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Introduction

Summary

Experimental allergic encephalomyelitis (EAE) can be induced in animal
models by injecting the MOG;5_ss peptide subcutaneously. Dendritic cells
(DCs) that are located at the immunization site phagocytose the MOG;5_ss
peptide. These DCs mature and migrate into the nearest draining lymph
nodes (dLNs), then present antigen, resulting in the activation of naive
T cells. T helper type 1 (Th1l) and Th17 cells are the primary cells involved
in EAE progression. All-trans-retinoic acid (AT-RA) has been shown to
have beneficial effects on EAE progression; however, whether AT-RA influ-
ences DC maturation or mediates other functions is unclear. In the present
study, we showed that AT-RA led to the down-regulation of MHC class II,
CD80 (B7-1) and CD86 (B7-2) expressed on the surface of DCs that were
isolated from dLNs or spleen 3 days post-immunization in an EAE model.
Changes to DC function influenced Th1/Th17 subset polarization. Further-
more, the number of CD44" monocytes (which might trigger EAE progres-
sion) was also significantly decreased in dLNs, spleen, subarachnoid space
and the spinal cord parenchyma after AT-RA treatment. These findings are
the first to demonstrate that AT-RA impairs the antigen-presenting capac-
ity of DCs, leading to down-regulation of pathogenic Thl and Th17 inflam-
matory cell responses and reducing EAE severity.

Keywords: all-trans retinoic acid; dendritic cell; experimental allergic
encephalomyelitis; monocyte; T helper type 1/type 17 cells.

residing at the immunization site phagocytose the myelin
oligodendrocyte glycoprotein peptide located between

Experimental allergic encephalomyelitis (EAE) is a com-
monly used animal model for the study of human
multiple sclerosis, a disease associated with chronic
inflammatory infiltration and demyelination of the central
nervous system (CNS). It is generally accepted that both
interferon-y (IFN-y) -secreting T helper type 1 (Thl) and
interleukin-17 (IL-17) -secreting Th17 cells have a patho-
genic role during the pathogenesis of EAE."

Dendritic cells (DCs) are a subset of professional anti-
gen-presenting cells that can drive naive T-cell activation,
maturation and polarization into antigen-specific T helper
(Th) cell subsets with the potential to cause disease. Dur-
ing the inflammatory phase of EAE, epidermal DCs
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residues 35 and 55 (MOGss_s5), mature (characterized by
expression of high levels of MHC class II and co-stimula-
tory molecules, such as CD80 or CD86), and migrate into
the draining lymph nodes (dLNs) where they present
antigen to naive T cells.” For this reason, DCs play a
pivotal role in initiating the immune response that can
result in the development of EAE. However, most current
studies have focused on the DCs that reside within the
CNS rather than peripheral DCs located in dLNs and
spleen, partly because of the low numbers of peripheral
DCs available for study.

In addition to Thl and Th17 cells, research has recently
shown that monocytes have the potential to exacerbate
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EAE.>* Specifically, depletion of monocytes induced a
marked suppression in EAE severity.”® Typically, blood-
derived monocytes are excluded from the CNS; however,
once monocytes are recruited into the CNS, they indicate
a new phase in the pathology of EAE. It has been
reported that the recruitment of monocytes could be trig-
gered by Thl or Th17 cells and that these events in turn
trigger EAE progression.”””

All-trans retinoic acid (AT-RA), a vitamin A metabo-
lite, plays an essential role in the regulation of immune
responses. Several reports have proposed that AT-RA
affects immune responses by altering the balance between
pro-inflammatory and anti-inflammatory cytokines.”'’
However, the effects of AT-RA on antigen-presenting cell
function remain controversial, even though it has been
shown that AT-RA enhances murine DC migration into
dLNs during tumour immune responses.'' An in vitro
study found that AT-RA inhibited the differentiation,
maturation and function of human monocyte-derived
DCs.'? AT-RA was shown to affect T cells and adaptive
immune responses by suppressing lymphocyte prolifera-
tion and the production of pro-inflammatory cytokines
such as IL-17 and IFN-y, thereby inhibiting EAE progres-
sion.”"'7 However, few reports have examined the effects
of AT-RA on innate immune cells such as DCs and
monocytes in vivo during the pathogenic progression of
EAE.

The aim of this study was to investigate in vivo the reg-
ulatory effects of AT-RA on immune cells, including
peripheral DCs, monocytes and effector Thl and Thl7
cells in the pathogenesis of EAE. We concluded that
AT-RA down-regulated DC maturation and decreased the
number of pathogenic monocytes and effector T cells,
thereby ameliorating EAE disease severity.

Materials and methods

AT-RA preparation

All-trans-retinoic acid (Sigma, St Louis, MO), was stored
at —20° and protected from light until used. For in vivo
experiments, AT-RA was dissolved in soybean oil (3 mg/
ml for intraperitoneal injections). For in vitro experi-
ments, AT-RA was dissolved inDMSO and stored at a
concentration of 0-1 M at —20° (protected from light)
until used. AT-RA with a concentration of 50 um was
prepared by dilution in RPMI-1640 medium. The AT-RA
culture system was protected from light throughout the
culture period.

EAE induction and AT-RA treatment

Female C57BL/6 mice that were 6-8 weeks old (Peking
Vital River Laboratory Animal Ltd, Beijing, China) were
immunized subcutaneously on both sides in the axillary
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space. The immunization consisted of 200 pg MOG3;s_s5
(MEVGWYRSPFSRVVHLYRNGK) peptide (Bioss, Beijing,
China) emulsified in incomplete Freund’s adjuvant
(Sigma) containing 250 ug Mycobacterium tuberculosis
H37Ra (Difco Laboratories, Detroit, MI). Each mouse
received 200 ng pertussis toxin in 200 ul PBS (pH 7-4)
intravenously on day 0 and day 2 post-immunization.

One day before immunization, mice were divided into
two groups and treated with 250 ul soybean oil as a con-
trol or with 250 ul AT-RA dissolved in soybean oil in-
traperiteonally for 4 days (once daily, 300 pg/mice). Mice
were monitored daily following immunization. Clinical
signs of EAE were assigned using the following scoring
system: 0, healthy; 1, limp tail; 2, impaired righting reflex
or waddling gait; 3, hind-limb paralysis; 4, hind-limb and
forelimb paralysis, and 5, moribund or dead.

Histology

Animals were killed at the peak of EAE, nearly 15 days
post-immunization. Spinal cords were removed, immersed
in 10% formalin, then embedded in paraffin. Samples were
then stained with haemotoxylin & eosin (H&E) to deter-
mine degree of inflammatory cell infiltration or luxol fast
blue (LFB) to determine the degree of deymelination. For
H&E staining, nuclei were stained with alum haematoxylin
followed by differentiation with acid alcohol and staining
with eosin. For LFB staining, sections were de-paraffinized
and hydrated using 95% ethyl alcohol, kept in luxol fast
blue solution at 56° overnight, and differentiated sequen-
tially with 95% ethyl alcohol, lithium carbonate solution,
and 70% ethyl alcohol, then counterstained with cresyl
violet solution. All sections were then dehydrated on a gra-
dient, cleared and mounted.

Isolation, culture and identification of bone mesenchymal
DCs

Bone marrow was prepared from the tibia and femur
bones of C57BL/6 mice. Erythrocytes were lysed using
ammonium chloride erythrocyte-lysing solution (ACK-
Lyse). After centrifugation and washing, cells were cultured
in 3 ml RPMI-1640 complete medium [10% fetal calf
serum (FCS), 100 U/ml penicillin and 100 pg/ml strepto-
mycin; Gibco, Grand Island, NY] at a density of
1 x 10° cells/ml in six-well plates. Murine granulocyte—
macrophage colony-stimulating factor (GM-CSF, 4 ng/ml)
and murine IL-4 (4 ng/ml) (PeproTech, Rocky Hill, CT)
were also added to the culture system. The cells were incu-
bated at 37° in 5% CO,. Two days later, fresh medium
with AT-RA at the concentration of 50 um (dissolved in
DMSO) or DMSO alone as a control were added to the
culture system for three more days. On day 6, cells in the
supernatant were collected, centrifuged and resus-
pended in fresh complete medium (containing the same
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concentrations of GM-CSF, IL-4, AT-RA or DMSO), then
added back to the culture plates. On day 8, to allow further
maturation of DCs, cells were cultured with lipopolysac-
charide (LPS; Sigma) at a final concentration of 10 ng/ml
for 24 hr before collection. The DCs staining positive for
CDl11c, CD80, CD86 or MHC-class II were verified using
the respective monoclonal antibodies (BD Biosciences, San
Jose, CA) and flow cytometric analysis was carried out
using a flow cytometer (BD Biosciences).

Isolation of DCs from the lymph nodes and spleen

Three days post-immunization, AT-RA-treated mice and
mice from the control group were killed. Spleens and dLNs
were harvested, minced and digested in RPMI-1640 sup-
plemented with 10% FCS, 10 U/ml collagenase type D and
5 pug/ml DNAse I (Gibco) for 10 min at 37°. Digested tis-
sues were passed through a 70 um cell strainer. Cells were
collected by centrifugation at 540 g for 5 min and washed
twice with Hanks™ balanced salts solution (pH 7-2) con-
taining EDTA (5 mM). The cell pellet was then suspended
in an iso-osmotic solution consisting of 10-5% (weight/
volume) iodixanol (Axis—Shield, Oslo, Norway) at a cell
density of 1-5 x 10° cells/ml. Three to four millilitres of
the iso-osmotic suspension was transferred into a tube and
over-laid with 2 ml FCS. The tube was then centrifuged at
1700 g for 10 min (with a slow acceleration mode and
decelerated without brake) and DCs were harvested from
the FCS—sample interface. The degree of DC maturation
from dLNs and spleen was then assessed by flow cytometry
following staining with CDllc-, CD80-, CD86-, and
MHC-class II-specific antibodies.

Lymphocyte and monocyte collection and preparation

At different time-points, control and AT-RA-treated mice
were killed. Draining LNs and spleens were removed and
minced into single cell suspensions. Red blood cells in the
splenic cell suspension were lysed following incubation with
red blood cell lysing buffer and then cells were suspended
in PBS for further analysis. For intracellular cytokine stain-
ing, cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% FCS, 100 U/ml
penicillin, 100 ug/ml streptomycin and 292-1 ug/ml 1-glu-
tamine (Sigma) in the presence of 25 pug/ml MOGs;s 55 for
72 hr at 37°. Before staining, cells were incubated overnight
with 10 ng/ml IL-2 (PeproTech), ionomycin (50 ng/ml),
PMA (1 mg/ml) (Alexis, Farmingdale, NY) and Brefeldin A
(1 wl/ml, eBioscience, San Diego, CA) for 4-5 hr.

Generation of mononuclear cells and lymphocytes from
spinal cords and the subarachnoid space

Mononuclear cells and lymphocytes were isolated from the
CNS by Percoll gradient centrifugation. Briefly, mice were
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perfused through the left cardiac ventricle with 20 ml cold
PBS and 10 mm EDTA, then spinal cords were flushed out
from the vertebral canal with PBS. Cells attached to the
surface of the spinal cord were obtained by shaking har-
vested spinal cords in PBS and filtering them through a
70-pum cell strainer. Cells that infiltrated the spinal cord
parenchyma were obtained by forcing the spinal cord
through a 200-gauge mesh following digestion with colla-
genase D (2-5 mg/ml) and DNAsel (5 pg/ml) at 37° for
45 min. Cells were harvested from the Percoll interface
after gradient centrifugation at 300 g for 30 min.

Co-culture of bone mesenchymal DCs and lymphocytes

Bone mesenchymal DCs (BMDCs) treated with AT-RA
or DMSO (as previously stated) were matured by the
addition of 10 ng/ml LPS in the presence of 25 ug/ml
MOGs3;s_55 peptide for 24 hr. Afterwards, BMDCs were
intensively washed and resuspended at a concentration of
1 x 10° cells/ml in complete medium. Lymphocytes were
collected from dLNs of EAE mice killed at 5 days post-
immunization and 1 x 10* BMDCs were co-cultured
with 1 x 10° T cells (ratio 1:10) in 200 ul complete
medium per well of round-bottomed 96-well plates for
48 hr or 72 hr.

Flow cytometry

All cells were washed and resuspended in wash buffer con-
taining PBS with 0-1% NaNj. Antibodies specific for the
respective cell surface markers were diluted in appropriate
volumes of FACS buffer containing 1% BSA and incubated
with cells for 30 min at 4°. Intracellular staining was per-
formed by fixing cells with 4% paraformaldehyde in PBS
for 15 min at 4°, followed by permeabilization with 5%
saponin (Sigma) in PBS for 10 min at room temperature.
Antibodies specific for intracellular markers were diluted
to the appropriate volume in FACS buffer containing 5%
saponin and incubated for 20 min at room temperature.
All incubations were conducted in the dark and analysis of
flow cytometric data was performed using FLowJo software
(Treestar, London, MN).

To assess DC maturation, the following panel of mono-
clonal antibodies was used: FITC-conjugated anti-CD80,
phycoerythrin (PE) -conjugated anti-CD11c, peridinin
chlorophyll protein (PerCP) -conjugated anti-MHC class
II and allophycocyanin (APC) -conjugated anti-CD86 (all
from eBioscience). Surface and intracellular staining
markers included PE-conjugated anti-IL-17 or anti-IFN-,
FITC-conjugated anti-CD4 and APC-conjugated anti-
CD3 (BD Pharmingen, San Diego, CA). Monocyte surface
markers were screened by using PE-conjugated anti-
CD44, PerCP-conjugated anti-MHC-class II, PE-conju-
gated anti-CD36, FITC-conjugated anti-CD40 and
FITC-conjugated anti-CD11b (BD Pharmingen).
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Apoptosis

The rate of cellular apoptosis was quantified by Annexin-
V and propidium iodide (both from eBioscience) double
staining. Briefly, cells of dLNs were collected from immu-
nized (EAE) and non-immunized mice with AT-RA or
soybean oil treatment for 4 days. Mononuclear cells were
seeded onto 96-well plates and incubated overnight in the
presence of 25 ug/ml MOGs;5_ss. After intensive washing,
cells were resuspended in diluted binding buffer at a den-
sity of 5 x 10> cells/ml. About 5 ul Annexin V (1 ug/ml)
was added and incubated at room temperature for
10 min, then 10 ul propidium iodide (10 ug/ml) was
added and incubated for another 10 min at room tem-
perature in the dark. Finally, cells were analysed by flow
cytometry.

Proliferation

The impact of AT-RA-treated or DMSO-treated BMDCs
on lymphocytes was determined using a Cell Counting
Kit-8 (CCK-8) (Beyotime, Shanghai, China) according to
the manufacturer’s instructions. Briefly, cells were collected
after co-culture with BMDCs for 48 hr by gentle pipetting,
then added into another 96-well plate for further incuba-
tion for 24 hr. CCK-8 (10 ul) was added into 100 ul med-
ium, and cells were then incubated for 0-5-1 hr at 37°.
The absorbance was measured at 450 nm using a
microplate spectrophotometer (BIO-RAD, Berkeley, CA).

Statistical analysis

Statistical analysis was performed using GraPHPAD Prism
software (GraphPad Software Inc., San Diego, CA) by
one-way analysis of variance and the non-parametric
Student’s t-test. Results were expressed as the mean + SE.
A difference was considered to be significant when
P < 0-05.

2517 -e= AT-RAgroup

2.0 - =8 Control group

Clinical scores

Results

AT-RA suppressed EAE severity

EAE was induced by injection of the MOGs;s 55 peptide.
Mice received a total of 300 ug AT-RA (dissolved in soy-
bean oil), administered once daily for 4 days. Control
mice were treated with soybean oil only. The clinical
scores and disease severity of mice in both the AT-RA-
treated group and the control group were monitored
daily for 30 days.

The AT-RA-treated mice exhibited mild EAE with
reduced severity characterized by later onset and lessened
tail paralysis and impaired gait. By contrast, mice in the
control group developed significantly more severe disease
symptoms measured by obvious tail and limb paralysis, as
well as gait impairment. The peak of the disease in the
AT-RA treatment group occurred later, around 18 days
after immunization, compared with 15 days in the con-
trol group. Sick mice rapidly recovered within 4 days of
disease presentation (Fig. 1). These data suggested that
AT-RA treatment successfully suppressed EAE presenta-
tion and progression.

To further confirm these results, inflammatory infiltra-
tion and the degree of spinal chord demyelination were
clarified at the peak phase of the disease (Fig. 2). Micro-
scopic examination revealed that significantly fewer leuco-
cytes had infiltrated into the CNS of AT-RA-treated mice
and demyelination was markedly reduced compared with
that in control mice. These results demonstrated that
AT-RA treatment ameliorated EAE disease severity and
development.

AT-RA did not have non-specific toxic effects on
mononuclear cells

To study if AT-RA-mediated amelioration of EAE was
the result of non-specific toxic effects on mononuclear

SR R S B I R IR I B I PN R S

®
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Days after immunization

Figure 1. Effects of All-trans retinoic acid (AT-RA) on the severity and clinical scores of experimental autoimmune encephalomyelitis (EAE).
EAE was induced in C57BL/6 mice by immunization with the MOGss 55 peptide. Mice were injected intraperitoneally with either AT-RA

(300 pg/mice) or the vehicle control. Clinical severity was scored daily. Compared with the control group, EAE presentation in mice treated with

AT-RA was delayed and less severe. Data are expressed as the mean £ SE and are representative of a minimum of four experiments. *P < 0-05,

**P < 0-01, ¥**P < 0-001.
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Figure 2. All-trans retinoic acid (AT-RA)
treatment developed no obvious spinal cord
lymphocyte infiltration and demyelination on
15 days post-immunization (dpi) compared
with the experimental autoimmune encephalo-
myelitis (EAE) control group. Paraffin-embed-
ded spinal cord sections were prepared on
15 dpi and stained with luxol fast blue (LFB)
(a, b) or with haemotoxylin & eosin (H&E) (c,
d) to determine the degree of demyelination
and inflammatory infiltrates. AT-RA-treated
mice (a) presented with no obvious deymelina-
tion in contrast to control EAE mice (b). AT-
RA-treated mice (c) had far less lymphocytic
infiltration than control EAE mice (d). Magni-
fication x 200.

cells, we isolated mononuclear cells from dLNs from
immunized and non-immunized mice with or without
AT-RA treatment. Results (Fig. 3) showed that no statisti-
cal differences were found in the percentage of cell apop-
tosis in mice of immunized or non-immunized mice with
or without AT-RA treatment.

AT-RA inhibited DC maturation in vivo and in vitro

To assess the impact of AT-RA on DC maturation during
the priming stage of EAE, we collected DCs from both
dLNs and spleens using the density-gradient method as
described in the Materials and methods. Conventional
DCs (gate M2) had high levels of CDllc expression

Immunization
2.72%

Non-immunization
* 1.68% |10

10t 1.33% 10* 2.32% -

i, F 10 T 3
10 10" 10 10® 10* 10° 10" 10® 10° 10*
Annexin V

ATRA group

Control group

(Fig. 4a). Hence the percentage of isolated DCs, defined
by flow cytometry with CD11c™8"  expression, was
1:635% =+ 0-2497% of dLNs, and 2-629% =+ 0-4913% of
spleen. The number of purified DCs was 3-82 +
1-3 x 10° cells in dLNs, and 12-4 & 2-19 x 10 cells in
the spleen of one immunized mouse (Fig. 4b).

Mature CD11c"8" DCs were then identified by flow
cytometry based on the expression of co-stimulatory mol-
ecules CD80, CD86 and MHC-class II. Results demon-
strated that AT-RA efficiently interfered with DC
maturation in vivo. AT-RA inhibited DC maturation in
dLNs following the same level as in spleens. Three days
post-immunization, DCs in the control group expressed
significantly higher levels of CD80, CD86 and MHC-class

= ATRA group
I Control group
3 ns
2
o 2+ ns
[ —
k%)
[%]
2
S 1
Qo
<
0
Non-immunization Immunization

Figure 3. All-trans retinoic acid (AT-RA) administration did not have non-specific toxic effects on mononuclear cells. Immunized and unimmu-

nized mice were given AT-RA or only soybean oil treatment (control group) for 4 days. Mononuclear cells were isolated from draining lymph

nodes (dLNs) and the toxic effect of AT-RA was measured by analysing the rate of apoptosis. Apoptotic cells were identified as propidium

iodide” Annexin-V". Data are representative as mean & SE of two experiments with five mice in each experiment.
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Figure 4. All-trans retinoic acid (AT-RA) treatment suppressed dendritic cell (DC) maturation on 3 days post-immunization (dpi). The DCs
were isolated from draining lymph nodes (dLNs) and spleens of experimental autoimmune encephalomyelitis (EAE) mice treated or untreated
with AT-RA on 3 dpi. Flow cytometry analysis was used to establish the DC phenotype using the following antibodies: phycoerythrin-conjugated
anti-CD11c, FITC-conjugated anti-CD80, peridinin chlorophyll protein-conjugated anti-MHC-class II, and allophycocyanin-conjugated anti-
CD86. Cells with DC phenotype in gate M2 were analysed. (a) Left panel, dot plot showed the gating strategy for DC analysis. Right panel,
CDl1c staining in G1 gated cells was shown. M1: CD11c¢™™ cells, M2: CD11c"8" cells. (b) The percentage and total number of CD11c™¢" cells
in dLNs and spleen of one immunized mice. (c¢) The effect of AT-RA on the maturation of CD11c"" DCs derived from dLNs. (d) The effect of
AT-RA on the maturation of CD11c"®" DCs derived from spleen. Data are expressed as mean + SE and are representative of four independent

experiments with eight mice per group. ¥*P < 0-01, ¥**P < 0-001.

11" in both dLNs and spleens compared with observed
expression levels after AT-RA treatment (Fig. 4c,d). These
results suggested that AT-RA inhibited DC maturation
during the priming stage of EAE.

To investigate whether AT-RA had the same inhibi-
tory effects on DC maturation in vitro, 50 um AT-RA
was added to the culture media of BMDCs. To identify
BMDC purity, BMDCs were cultured in the presence of
LPS for 24 hr and CDllc staining was performed. Our
results showed that the percentage of CD11c"®" cells
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was > 80% (84-762% = 6:64%) and the mean fluores-
cence intensity was 296 £ 34.748 (Fig. 5a). CDS80,
CD86 and MHC-class II surface expression profiles were
detected in the CD11c"" BMDCs. Results demon-
strated that AT-RA negatively regulated BMDC matura-
tion (shown by statistically lower expression levels of
CD80, CD86 and MHC-class II on CD11cM8" BMDCs
in the AT-RA treatment group compared with the
expression profile of cells treated with DMSO only)
(Fig. 5b).

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345
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Figure 5. All-trans retinoic acid (AT-RA) treatment decreased the maturation of bone mesenchymal dendritic cells (BMDCs) in vitro. The
BMDC:s were isolated and cultured in the presence or absence of AT-RA. DMSO used to dissolve AT-RA was used as the diluent control in the
untreated group. (a) Phycoerythrin-conjugated anti-CD11c was used to verify the BMDCs subset. Left panel, dot plots show the gating strategy
of BMDCs subset. Figure of isotype control antibodies was shown in the middle panel. The percentages of CD11c™¢" cells and mean fluorescence
intensity were shown on the right histogram. Purity of BMDCs was > 80% in our culture system. (b) Analysis of different cell surface markers

high

was performed in the population of CD11c™#" cells by flow cytomety using the following antibodies: FITC-conjugated anti-CD80, Peridinin chlo-

rophyll protein-conjugated anti-MHC-class II, and allophycocyanin-conjugated anti-CD86. Data are expressed as the mean + SE of at least four

independent experiments. **P < 0-01, ***P < 0-001.

AT-RA treatment decreased CD44" mononuclear cells
in different tissues at different phases of disease

Using forward scatter channel-side scatter channel (FSC-
SSC), we observed that a group of CD44" monocytes
could be identified at different phases of EAE (onset, peak
and remission phases) (Fig. 6). Following AT-RA treat-
ment, the numbers of CD44" monocytes in dLNs, spleen,
subarachnoid space and the spinal cord parenchyma were
significantly decreased compared with levels observed in
the control group. However, the numbers of CD44"
monocytes were identical in both the control and AT-RA
treatment group in dLNs and CNS parenchyma 7 days
post-immunization (dpi). The decreased CD44" mono-
cytes, along with reduced EAE clinical scores observed
after AT-RA treatment, were consistent with previous
reports, suggesting an association between monocyte
levels and EAE exacerbation.””

It is well accepted that inflammatory cells first accumu-
late within the subarachnoid space and then infiltrate the
spinal cord parenchyma at the onset of EAE. Unexpect-
edly, during the T-cell priming stage of EAE (7 dpi), ele-

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345

vated numbers of CD44" monocytes were already present
in the subarachnoid space in the control group with few
detectable CD3" T cells present. The CD44" monocyte
population remained at a stable level during the peak and
recovery phases of EAE. Although only a few CD44"
monocytes continued to infiltrate the spinal cord paren-
chyma, there was a statistical difference between the levels
of monocyte infiltration in the AT-RA treatment group
and the control group.

To further characterize this population of monocytes,
multi-colour staining was performed on monocytes iso-
lated from dLNs, spleen, subarachnoid space and spinal
cord parenchyma using anti-MHC-class II, anti-CD40,
anti-CD11b and anti-CD36 antibodies (see Supplementary
material, Fig. S1). Results showed that this population of
monocytes was CD11b" CD36" in all tissues, partially
expressed CD40 and MHC-class I1"s" in dLNs, but were
CD40~ and MHC-class 1" in spleen, subarachnoid space
and the spinal cord parenchyma. Based on this staining
profile, these monocytes were considered to be members
of the mononuclear phagocytic system, indicating that this
population might participate in EAE pathogenesis. The
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Figure 6. All-trans retinoic acid (AT-RA) treatment decreased the production of CD44" monocytes. Mononuclear cells were isolated from drain-

ing lymph nodes (dLNs), spleen, spinal cord parenchyma (SC), and subarachnoid space (SAS) from mice in the AT-RA and control groups on

7 days post-immunization (dpi) (b), 15 dpi (c), and 21 dpi (d). (a) Dot plots show the gating strategy of phenotype analysis (G1) and further

analysis for monocytes (G2). From the left to the right in panel (a), four plots represent data from dLNs, spleen, SC, and SAS, respectively. Cells

were stained with allophycocyanin-conjugated anti-CD3 and phycoerythrin-conjugated anti-CD44 antibodies. The majority of CD3~ CD44" cells

were mononuclear cells that represented in G2 gate. All the data analysed in (b), (c) and (d) were GI gated cells. Data are expressed as the

mean £ SE of three experiments with five or six mice per group at each time-point. *P < 0-05, **P < 0-01.

reason why this population of monocytes decreased
dramatically in all related tissues and at all phases of the
disease in the AT-RA treatment group might be that
AT-RA directly suppressed the development of these cells
through mechanisms that were still undefined.
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AT-RA treatment decreased the numbers of
pathogenic Thl and Th17 cells

Both Thl and Th17 cells are major players in the media-
tion of pathogenic processes associated with EAE. We

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345
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therefore examined the numbers of peripheral Thl and
Th17 cells during EAE progression. Lymphocytes col-
lected from dLNs and spleens at different disease phases
(0, 7, 15 and 21 dpi) were cultured for 72 hr, stimulated
with 10 ng/ml IL-2 overnight, ionomycin (50 ng/ml),
PMA (1 mg/ml) and Brefeldin A (1 ul/ml) for 4-5 hr
and then stained with anti-CD3, anti-CD4, anti-IFN-y
and anti-IL-17 antibodies. The percentages of Th1/Th17
cells in the dLNs were significantly greater in the control
group than in the AT-RA treatment group at the peak
and remission phases of EAE (Fig. 7). During the onset
phase, the numbers of Thl and Th17 cells in the control
group were also greater (although not significantly) than
in the AT-RA treatment group. In the spleen, the Thl
and Thl7 profiles were similar (Fig. 8). In general, the
numbers of Thl and Th17 cells were reduced in the AT-
RA treatment group compared with the control group,
even though there were no significant differences in Th17
numbers between groups at 8 and 14 dpi. These data
demonstrated that AT-RA treatment reduced the numbers
of Thl and Thl7 cells at all time-points compared with
the control group.

To assess whether the diminished maturation of AT-
RA pre-treated BMDCs was less efficient to drive the
differentiation of Th cells in vitro, we co-incubated
lymphocytes with AT-RA or DMSO pre-treated BMDCs
loaded with MOGss 55 peptide and detected the levels
of T-cell proliferation and production of cytokines
in vitro (Fig. 9). In contrast to the control group (lym-
phocytes only), T-cell proliferation was greatly increased
when co-cultured with BMDCs. Moreover, AT-RA pre-
treated BMDCs suppressed T-cell proliferation to a sig-
nificantly lower level compared with DMSO pre-treated
BMDCs (Fig. 9a). In addition, cytokine production
seemed to present as the same tendency, that the
percentages of IL-17-secreting CD4" T cells and IFN-y-
secreting CD4" T cells were higher in co-cultured
groups than in the AT-RA pre-treated BMDCs co-
cultured group (Fig. 9b,c). Collectively, these findings
suggested that AT-RA-treated BMDCs were inefficient at
fully activating T cells in vitro.

The observations of decreased levels of pathogenic cells,
as well as attenuated clinical symptoms and rapid recov-
ery in the AT-RA treatment group, were consistent with
the fact that peripheral polarization of lymphocyte
responses contributed to CNS inflammation. Our study
suggested that AT-RA treatment ameliorated EAE disease
progression and severity by down-regulating Thl and
Th17 responses. Based on results demonstrating that AT-
RA could suppress DC maturation at the T-cell priming
stage, we proposed that AT-RA could also down-regulate
Thl- and Thl17-cell-mediated responses. However, addi-
tional studies will be needed to further define the mecha-
nisms by which AT-RA influences T-cell responses in
EAE.

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345

Discussion

In general, naive T cells recirculate between the circula-
tion system, the lymphatic system, and secondary lym-
phoid tissues as a means of surveying the antigenic
milieu. Naive T cells are activated only when stimulated
by mature DCs which have migrated into the dLNs or
spleen and expressed the appropriate antigen/MHC com-
plex and co-stimulatory molecules. The amount and the
quality of peptide-MHC ligands and co-stimulatory mole-
cules are likely to determine the nature of the T-cell-DC
interaction.'®"? Our results demonstrated that AT-RA
suppressed the number of mature DCs (defined as MHC-
class 11"8" CD80* CD86"on CD11c"€" cells) compared
with levels observed in the control group (Fig. 4). In
addition, it was shown in vitro that AT-RA negatively
modulated DC maturation (Fig. 5). Because the high
MHC-class II levels and co-stimulatory signal expression
on DCs favour the occurrence of stable interactions
between antigen-specific T cells and DCs, AT-RA might
inhibit T-cell activation indirectly. Given the association
of EAE amelioration with T-cell inefficiency, one could
hypothesize that AT-RA may extenuate disease through a
non-specific toxic effect on lymphocytes. However, the
apoptosis rate of mononuclear cells was found to have no
obvious difference between the AT-RA-treated group and
the control group both in immunized and non-immu-
nized mice after 4 days of administration (Fig. 3). Hence,
other mechanisms by which AT-RA induced disease ame-
lioration might exist. The most likely explanation is
immature DCs leading to T-cell inefficiency. These results
support previously published results demonstrating that
AT-RA reduced the capacity of umbilical cord blood
monocyte-derived DCs to activate alloreactive T cells.””
Unexpectedly, we found that a population of
monocytes with a CD44"8" CD11b* CD36" CD40"~
MHC-class II"'~ surface phenotype was abrogated after
AT-RA treatment. Generally, monocytes possess the poten-
tial to exert both positive and negative effects, depending
on their cytokine secretion profile.”' It has been shown that
monocytes are involved in the exacerbation of EAE,>* and
increased numbers of circulating pro-inflammatory mono-
cytes correlate with relapses in EAE.** In our study, there
was a significant decrease in monocytes, in both the dLNs
and spleen after AT-RA treatment (Fig. 6). Fewer mono-
cytes indicated fewer drivers, pro-inflammatory cytokines
and chemokines, to recruit additional immune cells to
enhance the host autoimmune response. Moreover, a previ-
ous study has shown that AT-RA down-regulates inter-
feron-inducible protein 10,*> tumour necrosis factor-o and
other central pro-inflammatory cytokines and chemokines
in monocytes at the level of transcription.”*** These find-
ings may explain our observation that AT-RA treatment
decreased the level of monocytes associated with an attenu-
ation of clinical symptoms and an increased recovery rate.
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Figure 7. All-trans retinoic acid (AT-RA) abrogated the induction of T helper type 1 (Thl) and Th17 cells in lymph nodes in vivo. Lymphocytes

from draining lymph nodes (dLNs) of animals in both the AT-RA and control group were harvested on 0, 7, 15 and 21 dpi. Cells were stained

with FITC-conjugated anti-CD4 and allophycocyanin-conjugated anti-CD3, then fixed, permeabilized, and stained intracellularly with phycoery-

thrin-conjugated anti-interleukin-17 (IL-17) or anti-interferon-y (IFN-y). Data shown are expressed as the mean + SE of three experiments with

five or six mice per group at each time-point. **P < 0-01, ***P < 0-001.

The CNS is considered to be an immune-privileged
tissue defined by a minimal number of lymphocytes
infiltrating under physiological conditions. However,
inflammatory cells are capable of infiltrating the CNS
parenchyma during EAE progression. It was generally
thought that inflammatory responses associated with
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EAE initially occurred under the subarachnoid space.
Our results showed that a significant number of
pro-inflammatory monocytes (CD44"8" CD11b* CD36"
CD40~ MHC-class II"'7) accumulated in the subarach-
noid space during both the early and late stages of EAE in
the control group (Fig. S1). In contrast, the number of

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345
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Figure 8. All-trans retinoic acid (AT-RA) abrogated the induction of T helper type 1 (Thl) and Th17 cells in the spleen in vivo. Lymphocytes
collected from the spleen were cultured and analysed as described in Fig. 7. Data are expressed as the mean £ SE. Results are representative of

three experiments with five or six mice per group at each time point.

monocytes in the AT-RA treatment group was significantly
lower in these tissues at similar time-points. Because
CDL11b is an integrin that plays an important role in medi-
ating leucocyte adhesion, enhanced numbers of CD11b"
cells might facilitate the invasion of pro-inflammatory
monocytes into the CNS.*® CD44 is also involved in main-

taining monocytes in circulation during inflammatory

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345

*P < 0-05, *¥*P < 0-01.

responses and mediating their homing to inflammatory
sites.”” EAE progression can be exacerbated by large num-
bers of CD44"" CD11b* cells that infiltrate into the sub-
arachnoid space. Although our study did not find many
CD44Me" CD11b" cells that infiltrated into the spinal cord
parenchyma, statistical differences were still observed
between the AT-RA treatment and control groups. Further
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Figure 9. All-trans retinoic acid (AT-RA) pre-treated bone mesenchymal dendritic cells (BMDCs) abrogated the proliferation of lymphocytes and
the differentiation of T helper type 1 (Th1)/Th17 in vitro. AT-RA/DMSO pre-treated BMDCs were incubated with lymphocytes isolated form
draining lymph nodes (dLNs) of experimental autoimmune encephalomyelitis (EAE) mice 5 days post-immunization (dpi). Proliferation of lym-
phocytes (a) was measured by CCK-8 and cytokine production in the population of CD4-positive cells (b) was analysed with flow cytometry.
Data, shown as mean + SE, are representative of two experiments with five mice per experiment. *P < 0-05, **P < 0-01, ***P < 0-001.

investigation is needed to find the reason why this popula-
tion of monocytes do not infiltrate the parenchyma of
CNS. T cells infiltrating the spinal cord at the onset of
EAE produced cytokines and chemokines that up-regu-
lated trafficking across the blood-brain barrier and blood—
spinal cord barrier. This traffic was associated with the ini-
tial recruitment of additional inflammatory cells including
Thl and Thl17 cells, neutrophils and pro-inflammatory
monocytes.”® These data further suggested that recruit-
ment of inflammatory monocytes represented a kind of
inflammatory trigger, regardless of their minority, proba-
bly acting as a modulator by secreting pro-inflammatory
cytokines. Collectively, our results suggested that the
AT-RA-induced decrease of monocytes was associated with
the exacerbation of EAE. However, the exact mechanism
by which AT-RA affects the function of circulating mono-
cytes remains to be determined.

The chronic demyelination observed during EAE pro-
gression is associated with pro-inflammatory responses
mediated by infiltrating T cells. Both IFN-y-secreting Thl
cells and IL-17-secreting Th17 cells have been shown to
have a pathogenic role in EAE progression and presenta-
tion. In this study, we observed significant decreases in
Th1/Th17 cells following AT-RA treatment, particularly
during the peak phase of disease (Figs 7 and 8). In addi-
tion, we have shown in vitro that the diminished percent-
ages of pathogenic Thl1/Th17 «cells and decreased
proliferating ability of lymphocytes were closely associated
with the AT-RA-treated BMDCs (Fig. 9).

Although lineage-specific transcription factors or effec-
tor cytokines may contribute to the suppression of RA on
Th-cell subsets,” >* accumulating studies indicate that
RA can influence T-cell development based on the under-
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lying innate immune responses. In the intestinal immune
system, RA was found to facilitate the production of
CD103" DC cells, which disrupted the balance between
regulatory T cells and Th17 cells, resulting in extenuated
ileitis.”> RA deficiency preferred Thl responses to Th2
responses by altering the lymphoid/myeloid DC popula-
tion in spleen.’® In this study, we could conservatively
conclude that AT-RA decreased the number of mature
DCs and so down-regulated the potential of activating
cognate T cells during the priming stage of EAE, resulting
in decreased Th1/Th17 responses during the later phases
of disease.

However, T-cell polarization is a complex process initi-
ated in secondary lymphoid organs. Pro-inflammatory and
anti-inflammatory signals derived from other effector cells,
such as natural killer cells or macrophages, are also
involved in determining the degree of T-cell polarization.
Whether AT-RA treatment could also affect these cells (or
act directly on T cells) remains to be determined. Addi-
tionally, AT-RA could bind to its nuclear receptor, retinoic
acid receptors, and activate the transduction of target
genes via complex genetic and epigenetic mechanisms.>
Additional research will be necessary to further define the
anti-inflammatory effects of AT-RA on inflammatory cells.

This study demonstrates that AT-RA treatment success-
fully inhibits the development of EAE. The immune regu-
latory effects of AT-RA on the immune response include
suppression of mature DCs, the decrease of inflammatory
monocytes, and the diminished polarization of Th1/Th17
cells. Further research is needed to understand the exact
mechanisms by which AT-RA treatment prevents EAE
progression. More importantly, the inhibitory effect of
AT-RA on the professional antigen-presenting capacity of

© 2012 Blackwell Publishing Ltd, Immunology, 138, 333-345
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DCs may be the most specific and effective approach for
modulating immune responses. In this regard, our study
describes a strategy for effectively targeting DC matura-
tion for the prevention or amelioration of autoimmune
inflammation.
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