRI), and the fatty acid binding proteins
long-chain fatty acid transport protein 6 (FATP 6, encoded
by SLC27A6) and low-density lipoprotein receptor-related
protein 2 (LRP2), which are crucial for lipid uptake and/or
tissue clearance of apoptotic cells. This indicates that MS-
275 would support clearance of myelin debris and apop-
totic cells and, thus, possibly prevent or ameliorate persis-
tent tissue inflammation. Following ingestion of myelin
degradation products, the lipid-enriched debris and lipids
are normally trafficked by endosomes/lysosomes and/or
specific transporters to the endoplasmic reticulum (ER) for
further breakdown, modification and esterification. Intrigu-
ingly, we found that MS-275 strongly upregulated
GRAMDIC encoding the cholesterol transporter Aster-C
(ASTRC) and to a lesser extent sterol O-acyltransferase 1
(SOAT], alias ACAT1), an enzyme catalyzing the esterifica-
tion of free cholesterol to cholesterol esters for further lipid
sequestration. This indicates that inhibition of class I
HDAGC: also would enhance the trafficking of phagocytosed
lipids for further storage and/or sequestration and degrada-
tion. Upregulated expression of the ER-localized enzyme
stearoyl-CoA desaturase 5 (SCD5), suggests that MS-275
may also promote the formation of anti-inflammatory,
monounsaturated fatty acids. We additionally found
increased mRNA levels for long-chain-fatty-acid-CoA ligase
3 (ACSL3), which, among other functions, mediates the
fast and efficient relocation of lipids from the ER into lipid
droplets for long-term storage, thus, preventing ER stress.
In macrophages, lipid droplets are thought to be pseudo-
organelles, which in addition to lipid storage also modulate
immune responses by producing inflammatory mediators
like eicosanoids.” Accordingly, by preventing formation of

MS-275 Interferes With Foam Cell Formation

lipid droplets or promoting their degradation in macro-
phages, their activation status may be further reduced.
Intriguingly, at the same time, MS-275 upregulated the
expression of both genes encoding the key enzymes
involved in breakdown of cholesterol esters and triglyc-
erides in lipid droplets, lysosomal acid lipase/cholesteryl
ester hydrolase (LAL, encoded by LIPA) and neutral
cholesterol ester hydrolase 1 (NCEHI1). Finally, class I
HDAC inhibition resulted in stimulation of lipid export
from the cells by inducing the ATP-binding cassette-trans-
porters, ABCAI and ABCGI, with the latter accounting for
about 60% of the net lipid efflux in macrophages.*>*’

Interestingly, RXRG was one of the most prominently
upregulated genes in human HAP1 cells after treatment
with MS-275. RXRG 1is only expressed at low levels in
human monocytes and monocyte-derived macrophages.
However, a previous study revealed that the correspond-
ing protein isoform, RXRy, is required for oligodendro-
cyte differentiation and appears to be a key factor during
remyelination.”® Previously, significant epigenetic changes
were observed in oligodendrocytes in normal appearing
white matter when analyzing postmortem brain tissue of
CALD patients.*” Therefore, treatment with MS-275 may
exert positive effects on cell types other than macro-
phages in CNS lesions and might be subject to future
studies.

The analysis of the role of individual members of the
class I HDACs in the enzymatically inactive HDACI, 2 or
3 mutant HAP1 cells revealed especially HDAC2 as a
major regulator of LXR- and PPARy-responsive genes
involved in cholesterol and fatty acid homeostasis (e.g.,
ABCGI, CD36, and FABP4). These findings support the
concept of a prominent role for class I HDACs in regulat-
ing lipid homeostasis in human cells.

In general, foam cell formation in CNS lesions has pre-
viously been associated with dysregulated cholesterol
metabolism.® In a mouse model for focal demyelinating
lesions induced by injections of lysolecithin, needle-like
cholesterol crystals accumulating in macrophages were
identified to inhibit expression of the lipid efflux trans-
porters, ABCA1 and ABCG1, as well as the lipid acceptor
ApoE.! When these mice were treated with the LXR ago-
nist GW3965, the impaired gene expression was restored
and an increased ability for remyelination and repair of
CNS lesions was observed." In CALD, active demyelinat-
ing lesions are especially enriched in cholesterol esters also
containing VLCFA>*”! and furthermore, needle-like struc-
tures have been observed in macrophages present in tis-
sues with high cholesterol turnover in X-ALD patients.*®
Accordingly, upregulation of the LXR pathway by MS-275
treatment could possibly prevent cholesterol accumulation
in macrophages and promote repair of CNS lesions. In X-
ALD-derived macrophages, we found reduced pro-
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Figure 8. Hypothetical model explaining the metabolic reprogramming in human macrophages through inhibition of class | HDACs by MS-275.
The treatment of human myelin-laden macrophages with MS-275 leads to upregulation of LXR and PPAR-regulated genes and reduces the
number of pro-inflammatory foam cells in vitro. Based on our results, we hypothesize that MS-275 treatment could be beneficial in inflammatory
demyelinating diseases by promoting (A) efficient tissue clearance of cell debris, (B) sequestration and storage of lipids and (C and D) hydrolysis of
lipids for subsequent efflux. (A) The effective clearance of lipid-enriched myelin, including free fatty acids (FFA) and cholesterol ester (CE), and
apoptotic cells from the microenvironment is a prerequisite for the establishment of an anti-inflammatory milieu in CNS lesions. This could be
enabled by the MS-275-mediated upregulation of the receptors and fatty acid binding proteins CD36, LOX-1, FATP6, FABP4 and LRP2. After
uptake by macrophages/microglial cells, lipids are shuttled to the endoplasmic reticulum (ER) either by the upregulated cholesterol transporter
ASTRC in a non-vesicular manner or within the late endosome where CEs are enzymatically cleaved to free fatty acids and cholesterol (FC) by
LAL. (B) At the ER, SOAT1 esterifies FC to CE for further storage. SCD5 catalyzes the desaturation of saturated fatty acyl-CoA (SFA), which
generates anti-inflammatory, monounsaturated fatty acyl-CoA (MUFAs). To avoid ER stress, the fatty acyl-CoA synthetase ACSL3 promotes the
formation of lipids droplets and, thus, the relocation of lipids within the cell. (C) The hydrolysis of CEs to free cholesterol occurs within lipid
droplets by either NCEH1 or during lipophagy mediated by LAL within phagolysosomes. (D) Finally, free cholesterol can be exported by the
cholesterol transporters ABCA1 and ABCG1. In the CNS, APOE binds free cholesterol for reverse cholesterol transport. CD36, Cluster of
differentiation 36 molecule; LOX-1, Lectin-like oxidized LDL receptor 1; FATP6, Long-chain fatty acid transport protein 6; FABP4, Fatty acid-
binding protein; LRP2, Low-density lipoprotein receptor-related protein 2; SOAT1, Sterol O-acyltransferase 1; APOE, Apolipoprotein E; ASTRC,
Protein Aster-C; PPAR, Peroxisome proliferator-activated receptor; LXR, Liver X receptor; LAL, Lysosomal acid lipase/cholesteryl ester hydrolase;
SCD5, Stearoyl-CoA desaturase 5; ACSL3, Long-chain-fatty-acid-CoA ligase 3.

inflammatory skewing as well as disease-associated accu-
mulation of VLCFAs after MS-275 treatment, possibly
due to the strongly induced expression of the redundant
ABCD?2 gene, which has compensatory capacity in ABCDI
deficiency.’* > The mechanism underlying ABCD2 induc-
tion could either be directly related to histone acetylation
at the ABCD2 promoter, possibly involving a transcrip-
tion factor complex of specificity protein 1/3 (Sp1/Sp3)
associated with HDACI.>>>  Alternatively, because
ABCD?2 is a cholesterol regulated gene, in turn activating
the sterol regulatory element-binding proteins (SREBPs)
known to bind and activate the ABCD2 promoter,sz’54
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could cause induction of ABCD2. In addition, a previous
study already suggested that the treatment with SAHA
(Vorinostat), also inhibiting the class I HDAC family, has
a positive effect on the disease progression in the experi-
mental autoimmune encephalomyelitis (EAE) mouse
model in vivo, a clinically important model for MS.>?
However, future studies are required to show possible
beneficial effects of the specific class I HDAC inhibitor
MS275 in EAE and MS, respectively.

We conclude that inhibition of class I HDACs by MS-
275 treatment might not only enhance the uptake capac-
ity for myelin debris by modulation of molecules crucial
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for lipid uptake (e.g., CD36) but also concomitantly
reduce foam cell formation of human macrophages. Such
inhibitors can directly, at the level of gene expression,
alter the lipid metabolism of macrophages and, therefore,
enable the induction of an anti-inflammatory program,
making class I HDAC inhibition in macrophages a
promising novel target for inflammatory demyelinating
diseases like CALD and MS.
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