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Retinoid X receptor activation reverses
age-related deficiencies in myelin debris
phagocytosis and remyelination

Muktha S. Natr'ajan,"2 Alerie G. de la Fuente,' Abbe H. Crawford,' Eimear Linehan,?
Vanessa Nuﬁez,4 Kory R. johnson,2 Tianxia Wu,2 Denise C. Fit:zger'ald,3 Mercedes Ricot:e,4
Bibiana Bielekova® and Robin J. M. Franklin'

The efficiency of central nervous system remyelination declines with age. This is in part due to an age-associated decline in the
phagocytic removal of myelin debris, which contains inhibitors of oligodendrocyte progenitor cell differentiation. In this study, we
show that expression of genes involved in the retinoid X receptor pathway are decreased with ageing in both myelin-phagocytosing
human monocytes and mouse macrophages using a combination of in vivo and in vitro approaches. Disruption of retinoid X
receptor function in young macrophages, using the antagonist HX531, mimics ageing by reducing myelin debris uptake.
Macrophage-specific RXRa (Rxra) knockout mice revealed that loss of function in young mice caused delayed myelin debris
uptake and slowed remyelination after experimentally-induced demyelination. Alternatively, retinoid X receptor agonists partially
restored myelin debris phagocytosis in aged macrophages. The agonist bexarotene, when used in concentrations achievable in
human subjects, caused a reversion of the gene expression profile in multiple sclerosis patient monocytes to a more youthful profile
and enhanced myelin debris phagocytosis by patient cells. These results reveal the retinoid X receptor pathway as a positive
regulator of myelin debris clearance and a key player in the age-related decline in remyelination that may be targeted by available
or newly-developed therapeutics.
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Introduction

CNS remyelination is a regenerative process that can re-
store function and prevent axonal degeneration in chronic
demyelinating diseases such as multiple sclerosis (Franklin
and ffrench-Constant, 2008; Franklin and Gallo, 2014). It
occurs when adult oligodendrocyte progenitor cells respond
to demyelination by activation, proliferation, migration and
finally differentiation into new myelin-forming oligodendro-
cytes (Levine and Reynolds, 1999; Zawadzka et al., 2010;
Moyon et al., 2015). As with all regenerative processes, the
rate of remyelination declines progressively with adult
ageing (Sim et al., 2002; Goldschmidt et al., 2009).
Several lines of evidence indicate that this is largely the
result of an age-associated impairment of oligodendrocyte
progenitor cell differentiation due to both environmental
factors and cell-intrinsic mechanisms that change with
ageing (Chari et al., 2003; Woodruff et al., 2004; Shen
et al., 2008).

A key environmental factor regulating oligodendrocyte
progenitor cell differentiation during remyelination is the
fate of the myelin debris generated during demyelination
(Kotter et al., 2006; Neumann et al., 2009). Myelin
debris contains inhibitors of oligodendrocyte progenitor
cell differentiation and thus its clearance by phagocytic
macrophages, derived from both microglia and from mono-
cytes recruited from the circulation, is an important com-
ponent of creating a lesion environment in which
oligodendrocyte progenitor cells can differentiate into
remyelinating oligodendrocytes. The efficiency of myelin
debris clearance declines with ageing, contributing to the
delayed differentiation of oligodendrocyte progenitor cells
and age-associated decline in remyelination efficiency
(Shields et al., 1999; Ruckh et al., 2012; Linehan et al.,
2014). Therefore, understanding the mechanisms underpin-
ning the age-related decline in myelin debris phagocytosis is
important for devising means by which the decline in
remyelination might be therapeutically reversed. The aim
of this study was to determine the functional and molecular
differences between young and older adult microglia- and
monocyte-derived macrophages involved in myelin debris
phagocytosis, and to identify therapeutically modifiable
pathways associated with efficient myelin debris clearance.

Materials and methods

Animals

Female C57Bl/6 mice were used for in vitro cell isolations.
LysMCre* RXRo knockout mice were generated at the
CNIC Madrid as previously described (Nafiez e al., 2010).

Mice with floxed RXRa alleles were crossed with LysMCre*
mice to create macrophage-specific RXRa knockouts. Mice
with lox-P-targeted RXRa and the LysMCre transgene were
crossed with RXRo floxed mice to obtain knockouts
(LysMCre*RXRo") and  wild-types (LysMCre RXRo).
All experiments were performed under the UK Home Office
project license.

Myelin isolation

Brains were removed from adult mice, and myelin was iso-
lated using a discontinuous sucrose gradient as previously
described (Kotter et al., 2006). Briefly, brains were homoge-
nized in ice-cold 0.32M sucrose and homogenate was laid
over 0.85M sucrose solution. Suspensions were subjected to
ultracentrifugation (100 000g, 4°C, 1h) and interfaces were
washed (55 000g, 4°C, 10 mins). Pellets were resuspended in
phosphate-buffered saline (PBS) and stored at —80°C. Prior
to each flow cytometry assay, the required amount of myelin
debris was fluorescently labelled using the lipophilic dyes
pkh26 or DiOCyg(3) (DiO) (Sigma).

Peritoneal macrophages and
microglia

Peritoneal macrophages were harvested by peritoneal lavage
with 10 ml of cold PBS. Peritoneal macrophages were plated
in Dulbecco’s modified Eagle medium supplemented with
foetal bovine serum (FBS, 10%), L-glutamine (2mM) and
penicillin/streptomycin. For microglia, a CNS tissue suspension
was prepared using the Neural Tissue Dissociation Kit
(Miltenyi Biotec). Myelin debris was removed using Myelin
Removal Beads II (Miltenyi Biotec). Microglia were then iso-
lated using CD11b* selection (Miltenyi Biotec). Peritoneal
macrophages and microglia were seeded on chamber slides
(7 x 10*well) for immunocytochemistry or 96-well plates for
flow cytometry. Fluorescently labelled myelin (10 pg/ml pro-
tein) was added for 2h. Cells for flow cytometry were incu-
bated with anti-CD16/CD32 (eBioscience, 14-0161-81),
stained with anti-CD11b and anti-CD45 (eBioscience, 48-
0112) and fixed with Medium A (Invitrogen) prior to acquisi-
tion on a BD FACSCanto II. Chamber slides were fixed with
4% paraformaldehyde (PFA) then washed and blocked with
10% normal goat serum. Cells were stained with CD11b,
washed and stained with DAPI. Finally, slides were visualized
with a Leica DM5500 microscope using a Leica DFC340 FX

camera.

Bone marrow monocyte-derived
macrophages

Bone marrow was flushed from the femurs/tibiae of mice. Bone
marrow cells were cultured for 7 days in RPMI1640 with FBS
(10%), L-glutamine (2 mM), penicillin/streptomycin, and 20%
L1929 conditioned media (to provide macrophage colony sti-
mulating factor for differentiation). On Day 7, macrophages
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were placed into macrophage serum-free media (Gibco) over-
night before beginning experiments. All experiments were car-
ried out in serum-free media, with treatments described in the
Supplementary material.

Western blots

Bone marrow monocyte-derived macrophages were lysed with
10% sucrose with Halt protease/phosphatase inhibitor
(ThermoScientific) and homogenized. Five to 15 pg of sample
were loaded in Bis-Tris gels (Invitrogen). Gels were run at
100V for 2h 30 min in MOPS sodium dodecyl sulphate run-
ning buffer and transferred onto nitrocellulose membranes
(GE Healthcare) and blocked with 5% milk in PBS-Tween
for 1h. The primary RXRa antibody (Santa Cruz, 1:100,
sc-553) was incubated overnight at 4°C then washed with
PBS-T. Horseradish peroxidase-conjugated goat anti-rabbit sec-
ondary (Dako, 1:1000, P0448) was added for 2 h. Proteins were
detected with ECL (Amersham). Membranes were further incu-
bated with B-actin (Sigma, 1:20 000, A5441) followed by goat
anti-mouse secondary (Dako, 1:1000, P0447), and films were
developed and quantified with Image] and normalized using
the correspondent B-actin band.

Flow cytometry for bone marrow
monocyte-derived macrophages

Media were changed on bone marrow monocyte-derived macro-
phages and HX531 or dimethyl sulphoxide controls were added
for 24h. Subsequently, DiO-labelled myelin (30 pg/ml) was
added to phagocytosing groups for 8h. Cells were then
washed, detached, and centrifuged at 300g for S min. Pellets
were resuspended in FACS buffer (PBS, 1% FBS), and CD11b-
APC (Miltenyi, 1:100, 130-098-088) was added for 30 min at
4°C. Cells were then washed and resuspended in FACS buffer
and acquired on a BD FACSCalibur. Phagocytosis index was
equal to the percentage of myelin*CD11b* double-positive cells.

Immunocytochemistry

Bone marrow monocyte-derived macrophages were replated to
24-well plates at 10°/well on glass coverslips overnight. Media
(Gibco) were changed, and treatments were added for 24h.
Myelin debris (30 ug/ml) was then added to phagocytosing
groups for 8h. Cells were fixed in 4% PFA, washed, then
coverslips were blocked in 5% normal goat serum (Sigma)
with 0.1% Triton' X-100 for 1h. Primary antibodies (Ibal:
Wako, 1:500, 019-19741; CD11b: Serotec, 1:250, MCA711;
RXRo: SantaCruz, 1:100, sc-553; Anti-MBP: Serotec, 1:500,
MAC409S) were diluted in blocking solution and added for
1h. Secondary antibodies were applied for 1h at 1:500
(Invitrogen: goat 488 anti-rabbit, A11034; goat 568 anti-rat,
A11077; goat 568 anti-rabbit, A11036). Cell nuclei were
stained 5min with Hoechst (Biotium, 40043) and mounted
and visualized using a Zeiss Axiovision Observer ATAX10
or Leica Confocal microscope. Cells were counted using
Image]. Phagocytosis index was calculated by: percentage
myelin-laden macrophages = (MBP* myelin-containing macro-
phages)/(total 7 of Ibal* macrophages).
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Lysolecithin-induced focal
demyelination

Demyelinating lesions were induced in the ventral funiculus of
the thoracic spinal cord of LysMCre*RXRo™" and
LysMCre RXRa" mice on C57Bl/6 background with 1pl
1% lysolecithin. Mice were intracardially perfused with 4%
glutaraldehyde or 4% PFA at 5, 14 , and 21 days post
lesion. These time points represent significant events in remye-
lination: 5 days post lesion = oligodendrocyte progenitor cell
recruitment and proliferation; 14 days post lesion = oligo-
dendrocyte progenitor cell differentiation; 21 days post le-
sion = complete remyelination. PFA-fixed spinal cords were
post-fixed in sucrose before O.C.T. embedding (Tissue-Tech)
and storage at —80°C. OCT-embedded tissue was cut in
12-um segments using a Leica Cryostat Microtome and
stored at —80°C prior to staining.

Oil Red O staining

Tissue sections were dried in 100% propylene glycol then
stained at 60°C in 0.5% Oil Red O solution (Sigma) for
6min. Slides were switched to 85% propylene glycol for
2min followed by rinsing. Nuclei were stained with haema-
toxylin (Sigma) for 1min and washed. Slides were mounted
and visualized with a Nikon Eclipse E600 microscope. Area
of staining was quantified using Image].

Immunohistochemistry

Frozen sections were permeabilized and blocked with PBS con-
taining 5% normal goat serum and 0.3% Triton' X-100 for
1h. For nuclear antibodies, Antigen Retrieval Buffer (1:10,
Dako) was preheated to 95°C and slides were incubated at
75°C for 10 min. Slides were then washed, and primary anti-
bodies were applied overnight at 4°C (Mouse CCl:
Calbiochem, 1:100, OP80; Rabbit OLIG2: Millipore, 1:1000,
AB9610). Sections were washed and incubated with fluores-
cently conjugated secondary antibodies (Invitrogen) for 2h.
Slides were visualized using a Zeiss Axiovision Observer Al
microscope.

In situ hybridization

Proteolipid protein probe was prepared and diluted in hybrid-
ization buffer and in situ hybridization was performed as pre-
viously described (Fancy et al., 2004), and further described in
the Supplementary material.

Electron microscopy

Glutaraldehyde-perfused spinal cords were post-fixed and
visualized with a transmission electron microscope, further
described in the Supplementary material. The g-ratio was
used for extent of remyelination on axons. G-ratio = (axon
diameter) / (axon + outer myelin diameter).

Human subjects

Studies were performed according to US National Institutes of
Health guidelines and all subjects signed informed consent.
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Study subjects were healthy volunteers in two age groups,
Young (<35 years old) and Old (>335 years old), and patients
with multiple sclerosis diagnosed at the NIH based on the
2010 revisions of the McDonald diagnostic criteria.

Human monocyte isolation and
treatment

Peripheral blood mononuclear cells were isolated from whole
blood using lymphocyte separation medium (Lonza). CD14*
monocytes were isolated by positive selection (MACS Miltenyi)
and plated in 6-well plates at 10%well (for RNA) or in sus-
pension in 96-well plates at 10°/well (for flow cytometry) in
X-VIVO™ without phenol red (Lonza). Bexarotene (Sigma)
was used to activate retinoid X receptors (RXRs). To calculate
the concentration to use in vitro, we considered the concentra-
tion achieved in the serum of patients on the FDA-approved
dose of 300 mg/m?*/day, with a Cp.y plasma of 911pug/l in
patients or ~2uM (Lowe and Plosker, 2000). Therefore, we
chose the in vivo achievable dose of 1 M.

Myelin isolation

Brain tissue from a post-mortem primary progressive multiple
sclerosis patient was used for myelin isolation. Myelin was
isolated and stored as in mice (see above). For flow cytometry,
myelin was labelled with pHrodo® Green STP Ester
(Invitrogen) and stored at —20°C in the dark.

Microarrays and quantitative
polymerase chain reaction arrays

Monocytes were separated in 6-well plates for two separate
microarrays. The first data set, comparing Young healthy vol-
unteers and Old healthy volunteers, compared two groups per
donor: Control cells (no treatment) and Phagocytosing cells
(treated with myelin, 10 pg/ml). For the second data set, two
donor groups (Young healthy volunteers and all multiple scler-
osis patients) with three groups per donor were used: Control
cells (no treatment), Phagocytosing cells (treated with myelin,
10 pg/ml), and Bexarotene-treated Phagocytosing cells. Cells
were then collected in TRIzol® (Invitrogen) and stored at
—80°C. RNA was isolated using miRNeasy kit (Qiagen) with
n = 3 per age group. RNA concentration was measured using
a NanoDrop ND-1000 and processed at the NIH Microarray
Core Facility on Affymetrix 1.0 ST Human Gene Arrays.
Microarrays and retinoic acid quantitative polymerase chain
reaction (PCR) arrays are further described in the
Supplementary material.

Flow cytometry

Monocytes in 96-well plates were incubated with 1 uM bexar-
otene (treated groups) for 1h at 37°C. Cells were then stained
with CD14-APC (eBioscience, 17-0149) for 10 min at 37°C.
Cells were washed in FACS buffer by centrifuging at 250 g,
5 min, 4°C and resuspended in warm X-VIVO without phenol
red (Lonza). pHrodo®-labelled myelin was added to phagocy-
tosing groups for 20 min at 37°C. Cold FACS buffer was then
added with cells immediately acquired on a BD LSR II and
analysed with BD FACSDiva 6.1. Gating was based on
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non-phagocytosing controls. Phagocytosis index was calculated
by: (mean fluorescent intensity of FITC* myelin-phagocytosing
monocytes) / (mean fluorescent intensity of FITC* non-
phagocytosing monocytes).

Statistical analysis

Mouse experiments

Data are presented by mean = standard error of the mean
(SEM) in all graphs. Statistical analysis was done using Excel
2010 and Graphpad Prism 6. When comparing more than two
groups with only one independent variable, one-way ANOVA
was used followed by Tukey’s multiple comparisons test.
When two or more variables were involved, a two-way
ANOVA was used, and if interaction was positive, further
analysis was done by Sidak’s multiple comparisons test con-
sidering these variables separately. Two-tailed unpaired
Student’s #-tests were used when comparing two normally dis-
tributed groups. Results were considered significant if
P < 0.05. Technical replicates were performed 7 > 3/experi-
ment, with 7 >4 biological replicates (animals) per
experiment.

Human experiments

Power analysis was conducted in nQuery using an internal
pilot study including 18 young and 17 old healthy volunteers
with outcomes from pretreatment, and 48 multiple sclerosis
patients with outcome from both pre- and post-treatment.
Based on a significance level of 0.05, a sample size of 18 sub-
jects was required to have 80% power for detecting the dif-
ference between pre and post-treatment using a paired #-test; a
sample size of 34 subjects per group was required to have
80% power for detecting the difference between the young
and old healthy volunteer groups using a two-sample #-test.
Two-way repeated measures ANOVA was performed to evalu-
ate the effect of group and treatment, and the interaction be-
tween group and treatment. When the interaction was
significant, pairwise comparisons were conducted with
Tukey’s correction procedure. Natural logarithm was applied
to the outcome since the distribution had a long right tail. SAS
9.2 and Graphpad Prism were used for the statistical analysis
and P < 0.05 was used as the significance level.

Results

Ageing impairs myelin debris
phagocytosis

Previous studies have revealed an age-associated decline in
myelin debris clearance following experimental induction of
primary demyelination (Shields e al., 1999; Ruckh et al.,
2012). To test whether this occurs because of an age-
associated decline in the intrinsic function of cells primarily
responsible for myelin debris clearance, we examined the
effects of ageing on phagocytosis in several types of macro-
phages. Phagocytosis was assessed either by counting the
number of macrophages containing labelled myelin and
dividing by the total number of macrophages or by
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determining the percentage of cells staining positive for
both macrophage and myelin markers by flow cytometry.
Purified peritoneal macrophages from young (2-month-old)
mice incubated with fluorescently-labelled myelin fragments
were more efficient at myelin phagocytosis than peritoneal
macrophages from old (15-20-month-old) mice (Fig. 1A-
C). Bone marrow monocyte-derived macrophages also
showed an age-dependent decrease in myelin phagocytosis,
although the phagocytic ability of these cells was not
significantly affected until mice reached 24 months old
(Fig. 1D and E, young =2 months old, old =24 months
old). As microglia-derived macrophages are also likely to
be involved in myelin debris clearance (Yamasaki et al.,
2014; Lampron et al., 2015), we next determined whether
microglia are similarly affected by ageing (Fig. 1F and G,
young = 2 months old, old = 15-20 months old). Microglia
were less efficient at myelin phagocytosis than other macro-
phage types; only 19% of young microglial cells ingested
myelin debris compared to 50-70% phagocytosis in other
young tissue-derived macrophages. However, again, ageing
significantly impaired myelin phagocytosis by microglia
(Fig. 1H).

Transcriptional profiling reveals
changes in RXR associated with the
decline in myelin phagocytosis

We next asked whether defects in myelin phagocytosis
observed in ageing animals are also present in ageing
humans. We used blood-derived monocytes isolated from
healthy volunteers as these could be readily obtained in
large numbers for functional studies. We provided pilot
myelin—phagocytosis data to the statistician for calculating
the sample size needed for functional comparison of mono-
cytes derived from young (<35 years old) and old (=55
years old) healthy volunteers. Fluorescently-labelled myelin
debris phagocytosis was determined by comparing FITC*
fluorescence in phagocytosing cells with control cells. The
phagocytosis index was calculated by mean fluorescence of
myelin-phagocytosing cells divided by that of resting cells.
This method accounts for background levels of FITC*
fluorescence in different samples and compares exact
levels of fluorescence, which are more comparable across
several days/runs needed when collecting human samples
(Schreiner et al., 2011). Upon acquiring predetermined
sample sizes (n=34 for each group), we observed a
modest, but highly significant decrease in the efficiency of
myelin phagocytosis by monocytes derived from old
healthy volunteers (Fig. 2A-C).

To identify possible mechanisms involved in the age-
associated changes in phagocytic cells responsible for
myelin debris clearance, we undertook gene expression pro-
filing. We argued that human experiments might provide
more general data, due to genetic heterogeneity among
human subjects, with direct relevance to patients, whose
mechanisms could be explored subsequently using animal
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models. Microarrays were performed on myelin-phagocy-
tosing monocytes from young and old healthy volunteers
and showed that myelin phagocytosis caused a strong
shared change in the expression profiles (i.e. 70% of chan-
ged genes), while fewer phagocytosis-induced changes were
specific for monocytes derived from young (15% of chan-
ged genes) versus old (i.e. 15% of changed genes) healthy
volunteers (Supplementary Fig. 1A-D). Therefore, to define
the mechanistic pathways enriched in monocytes on phago-
cytosis and provide evidence for the cause of the functional
decline with age, we used Ingenuity Pathway Analysis to
determine the canonical pathways affected by the 1102
(30%) genes differentially regulated upon phagocytosis in
young and old monocytes (Supplementary Fig. 1E). This
analysis revealed that the RXR pathway was differentially
regulated. RXRs are nuclear receptors that act both homo-
dimerically and heterodimerically as ligand-activated tran-
scription  factors. RXR heterodimer
pathways were significantly upregulated (P < 0.05), with
13 positive regulators upregulated and seven downregu-
lated, while these pathways were downregulated in old
cells, with five upregulated and 14 downregulated
(Supplementary Table 1). Several RXR binding partners
and downstream target genes were plotted with Ingenuity
Pathway Analysis, and the genes identified in the micro-
array of young cells showed mostly upregulation of positive
regulators of RXR, including transcriptional targets, bind-
ing partners, and regulators of RXR (Fig. 2D), while the
profile of old cells showed mostly downregulation of genes
related to this pathway (Fig. 2E).

To confirm the results from the microarray in an inde-
pendent cohort, quantitative real-time PCR was performed
with a Retinoic Acid Signaling PCR Array (SABiosciences).
After monocytes were exposed to myelin debris, cells were
collected and relative gene expression was determined in
groups of pooled young or old myelin-phagocytosing cells
compared to young controls. The PCR arrays confirmed
the results seen in the microarray, with the RXR pathway
more highly upregulated upon myelin phagocytosis in
young monocytes (Fig. 2F). The quantitative PCR revealed
that both RXRa (encoded by RXRA) and RXRf (RXRB)
as well as binding partners of RXR, such as RAR (RARA)
and PPAR (PPARA), are downregulated in aged myelin-
phagocytosing monocytes.

In young cells,

The RXR agonist 9-cis retinoic acid
enhances myelin phagocytosis in aged
macrophages

We next asked whether the age-associated defects in RXR
pathways in phagocytosing cells have in vivo consequences
for remyelination by testing the hypothesis that RXR sig-
nalling is involved in the delayed myelin clearance that
limits efficient remyelination with ageing. To do this, we
reverted to animal models where the hypothesis could be
tested experimentally.
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As many genes in the RXR pathway were downregulated
with age, we first assessed the levels of protein expression
of this receptor family. Of the three isoforms of RXR,
RXRa has the highest expression in monocytes and macro-
phages, whereas RXRP is expressed to a lesser extent
(Roszer et al., 2013). RXRa expression in myelin-
phagocytosing macrophages was confirmed using immuno-
cytochemical staining and confocal imaging of Ibal* bone
marrow monocyte-derived macrophages with RXRa found

to be localized to the nucleus (Fig. 3A). Using western
blots, we determined the protein expression of RXRa in
ageing myelin-phagocytosing mouse bone marrow mono-
cyte-derived macrophages compared to B-actin controls.
The RXRo band has a weight of 55 kD with another
non-specific band indicated on the gel (Fig. 3B); this distri-
bution of bands has also been seen in previous studies
(Kuhla et al., 2011; Menéndez-Gutiérrez et al., 2015). By
isolating bone marrow monocyte-derived macrophages
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from mice of different ages, we were able to correlate the
change in RXRa expression with ageing. In young,
2-month-old macrophages, RXRo expression was highest.
The levels of RXRa protein in adult mice decreased with
age and reached statistical significance (*P < 0.05) when
comparing expression in 2-month-old mice to the oldest
age group of 24 months old (Fig. 3C).

There are several synthetic ligands for RXR, and one of
the most widely used high-affinity ligands is 9-cis retinoic
acid (9cRA) (Heyman et al., 1992). Here, we added 1uM
9cRA to myelin-phagocytosing bone marrow monocyte-
derived macrophages to activate RXR in  wvitro.
Macrophages were labelled with the myeloid marker Ibal
and ingested myelin was labelled with myelin basic protein
(MBP). Young (2-month-old) controls were able to effect-
ively clear myelin, and the addition of 9cRA did not
augment phagocytosis (Fig. 4A and B). However, old
(32-month-old) macrophages showed significantly reduced

M. S. Natrajan et al.

myelin debris clearance (Fig. 4C) compared to young.
When RXR was activated by 9cRA, significantly more
old bone marrow monocyte-derived macrophages were
able to phagocytose debris (Fig. 4D and E). There was
still a significant difference between 2-month-old and
32-month-old + 9cRA treated cells, indicating that RXR
activation cannot restore phagocytic ability completely,
but the addition of 9cRA has the potential to enhance
debris clearance in aged animals.

Loss of RXR function in young
macrophages impairs myelin debris
clearance and delays remyelination
As there was no significant difference when 9cRA was

added to 2-month-old bone marrow monocyte-derived
macrophages, we hypothesized that ligand-independent,

2mo 8mo 12mo 16mo 24mo

RXRa P>

NSB P>

B-ACtEn --

1.0
o8] T
0.6 T

OD Protein/OD Actin

2mo 8mo 12mo 16mo 24mo

Figure 3 Myelin-phagocytosing macrophages undergo an age-related decline in RXRa. expression. (A) Confocal analysis of Ibal *
cells revealed nuclear localization of active RXRa in myelin-phagocytosing macrophages. Scale bar = 50 um. (B) Levels of RXRa expression in
macrophages derived from 2—24-month-old (mo) mice were determined by western blot and analysed by Image]. Dividing line indicates different
gels. RXRa band is indicated at 55 K, with non-specific bands (NSB) at lower values indicated on the gel. (C) There was a significant reduction in
RXRao expression in macrophages between 2 - and 24-month-old mice. One-way ANOVA and post hoc Tukey’s multiple comparisons test,
mean £ SEM, *P < 0.05, n = 3/age group.

Figure 2 Continued

fluorescence intensity of resting monocytes). (D and E) Ingenuity Pathway Analysis of microarray results showed that RXR-related genes with
significant fold changes (P < 0.05, |FC| > 1.5) were more highly upregulated in (D) young phagocytosing compared to (E) old phagocytosing
groups. Blue = upregulated; yellow = downregulated. n = 3/group. (F) Quantitative PCR was performed using a Retinoic Acid Signaling RT2
Profiler PCR Array (SABiosciences) to confirm microarray results. Expression changes were calculated by comparing young or old phagocytosing
cells to resting controls. Genes in the RXR pathway with |FC| > |.5 are shown here, with RXR-related genes more upregulated in young
phagocytosing monocytes. White bars = young cells versus resting; black bars = old cells versus resting. Two-way ANOVA and post hoc
Bonferroni’s correction, mean & SEM, *P < 0.05, n = 6/group.
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Figure 4 RXR agonist 9cRA stimulates myelin debris phagocytosis in aged macrophages. (A and B) Macrophages from 2-month-old
mice are able to effectively consume myelin debris, both before (A, 48.9% =+ 2.6%) and after treatment with 9cRA (B, 54.9% =+ 1.5%).

(C) However, 32-month-old senescent macrophages were not able to efficiently phagocytose debris. (D and E) Adding | tM 9cRA significantly
increased myelin debris consumption in aged macrophages. More than half of young macrophages were able to effectively clear myelin, while only
10.9% (£ %) of old macrophages were able to; however, 9cRA significantly increased myelin clearance to 33.6% (=£1.7%) in aged cells.
Phagocytosis index = % Myelin Iba™ cells. Scale bar = 50 um. Two-way ANOVA and post hoc Sidak’s multiple comparisons test, mean + SEM,

kP < 0.0001, n = 6/age group.
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Figure 5 Loss of RXR function in young macrophages reduces myelin debris uptake in vitro. (A=D) DiO-labelled myelin was used to
measure myelin debris clearance by immunocytochemistry and flow cytometry in young macrophages (A and B) and young macrophages treated
with a synthetic RXR antagonist, HX531 (C and D). (E) Blocking RXR with 10 pM HX531 significantly reduced myelin debris uptake in young
bone marrow monocyte-derived macrophages from 42.8% (£2.5%) in young controls to 19.06% (£ 1.5%) in HX53 |-treated cells. Phagocytosis
index = % myelin*CDI11b™ cells. Scale bar = 50 um. Student’s t-test, mean + SEM, **P < 0.001, n = 4/treatment.

constitutive RXR activation (Nagpal et al., 1993; Laursen
et al., 2012) may be one of the key differences between
young and old cells. The synthetic antagonist for RXR,
HXS531, was used to block RXR and determine if RXR
activation was necessary for efficient myelin debris phago-

cytosis in young bone marrow monocyte-derived

macrophages. Myelin®/CD11b* cells were quantified by
immunocytochemistry and flow cytometry. Young cells ef-
ficiently phagocytosed the DiO-labelled myelin (Fig. SA and
B), while macrophages treated with 10 pM HX531 showed
reduced myelin debris uptake and significantly fewer
double positive cells (Fig. SC-E). Additionally, bone
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marrow monocyte-derived macrophages from RXRa
knockout mice displayed reduced myelin debris uptake
compared to wild-type, which was not modifiable by acti-
vation of the RXR pathway (Supplementary Fig. 2), further
demonstrating that when RXR activation is inhibited,
myelin debris phagocytosis is significantly impaired in
young bone marrow monocyte-derived macrophages.
Thus, the RXR pathway seems necessary for efficient
myelin debris phagocytosis in young macrophages.

To confirm the need for RXR activity in myelin debris
phagocytosis in vivo, a LysM Cre-RXRa floxed system was
used to knockout RXRa from myeloid cells in young mice.
As this isoform of the receptor shows the highest expres-
sion in macrophage cell types (Roszer et al., 2013), it was
predicted to have the greatest effect. Mice were generated
as previously described (Ricote et al., 2006; Nufiez et al.,
2010) by crossing LysM-Cre mice with RXRa floxed mice,
resulting in  macrophage-specific = RXRor  knockouts.
Lysolecithin-induced focal demyelination was performed
in 4-month-old wild-type and knockout mice. Oil Red O
neutral lipid labelling was used to measure myelin debris.
At 5 days post lesion induction, when oligodendrocyte pro-
genitor cell recruitment into the lesion is maximal (Arnett
et al., 2004), there was little Oil Red O staining in the wild-
type, but significantly more diffuse staining in the knockout
(Fig. 6A, B and G), indicating reduced myelin debris clear-
ance in the knockout at 5 days post lesion. Myelin debris
clearance was more advanced at 14 days post lesion
(Fig. 6C and D) and 21 days post lesion (Fig. 6E and F)
in both the wild-type and knockout mice, with the staining
being more punctate and consistent with intracellular stain-
ing of phagocytosed myelin (Kotter et al., 2005), as com-
pared to the more diffuse staining of extracellular myelin
seen in 5 days post lesion knockouts. Recruitment of Ibal™*
macrophages to the lesion was not affected at any time
point (Supplementary Fig. 3), signifying a reduced phago-
cytic efficiency in macrophages, and not reduced recruit-
ment of myeloid cells.

As myelin debris contains inhibitors of oligodendrocyte
progenitor cell differentiation (Kotter et al., 2006; Baer
et al., 2009; Syed et al., 2011), we hypothesized that the
delay in myelin debris clearance in RXRa knockout mice
would result in delayed remyelination. To assess remyelina-
tion in the absence of macrophage RXRa, several oligo-
dendrocyte lineage and myelination markers were used:
OLIG2 is a marker for all stages of the oligodendrocyte
lineage; CC1 (encoded by RB1CC1) and PLP are markers
of differentiated oligodendrocytes. We determined the dens-
ity of CC1*/OLIG2* mature oligodendrocytes in RXRa
wild-type and knockout lesions at 5, 14, and 21 days
post lesion (Fig. 6H and I). There was a significantly
lower number of CC1*/OLIG2™" cells in the knockout at
14 days post lesion (Fig. 61 and J), suggesting delayed
oligodendrocyte progenitor cell differentiation in the mye-
loid-specific knockout. This delay in oligodendrocyte pro-
genitor cell differentiation had recovered by 21 days post
lesion, where there was no significant difference in CC1”*
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cells between wild-type and knockout (Fig. 6]). At 14 days
post lesion, CC17/OLIG2™ cells, likely representing oligo-
dendrocyte progenitor cells, were more prevalent in knock-
out lesions than in wild-type (Fig. 6K). Again, the number
of oligodendrocyte progenitor cells in the knockout was
reduced by 21 days post lesion and was not significantly
different from wild-type. In situ hybridization for the mye-
linating marker PLP was performed at 14 and 21 days post
lesion (Fig. 6L and M). The delay in oligodendrocyte pro-
genitor cell differentiation was confirmed in this experiment
with fewer myelinating oligodendrocytes in the knockout at
14 days post lesion, indicating delayed remyelination
(Fig. 6N). This impairment had again recovered by 21
days post lesion, when there was no significant difference
in PLP* cell numbers between wild-type and knockout.
The uninhibited oligodendrocyte progenitor cell recruitment
and slowed differentiation (Fig. 6H-]) mimic the state in
many chronically demyelinated multiple sclerosis lesions,
where oligodendrocyte progenitor cells are recruited but
fail to differentiate into myelinating oligodendrocytes
(Wolswijk, 1998; Chang et al., 2002). The delay in oligo-
dendrocyte differentiation in knockouts was also associated
with significantly thinner myelin sheaths (a higher g-ratio)
compared to wild-type at 14 days post lesion (Fig. 60-Q),
shown by electron microscopy of demyelinated areas. The
lower g-ratio in wild-type, calculated as the ratio of the
myelinated axon diameter to the axon diameter, suggests
a larger number of remyelinated axons in the wild-type at
14 days post lesion, consistent with Fig. 6] and N.
Together, these findings indicate that RXRa plays an im-
portant role in efficient myelin debris clearance and rapid
CNS remyelination.

Bexarotene reverses the age-related
decline in RXR and myelin debris
phagocytosis in human monocytes

Bexarotene is the only FDA-approved rexinoid (RXR agon-
ist) currently available (Henney, 2000). Based on the sig-
nificant effects of modulating this pathway in the murine
system, we next determined the effects of this RXR agonist
on myelin-phagocytosing human monocytes. Monocytes
were isolated from young (<35 years old) and old (=355
years old) healthy volunteers and patients with multiple
sclerosis. These cells were then treated with 1 pM bexaro-
tene and exposed to FITC* pHrodo-labelled myelin. As in
the initial experiment, the statistician first performed a
sample size estimate on pilot data. After obtaining the pre-
determined number of volunteers per group, we observed
that bexarotene treatment exerted a modest increase in
myelin phagocytosis in monocytes derived from old healthy
volunteers, which did not reach statistical significance.
Similar to bone marrow monocyte-derived macrophages,
treatment had no effect on myelin phagocytosis of young
monocytes (Fig. 7A and C). Next, we studied monocytes
derived from multiple sclerosis patients and found them to
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Figure 6 Macrophage-specific RXRa knockouts experience slowed myelin debris clearance, reduced oligodendrocyte pro-
genitor cell differentiation, and delayed remyelination. (A—F) Oil red O was used to label neutral lipids in demyelinated lesions of RXRa
myeloid-specific knockouts at 5 (A and B), 14 (C and D), and 21 days post lesion (E and F); enlarged, myelin-laden cells are represented in the top
right corner (A-F). (G) Myelin debris uptake was significantly slowed in knockouts at 5 days post lesion. At 14 and 2| days post lesion, there is an
increase in intracellular lipids, consistent with previous studies (Kotter et al., 2005). (H and I) CClI labels mature oligodendrocytes and DAPI
denotes the demyelinated lesion. (J) At |14 days post lesion, there is a significant decrease in CC| */OLIG2™ mature oligodendrocytes in
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have uniformly decreased myelin phagocytosis compared to
young healthy volunteers, with no clear correlation with
age (Fig. 7 B, C and data not shown). Phagocytosis was
also measured in monocytes and polarized macrophages
from patients with multiple sclerosis, with impaired
myelin debris phagocytosis in both cell types compared
to young healthy volunteers (Fig. 7B and Supplementary
Fig. 4). Bexarotene-enhanced myelin phagocytosis in
healthy volunteer monocytes and significantly increased
myelin debris phagocytosis in monocytes from multiple
sclerosis patients (Fig. 7C), suggesting that RXR activation
may significantly enhance myelin debris clearance in mul-
tiple sclerosis.

As bexarotene had a significant functional effect on pa-
tient-derived cells, we performed microarrays to ascertain
the effects of bexarotene on monocytes from patients.
Bexarotene treatment significantly increased the expression
of several genes in the RXR pathway (shown in green) and
significantly decreased expression of negative regulators of
RXR (shown in red). The treatment affected four groups of
RXR-related genes: RXR activators, nuclear binding part-
ners of RXR, other binding partners of RXR, and RXR
inhibitors (Fig. 7D). Of the genes with altered expression in
patient monocytes on bexarotene treatment, 10 genes were
found to play roles in inducing patient monocytes to
behave more like healthy controls (Fig. 7E). For example,
genes such as EDNI1, CXCL3, and CXCLI are more
highly expressed in multiple sclerosis patient monocytes
compared to young healthy volunteers. However, when pa-
tient monocytes were treated with bexarotene, the expres-
sion of these genes decreased to levels similar to those seen
in young healthy volunteers, whereas untreated patient
monocytes behaved more similar to old healthy volunteer
monocytes in RXR signalling (Supplementary Fig. 5). Thus,
the gene profiles of patient monocytes became more similar
to the profiles of efficiently phagocytosing healthy controls.
This result further suggests that bexarotene treatment is
able to create a healthier, more youthful state in human
myelin-phagocytosing monocytes via activation of the
RXR pathway.

Discussion

The aim of this study was to identify differences between
young and old myelin-phagocytosing myeloid cells to iden-
tify therapeutically-modifiable pathway(s) that enhance

Figure 6 Continued

BRAIN 2015: 138; 3581-3597 | 3593

myelin debris clearance and therefore potentially enhance
remyelination in aged subjects with demyelinating dis-
orders. By using multiple complementary assays, we identi-
fied systemic differences in the RXR pathway between
efficiently-phagocytosing young and poorly-phagocytosing
old monocytes/macrophages in mice and humans. We fur-
ther demonstrated the link between the efficiency of myelin
debris phagocytosis by cells of the myeloid lineage and the
speed of remyelination in an experimental model of focal
demyelination.

Myelin debris clearance is mediated by an innate immune
response performed by both monocyte-derived macro-
phages and microglia. Microglia are derived from the
yolk sac during early development and reside in the CNS
through adulthood, whereas blood-derived monocytes are
differentiated from bone marrow cells and are recruited to
the CNS in response to an insult (Neumann et al., 2009;
Ginhoux et al., 2010; Ousman and Kubes, 2012). These
cells are difficult to distinguish once they are activated, but
studies have suggested that monocyte-derived macrophages
play a pivotal role in myelin debris clearance and CNS
remyelination (Kotter et al., 2005; Ruckh et al., 2012), al-
though both cell types become phagocytic macrophages
(Neumann et al., 2009; Olah et al., 2012; Yamasaki
et al., 2014; Lampron et al., 2015). Our results from
in vitro studies support the notion that both cell types
are able to phagocytose debris, with monocyte-derived
cells showing greater phagocytosis (Fig. 1). In addition,
the RXRa knockout used here was under control of the
LysM-Cre, which shows little recombination in microglia
(Goldmann et al., 2013), indicating the delayed myelin
debris clearance seen in knockouts is mainly due to RXR
impairment in recruited myeloid cells. A particular focus
was on monocytes, shown to be differentially regulated in
young remyelinating and old remyelinating lesions (Ruckh,
et al., 2012). In human studies, we used freshly isolated ex
vivo monocytes as a model, which uses minimal in vitro
manipulations that may introduce non-physiological
changes. Because of ease of recruitment of blood-derived
monocytes to inflammatory multiple sclerosis lesions and
proportional dominance of such myeloid cells in acutely
demyelinating lesions (Hill et al., 2004; Chuluundorj
et al., 2014; Ciccarelli et al., 2014), we consider this
model to be relevant to human disease. We confirmed
our conclusions that patients with multiple sclerosis have
a defect in myelin phagocytosis in undifferentiated

LysM-RXRa. knockouts with an increase in CC1 ™ cells at 21 days post lesion in the knockouts, indicating slowed differentiation. (K) There are also

significantly more oligodendrocyte progenitor cells (CC|/OLIG2™ cells) in the knockout at 14 days post lesion. (L and M) In situ hybridization of
PLP in wild-type and knockout lesions at 14 days post lesion. (N) Myelinating oligodendrocytes were decreased in knockouts at |14 days post
lesion. Scale bars = 100 um. Two-way ANOVA and post hoc Tukey’s multiple comparisons test, mean £ SEM, *P < 0.05, *P < 0.01, n = 4/time
point. D<>V represents dorsal-ventral axis. (O-Q) Electron micrographs of demyelinated lesion tissue confirmed that (Q) knockouts have a
higher g-ratio (Mean = 0.901 =+ 0.024) than wild-type (mean = 0.875 4 0.026) and less remyelination at 14 days post lesion. The scatterplot
displays g-ratios as a function of axonal diameter (black = wild-type; grey = knockout). *Remyelinated axons. Scale bar = 2 um. Student’s t-test,

#EP < 0.0001, n = 4/timepoint. WT = wild-type; KO = knockout.
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Figure 7 Bexarotene increases myelin debris phagocytosis and activates the RXR pathway in multiple sclerosis patient
monocytes. (A) Monocytes from aged healthy volunteers (HV, >55 years old) show marginally improved myelin debris phagocytosis by adding
| pM Bexarotene (not significant, 2.18 £ 0.04). n = 36/group. (B) Monocytes from progressive patients show a significant decrease compared to
young healthy volunteers (2.10 & 0.09); they also show a statistically significant improvement in myelin debris phagocytosis upon bexarotene
treatment (2.24 & 0.07). P < 0.0009, n > 36/group. (C) However, both treated and untreated aged and patient monocytes phagocytose myelin
debris significantly less efficiently than young healthy volunteers (2.44 & 0.06, P < 0.0001), which are not significantly affected by treatment
(2.38 £ 0.05). Adjusted P-values for pairwise comparisons in a two-way repeated measures ANOVA with Tukey’s procedure based on log-
transformed outcomes, mean =+ SEM. Data also presented in Fig. 2C. (D) Ingenuity Pathway Analysis was used to analyse microarrays comparing
patient monocytes to bexarotene-treated monocytes. Several RXR-related genes are upregulated with treatment, shown here by pathway
analysis. Blue box = RXR activators; purple box = nuclear receptor binding partners; yellow box = RXR inhibitors; brown box = other binding
partners. (E) On bexarotene treatment, 10 genes had significant fold changes (P < 0.05) and expression profiles more like healthy volunteers
(healthy volunteer = |) compared to patient monocytes. Two-way ANOVA under false discovery rate multiple comparison correction and post
hoc Tukey’s honest significant difference test; n = 4/group.
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monocytes as well as in M1 versus M2 differentiated
macrophages. Previous literature shows that microglia
and macrophages display a more pro-inflammatory M1
phenotype in old cells and more anti-inflammatory M2 in
young (Lumeng et al., 2011; Fenn et al., 2012; Lee et al.,
2013; Ma et al., 2015), and the spectrum of M1/M2 pro-
files are also differentially regulated in multiple sclerosis
and may affect beneficial functions of monocytes (Vogel
et al., 2013), further suggesting modulating macrophage
expression profiles, regulated through pathways such as
RXR, is important for efficient phagocytosis.

RXR belongs to a family of nuclear receptors that act as
both ligand-activated receptors and transcription factors for
several downstream genes, including genes associated with
immunoregulatory functions in monocytes and macro-
phages as well as genes associated with cholesterol trans-
port (Repa et al., 2000; Nagy and Schwabe, 2004; Daniel
et al., 2014). Three different genes (RXRA, RXRB and
RXRG, encoding RXR-a, B and v, respectively) and mul-
tiple splicing variants constitute the RXR family in verte-
brates, and 9cRA is its natural ligand (Mangelsdorf et al.,
1992; Chen and Privalsky, 1995). As RXR is downregu-
lated with ageing, activating the receptor may not only
enhance activation of RXR but also increase RXR expres-
sion in aged cells because RXR has previously been shown
to act as a transcription factor for its own expression as
well as for other nuclear receptors (Baker, 2011; Dave,
2012; Evans and Mangelsdorf, 2014). In young monocytes
and macrophages, activation of RXR does not have a func-
tional effect on myelin phagocytosis. We hypothesize that
this is because young cells can optimally phagocytose
myelin debris, therefore further activating RXR does not
affect function in these efficiently phagocytosing cells. In
addition, RXR and its binding partners have previously
been shown to display constitutive, ligand-independent ac-
tivation (Nagpal et al., 1993; Laursen et al., 2012), which
may be the case in young cells and not in old.

RXR can form homodimers but also acts as a binding
partner for several other nuclear hormone receptors, such
as the all-trans Retinoic acid receptor (RAR), thyroid hor-
mone receptor, vitamin D receptor, peroxisome prolifer-
ator-activated receptors (PPAR) and Liver X Receptors
(LXR). In resulting permissive heterodimers, such as
PPAR and LXR, both RXR and its binding partner can
bind their cognate ligands and cause ligand-dependent
trans-activation. Moreover, each heterodimer has different
DNA-binding specificity, resulting in the expression of
genes downstream of both RXR and its permissive binding
partner (Evans and Mangelsdorf, 2014). Genes shown to
be significantly upregulated by activation of RXR and its
binding partners (Fig. 7D and E) have also been involved in
differentiation of oligodendrocytes and point toward other
beneficial roles of myeloid cells in remyelination, such as
releasing growth factors that promote remyelination. RXR
activation increased expression of TGFB1 and HBEGF,
known to enhance oligodendrocyte progenitor cell differen-
tiation (McKinnon et al., 1993; Scafidi et al., 2014) and
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decreased expression of EDN1, CXCL1, and CXCL3, in-
flammatory molecules that impair oligodendrocyte progeni-
tor cell differentiation (Hammond et al., 2014).

Due to this combinatorial heterodimerization, RXR path-
ways have far-reaching effects in different cell types. For
example, in a previous study we identified RXRy as highly
expressed during oligodendrocyte progenitor cell differenti-
ation. Treatment with an RXR ligand improved remyelina-
tion in aged rats in this study (Huang et al., 2011), making
the RXR pathway of particular interest due to its reversible
age-dependent role in both myelin debris phagocytosis and
oligodendrocyte progenitor cell differentiation.
Furthermore, macrophage-specific knockouts of RXRa in
mice resulted in impaired clearance of apoptotic cells in a
model of autoimmune kidney disease (Roszer et al., 2011),
and bexarotene, a clinically approved RXR agonist,
increased clearance of amyloid deposits in an animal
model of Alzheimer’s disease (Cramer et al., 2012). Both
of these studies support the conclusion derived from the
current paper, that RXR plays a role in phagocytosis in
general and in myelin-debris clearance in particular.
Bexarotene added in concentrations achievable in vivo
with current dosing regimen, restored multiple sclerosis pa-
tient monocytes to the phagocytic efficiency seen in young
healthy volunteers. The significant changes in phagocytosis
seen in patients with multiple sclerosis may have an import-
ant functional consequence. As biological processes are
time-dependent, minor changes in kinetics may have dra-
matic consequences for the outcome, as previously seen in
systemic lupus erythematosus, where similarly mild but
nevertheless significant defects in phagocytosis of apoptotic
cells in patients was sufficient to induce immune responses
against intracellular antigens (Herrmann, et al., 1998;
Fossati-Jimack et al., 2013; Majai et al., 2014).

We find it intriguing that RXR binding partners have
likewise been implicated in the multiple sclerosis disease
process, and future studies of the synergistic and specific
activation of RXR and one of these binding partners in
myeloid cells may prove to fully reverse deficiencies in
myelin debris phagocytosis. Particular receptors in this
regard include the PPARs (shown to have immunoregula-
tory functions in macrophages and potentially in multiple
sclerosis; Odegaard et al., 2007; Drew et al., 2008), LXRs
(shown to be activated by fatty acids present in myelin
debris; Bogie et al., 2012), as well as roles in modulation
of phagocytosis and pro- and anti-inflammatory functions
of macrophages through RAR, TR, and VDR (Glass and
Saijo, 2010; Nagy et al., 2012). The role of thyroid hor-
mone in differentiation and the epidemiological link be-
tween vitamin D deficiency and risk for development of
multiple sclerosis (Ascherio et al., 2014) further strengthen
our conclusions and suggest that modulating RXR path-
ways may influence the multiple sclerosis disease process.
We have demonstrated that bexarotene reverses functional
defects in myelin phagocytosis by multiple sclerosis mono-
cytes, while changing their expression profile to a more
‘youthful’ state. The current availability of bexarotene
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makes a proof of principle clinical trial in human subjects
with multiple sclerosis feasible as well as appropriate and
much will be learned about the extent and management
of side-effects from an analogous study currently ongoing

for  Alzheimer’s disease (Clinicaltrials.gov  identifier
NCTO01782742).
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