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Abstract: Retinoid x receptors (RXRs) are master regulators that control cell growth, differentiation, and survival and
form heterodimers with many other family members. Here we show that treatment with the RXR agonist IRX4204
enhances the differentiation of CD4* T cells into inducible regulatory T cells (iTreg) and suppresses the develop-
ment of T helper (Th) 17 cells in vitro. Furthermore in a murine model of multiple sclerosis (experimental autoim-
mune encephalomyelitis (EAE)), treatment with IRX4204 profoundly attenuates both active and Th17-mediated
passive disease. In the periphery, treatment with IRX4204 is associated with decreased numbers of CD4* T cells
that produce pro-inflammatory cytokines. In addition, CD4* T cells express decreased levels of Ki-67 and increased
expression of CTLA-4. Our findings demonstrate IRX4204 treatment during EAE results in immune modulation and
profound attenuation of disease severity.

Keywords: Experimental autoimmune encephalomyelitis (EAE), retinoid x receptors (RXR), rexinoid, regulatory T

cell (Treg), T helper 17 (Th17)

Introduction

Multiple sclerosis is a complex autoimmune
disease involving central nervous system (CNS)
inflammation, demyelination, and axonal loss
and affects about one million people worldwide
[1]. The most commonly used model to study
multiple sclerosis is EAE. In C57BL/6 mice, dis-
ease results in a CNS inflammatory disease
characterized by progressive ascending paraly-
sis. In this model, myelin-specific CD4* T cells
are generated and differentiate into Th1l and
Th17 cells in the periphery [2, 3]. Subsequent
work indicates that Th17 cells expressing CCR6
initially enter the CNS [4], and that they may
become Thl cells [5]. Both Th1l and Thi17 cells
can cause activation of microglia that further
contribute to neuroinflammation [2].

RXRs are a family of three nuclear receptor iso-
types that are key regulators of cell growth, dif-
ferentiation, and survival during inflammation,
cancer, and metabolic disorders [6, 7]. Under
basal conditions, CD4* T cells and other hema-
topoietic cell types express RXRa, and CNS tis-

sue expresses both RXRB and RXRy [8-13].
RXRs can form homodimers and homotetra-
mers with each other as well as heterodimers
with several other nuclear receptors including
(but not limited to) retinoic acid receptors
(RARs), vitamin D receptor (VDR), liver x recep-
tors (LXRs), perixosome proliferator-associated
receptors (PPARs), nuclear receptor related 1
protein (Nurrl, Nr4a2), and nerve growth factor
IB (NGFIB, Nur77, Nrdal). Of these potential
heterodimer partners, LXRs, PPARs, Nurrl, and
Nur77 are permissive, meaning that ligand
binding of RXR typically causes full activation of
the entire heterodimer. In contrast, the RXR-
VDR pair is non-permissive and can only be
activated by ligand binding to VDR. In addition,
RXR-RAR heterodimers are a special case in
that they are conditionally permissive. Initial
activation of the complex must occur by RAR
ligation; however, the subsequent binding of a
RXR ligand can cause additive and/or synergis-
tic effects on the activity of the entire heterodi-
mer [6, 14, 15]. In addition, RXR heterodimers
are thought to often function as co-repressors
in the absence of ligand. Consequently ligand
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binding can result in the loss of a co-repressor
complex to allow gene transcription [7, 14].

Ligands of RXRs include natural compounds
such as 9-cis retinoic acid (RA) and docosa-
hexaenoic acid, organotins such as tributyltin,
and synthetic agonists termed rexinoids. Each
can have distinct effects due to their unique
structures and subsequent affinities to RXR
[14, 16]. For example, 9-cis RA and docosa-
hexaenoic acid can also bind RARs and PPARs,
respectively [15, 17-19]. In contrast, tributyltin
binds RXR at nanomolar concentrations result-
ing in activation of RXR-PPAR heterodimers;
however, this activity may contribute to its high
toxicity [20]. In order to study the effect of rex-
inoids on CD4* T cell differentiation in vitro as
well as in vivo in the context of EAE, we used
the rexinoid IRX4204 (originally designated as
AGN194204), which has high affinity binding
for RXRs and does not transactivate RXR-RAR
and RXR-PPARy heterodimers [21, 22]. These
findings are relevant for the potential therapeu-
tic use of this and other second generation rex-
inoids in multiple sclerosis patients.

Materials and methods
Mice

C57BL/6 mice were purchased from Charles
River Laboratories and were used at 7-9 weeks
of age in a specific pathogen free facility at the
Geisel School of Medicine at Dartmouth. Ex-
periments were performed under protocols
approved by the Institutional Animal Care and
Use Committee of Dartmouth College.

EAE immunization and clinical evaluation

For active EAE, mice were immunized subcuta-
neously with 175 ug MOG, .. (Anaspec) emul-
sified in Incompete Freund’s Adjuvant (Sigma-
Aldrich) supplemented with 0.4 mg Mycobac-
terium tuberculosis H37 (Difco Laboratories)
on day O and given 200 ng pertussis toxin (List
Biologicals) intraperitoneally (IP) on day O and
2. For passive EAE, donor mice were immu-
nized as for active EAE except without pertus-
sis toxin, and were sacrificed on day 7 after
immunization to obtain spleens. These were
homogenized, depleted of red blood cells, and
cultured with 20 pg/ml MOG,, ., and 40 ng/ml
IL-23 (eBioscience) for 4 days. At the end of cul-
ture 7-9 million live CD4* T cells/mouse were
injected intravenously as well as 200 ng per-
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tussis toxin IP. Except where indicated oth-
erwise, mice were treated daily with 200 ug
IRX4204 (lo Therapeutics) or vehicle control
starting at the indicated time point.

Mice were scored as follows: 1 - limp tail, 1.5 -
limp tail and paresis in one rear limb, 2 - limp
tail and paralysis on one rear limb, 2.5 - limp
tail, paresis one rear limb, and paralysis in
other rear limb, 3 - limp tail and paralysis in
both rear limbs, and 3.5 - limb tail, rear limb
paralysis, and frontal limb paresis. Mice were
euthanized at indicated time points, score 3.5,
or when they lost 15% of starting body weight
(whichever comes first).

Cell Isolation and culture

Spleen and lymph nodes were homogenized
with glass slides. CNS tissue was digested with
0.1 mg/ml DNase | (Roche) and 0.16 mg/mL
Liberase DL (Roche) in plain RPMI at 37°C for
45 minutes, homogenized, mixed to make 30%
Percoll (GE Healthcare), and spun down to form
a gradient. Top (myelin) layer of gradient was
removed, and cells were washed. Cells were
counted on a Nexcelom cellometer and further
processed for culture or staining.

For CD4* T cell culture, lymphocytes were pro-
cessed using EasySep Mouse Naive CD4* T
cell Isolation Kit (Stemcell Technologies). Re-
sulting naive CD4* T cells (purity 95% or great-
er) were cultured with irradiated antigen pre-
sentingcellsand 5 yg/mlsoluble anti-CD3 (BioX-
Cell) in RPMI (Corning) supplemented with 10%
fetal bovine serum (Hyclone), 50 mM 2-mer-
captoethanol, and penicillin/streptomycin/L-
glutamine. Th17 cultures included 1 ng/ml TGF-
B, 10 ng/mL IL-6, 10 ng/mL IL-1B3 (Peprotech),
10 pg/mL anti-IFNy, and 10 pyg/mL anti-IL-4
(BioXCell). Inducible Treg cultures included O,
0.5, 1.0, and 2.0 ng/ml TGF-3 and 100 units/
mL IL-2 (Peprotech). Where indicated, cultures
were supplemented with IRX4204 at 1, 10, or
100 nM or an equivalent volume of vehicle con-
trol matched to the 100 nM IRX4204 volume.

Flow cytometry

Cells were stained with either Zombie NIR
(Biolegend) or LIVE/DEAD Fixable Yellow stain
(Invitrogen) for 20 minutes on ice, washed,
stained with surface antibodies, washed, re-
suspended, and filtered. For apoptosis staining,
cells were stained according to manufacturer’s

Am J Transl Res 2016;8(2):1016-1026
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Figure 1. IRX4204 promotes iTreg and inhibits Th17 formation in vitro. Naive CD4* T cells were cultured under iTreg
(A) or Th17 (B) differentiation conditions for four days in the presence of vehicle control (O nM group) or IRX4204
at 100 nM or indicated concentration. At the end of culture cells were assessed for FOxP3 expression and cytokine
production after re-stimulation and graphed as Mean * SD. Asterik (*) indicates the group is statistically significant
from the controls. Results are representative of 3 independent experiments.

directions using Annexin V Apoptosis Detection ferentiation [23-28]. However, unlike ATRA,
Kit with 7-AAD (Biolegend). For nuclear staining, which only binds to RARs, 9-cis RA can bind
cells were stained using Transcription Factor both RARs and RXRs. Therefore to determine if
Staining Buffer Set (eBioscience). For intracel- RXR activation can mediate these effects, we
lular staining, samples were re-stimulated with cultured naive CD4* T cells with TGFB and IL-2,
100 ng/mL phorbol 12-myristate 13-acetate which promotes the generation of iTreg, in the
and 500 ng/ml ionomycin (Calbiochem) in the presence of vehicle or 100 nM of IRX4204.
presence of Protein Transport Inhibitor Cock- Similar to reported effects of ATRA and 9-cis
tail (eBioscience) for 5 hours. Cells were then RA, IRX4204 can enhance the differentiation of
stained using Intracellular Fixation and Per- CD4* T cells to Foxp3* T cells when TGFp is
meabilization Buffer Set (eBioscience) for in- present at 1 and 2 ng/mL (Figure 1A). To evalu-
tracellular cytokines or the Transcription Fac- ate if RXR activation can suppress the differen-
tor Buffer Set (BD Bioscience) for intracellul- tiation of Th17 cells, naive T cells were cultured
ar (_:ytok.ines and transcription factor staiqing. with TGF-B, IL-6, IL-1B, anti-IFNy, and anti-IL-4 in
Antibodies used were purchased from Biole- the presence of vehicle or 1, 10, or 100 nM
gend, eBioscience, and BD Bioscience. Samp- IRX4204. After re-stimulation CD4* T cells from

les were run on a modified FACScan (BD Bi-
oscience) running CellQuest (BD Bioscience)
and Rainbow (Cytek) software or on a MACSQ-
uant (Miltenyi Biotec) and analyzed with Flow-
Jo software (Tree Star).

Th17 cultures with IRX4204 had decreased
production of IL-17A and TNF« (Figure 1B). We
also found that RXR activation under Th17 con-
ditions increases CD4* T cell expression of
FoxP3. In addition, we skewed naive CD4* T cell

Statistical analysis differentiation to the Th1 lineage with IL-12 and
anti-IL-4 and the Th2 lineage with IL.-4 and anti-
Graphs were made and analyzed using Graph- IFNy in the presence of vehicle and IRX4204.
Pad Prism software. Results of iTreg cultures Supernatants showed similar levels of IFNg in
were analyzed by two-way ANOVA and Sidak’s Th1 cultures and IL-4, IL-5, and IL-13 in Th2 cul-
multiple comparison test. Results of Th17 cul- tures, suggesting that IRX4204 does not im-
tures were compared using one-way ANOVA pact the initial differentiation of these lineages
and Dunnett’'s multiple comparison test. EAE (data not shown).
curves were compared doing a Mann-Whitney
U test with the vehicle control treated group. All Treatment with RXR agonist IRX4204 amelio-
other analysis of two groups was done using a rates active EAE

Student’s t test.
As IRX4204 can impair Th17 and promote iTreg

Results differentiation in vitro, we examined if the
RXR activation by IRX4204 promotes iTreg administration of IRX4204 could impact on the
formation and inhibits Th17 generation development of EAE. For this, mice immunized

with MOG,, .. peptide emulsified in CFA and
Both 9-cis RA and all-trans retinoic acid (ATRA) pertussis toxin were monitored daily for dis-
enhance iTreg formation and inhibit Th17 dif- ease development. On day 7 after immuniza-
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Figure 2. Treatment with IRX4204 inhibits active EAE. Mice were immunized to induce EAE and treated daily with
50, 100, or 200 ug of IRX4204 or vehicle control IP starting day 7 after immunization. Scores were monitored over
time and P-values in comparison to the vehicle treated group are shown. Results are representative of 2 indepen-
dent experiments with n=6-8 mice/group (A). At the end of experiment vehicle and 200 ug IRX4204 treated groups
were used for further analysis. Cells from lymph nodes draining the immunization site and the CNS were pooled to
assess total numbers of CD4* and expression of FoxP3, CCR6, and CD49d in the periphery (B). Cells from lymph
node (C) and the CNS (D) were also re-stimulated to assess cytokine production by FACS. Significant P-values are
shown. Results using 200 ug dosing are representative of 3 independent experiments with n=6-8 mice/group.

tion they were divided into groups of approxi-
mately equal score and treated daily by IP
injection with 50, 100, or 200 ug of IRX4204 or
a vehicle control. At all dosing levels a statisti-
cally significant decrease in disease severity
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was observed with IRX4204 treatment; howev-
er, the greatest differences seen were with the
highest dose. This treatment regimen pro-
foundly ameliorated disease, preventing its pro-
gression for the duration of the experiment

Am J Transl Res 2016;8(2):1016-1026
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Figure 3. Treatment with IRX4204 inhibits Th17-me-
diated passive EAE. Mice were given encephalotigen-
ic CD4* T cells and pertussis toxin on day O and were
treated with 200ug of IRX4204 or vehicle control IP
daily starting day 1 after immunization (A). On day 10
after immunization, cells from spleen were analyzed
to determine CD4* T cell numbers (B), Treg frequency
(B), early and late apoptosis (C), and homing marker
expression (D). Significant P-values are indicated.
Results are representative of 3 independent experi-
ments (n=6 mice/group).
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(Figure 2A). On the basis of these findings, fur-
ther effects of IRX4204 were studied using the
highest dosage regimen.

At the end of the experiment mice treated with
vehicle or IRX4204 were used for further analy-
sis of peripheral and CNS-infiltrating CD4* T
cells. Consistent with the observed reduced
disease severity, total numbers of CD4* T cells
in the periphery were reduced (Figure 2B).
However, in contrast to our in vitro findings of
enhanced Treg frequency in the presence of
IRX4204, treatment in vivo resulted in a re-
duced frequency of Tregs (Figure 2B). Reflec-
tive of the reduction of total numbers of CD4* T
cells, we also observed significant reductions
in the total numbers of CD4* T cells producing
IL-17A, IFNy, and TNFa after re-stimulation
(Figure 2C). In the CNS the mean number of
CD4* T cells tended to decrease with IRX4204
treatment though it did not reach statistical sig-
nificance (Figure 2D). As such, there was also
minimal impact on the frequency of CD4* T
cells expressing the CNS homing markers CCR6
and CD49d in the periphery (Figure 2B). As EAE
severity is shown to be dependent on the ability
of Th17 cells to become Th1l cells [29], we also
re-stimulated CNS-infiltrating CD4* T cells to
assess their ability to produce IL-17A and IFNy.
We saw no differences with IRX4204 treatment
by frequency (Figure 2D) or numbers (data not
shown) of CD4* T cells producing IL-17A, IFNy, or
both of these two cytokines, suggesting
IRX4204 does not impact on the plasticity of
Th17 cells to become Thl in the CNS.

Treatment with IRX4204 attenuates Th17-me-
diated passive EAE and modulates peripheral
CD4* T cell phenotype and function

We also tested the effects of systemic treat-
ment with IRX4204 on passive EAE mediated
by encephalitogenic CD4* T cells skewed to-
ward a Th17 phenotype. In this model, treat-
ment began on day 1 and continued daily for
the duration of the experiment. Similar to our
findings with active EAE, mice treated with RXR
agonist are protected from disease develop-
ment (Figure 3A).

Mice were assessed on day 10 after immuniza-
tion (about peak of disease in vehicle-treated
mice) for effects on CD4* T cells. In the spleen,
CD4* T cell total numbers are similar between

Am J Transl Res 2016;8(2):1016-1026
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Figure 4. CD4* T cells from mice passively immunized for EAE are less activated with IRX4204 treatment. On day 10
after passive EAE immunization, spleens were analyzed by FACS for expression of the indicated markers. Analysis of
both FoxP3* (A) and FoxP3 (B) CD4* T cells is shown. Significant P-values are shown. Results are representative of

3 independent experiments (n=6 mice/group).

vehicle and IRX4204 treated groups (Figure
3B). Although we observed no differences in
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cell viability with the usage of IRX4204 in vitro,

another group reported that IRX4204 decreas-
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Figure 5. IRX4204 treated mice passively immunized for EAE have reduced numbers of CD4* T cells pro-inflamma-
tory cytokines in the periphery. On day 10 after passive EAE immunization, spleens were taken and re-stimulated
for expression of cytokines and transcription factors. Significant P-values are shown. Results are representative of

3 independent experiments (n=6 mice/group).

es CD4* T cell apoptosis [30]. Therefore we
investigated if IRX4204 can influence CD4* T
cell apoptosis in vivo in the context of EAE. We
found that early (Annexin V* 7AAD’) and late
(Annexin V* 7TAAD*) apoptosis in CD4* T cells
was not significantly different with treatment
(Figure 3C). IRX4204 treatment is also associ-
ated with slightly elevated expression of two
CNS homing markers expressed on CD4* T
cells, CCR6 and CD49d (Figure 3D), suggesting
the observed phenotype of decreased disease
severity is not due to inhibited migration to the
CNS.

Studies with 9-cis RA and docasohexaenoic
acid suggest that Tregs may be targets of RXR
activation [27, 31, 32]. In addition, deletion of
Nurrl and Nur77, two potential heterodimer
partners for RXR, implicates them as regulators
of Treg development and function [33-35].

1022

Furthermore we observed that IRX4204 treat-
ment is associated with a decreased Treg fre-
quency in both active and Th17-mediated pas-
sive EAE (Figure 3B). In an attempt to reconcile
this with the observed reduced disease severi-
ty seen with treatment, an analysis of several
markers associated with Treg phenotype and
function was done. Expression of CD25, which
is associated with Treg stability, increased
slightly but significantly with IRX4204 treat-
ment. Neuropillin-1 (Nrp-1) and Helios, markers
associated with natural Tregs as well as Treg
activation, were significantly decreased. IRX-
4204 treatment also decreased expression of
Ki-67, a marker of mitotic activity, and the co-
stimulatory marker GITR. Three additional
markers that contribute to Treg function, CTLA-
4, LAP, and CD39, were unchanged with treat-
ment. Overall these results suggest that Tregs
are less activated with IRX4204 treatment.

Am J Transl Res 2016;8(2):1016-1026
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Figure 6. CD4" T cells from the CNS of passively immunized EAE mice receiving IRX4204 treatment have responses
similar to controls. On day 10 after immunization, CNS tissue was processed for lymphocytes and re-stimulated for
expression of cytokines and transcription factors. Significant P-values are shown. Results are representative of 3

independent experiments (n=6 mice/group).

As IRX4204 treatment during EAE attenua-
tes disease severity and does not result in
enhanced Treg phenotype, we also analyzed
the FoxP3 CD4* T cell population (Figure 4B).
We found that CTLA-4 was significantly in-
creased in the IRX4204-treated group. This
expression can allow for both cell intrinsic and
extrinsic inhibition of CD4* T cell responses
[36, 37]. Consistent with this finding, the acti-
vation markers CD25, Nrp-1, Helios, and GITR
were reduced on FoxP3~ CD4* T cells with
IRX4204 treatment. Treatment also decreas-
ed mitotic activity in FoxP3- CD4* T cells as
assessed by Ki-67. This suggests that systemic
IRX4204 treatment decreases activation of
FoxP3 CD4* T cells.
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To further assess CD4* T cell function, cells
from spleens and CNS were re-stimulated in
vitro and assessed for the expression of cyto-
kines and transcription factors. In the periphery
we found that IRX4204 inhibited Th17 cell num-
bers in vivo as assessed by IL-17A production;
however, RORyt expression was not significant-
ly reduced (Figure 5). In addition, the number of
CD4* T cells producing IFNy and TNFa was
reduced. Consistent with the observed reduc-
tion in IFNy, CD4* T cells from mice receiving
IRX4204 treatment also expressed significantly
less T-bet. We also observed that the mean
number of CD4* T cells producing IL-4 tends to
increase with treatment although this fails to
reach statistical significance. In the CNS we
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found that the number of infiltrating CD4* T
cells was not significantly reduced with IRX-
4204 treatment (Figure 6). In addition, no dif-
ferences in the frequency of IL-17A and IFNy
cytokine production were observed. However,
RORyt expression by CD4 T cells was reduced
in mice treated with IRX4204, suggesting
that the Th17 lineage may be less stable in the
CNS.

Discussion

The findings presented here show that IRX4204
treatment profoundly inhibits both active and
passive EAE, suggesting it may be beneficial for
the treatment of multiple sclerosis. Previous
studies using the RXR agonists 9-cis RA, doco-
sahexaenoic acid, and tributyltin reported rela-
tively modest amelioration of active EAE [38-
40]. Considering the differences in the spe-
cificity of these agonists, our findings suggest
that activation of RXR-RAR and RXR-PPARy
are not necessary for attenuation of disease.
However, activation of other RXR heterodimers
such as RXR-Nurrl may be. Indeed, treatment
with isoxazolo-pyridinone 7e, an activator of the
Nurrl signaling pathway, attenuates active but
not passive EAE [41]. This result would be con-
sistent with some but not all of the effects of
IRX4204 being through RXR-Nurrl activation.

Studies utilizing a T cell lineage restricted domi-
nant negative RAR implicate RA binding to RAR
as playing a prominent role in directing Thl fate
commitment in models of allograft tolerance,
oral tolerance, and infection and diminishing
Th17 responses in response to alloantigen [42,
43]. Therefore we hypothesized that IRX4204
binding of RXR may influence CD4* T lineage
development and activation in a similar manner
as ligand binding to RAR. During EAE we
observed that IRX4204 treatment results in
reductions in IFNy, IL-17A, TNFx, and T-bet
expression in peripheral CD4* T cells. This sug-
gests RXR may be important in stabilizing Thl
and Th17 lineage commitment. Moreover, we
also observe that FoxP3* and FoxP3  CD4* T
cells from IRX4204 treated mice have de-
creased activation manifesting as reduced Ki-
67, GITR, Nrp-1, and Helios expression. Be-
cause CTLA-4 is known to have cell extrinsic
effects [36, 37], the increased expression of
CTLA-4 on FoxP3 CD4* T cells we observe may
also be contributing to this phenotype. This is
also consistent with the finding that treatment
with docosahexaenoic acid in an atopic derma-
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titis model causes increases in CTLA-4 mRNA
in CD4* T cells and attenuates disease severity
[31]. Overall, our data suggests that ligand
binding of RXR limits CD4* T cell activation and
destabilizes Th1l and Th17 lineage commitment
during active and passive EAE.

As differences in CD4* T cells were not as strik-
ing in the CNS with IRX4204 treatment, it is cer-
tainly possible that the main target of its activ-
ity in this tissue may be on additional cell types.
Work with IRX4204 in vitro has shown that it
reduces IL-6 and nitric oxide production by a
macrophage cell line in response to lipopoly-
saccharide [44]. It is possible that it may be
able to have similar effects on CNS macro-
phages and/or microglia in vivo. In addition,
9-cis RA promotes regeneration of myelin
sheath neurons in a toxin-induced model of
demyelination [12]. If this ability is mediated
through RXR, and not RAR, it is possible
IRX4204 may also have the same ability during
EAE. This will be the subject of future studies
examining the mechanism of action of IRX4204
treatment during neuroinflammation.
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