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Abstract

Objectives. Multiple sclerosis (MS) is a neurodegenerative disease
characterised by inflammation and damage to myelin sheaths.
While all current disease-modifying treatments (DMTs) are very
effective at reducing relapses, they do not slow the progression of
the disease, and there is little evidence that these treatments are
able to repair or remyelinate damaged axons. Recent evidence
suggests that activating kappa opioid receptors (KORs) has a
beneficial effect on the progression of MS, and this study
investigates the effects of KOR agonists treatment in combination
with two current DMTs. Methods. Using the well-established
murine model for immune-driven demyelination of MS,
experimental autoimmune encephalomyelitis, the effect of KOR
agonists in combination with DMTs fingolimod or dimethyl
fumarate on disease progression, immune cell infiltration and
activation as well as myelination were analysed. Results.
Fingolimod in combination with the KOR agonist, nalfurafine,
significantly increased each individual beneficial effect as
measured by increased recovery of mice and reduced relapses.
These beneficial effects correlated with a reduction in immune cell
infiltration into the CNS as well as peripheral immune cell
alterations including a reduction in autoreactive CD4+ T-cell
cytokine production as well as increased myelination in the spinal
cords of co-treated animals. In contrast, while the use of dimethyl
fumarate in combination with nalfurafine did not adversely affect
the benefits of nalfurafine, the combination did not significantly
enhance those benefits. Conclusion. This study indicates that KOR
agonists can be used in combination with fingolimod and
dimethyl fumarate with the nalfurafine–fingolimod combination
providing enhanced benefits.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic immune-
mediated inflammatory autoimmune disease
characterised by infiltration of autoreactive T cells
and other inflammatory immune cells from the
periphery into the central nervous systems (CNS).
The pathology of MS is characterised by damage
to the myelin sheaths around nerve axons known
as demyelination, which leads to sensory
dysfunction and physical and visual impairments.1

It can be broadly divided into three different
subtypes (relapsing–remitting, primary progressive
and secondary progressive) with only relapsing–
remitting MS (RRMS) having effective treatments
available. While over 16 disease-modifying
therapies are FDA approved for RRMS, most of
these medicines are immunomodulatory agents
that act in the peripheral compartment as a result
of the low capacity to cross the intact blood–brain
barrier. However, while all these treatments are
very effective at reducing relapses, they do not
significantly slow disease progression nor is there
evidence that these treatments lead to the repair
and remyelination of the damaged axons.

We have shown previously that the kappa
opioid receptor (KOR) agonist nalfurafine (NalF)
reduces disease and promotes remyelination in
the well-established animal model for MS,
experimental autoimmune encephalomyelitis
(EAE).2 Using this model, we reported that NalF
was effective over a wide range of doses when
administered therapeutically in EAE, showing
higher recovery and fewer relapses. Strikingly, we
demonstrated that NalF was capable of promoting
remyelination following immune- and non-
immune-mediated demyelination.2 To further
translate these findings and improve clinical
outcomes for people with MS, it is critical to
understand whether a combination treatment
using NalF along with disease-modifying
treatments (DMTs) would provide superior benefit
in reducing relapses and enhancing remyelination
compared to either treatment alone.

The currently available DMTs can be classified
into three different categories of drugs: generic
immune modulators like dimethyl fumarate
(DMF) (Tecfidera), S1P receptor modulators like

fingolimod (Gilenya) and immune-targeted
monoclonal antibodies. DMF is a methyl ester of
the fumaric acid, and in the body, it is rapidly
attacked by the detoxification agent, glutathione,
leading to the activation of the specific Nrf2
pathway, which reduces inflammation.3 This effect
includes a reduction in inflammatory cytokines
and a decreased expression of adhesion molecules
on CNS-infiltrating cells, especially T cells.4 In
addition, DMF is known to shift T helper cells
subsets from Th1 (cell-mediated functions) and
Th17 (pro-inflammatory functions) towards Th2
(i.e. tissue repair).5 Fingolimod (Gilenya) was
approved in 2010 as the first oral DMT for MS.
This small molecule drug prevents the egress of
T cells from lymph nodes by binding and blocking
the sphingosine-1-phosphate receptor (S1PR) and
thus reducing the circulating pool of T cells that
can be recruited into the CNS. Under homeostatic
conditions, na€ıve and memory (both central and
effector) T cells circulate through the blood, enter
the lymph nodes and egress through the efferent
lymphatics in a S1PR-dependent manner. By
binding to S1PR and leading to its degradation,
fingolimod causes the retention of T cells in
lymph node.6,7 Concurrently, the chemokine
receptor, CCR7, is up-regulated, increasing the
effect of fingolimod on T cells sequestration in
the lymph node.

In this study, we investigated whether the KOR
agonist NalF in combination with different DMTs
including fingolimod and DMF resulted in
superior therapeutic benefit using the immune-
mediated model of demyelination, EAE.

RESULTS

Co-treatment of nalfurafine and DMTs on
disease outcome

While all DMTs are effective at reducing relapses,
they only slow the progression of the disease, and
there is little evidence that they are able to repair
and remyelinate the damaged axons in vivo. To
determine the effect of a dual treatment of
NalF with a DMT, we treated animals at the onset
of EAE (i.e. score ≥ 1.0) with NalF alone,
fingolimod alone or both combined at their
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optimal dose (0.01 mg kg�1 per day, NalF (based
on Denny et al.2; 1.0 mg kg�1 per day fingolimod;
Supplementary figure 1a8,9). While both NalF and
fingolimod alone led to a similar reduction in
disease scores, animals co-treated with NalF and
fingolimod had better outcomes overall
(Figure 1). In particular, the overall disease score
was significantly lower in the co-treated animals
compared to the fingolimod-treated
animals (Figure 1a and e). In addition, the number
of animals that recovered and the time spent in
recovery increased (Figure 1b and c), and the
percentage of mice that relapsed (Figure 1d) was
significantly reduced in co-treated animals
compared with the vehicle-treated animals.
Analysis of the spinal cords showed that co-
treatment increased the myelin area more than
either NalF or fingolimod alone (Figure 1g).
Analysis of historical spinal cord samples further
highlights the benefit in myelination by both the
co-treatment and NalF single treatment,
compared to vehicle or fingolimod alone
(Supplementary figure 1c and d). Additionally, the
lesion percentage was significantly lower in all
treated groups compared to the vehicle with co-
treatment having the most consistent effect
(Figure 1h). While we observed that co-treatment
had a visible effect on multiple different
parameters, statistical significance was not
reached when looking at each individual
parameter alone. Thus, to more holistically
compare the type of benefit provided by each
therapy, the single outcome parameters were
normalised (Table 1) and presented as a heatmap
(Figure 1i). Using a mixed effects analysis, the
combined treatment showed significantly
improved benefit overall compared to all other
groups (Figure 1i). While the overall level of
benefit was similar in the NalF and fingolimod
groups, the specific pattern of benefit was
different. These findings indicate that the
combination of NalF with fingolimod provides
enhanced benefit in this model.

To understand whether enhanced benefit could
be achieved using a DMT with a different
immune-modifying mechanism of action, we
assessed the combination of DMF and NalF at
their optimal doses (0.01 mg kg�1 per day, NalF;
1.0 mg kg�1 per day, DMF). In contrast to the
NalF–fingolimod combination, no additional
beneficial effect was detected when NalF was
combined with DMF in any of the disease
parameters including disease score (Figure 2a),

recovery (Figure 2b and c) and relapse (Figure 2d
and e). Comparing the overall benefit, only NalF
was found to provide a significant effect
compared to vehicle (Figure 2f). However,
positively, no adverse effects of co-treatment
were detected, which is an important finding
when considering clinical application.

Co-treatment of nalfurafine and fingolimod
on immune cells

Because the co-treatment of NalF and fingolimod
showed better disease outcomes than either
treatment alone, we investigated further how this
combination affected the molecular pathways
associated with EAE and MS. Since fingolimod is
known to target immune cells in the periphery
and prevent them from entering the CNS to cause
demyelination, we analysed immune cell
infiltration into the brain as well as immune cell
sub-populations in the periphery by flow
cytometry in EAE animals treated with either NalF,
fingolimod or the combination (gating strategies
in Supplementary figures 2 and 3a). While many
cell types can contribute to EAE and MS
pathogenesis, we focused on CD4+ T cells as they
are essential to disease development in the EAE
model and migrate readily into the brain during
EAE (Figure 3a). Other immune cell types and
subsets, including CD8+ T cells, B cells and myeloid
cells, are depicted in Supplementary figure 4.
While NalF and fingolimod treatment alone
reduced CD4+ T-cell infiltration into the brain as
shown previously,2,10–12 no synergistic effect of co-
treatment on CD4+ T-cell infiltration was detected
(Figure 3a). Co-treatment was as effective as NalF
or fingolimod single treatment (Figure 3a).

Looking at peripheral immune cell populations,
no effect of single or co-treatment was detected
in the splenic CD4+ T-cell population or its subsets
except for a significant decrease in the % of total
CD4+ cell in co-treated animals compared to
healthy (Figure 3b, Supplementary figure 1g). In
the blood, as expected, CD4+ T cells, and
especially naive CD4+ T cells, were significantly
reduced by fingolimod alone or in combination
with NalF compared to vehicle or NalF alone (for
the overall CD4+ T cell compartment), while
effector memory (EM) CD4+ T cells were up-
regulated (Figure 3c).

Interestingly, while absolute cell number counts
were increased in the lymph node by co-
treatment (Supplementary figure 1f), no effect of
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Figure 1. In vivo treatment of nalfurafine (NalF) in combination with fingolimod (FTY) in experimental autoimmune encephalomyelitis (EAE).

(a) Disease scores of vehicle, NalF (0.01 mg kg�1 i.p.), fingolimod (1 mg kg�1 p.o.) or the combination treated animals from disease onset

(score ≥ 1) to 23 dpt. Scores aligned to the day of disease onset (day 0 post treatment). Mice were treated daily. Results are combined from

six independent experiments (n = 18–30 animals per treatment group, as indicated). Two-way ANOVA with Tukey’s multiple comparisons testing

(* comparing treatments to vehicle). (b) Percentage recovery to 23 days post treatment (dpt; recovery = score ≤ 0.5). (c) Number of days in

recovery to 23 dpt (% of top recovery). (d) Percentage relapse to 23 dpt (relapse = increase by 1 full point from the lowest score of remission).

(e) End score of mice at end of experiment. Non-parametric one-way ANOVA with Tukey’s multiple comparisons testing. (f) Representative

images of Black-Gold II staining in the spinal cord. Myelination (g) and lesion area (h) in the spinal cord quantified by Black-Gold II staining.

(i) Heatmap of all disease parameters analysed by non-parametric one-way ANOVA with Tukey’s multiple comparisons testing. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.
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any treatments could be seen on the overall CD4+

T cells population in the lymph node (Figure 3d).
While a reduction of na€ıve CD4+ T cells in the co-
treated animals compared to NalF alone was
detected (P = 0.0541), co-treated animals were not
significantly different compared to vehicle or
fingolimod alone. In addition, EM CD4+ T cells
were again increased by fingolimod single
treatment or in combination with NalF. In
addition, the homing receptor CCR7, known to be
down-regulated on CD4+ T cells by fingolimod,
was decreased. While NalF treatment by itself did
not seem to effect the effector sub-population of
CD4+ T cells or CCR7+CD4+ T cells, surprisingly, co-
treatment resulted in an intermediate phenotype
between single NalF and fingolimod treatment
(Figure 3c and d). In summary, NalF and
fingolimod alone reduced the infiltration of cells
into the CNS with the co-treatment showing
similar beneficial effects. Additionally, these
results indicate that treatment with NalF does not
impair the fingolimod-induced alterations in
peripheral immune cell migration.

Co-treatment effect of nalfurafine and
fingolimod on T-cell subsets and cytokine
production

While the findings of the peripheral CD4+ T cells
were surprising and unexpected, we analysed
further what effect NalF, fingolimod and the
combination had on T-cell subsets and

inflammatory cytokine production to understand
whether the change in the immune subsets was
because of systemic changes of the immune
environment in vivo or the direct effect of the
treatment on the immune cells. For the in vitro
subset analysis, we treated healthy splenocytes
with NalF, fingolimod or the combination in the
absence of stimulation to see what effect the
treatments had by themselves, or in the presence
of ConA to mimic an inflammatory environment
or CD3/CD28 beads to activate and expand T cells
specifically (gating strategy in Supplementary
figure 3b). In vitro concentrations for NalF,
fingolimod and the combination were established
by cell viability (MTT, Supplementary figure 5a
and b) as well as reduction of inflammatory
cytokine production (Supplementary figure 5c
and d).

In healthy splenocytes, a significant expansion
of CD4+ T cells could be detected when stimulated
with CD3/CD28 and treated with fingolimod or
NalF and fingolimod in combination compared to
unstimulated or NalF single treatment (Figure 4a).
In line with the results from EAE mice in vivo, we
saw a significant down-regulation of na€ıve CD4+

T cells and a significant increase of effector
memory T cells in unstimulated splenocytes
(Figure 4b and Supplementary figure 6a and b). In
addition, CCR7+CD4+ T cells were significantly
increased when stimulated with ConA and treated
with fingolimod or the combination (Figure 4a).
While these results do not reflect the in vivo

Table 1. Disease parameter calculations

Heatmap

parameters Parameters Calculation Units Min Max

%↓ d15 score % decrease in score at day 15 post onset (mean day 15 score vehicle – day 15 score experimental)/

(mean day 15 score vehicle) 9 100

% 0 100

% recovered % of mice that recovered (# mice with score ≤ 0.5 after a peak of ≥ 2)/(total # of

mice) 9 100

% 0 100

# days in

recovery

# of days mice were recovered as % of

group with top recovery

(mean # of days at a score < 0.5 after a peak of > 2)/

(mean # days for top recovery group) 9 100

% 0 100

% no relapse % of mice that did not relapse (# mice that had no increase in score ≥ 0.1 after first peak

of ≥ 2)/(total # of mice) 9 100

% 0 100

%↓ days in

relapse

% reduction in number of days in relapse (mean # of days vehicle in relapse - # of days in relapse

experimental)/(mean # of days vehicle in relapse) 9 100

% 0 100

% Δ weight

d36

% weight change at 36 days post

immunisation

(weight at day 36 post immunisation - weight at baseline)/

(weight at baseline) 9 100

% 0 100

% healthy

myelin

% healthy myelin area (% myelin area experimental – mean % myelin area

vehicle)/(mean % myelin area healthy – mean % myelin

area vehicle) 9 100

% 0 100

%↓ lesion

area

% decrease in lesion area (mean % myelin area vehicle – % myelin area

experimental)/(mean % myelin area vehicle) 9 100

% 0 100

ª 2023 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2023 | Vol. 12 | e1480

Page 5

K Robichon et al. Nalfurafine and fingolimod co-treatment effect on immune-driven demyelination



results, it is important to consider that these are
healthy splenocytes and fingolimod had a direct
effect on them (Figure 4c).

Even though the abundance of CD4+ T-cell
subsets was unaltered by NalF single treatment,
we have observed previously that NalF has
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Figure 2. In vivo treatment of nalfurafine (NalF) in combination with dimethyl fumarate (DMF). (a) Disease scores of vehicle, NalF

(0.01 mg kg�1 i.p.), DMF (1 mg kg�1 p.o.) or the combination treated animals from disease onset (score ≥ 1) to 23 dpt. Scores aligned to the

day of disease onset (day 0 post treatment). Mice were treated daily, and results combined and analysed from three independent experiments

(n = 9–14 animals per treatment group, as indicated) using two-way ANOVA comparison against vehicle. (b) Percentage recovery to 23 dpt

(recovery = score ≤ 0.5). (c) Number of days in recovery to 23 dpt (% top recovery). (d) Percentage relapse to 23 dpt (relapse = increase by

1 full point from the lowest score of remission). (e) Number of days spent in relapses analysed with non-parametric one-way ANOVA with

Tukey’s multiple comparisons testing. (f) Heatmap of all disease parameters analysed with non-parametric one-way ANOVA with Tukey’s multiple

comparisons testing. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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immunomodulatory properties by changing the
cytokine response.2 Thus, splenocytes from
untreated EAE mice were isolated and cultured in
vitro with either vehicle, NalF, fingolimod or the
combination and stimulated with myelin
oligodendrocyte glycoprotein (MOG35–55) peptide
to assess the direct effect of these compounds on
antigen-specific responses using intracellular
cytokine analysis of CD4+ T cells (Figure 4d and e
and Supplementary figure 6c and d). While single
treatment of NalF or fingolimod seemed to
significantly reduce IFNc, co-treatment did not
affect IFNc production. IL-17A production was
significantly down-regulated by fingolimod and
the combination compared to vehicle treatment
with a similar reduction seen after NalF
treatment alone (Figure 4d; gating strategy in
Supplementary figure 3c).

To determine whether in vivo treatments had
similar effects on antigen-specific recall responses,
splenocytes isolated from EAE mice treated in vivo
with NalF, fingolimod or the combination were
stimulated in vitro with the MOG peptide
(Figure 4e). While a similar pattern was observed,
the down-regulation of IL-17A did not reach
significance (Figure 4e) and no effect on IFNc was
observed. However, a significant up-regulation of
IL-10 was detected in fingolimod single treated
and combination treated splenocytes (Figure 4e).
This effect was not seen when splenocytes were
stimulated in vitro (Figure 4d). In summary, co-
treatment of NalF with fingolimod did not show
any significant changes compared to the single
treatments with regard to T-cell subsets and
cytokine production. Nonetheless, while there
were no clear beneficial effects on cytokine
production identified with the co-treatment, no
adverse effects were detected.

Co-treatment of fingolimod with a different
KOR agonist U50,488

To determine whether the co-treatment effect we
observed with fingolimod in combination with
the KOR agonist NalF was compound- or class
specific, we evaluated whether with U50,488, a
traditional KOR agonist,13 in combination with
fingolimod would have similar effects. Co-
treatment of U50,488, at the doses tested, and
fingolimod improved the disease outcome
compared to the single treatments as measured
by scores, per cent of mice that recovered and
number of days in recovery (Figure 5a and b).

While the number of relapses was reduced in the
co-treatment compared to U50,488 alone,
the level was similar to vehicle-treated animals
(Figure 5b). Myelination was improved by the co-
treatments as was the reduction in lesion area
(Figure 5c), although U50,488 alone did not
appear to effectively enhance remyelination in
these experiments. Comparing the overall effects
of the different treatments on disease outcomes
indicates that the co-treatment provided superior
or equal benefits in all parameters, while
fingolimod showed equal benefit in relapse
reduction (Figure 5d).

The infiltration of immune cells into the brain
was significantly reduced with fingolimod as seen
previously, with the co-treatment and fingolimod
alone significantly reducing CD4+ infiltrating T cells
(Figure 5e), whereas U50,488 alone did not appear
effective in these experiments. In the blood, CD4+

T cells and subsets were not altered by U50,488
treatment, whereas fingolimod and the co-
treatment led to the down-regulation of CD4+

T cells (especially na€ıve) and an up-regulation of
effector memory CD4+ T cells (Figure 5f). Cytokine
production by splenocytes exposed in vitro or in
vivo to the treatments was also assessed. Similar to
the findings in Figure 4, IL-17A production was
down-regulated by fingolimod or the combination,
while IFNc and IL-10 were not significantly altered
by in vitro exposure (Figure 5g). Interestingly, IFNc
and IL-10 were increased after in vivo exposure to
the combination of fingolimod and U50,488 in
comparison to either treatment alone or vehicle
(Figure 5h).

Taken together, these results are comparable
with the combination of fingolimod with NalF;
however, when all the experiments are considered
together (Supplementary figure 7), the
combination of NalF with fingolimod appears to
provide superior benefits compared to U50,488
and fingolimod, especially in recovery and relapse
reduction as shown by the multi-parameter
analysis (Supplementary figure 7c). Overall, these
data suggest that the beneficial effect of co-
treatment with fingolimod and a KOR agonist is a
class effect, although superiority of the benefit
may be KOR agonist specific.

Co-treatment effect of fingolimod and KOR
agonist on OPC differentiation

To further investigate the mechanism by which
NalF in combination with fingolimod increases
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functional recovery in EAE, primary mouse glial
cells containing oligodendrocyte precursor cells
(OPCs) were isolated and the ability of NalF,
U50,488 and fingolimod alone or in combination
to promote differentiation to mature

oligodendrocytes (OL) was assessed. Mixed glial
cells cultures containing OPCs from postnatal days
5 to 7 C57BL/6J mice were treated with the
thyroid hormone 3,30,5-Triiodo-L-thyronine sodium
(T3) as a positive control for differentiation. In
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Figure 3. Analysis of lymphocyte populations from healthy, vehicle, nalfurafine (NalF, 0.01 mg kg�1), fingolimod (FTY, 1 mg kg�1) or the

combination in (a) brain tissue, (b) spleen tissue or (c) blood and (d) lymph nodes. (a) All infiltrating immune cells were identified by CD45high

expression, and the relative number of cells expressed as a ratio to microglia (CD45intCD11b+). Identification of CNS-infiltrating lymphocyte

immune cell types by a sequential gating strategy (Supplementary figure 2a and b). CD4+ T-cell lymphocytes and their specific subsets in spleen

(b), blood (c) and lymph node (d), gating strategy in Supplementary figures 2c and d and 3a. The results from six independent experiments with

10–18 mice per group for brain and three independent experiments with 8–14 mice per group for spleen, blood and lymph node are shown.

Data are mean � SEM. Non-parametric one-way ANOVA with Dunnett’s multiple comparisons testing, comparing the mean of each treatment

against vehicle within each cell type. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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parallel, cells were cultured in different
concentrations of fingolimod (0.01–100 nM),
NalF (20 nM), U50,488 (10 lM) or vehicle (0.1%
DMSO/saline) or a combination of fingolimod
with NalF or U50,488. After 5 days of drug
treatment, cells were fixed and stained for SOX10
(to identify all cells of oligodendrocyte lineage)
and MBP (mature OL), and the number of SOX10-
positive cells (expressing MBP) were counted. The

number of DAPI+ cells stayed constant over most
treatments showing that the cells were similarly
viable (Supplementary figure 8a–c). Representative
images of all treatments are shown in Figure 6a, c
and d.

Surprisingly, all concentrations of fingolimod
seemed to increase the number of mature OLs
(MBP+) to the same level as the positive control
T3, except for the highest concentration (100 nM)

Figure 4. In vitro and in vivo data of nalfurafine (NalF) and fingolimod (FTY) effect of CD4+ T-cell subsets and cytokine production. (a, b)

Healthy splenocytes were either treated with vehicle (grey), NalF (blue, 10 nM), FTY (pink, 100 ng mL�1) or the combination (blue–pink striped)

and were left unstimulated or stimulated with ConA or CD3/CD28 for 72 h and the CD4+ T-cell subsets (na€ıve; TCM, T-cell central memory,

TEM, T-cell effector memory) and CD4+CCR7+ T cells were quantified. Data are mean � SEM from two individual experiments with n = 13

animals per treatment group. Two-way ANOVA with Tukey’s multiple comparisons testing, compare the mean of each stimulation group.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (c) Schematic figure of FTY’s mode of action created in BioRender. (d) Splenocytes

from untreated EAE mice were treated in vitro with vehicle (grey), NalF (blue, 10 nM), FTY (pink, 100 ng mL�1) or the combination (blue–pink

striped) and were left unstimulated or stimulated with ConA or MOG for 72 h and intracellular cytokine production in CD4+ T cells were

quantified. Data are mean � SEM from two individual experiments with n = 12 per treatment group. Two-way ANOVA with Tukey’s multiple

comparisons testing, compare the mean of each stimulation group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (e) EAE mice were

treated in vivo with either vehicle, NalF (0.01 mg kg�1), FTY (1 mg kg�1) or the combination. After splenocyte isolation, cells were left

untreated or re-stimulated with ConA or MOG for 72 h and intracellular cytokine production in CD4+ T cells was quantified. Data are

mean � SEM from two individual experiments with n = 5–8 per treatment group. Two-way ANOVA with Tukey’s multiple comparisons testing

comparing the mean of each stimulation group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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which appeared to reduce cell viability
(Figure 6b). In addition, U50,488 also significantly
increased the number of mature OLs, while NalF
alone showed a modest but significant increase
compared to vehicle (Figure 6b). Interestingly, the
combination of NalF with fingolimod significantly
increased the number of mature OLs compared to
the single treatments (Figure 6c). This
enhancement was observed with all tested
concentrations of fingolimod. While the same
effect was seen with U50,488 in combination with
fingolimod at the lower concentrations, the
superior effect of the co-treatment was lost with
higher fingolimod concentrations (Figure 6d).
Together these data suggest that the increased
functional recovery seen in the co-treatment may
be, in part, because of increased differentiation of
OPCs into mature OLs leading to repair of the
damaged myelin.

DISCUSSION

The aim of this study was to investigate the effect
of the co-treatment of the KOR agonist NalF in
combination with different DMTs on the disease
course of EAE and elucidate the underlying
changes in the immune system and CNS after co-
treatment. On the one hand, we have found that
NalF co-treatment with the DMT fingolimod
significantly improved the disease outcome of EAE
mice as reflected by increased recovery of these
mice and reduced relapses. On the other hand, co-
treatment with the DMT DMF did not further

improve NalF’s effect on disease recovery but,
importantly, also did not cause any adverse events.
The latter point is important if considering the use
of NalF in the clinical setting to treat MS, since
most people with relapsing–remitting MS are on
DMTs. Our finding that DMF did not improve EAE
recovery has been reported previously by deBruin
et al., who found that the tested dose did not
improve clinical scores and had no significant
effect on the disease course compared to control
mice.14 DMF is currently a first-line treatment for
MS and is still widely used in the clinic because of
its good safety profile and tolerability. In contrast
to DMF’s generic immunomodulatory activity,
fingolimod is a highly specific S1PR antagonist
which shows high efficacy in EAE at reducing
clinical scores and inflammatory cell infiltrates in
spinal cord, rescuing neuropathological damage
in cerebellum and restoring neuronal function.15–
17 Our studies show that NalF can further improve
and complement these effects by promoting
functional recovery and remyelination. This study
is the first to investigate co-treatment of a
potential remyelinating therapy with two current
DMTs and reveals novel effects by which the
combination of NalF and fingolimod may be
modulating immune cells and glial cells in the CNS.

Immune cell changes

Impaired T-cell migration to the CNS after
treatment with fingolimod, DMF and NalF has
been reported previously.2,18 Similarly, in this

Figure 5. In vivo and in vitro treatment of U50,488 in combination with fingolimod (FTY) in EAE. (a) Disease scores of vehicle, U50,488

(1.6 mg kg�1 i.p.), FTY (1 mg kg�1 p.o.) or the combination treated animals from disease onset (score ≥ 1) to 23 dpt. Scores aligned to the day

of disease onset (day 0 post treatment). Mice were treated daily, and results combined and analysed from two independent experiments (n = 8–

10 animals per treatment group, as indicated) by two-way ANOVA with Tukey’s multiple comparisons testing and (*) comparing treatments to

vehicle. (b) Percentage recovery to 23 dpt (recovery = score ≤ 0.5), number of days in recovery to 23 dpt, percentage relapse to 23 dpt

(relapse = increase by 1 full point from the lowest score of remission) and end score of mice at the end of experiment were analysed by non-

parametric one-way ANOVA with Tukey’s multiple comparisons testing. (c) Myelination and lesion percentage in the spinal cord quantified by

Black-Gold II staining. (d) Heatmap of all disease parameters analysed by non-parametric one-way ANOVA with Tukey’s multiple comparisons

testing. Analysis of lymphocyte populations in (e) brain tissue and (f) blood. (e) All infiltrating immune cells were identified by CD45high

expression, and the relative number of cells is expressed as a ratio to microglia (CD45intCD11b+). (f) CD4+ T-cell lymphocytes and their specific

subsets in blood. Results are combined from two independent experiments. Data are mean � SEM and analysed by non-parametric one-way

ANOVA with Dunnett’s multiple comparisons testing comparing the mean of each treatment against vehicle within each cell type. (g)

Splenocytes from EAE mice were treated ex vivo with vehicle (grey), U50,488 (green, 200 nM), FTY (pink, 100 ng mL�1) or the combination

(blue–green striped) and were left unstimulated or stimulated with ConA or MOG for 72 h and intracellular cytokine production in CD4+ T cells

was quantified. Data are mean � SEM from two individual experiments with n = 11 per treatment group and analysed by two-way ANOVA with

Tukey’s multiple comparisons testing comparing the mean of each stimulation group. (h) EAE mice were treated in vivo with either vehicle,

U50,488 (U50, 1.6 mg kg�1), FTY (1 mg kg�1) or the combination. After splenocyte isolation, cells were left untreated or re-stimulated with

ConA or MOG for 72 h and intracellular cytokine production in CD4+ T cells was quantified. Data are mean � SEM from one individual

experiment with n = 4 or 5 per treatment group and analysed by two-way ANOVA with Tukey’s multiple comparisons testing comparing the

mean of each stimulation group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 6. In vitro treatment of nalfurafine (NalF) in combination with fingolimod (FTY) in primary mouse mixed neuronal/glial cultures.

(a) Representative images of mouse OPC cultures treated with vehicle (0.1% DMSO), T3 (30 ng mL�1), NalF (20 nM), U50,488 (10 lM), FTY

(10 nM, 1 nM, 0.1 nM, 0.01 nM) and a combination of fingolimod with NalF or U50,488. Scale bar = 100 lm. Mixed glial cultures were

immunostained for the OL lineage marker SOX10 (purple) and mature OL marker MBP (red). (b) Quantification of number of mature myelinating

MBP+ OLs following treatment with U50,488 (10 lM), NalF (20 nM) and FTY (0.01 nM, 0.1 nM, 1 nM, 10 nM, 100 nM). (c) Quantification of

number of mature myelinating MBP+ OLs following combination treatment with NalF (20 nM) and FTY (0.01 nM, 0.1 nM, 1 nM, 10 nM).

(d) Quantification of number of mature myelinating MBP+ OLs following combined treatment with U50,488 (10 lM) and FTY (0.01 nM, 0.1 nM,

1 nM, 10 nM). Parametric tests were used if data were found to be normally distributed. Data are mean � SEM, and significance determined by

one-way ANOVA with Bonferroni post-tests from three individual experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001.
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study, the infiltration of immune cells into the
CNS was inhibited by NalF, fingolimod and
the combination of both. NalF treatment showed
a preferential effect on CD4+ T cells, which is in
line with previous published data on CNS
infiltration in EAE after NalF treatment,2 while
fingolimod alone reduced all lymphocytes
assessed (B and T cells). Fingolimod reduces the
entry of lymphocytes into the CNS by binding to
the S1PR, which is necessary for lymphocytes to
egress from the lymph node.6,7 Thus, a reduction
in CNS infiltration after fingolimod treatment is in
line with previously published literature.
Interestingly, the combination of NalF with
fingolimod did not appear to enhance the
reduction in CNS infiltration, although it was
sustained at similar levels to the single treatments,
indicating the co-treatments did not have
antagonistic effects.

Splenic T-cell populations were unaltered by NalF
or fingolimod alone as seen previously.2,19

Interestingly, co-treatment significantly reduced
CD3+, CD4+ and CD8+ T cells in the spleen,
suggesting that they were selectively targeted by
fingolimod, but leaving the T cells subsets (na€ıve vs.
TEM or TCM) unaltered. In contrast, while blood T
cells and their activation subsets were unaltered by
vehicle or NalF treatment, they were significantly
altered by fingolimod single or co-treatment as
expected.12,20 Interestingly, fingolimod treatment
led to a switch in the proportion of CD4+ T-cell
subsets from na€ıve (down-regulation) to effector
memory (TEM; up-regulation) in the blood.21 This,
in addition to a reduction in the expression of
CCR7, may increase the sequestration of T cells in
the lymph node.22 However, TEM are preferentially
kept circulating in the peripheral blood because of
their low expression of CCR7.23 One limitation to
note is that the CCR7 staining was performed on ice
and not at 37°C, which is optimal; however,
reanalysis using this optimal temperature showed
similar patterns and did not alter our overall
conclusions (Supplementary figure 9). Surprisingly,
co-treatment of fingolimod with NalF shows similar
phenotypes as fingolimod single treatment,
suggesting that NalF does not interfere with
fingolimod’s ability to alter T-cell homing and
sequestration.

In the lymph node, NalF or vehicle treatment did
not alter the frequency of CD4+ T cells or the
subsets. While absolute cell counts were increased
in the lymph node as reported in the literature,22

CD4+ T cells frequency was unaltered. While

previous literature has shown that fingolimod’s
mode of action is impaired by a pertussis-toxin
(PTX)-sensitive mechanism,24 the effect in this long-
term mouse model is unclear. However, NalF
treatment in combination with fingolimod does
not impair fingolimod’s mode of action.

To understand whether the change in the
immune subsets was as a result of the systemic
changes of the immune environment within the
mouse or the direct effect of the treatment on the
immune cells, isolated immune cells were treated
in vitro with NalF, fingolimod or the combination
under different stimulation conditions. In line with
the in vivo data, na€ıve CD4+ T cells were down-
regulated with fingolimod single treatment and in
combination with NalF, while TEM were up-
regulated. This suggests that the changes in the
CD4+ T-cell subsets are a direct effect of fingolimod
on the CD4+ T cells. However, it needs to be further
analysed as to whether these changes also occur if
other immune cells, like B cells and macrophages,
are removed from the cell suspension. Under
specific T-cell-stimulating conditions with
CD3/CD28 activator beads, fingolimod single
treatment and in combination with NalF increased
the frequency of CD4+ T cells, supporting the idea
of the direct effect of these treatments on the
CD4+ T cells. The changes seen in the subsets might
be as a result of the less stringent requirements for
activation of memory T cells compared to naive
T cells, including the ability to respond to lower
concentrations of antigen than naive T cells as well
as memory T cells are less dependent on co-
stimulatory signals than naive T cells, and do not
require a long duration of antigenic stimulation.25

In MS patients on fingolimod treatment, the
percentages of T-cell subsets show significant
changes from 2 weeks onwards, where a down-
regulation of na€ıve CD4+ T cells and an up-
regulation of TEM in PBMCs were reported.26

As reported previously in Denny et al.,2 one
mechanism by which NalF may facilitate its
beneficial effect on disease course and recovery is
by shaping the cytokine environment and, in
particular, reducing pro-inflammatory cytokines. A
reduction of IFNc-producing CD4+ T cells as well as
IL-17A-producing CD4+ T cells was detected after in
vitro and in vivo exposure to NalF. Fingolimod
alone also had a very similar effect. This finding is
in line with previous reports showing reduced IFNc
and IL-17A in the spinal cord27 and brain
homogenates as well as in the periphery (blood
and spleen)12,28 of fingolimod-treated EAE mice. In
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addition, Mehling et al. reported reduced levels of
IFNc in the blood of people with MS on fingolimod
treatment,29 while Moreno-Torres et al.30 found
that changes in IL-17A before and during
treatment were associated with responders and
non-responders to fingolimod treatment where
responders showed a down-regulation of IL-17A.

Interestingly, in vivo treatment of the
combination of fingolimod with either as KOR
agonist (NalF or U50,488) seemed to reverse the
reduction in IFNc-producing CD4+ T cells such that
levels were comparable to vehicle-treated cells.
On the one hand, however, fingolimod single or
co-treatment with KOR agonist reduced IL-10 in
CD4+ T cells in vitro, which is in line with Thomas
et al.31 who reported reduced release of pro-
inflammatory cytokines in vitro after fingolimod
treatment. Surprisingly, on the other hand, in vivo
fingolimod single or co-treatment with KOR
agonist up-regulate IL-10 in CD4+ T cells
suggesting an increase in Th2 cytokine production
and a shift from Th1 to Th2 phenotype. All these
changes have been detected in MOG re-
stimulated immune cells, suggesting a specific
response of the autoreactive T cells towards the
MOG peptide as well as when using the different
KOR agonists, suggesting that the effect is not
agonist but class specific.

Remyelination and OPC differentiation

As reported previously by electron microscopy and
histochemical analysis, NalF treatment increased
myelination in the spinal cord and reduced lesion
percentage2 compared to vehicle treatment. In
addition, mice treated with fingolimod alone had
modestly elevated myelin levels and significantly
reduced lesion numbers compared to vehicle-
treated animals. Previous studies on the effect of
fingolimod on remyelination are conflicting.
Studies using the non-immune cuprizone model
of demyelination have not detected any
remyelinating effects with fingolimod
treatment.32 Similarly, other studies using
lysolecithin-induced and viral-induced models of
demyelination did not detect evidence
of remyelination, although promising changes to
OPC numbers and recruitment were found.33,34 In
EAE, many studies are confounded by prophylactic
fingolimod treatment preventing demyelination.35

However, Zhang et al. reported that myelination,
measured by luxol fast blue staining in the CNS of
the EAE animals, was increased after fingolimod

treatment starting on the day of EAE onset.36

Interestingly, they linked the increase in
myelination after fingolimod treatment to an
increase in the proliferation and differentiation of
OPCs into mature oligodendrocytes in the CNS.
While the mechanisms by which fingolimod
promoted proliferation and differentiation of
OPCs require elucidation, they found that
fingolimod activated the Shh/Gli1 pathway, which
has been shown to induce oligodendrogenesis.36

In line with these data, we observed an increase in
mature oligodendrocytes using our in vitro OPC
cultures exposed to fingolimod over a range of
concentrations and to the same level as the
positive control T3. As reported previously, U50,488
also significantly increased the number of mature
oligodendrocytes to the same level as T3.37,38 NalF
promoted a more modest increase in OPC
differentiation, suggesting that, although U50,488
and NalF target the same receptor, the
downstream signalling may be different. This
difference is inversely reflected in the scores and
recovery of the EAE mice where NalF performed
significantly better than U50,488 in reducing
disease severity, increasing recovery and promoting
remyelination.

Unexpectedly, the co-treatment of NalF with
fingolimod further increased the myelination and
reduced lesion number compared to the single
treatments, and this effect is also reflected in the
number of mature oligodendrocytes detected
after co-treatment. While this co-treatment effect
is lost when increasing fingolimod doses with
U50,488, fingolimod treatment with NalF showed
significantly higher numbers of mature
oligodendrocytes over all tested concentrations.
This increased effect could explain why co-
treatment of fingolimod with NalF was superior
to the combination with U50,488 at the dose
tested, in terms of reduced disease severity and
increased recovery during EAE.

CONCLUSION

In summary, this study is the first to report that
the combined use of the remyelinating agent,
NalF, with the DMT, fingolimod, leads to superior
benefit in the EAE model of MS. Overall, we have
shown that co-treatment increased the recovery
of mice and reduced relapses. This beneficial
effect correlated with a reduction in immune cell
infiltration into the CNS as well as peripheral
immune cells alterations including autoreactive
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CD4+ T cells and their cytokine profile and
increased myelination in the spinal cords of co-
treated animals. Further studies are needed to
elucidate the precise mechanism that mediates
the observed immune cell changes, increased
numbers of mature oligodendrocytes and
increased functional recovery. Together this work
highlights a novel combination treatment for MS
that may not only reduce the symptoms by
preventing CNS damage, but also increase CNS
repair and recovery.

METHODS

Animals

Female C57BL/6J mice (Jackson laboratory; RRID:IMSR_JAX:
000664) were purchased from the Biomedical Research Unit
of the Malaghan Institute of Medical Research (Wellington,
NZ) or bred in-house and housed in the Victoria University
of Wellington PC2 animal facility at a 12-h dark:12-h light
cycle. Food and water were available ad libitum. Animals
were used between 8 and 12 weeks of age for EAE.

Ethics statement

All experiments with animals were carried out in the School
of Biological Sciences Animal Facility at the Victoria
University of Wellington and were approved by the
Victoria University of Wellington Animal Ethics Committee
(AEC25295 and AEC29122) and adhere to the ARRIVE
reporting guidelines.

Drugs

NalF and U50,488 were synthesised as described previously
by the Synthetic Chemical Biology Core Laboratory
(University of Kansas, Lawrence, KS, USA).39,40 Fingolimod
(hydrochloride) (FTY720) was purchased from Cayman
Chemicals (Ann Arbor, MI, USA).

EAE induction and treatments

Mice were immunised subcutaneously (s.c.) in the rear flanks
with myelin oligodendrocyte glycoprotein (MOG)35–55
peptide (50 lg per mouse; Genescript, Piscataway, NJ, USA)
in complete Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO,
USA) containing 500 lg per mouse inactivated
Mycobacterium tuberculosis H37Ra (Fort Richard, Auckland,
New Zealand) and injected intraperitoneally (i.p.) with
pertussis toxin (200 ng per mouse; List Biochemicals,
Campbell, CA, USA) on days 0 and 2. Mice were weighed and
scored daily as follows: 0, normal; 1, partial tail paralysis; 2,
full tail paralysis; 3, paralysis in one hind limb; 4, paralysis in
both hind limbs; 5, moribund. Experiments were run over 40–
55 days and daily treatments were started at disease onset
(score ≥ 1; approximately 13–18 days after EAE induction).

Mice were sequentially allocated to treatment groups and
scored by an investigator blinded to treatment allocations.
NalF, U50,488 and vehicle control were administered i.p. in
0.9% saline:DMSO:Tween80 in a ratio of 8:1:1. Fingolimod
and its vehicle control were administered p.o. in 0.9% saline.

Primary cell isolation into single-cell
suspension

Following CO2 euthanasia, lymph nodes and spleens were
isolated before mice were perfused using PBS. Brains
were collected after perfusion, and brains, lymph nodes
and spleens were processed into a single-cell suspension for
flow cytometry. Brain was mashed through a 70-lm cell
strainer (Corning, Corning, NY, USA) and centrifuged at
760 g for 5 min. Cell pellets were re-suspended in 37%
Percoll gradient (Sigma-Aldrich) and centrifuged 30 min at
760 g without brakes. Myelin layer was removed,
supernatant discharged and pellet re-suspended in FACS
buffer [2% foetal bovine serum (FBS; Gibco, Billings, MT,
USA), 0.1% sodium azide in PBS]. Lymph nodes were
mashed through a 70-lm cell strainer and centrifuged
at 760 g for 5 min and cell pellets were re-suspended for
cell counting.

Spleens were mashed through a 70-lm cell strainer and
centrifuged at 760 g for 5 min after which the pellet was
loosened and re-suspended in red blood cell lysis buffer
(Sigma-Aldrich) for 2 min. The cell suspension was
incubated with red blood cell lysis buffer for 2 min, wash
buffer (DMEM plus 30 mM HEPES and 1%
penicillin/streptomycin; all from Gibco) was added and
samples were centrifuged at 760 g for 5 min. Blood was
collected as terminal bleed via cardiac puncture into tubes
containing heparin to prevent coagulation. Red blood cell
lysis was performed, and cell pellets were re-suspended for
cell counting using trypan blue.

Analysis of cytokines

Splenocytes were plated in complete T-cell medium (10%
FBS, 2 mM L-glutamine, 1% penicillin/streptomycin, 10 mM
HEPES, 0.1% b-mercaptoethanol and 0.1% non-essential
amino acids in DMEM; all from Gibco) in a 96-well plate
(Corning) and stimulated with medium, MOG35-55 peptide
(27 lg mL�1), Concanavalin A (ConA; 1 lg mL�1; Sigma-
Aldrich) or CD3/CD28 dynabeads (5 9 104 beads per well;
Gibco). NalF (10 nM), U50,488 (200 nM), fingolimod
(0.1 lg mL�1) or vehicle (0.01% DMSO) was added before
incubation for 72 h at 37°C and 5% CO2. Concentrations
were determined by performing a dose–response on the
viability of cells (MTT) as a single treatment or as a
combination. Extracellular cytokine analysis by ELISA was
used to determine the best co-stimulation effect on the
down-regulation of cytokine. All data are shown in
Supplementary figure 5a–c. For intracellular cytokine
analysis, splenocyte cultures were stimulated with phorbol
12-myristate 13-acetate (PMA; 50 ng mL�1; Sigma-Aldrich)
and ionomycin (500 ng mL�1; Sigma-Aldrich) in the
presence of GolgiStop/Monensin (1 lg per 106 cells; BD
Biosciences, Franklin Lakes, NJ, USA) for 4 h at 37°C and 5%
CO2 before preparing for flow cytometry.
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Flow cytometry

Immunophenotyping was done using CD4-BV521 (RM4-5),
CD45-BV510 (30-F11), CD3-APC or CD3-APC-Cy7 (17.A2),
CD25-PE-Cy7 (PC61), CD8-PerCPCy5.5 (53-6.7), B220-APC-Cy7
(RA3-6B2; BD Biosciences, Franklin Lakes, NJ, USA), CD11b-
PE-Cy7 (M1/70), Ly6C-PE (HK1.4), Gr1-APC-Cy7 (RB6-8C5),
IA/IE-BV421 (M5/114.15.2), F4/80-FITC (BM8), CD11c-
PerCPCy5.5 (N418), CD44-PE (1M7), CD62L-FITC (MEL-14),
CCR7-PE (4B12). All antibodies were from Biolegend (San
Diego, CA, USA) unless stated otherwise. Cells were
incubated with Fc Block (1 lg per 106 cells; 2.4G2; BD
Biosciences) for 15 min prior to staining with fluorescently
labelled antibodies for 30 min on ice.

Intracellular cytokines were detected using CD4-AF488
(RAM4-5), IFNc-BV421 (XMG 1.2), IL-10-PE (54 902, BD
Bioscience) and IL-17A-AF647 (TC11-18H10). After staining
for extracellular proteins, cells were fixed in 4%
paraformaldehyde and permeabilised using 0.1% saponin
buffer (Sigma-Aldrich) containing 0.1% bovine serum
albumin (Sigma-Aldrich) and stained with fluorescently
labelled antibodies intracellular cytokines overnight on ice.

Flow cytometry was performed on a BD FACS Canto II
(BD Biosciences) and analysed using Flowjo software version
10.6 (Treestar, Inc., Ashland, OR, USA).

Tissue processing and Black-Gold II staining
and analysis

Samples were prepared and processed as reported
previously.2 Briefly, following CO2 euthanasia and perfusion
with PBS, spinal cords were fixed in 4% paraformaldehyde
at 4°C overnight followed by 15% sucrose and 30% sucrose
at 4°C overnight or until the tissue sank to the bottom of
the tube. The sections were embedded in Cryomatrix
embedding resin (Thermo Fisher Scientific, Waltham, MA,
USA), snap frozen in isopentane on dry ice and frozen at
�80°C for long-term storage. Transverse 20-lm sections
were cut using a Leica CM3050 S cryostat microtome (Leica
Biosystems, Wetzlar, Germany) and mounted on Superfrost
plus slides (Thermo Fisher Scientific) and stored at �80°C.
Prior to staining, slides were warmed at room temperature
for 15–20 min before use, and OCT medium removed by
immersing the slides in PBS for 5 min. Black-Gold II myelin
staining (Histo-Chem, Jefferson, AR, USA) was performed as
described by the manufacturer. Quantification was
performed as described by Denny et al.2 The analysis
was carried out on five sections per animal, and the
sections averaged to generate a mean value for each
animal.

Disease parameter calculations

Generation of primary mouse mixed
neuronal/glial culture

Primary mouse OPCs were isolated from postnatal days 5 to
7 C57BL/6J mice. Briefly, mice were euthanised by
decapitation without perfusion, and brain cortices were
dissociated with papain solution (20 U mL�1; Worthington

Biochem. Corp., NJ, USA) for 15 min at 37°C. After
incubation, cells were centrifuged (100 g for 5 min) and
rinsed in 20% FBS and OPC media [DMEM/ F-12 (Thermo
Fischer Scientific), 19 Antibiotic–Antimycotic
(Thermo Fischer Scientific), 19 B27 (Gibco), 19 N2
supplement (Thermo Fisher Scientific), 10% FBS, 19 stem
pro neural supplement (Thermo Fisher Scientific), Human
FGF basic (10 ng mL�1; Miltenyi Biotec, Macquarie Park,
NSW, Australia) and PDGF-AA (30 ng mL�1; Miltenyi
Biotec)]. Using a sterile flame-polished Pasteur pipette,
tissue suspension was carefully triturated, increasing speed
with increasing tissue dissociation to create a single-cell
suspension. The cell suspension was filtered through a
40-lm cell strainer and cells were seeded and incubated in
poly-D-Lysine (100 lg mL�1 Sigma-Aldrich) coated 96-well
plates (Corning) at a seeding density of 80 000 cells mL�1

and incubated at 37°C in 5% CO2 for 7 days and media
changes were performed every other day.

OPC differentiation assay

As a positive control to validate OPC differentiation, cells
were cultured in media containing OL differentiation factor
thyroid hormone 3,30,5-Triiodo-L-thyronine sodium (T3;
30 ng mL�1; Sigma-Aldrich), or treated with the test drugs in
different concentrations [fingolimod (100 nM, 10 nM, 1 nM,
0.1 nM, 0.01 nM), NalF (20 nM), U50,488 (10 lM) or vehicle
(0.1% DMSO/saline)]. For fingolimod, a concentration range
was selected based on previous literature.41 For the OPC
differentiation assay, concentrations of U50,488 and NalF
were based on known activity at KOR in potency and activity
assays13,38,42,43 (U50,488 1 nM–100 mM; NalF 0.6–200 nM).
From our data, the most effective concentration at
promoting OPC differentiation for U50,488 (10 lM) and NalF
(20 nM) was utilised for investigating the combination with
fingolimod.

After 5 days of drug treatment, cells were fixed in
4% paraformaldehyde in PBS for 20 min. Prior to
immunolabelling, cells were blocked in PBS containing 10%
donkey serum (Sigma-Aldrich), 0.1% Triton X-100 for
10 min at room temperature (RT), followed by incubation
with relevant primary antibodies: anti-SOX10 (Goat, 1:500,
R&D Systems Minneapolis, USA, AF2864) and anti-MBP
(Rabbit, 1:200, Abcam, Melbourne, Australia, ab40390).
Cells were rinsed with PBS followed by the appropriate
fluorophore-conjugated secondary antibodies [anti-rabbit
AF647 (1:1000; Thermo Fisher Scientific; A21245), anti-goat
AF488 (1:1000; Abcam, Melbourne, Australia; ab150129)] for
60 min at RT. Cells were rinsed twice in PBS before adding
40,6-diamidino-2-phenylindole (DAPI) solution (300 nM in
PBS) (Thermo Fisher Scientific) for 10 min at RT. Imaging
was carried out on a confocal microscope (Olympus FV3000,
Software number FV31S-SW, Auckland, NZ), and a high-
throughput confocal microscope (IN Cell Analyzer 6500 HS,
Version 7.2, GE Healthcare/Cytiva, WA, USA). The excitation
lasers 642 nm (AlexaFlour 647), 561 nm (AlexaFlour 555)
and 405 nm (DAPI) were used for capturing 10 images per
well using a 209 objective. The quantitative image analysis
was carried out using automated unbiased counting
methods using Cell profiler 4.1.3 (Broad Institute)44 and
GraphPad Prism V.7 (GraphPad Software, Inc., La Jolla,
CA, USA).
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Statistical analyses

All graphs and statistical analyses were generated using
GraphPad Prism 7 (GraphPad Software, Inc.). Comparisons
between two groups were performed using a paired Student’s
t test. For comparison of more than two groups, one-way or
two-way analysis of variance (ANOVA) was used with the
recommended multiple comparison tests as indicated in the
figure legend and as recommended by GraphPad Prism.
Differences of P < 0.05 were considered significant.
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