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Summary

Multiple sclerosis (MS) is an immune-mediated chronic central nervous
system (CNS) disease affecting more than 400 000 people in the United
States. Myelin-reactive CD4 T cells play critical roles in the formation of
acute inflammatory lesions and disease progression in MS and experimental
autoimmune encephalomyelitis (EAE), a well-defined mouse model for MS.
Current MS therapies are only partially effective, making it necessary to
develop more effective therapies that specifically target pathogenic myelin-
specific CD4 T cells for MS treatment. While suppressing T-bet, the key tran-
scription factor in T helper type 1 (Th1) cells, has been demonstrated to be
beneficial in prevention and treatment of EAE, the therapeutic potential of
retinoic acid-related orphan receptor gamma t (ROR)γt, the key transcrip-
tion factor for Th17 cells, has not been well-characterized. In this study, we
characterized the correlation between RORγt expression and other factors
affecting T cell encephalitogenicity and evaluated the therapeutic potential of
targeting RORγt by siRNA inhibition of RORγt. Our data showed that RORγt
expression correlates with interleukin (IL)-17 production, but not with the
encephalitogenicity of myelin-specific CD4 T cells. IL-23, a cytokine that
enhances encephalitogenicity, does not enhance RORγt expression signifi-
cantly. Additionally, granulocyte–macrophage colony-stimulating factor
(GM-CSF) levels, which correlate with the encephalitogenicity of different
myelin-specific CD4 T cell populations, do not correlate with RORγt. More
importantly, inhibiting RORγt expression in myelin-specific CD4 T cells with
an siRNA does not reduce disease severity significantly in adoptively trans-
ferred EAE. Thus, RORγt is unlikely to be a more effective therapeutic target
for ameliorating pathogenicity of encephalitogenic CD4 T cells.
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Introduction

Multiple sclerosis (MS) is the leading cause of neurological
disability in the United States in young adults after trauma,
thus most patients suffer from the effects of MS for most of
their adult life. Myelin-reactive CD4 T cells play an impor-
tant role in the formation of acute inflammatory MS lesions
and disease progression [1,2]. However, current MS thera-
pies are only partially effective, making it necessary to
develop more effective and specific therapies targeting
pathogenic myelin-specific CD4 T cells for MS treatment.
To this end, recent studies have focused on the identifica-

tion of molecules that are specifically expressed in patho-
genic myelin-specific CD4 T cells but not in other non-
pathogenic cell populations, and on the evaluation of their
therapeutic potential by suppressing those differentially
expressed molecules during experimental autoimmune
encephalomyelitis (EAE) development.

Naive CD4 T helper cells differentiate into different CD4
T effector lineages after antigen encounter, including T
helper type 1 (Th1), Th2 and Th17 cells. When the envi-
ronment is rich in interleukin (IL)-12 and/or interferon
(IFN)-γ, naive CD4 T cells differentiate into IFN-γ-
producing Th1 cells, driven by the transcription factor
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T-bet. Similarly, IL-4 induces IL-4-producing Th2 cells
mediated by the transcription factor GATA binding protein
3 (GATA3) [3–8]. IFN-γ-producing Th1 CD4 cells were
first shown to be pathogenic in EAE [3,9–12], while later
IL-17-producing Th17 cells have been identified as a patho-
genic population in EAE development [13]. However,
IFN-γ, the Th1 signature cytokine, was shown subsequently
to be dispensable for T cell encephalitogenicity and EAE
development [14–17], while suppressing the Th1 transcrip-
tion factor T-bet in myelin-specific CD4 T cells has been
shown to ameliorate EAE [18–21], emphasizing the impor-
tance of lineage-specific transcription factors in regulating
T cell encephalitogenicity and EAE development. Similarly,
the contribution of IL-17, the Th17 signature cytokine, to
EAE development is controversial, with one study showing
that IL-17 plays a role in disease severity [22], while
another study shows IL-17 does not contribute vitally [23].
Recently, retinoic acid-related orphan receptor gamma t
(RORγt) has been explored as a therapeutic target for MS.
Although RORγt–/– mice are resistant to EAE induction by
immunization [24], the fact that RORγt–/– mice lack all
peripheral lymph nodes (LNs) [24–26] compromises both
the ability of those mice to prime T cells and the interpre-
tation of this study. Furthermore, although RAG2–/– mice
reconstituted with RORγt –/– CD4 T cells are resistant to
EAE [24], they do not reveal the therapeutic potential of
suppressing RORγt in treating MS patients. More recently,
some small molecule compounds have been reported to
suppress RORγt activity in EAE [27,28]; however, the
preventative studies showed only minimal benefit in
ameliorating EAE.

To determine if RORγt could be a better therapeutic
target for MS, we first compared RORγt expression in
encephalitogenic and non-encephalitogenic myelin-specific
CD4 T cells. We then determined whether IL-23, the
cytokine that increases T cell encephalitogenicity and
enhances EAE development, up-regulates RORγt expres-
sion. Furthermore, we defined the relationship between
RORγt and granulocyte–macrophage colony-stimulating
factor (GM-CSF) expression. Moreover, we used a siRNA
specific for RORγt to achieve RORγt inhibition in myelin-
specific CD4 T cells, followed by adoptive transfer, to deter-
mine whether suppressing RORγt in myelin-specific CD4 T
cells reduces their encephalitogenicity.

Materials and methods

Animals

B6/wild-type (WT), B6/IFN-γ–/– and B6/T-bet–/– mice were
purchased from the Jackson Laboratory and bred in a spe-
cific pathogen-free animal facility at Ohio State University
(OSU) Wexner Medical Center. B10.PL mice transgenic for
the myelin basic protein (MBP) Ac1-11-specific T cell
receptor (TCR) chains Vα2·3 or Vβ8·2 were a gift from

J. Goverman [29]. All animal protocols were approved by
the OSU Institutional Animal Care and Use Committee.

In-vitro transfection with siRNA

Synthetic siRNAs were purchased from ThermoFisher Sci-
entific (Fremont, CA, USA), and stocks were prepared in
the RNase-free H2O at 160 μM. Splenocytes from naive
Vα2·3/Vβ8·2 TCR transgenic mice or IFN-γ–/– Vα2·3/Vβ8·2
TCR transgenic mice were transfected with siRNA-NS,
siRNA-RORγt (5′-GGUAGAUGGGAUAGAGAUAUU-3′) or
siRNA-Tbet, as described previously [19,20]. After over-
night transfection, the cells were washed and stimulated
with 2 μg/ml of MBP Ac1-11 in the presence of WT, non-
transfected and irradiated splenocytes at a ratio of 1 : 5 for
1–3 days.

In-vitro culture of splenocytes from TCR
transgenic mice

Splenocytes were prepared from naive 5–10-week-old
Vα2·3/Vβ8·2 TCR transgenic mice and cultured in 24-well
plates at 2 × 106 cells/well with irradiated B10.PL
splenocytes (6 × 106 cells/well). Cells were activated with
MBP Ac1-11 (2 μg/ml) and different combinations of
cytokines or neutralizing antibodies for cytokines to differ-
entiate effector T helper cells. Cytokines and antibody con-
centrations were as follows: 0·5 ng/ml IL-12, 25 ng/ml IL-6,
1 ng/ml transforming growth factor (TGF)-β1, 2 μg/ml
anti-IFN-γ, 1 μg/ml anti-IL-12, 2 μg/ml anti-IL-4 and
0·35 μg/ml anti-TGF-β [20].

EAE induction

Immunization. Eight–10-week-old B6/IFN-γ–/– mice were
injected subcutaneously (s.c.) over four sites in the flank
with 200 μg myelin oligodendrocyte glycoprotein (MOG)
35–55 (C S bio) in an emulsion with complete Freund’s
adjuvant (CFA) (Difco, Becton Dickinson Co., Franklin
Lakes, NJ, USA). Pertussis toxin (200 ng) (List) per
mouse in phosphate-buffered saline (PBS) was injected
intraperitoneally (i.p.) at the time of immunization and
48 h later.

Adoptive transfer. Splenocytes were isolated from naive
5–10-week-old Vα2·3/Vβ8·2 TCR transgenic mice or IFN-
γ–/– Vα2·3/Vβ8·2 TCR transgenic mice. The cells were first
transfected with siRNA-NS, siRNA-RORγt or siRNA-T-bet
overnight and activated with 2 μg/ml of MBP Ac1-11 in
24-well plates at 2 × 106 cells/well with irradiated B10.PL
splenocytes (6 × 106 cells/well). After 72 h, the cells were
washed with PBS and 5 × 106 cells were injected i.p. into
naive B10.PL mice. The mice were evaluated daily for clini-
cal signs of EAE. Mice were scored on scale of 0 to 6: 0, no
clinical disease; 1, limp/flaccid tail; 2, moderate hind limb
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weakness; 3, severe hind limb weakness; 4, complete hind
limb paralysis; 5 quadriplegia or premoribund state; and 6,
death.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed to detect the expression of GM-CSF
and IL-3 in supernatant. Supernatants were collected from
B6/WT, B6/IFN-γ–/– or B6/T-bet–/– splenocytes cultured at
4 × 106 cells/well in 24-well plates. Purified anti-mouse
GM-CSF primary antibody (R&D Systems, Minnealpolis,
MN, USA) was diluted in 0·1 M NaHCO3 (pH 8·2) at 2 μg/
ml. Immunolon II plates (Dynatech Laboratories, Chantilly,
VA, USA) were coated with 50 μl of primary antibodies per
well and incubated overnight at 4°C. The plates were
washed twice with PBS/0·05% Tween 20, and were then
blocked with 200 μl of 1% bovine serum albumin (BSA) in
PBS per well for 2 h. The plates were washed twice with
PBS/0·05% Tween 20, and 100 μl of supernatants were
added in duplicate. The plates were incubated overnight at
4°C and washed four times with PBS/0·05% Tween 20.
Biotinylated rat anti-mouse secondary antibody (R&D
Systems) were diluted in PBS/1% BSA, 100 μl of 1 μg/ml
biotinylated antibody was added to each well, and plates
were incubated at room temperature for 1 h. The plates
were washed six times with PBS/0·05%Tween 20, and 100 μl
avidin–peroxidase was added at 2·5 μg/ml and incubated
for 30 min. The plates were washed eight times with
PBS/0·05% Tween 20 and 100 μl ABTS (2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) substrate con-
taining 0·03% H2O2 was added to each well. The plate was
monitored for 10–20 min for colour development and read
at A 405. A standard curve was generated from GM-CSF
standard, and the GM-CSF concentration in the samples
was calculated.

Intracellular staining and flow cytometric analysis

Flow cytometric analysis was performed to evaluate
cytokine production, T-bet and RORγt expression in CD4 T
cells, as described previously [20]. Briefly, splenocytes were
activated with antigen or αCD3/CD28. For the last 4–5 h of
the incubation, 50 ng/ml phorbol myristate acetate (PMA)
and 750 ng/ml ionomycin were added to cells for cytokine
staining. 1 μl/ml GolgiPlug was added to each well to
block cytokine secretion 4 h before staining. Cells were then
collected, washed and resuspended in staining buffer (1%
BSA in PBS). The cells were incubated with monoclonal
antibodies (mAbs) to the cell-surface markers for 30 min at
4°C. After washing twice with staining buffer, cells were
fixed and permeabilized using Cytofix/Cytoperm solution
for 20 min (BD buffer for cytokine staining and T-bet stain-
ing; BD Biosciences, San Jose, CA, USA) or 60 min
(eBioscience buffer for RORγt staining; eBioscience, San
Diego, CA, USA) at 4°C. Cells were stained for intracellular

cytokines, T-bet or RORγt with mAb diluted in PermWash
solution for 30 min at 4°C; 80 000–100 000 live cell events
were acquired on a fluorescence activated cell sorter
(FACS)Canto (BD) and analysed using FlowJo software
(Tree Star, Inc., Ashland, OH, USA). Phycoerythrin (PE)-
anti-IL-17, allophycocyanin (APC)-anti-IFN-γ, peridinin
chlorophyll (PerCP)-anti-CD4 and Pacific Blue-anti-CD44
were purchased from BD Biosciences. Fluorescein
isothiocyanate (FITC)-anti-T-bet was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); PE-anti-
RORγt was purchased from eBioscience.

Statistical analysis

A statistically significant difference in EAE clinical scores
was considered to be P < 0·05, as determined by Mann–
Whitney U-test. The Mann–Whitney U-test is non-
parametric, and therefore accounts for the fact that EAE
scores are ordinal and not interval-scaled.

Results

RORγt is expressed in both encephalitogenic and
non-encephalitogenic myelin-specific CD4 T cells

We first determined whether RORγt is expressed differen-
tially in encephalitogenic and non-encephalitogenic myelin-
specific CD4 T cells. The combination of TGF-β1 and IL-6
in vitro induces the expression of the transcription factor
RORγt, leading to IL-17 production [24,30–34]. However,
we and others demonstrated that myelin-specific Th17 cells
differentiated with TGF-β1 and IL-6 are not encephalito-
genic, as they fail to transfer disease following adoptive
transfer [20,35–37]. However, IL-6, in the absence of Th1
and Th2 differentiating signals, differentiates naive CD4 T
cells into encephalitogenic Th17 cells, which transfer disease
as efficiently as conventional Th1 cells [20,35,36]. We previ-
ously identified an encephalitogenic CD4 T cell population
that produces minimal amounts of IL-17, and no IFN-γ,
when anti-TGF-β is added with IL-6 + αIL-12/IFN-γ/IL-4
[20]. This population is highly encephalitogenic when uti-
lized in adoptively transferred EAE. Using splenocytes from
naive TCR transgenic mice expressing TCR genes Vα2·3/
Vβ8·2 that recognize MBP Ac1-11, these three Th cell popu-
lations were generated, as well as IL-12-differentiated Th1
cells, and IL-17, RORγt and T-bet expression was analysed.
As we expected, the non-encephalitogenic Th17 cells acti-
vated with MBP Ac1-11 plus TGF-β1/IL-6 had the highest
IL-17-producing population (25%), the encephalitogenic
Th17 cells activated with MBP Ac1-11 plus IL-6 + αIL-12/
IFN-γ/IL-4 had a modest but significant IL-17-producing
population (14%), while the encephalitogenic CD4 T cells
activated with MBP Ac1-11 plus IL-6 + αIL-12/IFN-γ/IL4/
TGF-β had a minimal IL-17-producing population
(4%), and Th1 cells differentiated with IL-12 had no
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IL-17-producing cells (Fig. 1a). T-bet expression was
highest in Th1 cells and modest in encephalitogenic Th17
cells differentiated with IL-6 + αIL-12/IFN-γ/IL-4 and
encephalitogenic CD4 T cells differentiated with IL-6 +
αIL-12/IFN-γ/IL-4/TGF-β, but almost undetectable in non-
encephalitogenic Th17 cells differentiated with TGF-β1/
IL-6. In contrast, RORγt was expressed in all four myelin-
specific CD4 T cell populations, with the non-
encephalitogenic Th17 cells differentiated with TGF-β1/
IL-6 having the highest RORγt expression (57%), and Th1
cells having the lowest expression (5%), while encephalito-
genic Th17 cells differentiated with IL-6 + αIL-12/IFN-γ/
IL-4 and encephalitogenic CD4 T cells differentiated with
IL-6 + αIL-12/IFN-γ/IL-4/TGF-β, having modest levels of
RORγt, 13 and 6% respectively (Fig. 1b). These data indi-
cate that RORγt expression is expressed in both encepha-
litogenic and non-encephalitogenic myelin-specific CD4 T
cells, and RORγt expression level does not correlate with
encephalitogenicity (Table 1).

RORγt expression is not IL-23-dependent

IL-23 is a critical cytokine for T cell encephalitogenicity and
EAE development [13,38]. Exogenous IL-23, when added
into the culture of myelin-specific CD4 T cells generated in
immunized mice, favours expansion of Th17 cells which are
highly encephalitogenic following adoptive transfer [39].
Therefore, we determined whether IL-23 enhances RORγt
expression in pathogenic myelin-specific CD4 T cells from
mice with spontaneous EAE. Splenocytes from TCR trans-
genic mice that developed spontaneous EAE were cultured
with MBP Ac1-11, MBP Ac1-11 + IL-23 or MBP Ac1-
11 + IL-12. Flow cytometric analysis demonstrated that
there was no significant change in RORγt levels between the
antigen-only group and antigen plus IL-23 group (Fig. 2a),
while ELISA analysis showed that the addition of IL-23 sig-
nificantly increased IL-17 production from myelin-specific
CD4 T cells (Fig. 2b), suggesting that RORγt expression is
not influenced by IL-23.
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Fig. 1. Retinoic acid-related orphan receptor

gamma t (RORγt) is expressed in both

encephalitogenic and non-encephalitogenic

myelin-specific CD4 T cells. Splenocytes from

naive T cell receptor (TCR) Vα2·3/Vβ8·2

transgenic mice were activated in vitro with

myelin basic protein (MBP) Ac1-11 plus

different cytokines for 3 days to differentiate

different lineages of myelin-specific CD4 T cells.

Transforming growth factor (TGF)-β1 and

interleukin (IL)-6 were used to differentiate

non-encephalitogenic T helper type 17 (Th17)

cells, while IL-6 plus neutralizing antibodies to

interferon (IFN)-γ, IL-4 and IL-12 were used to

differentiate encephalitogenic Th17 cells. IL-6

plus neutralizing antibodies to IFN-γ, IL-4,

IL-12 and TGF-β were used to differentiate

encephalitogenic CD4 T cells with minimal

levels of IL-17 but no IFN-γ production; and

IL-12 was used to differentiate Th1 cells. Cells

were harvested at 72 h after activation and

analysed by flow cytometry for IL-17 and IFN-γ
production (a), RORγt and T-bet expression

(b). Cells were gated on CD4+ T cells. Data are

representative of multiple independent

experiments.

Table 1. Retinoic acid-related orphan receptor gamma t (RORγt) expression and encephalitogenicity of CD4 T helper cells.

RORγt

expression (%)

Incidence

of EAE

Mean day

of onset

Maximum

clinical score

Mean clinical score

on day of onset

Th1 (IL-12) 5 5/6(83%) 7·2 4 2·4

Th17 (TGF-β1 + IL-6) 57 0/12(0%) n.a. n.a. n.a.

Th17 (IL-6 + αIL-12/IFN-γ/IL-4) 13 9/9(100%) 6·6 6 2·2

Th cells (IL-6 + αIL-12/IFN-γ/IL-4/TGF-β) 6 4/5(80%) 6·3 4 1·8

Th1 = T helper type 1; IL = interleukin; TGF = transforming growth factor; IFN = interferon; n.a. = not applicable.
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Because myelin-specific CD4 T cells from immunized
B6/IFN-γ–/– mice produce large amounts of IL-17 and
no IFN-γ, B6/IFN-γ–/– mice were immunized with MOG
35–55 to generate myelin-specific IL-17-producing cells.
Splenocytes were isolated on day 21 after immunization and
activated with MOG 35–55 in the presence or absence of
IL-12 or IL-23. Similar to that observed in WT mice, exog-
enous IL-23 significantly expanded the IL-17-producing
population in IFN-γ–/– myelin-specific CD4 T cells (from 10
to 24%), while IL-12 did not (from 10 to 12%) (Fig. 2c).
However, IL-23 did not significantly enhance RORγt expres-
sion in IFN-γ–/– CD4 T cells (Fig. 2d). Interestingly, IL-12
treatment, which was shown previously to enhance the
encephalitogenicity of myelin-specific CD4 T cells [12],
reduced RORγt expression (Fig. 2a,d). These data indicate
that in the absence of IFN-γ, RORγt expression in myelin-
specific CD4 T cells is not influenced by IL-23.

RORγt expression does not correlate with
GM-CSF production

To determine further whether the key molecules of the Th1
pathway, IFN-γ or T-bet, modulate RORγt expression, we
compared RORγt expression in three mouse strains, B6/WT,
B6/IFN-γ–/– and B6/T-bet–/–. Additionally, GM-CSF has been
shown recently to be important for EAE development [40–
43], and GM-CSF produced by autoreactive CD4 T cells is
critical for T cell encephalitogenicity [42,43]. However, the
role of RORγt in regulating GM-CSF production by CD4 T
cells is debated. Thus, we also compared the GM-CSF
expression in CD4 T cells from B6/WT, B6/IFN-γ–/– and
B6/T-bet–/– mice, cultured with different cytokines to deter-
mine the relationship between RORγt expression and
GM-CSF production. Splenocytes from naive B6/WT,
B6/IFN-γ–/– and B6/T-bet–/– mice were activated with
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Splenocytes from T cell receptor (TCR) transgenic mice that developed spontaneous experimental autoimmune encephalomyelitis (EAE) were

isolated and cultured with myelin basic protein (MBP) Ac1-11, MBP Ac1-11 + interleukin (IL)-23 or MBP Ac1-11 + IL-12 for 72 h. RORγt

expression was analysed by flow cytometry (a) and IL-17 production was analysed by enzyme-linked immunosorbent assay (ELISA) (b). (c,d)
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(CFA). Splenocytes were isolated on day 21 after immunization and stimulated with MOG 35–55, MOG 35–55 plus IL-12 or MOG 35–55 plus IL-23

for 3 days. IL-17 production (c) and RORγt expression (d) were analysed by flow cytometry. Cells were gated on CD4+ T cells. Data are

representative of multiple independent experiments.
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αCD3/CD28 alone (neutral), αCD3/CD28 plus IL-12 (Th1
condition), αCD3/CD28 plus TGF-β1 + IL-6 + αIL-12/
IFN-γ/IL-4 (non-encephalitogenic Th17 condition), or
αCD3/CD28 plus IL-6/αIL-12/IFN-γ/IL-4 (encephalito-
genic Th17 condition). As shown in Fig. 3a, RORγt was
expressed in CD4 T cells from all three strains of mice,
albeit at different levels. Interestingly, B6/IFN-γ–/– and B6/T-
bet–/– cells, which produce high levels of IL-17 and no
IFN-γ, had substantially lower levels of RORγt expression
compared to the WT mice that produce both IL-17 and
IFN-γ. This suggests that RORγt expression is not positively
regulated by the absence of Th1-associated transcription
factors. Although TGF-β1 and IL-6 induced the highest
levels of RORγt expression in CD4 cells from WT (85%),
IFN-γ–/–(66%) and T-bet–/– (90%) mice (Fig. 3a), GM-CSF
production was almost abolished in TGF-β1/IL-6-induced
CD4 T cells from all three mice strains (Fig. 3b), suggesting
that differentiation with TGF-β1 and IL-6, although induc-
ing the highest levels of RORγt expression, significantly
inhibits the production of the pathogenic cytokine GM-CSF

by CD4 T cells. This inverse correlation between RORγt
expression and GM-CSF production suggests that RORγt is
not a positive regulator of GM-CSF production by CD4 T
cells, as described previously [43].

Suppressing RORγt expression does not reduce T cell
encephalitogenicity significantly

siRNA is an efficient way of suppressing gene expression
and exogenous siRNA has been used extensively to inhibit/
silence target gene expression and explored recently in clini-
cal trials for human diseases [44,45]. To evaluate the
suppressive efficiency of siRNA-RORγt, a siRNA specifically
targeting Rorc, the gene encoding for RORγt, siR-RORγt was
transfected into splenocytes of WT/B6 mice and then differ-
entiated with αCD3/CD28 plus TGF-β1 and IL-6. As
expected, cells transfected with a control non-sense siRNA
(siRNA-NS) and activated with TGF-β1 and IL-6 had
the highest RORγt expression with a geometric mean
of 465, while siRNA-NS transfected cells activated with
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Fig. 3. Retinoic acid-related orphan receptor

gamma t (RORγt) is expressed in CD4 T cells
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T-bet–/– mice, but does not correlate with

granulocyte-macrophage colony-stimulating

factor (GM-CSF) production. Splenocytes from

naive B6/WT, B6/IFN-γ–/– and B6/T-bet–/– mice

were activated with αCD3/CD28, αCD3/CD28

plus interleukin (IL)-12, αCD3/CD28

plus transforming growth factor
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2 days. RORγt expression was determined by

flow cytometry (a). Cells were gated on CD4+ T

cells. Supernatant was collected 48 h after

activation and GM-CSF production was

analysed by enzyme-linked immunosorbent

assay (ELISA) (b). Data are representative of

multiple independent experiments.

Impact of suppressing RORγt in CNS autoimmunity

113© 2014 British Society for Immunology, Clinical and Experimental Immunology, 179: 108–118



αCD3/CD28 alone have the lowest RORγt expression with a
geometric mean of 68. siRNA-RORγt efficiently inhibited
RORγt expression, as shown by a significant decrease of the
geometric mean in siRNA-RORγt-transfected CD4 T cells
differentiated with TGF-β1 and IL-6, compared to siRNA-
NS-treated cells under the same conditions (geometric
mean: from 465 to 175) (Fig. 4a), indicating that siRNA-
RORγt effectively suppresses RORγt expression in Th17
cells.

To determine the extent to which inhibiting RORγt
expression alters the encephalitogenicity of myelin-specific
CD4 T cells, splenocytes from naive myelin-specific TCR
transgenic mice were transfected with siRNA-NS, siRNA-
RORγt or siRNA-Tbet, activated with MBP Ac1-11 for 3
days, and transferred into naive B10.PL recipient mice.
Although RORγt expression is significantly lower in CD4 T
cells activated under Th neutral conditions than Th17 dif-
ferentiating conditions, the transfection of siRNA-RORγt
leads to a ∼50% reduction of RORγt-expressing cells (from
12·1 to 5·8%) (Supporting information, Fig. S1a). However,
IL-17-producing cells were not reduced significantly

(Supporting information, Fig. S1b). As shown in Fig. 4b,
the disease onset and severity were similar between the
mice receiving siRNA-NS- and siRNA-RORγt-transfected
myelin-specific CD4 T cells, while the delayed disease onset
and a significant decrease in disease severity was observed
only in mice receiving siRNA-Tbet-treated myelin-specific
CD4 T cells (Fig. 4b), suggesting that suppressing RORγt
expression in myelin-specific CD4 T cells does not reduce
T cell encephalitogenicity significantly, especially when
compared to myelin-specific CD4 T cells treated with
siRNA-Tbet.

As RORγt is the key transcription factor regulating IL-17
production in CD4 T cells and IFN-γ–/– CD4 T cells produce
large amounts of IL-17 [20], we determined whether or not
RORγt is critical for the encephalitogenicity of IFN-γ–/–

myelin-specific CD4 T cells. Splenocytes from naive IFN-γ–/–

TCR transgenic mice were transfected with siRNA-NS or
siRNA-RORγt, activated with MBP Ac1-11 for 3 days and
transferred into naive B10.PL recipient mice. The superna-
tants were analysed for GM-CSF and IL-3 production.
As shown in Fig. 4c, there is no difference in GM-CSF
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production between siRNA-NS- and siRNA-RORγt-
transfected cells. Similarly, the production of IL-3, a gene
which is linked closely with the GM-CSF coding gene csf2,
was also not altered significantly, indicating that RORγt is
not critical to the regulation of the GM-CSF/IL-3 loci. As
shown in Fig. 4d, there was no significant difference in
disease onset, incidence or severity in siRNA-RORγt-
transfected cells. Taken together, our data suggest that
RORγt is unlikely to be a more effective therapeutic target
for MS therapy.

Discussion

Although there have been important advances in MS treat-
ment in the past several years, most MS therapies target a
broad spectrum of cell populations instead of encephalito-
genic T cells and are only partially effective. This study was
intended to determine whether or not suppressing RORγt
could serve as a more effective treatment for MS by target-
ing encephalitogenic CD4 T cells only. RORγt, a thymus-
specific isoform of RORγ, is required for IL-17 production
in CD4 T cells. Forced expression of RORγt induces IL-17
expression in naive CD4 T cells [24]. RORγt binds directly
to the IL-17 promoter, and this binding is sufficient for acti-
vation of the minimum promoter in the HEK 293T cells
[46], suggesting that RORγt is one of the transcription
factors that directly control IL-17 production. However, at
present, no definitive studies support the premise that
RORγt is a more effective and specific therapeutic target.
RORγt is essential for the generation of fetal lymphoid
tissue inducer cells (LTi) [47], and required for the develop-
ment of lymph nodes and Peyer’s patches [25,26]. As a
result, RORγt–/– mice lack all peripheral lymph nodes, which
make it unclear that the EAE disease resistance observed in
RORγt–/– mice is caused by RORγt deficiency in T cells or
due to the lack of lymph nodes in those mice. Therefore, to
determine the therapeutic potential of RORγt in ameliorat-
ing EAE, a siRNA specific for RORγt was used to inhibit
RORγt expression in myelin-specific CD4 T cells followed
by adoptive transfer into naive recipient mice. Unlike induc-
ing EAE in genetic deficient mice, siRNA-RORγt does not
completely silence RORγt gene expression in myelin-specific
CD4 T cells, which provides a better evaluation from a
therapeutic viewpoint, as no therapy will abolish RORγt
expression completely. Our data showed that RORγt inhibi-
tion did not reduce disease severity significantly in adop-
tively transferred EAE. We performed our experiments in
mice with two different genetic backgrounds, B10.PL and
C57/B6, as our TCR transgenic mice were on a B10.PL
background while T-bet and IFN-γ-deficient mice were on a
C57/B6 background. Both mouse strains are used com-
monly in EAE studies. EAE was induced in B10.PL mice by
immunization with MBP Ac1-11, while in C57/B6 mice
with MOG 35–55. The use of two different mouse strains
ensures that the effects we observed are not specific to

immunizing peptide or major histocompatibility complex
(MHC) of a specific mouse strain. Similarly, we used both
antigen stimulation and polyclonal stimulation with anti-
CD3/CD28 to activate CD4 T cells, which showed similar
effects.

GM-CSF has been shown to be crucial for EAE develop-
ment [40,42,43]. Myelin-specific CD4 T cells from
immunized mice, when cultured with myelin antigens and
αIFN-γ/IL-12, are mainly GM-CSF-producing cells and
highly encephalitogenic following adoptive transfer into
naive recipients [43]. Furthermore, GM-CSF production by
Th1 and Th17 cells is required for their encephalitogenicity,
as neither GM-CSF–/– Th1 cells nor GM-CSF–/– Th17 cells
transfer EAE adoptively. Although IL-23 and IL-1β have
been shown to up-regulate GM-CSF production by Th17
cells, the role of RORγt in regulating GM-CSF production
in CD4 T cells remains controversial. One study showed
that RORγt–/– CD4 T cells produce minimal amounts of
GM-CSF, even under GM-CSF-skewing conditions, while
CD4 T cells transduced retrovirally with RORγt have
increased GM-CSF production, suggesting that RORγt
drives GM-CSF production in CD4 T helper cells [43].
However, another study showed that RORγt–/– CD4 T cells
activated in vitro produced similar or more GM-CSF com-
pared to WT cells, depending on the cytokine environment,
suggesting that RORγt is not required for GM-CSF produc-
tion [42]. In the current study, CD4 T cells differentiated
with TGF-β1 and IL-6 have the highest levels of RORγt
expression, but produce almost no GM-CSF, which suggests
that RORγt does not drive GM-CSF production. Moreover,
siRNA-RORγt transfection did not change the production
of GM-CSF or IL-3. Similar to Th1 cells, the encephalito-
genic Th17 cells induced by IL-6 in the absence of Th1- and
Th2-differentiating signals produce considerable amounts
of GM-CSF, suggesting that inhibition of GM-CSF produc-
tion in CD4 T cells by TGF-β1 and IL-6 may contribute to
the lack of encephalitogenicity of TGF-β1/IL-6-induced
natural Th17 (nTh17) cells. On a related note, TGF-β3 and
IL-6 were shown recently to contribute to the induction of
pathogenic Th17 cells, which was associated with enhanced
GM-CSF expression [48]. However, it remains unclear how
TGF-β1 and TGF-β3 signalling would result in different T
cell phenotypes, as they share the same receptor.

During the search of encephalitogenic factor(s) regulat-
ing myelin-specific CD4 T cells in the past several decades,
T-bet was shown originally to be critical for T cell
encephalitogenicity. T-bet–/– mice were resistant to EAE
induced by active immunization [49]. In-vitro and in-vivo
suppression of T-bet by siRNA inhibited EAE development
[18], and therapeutic administration of siRNA to T-bet sig-
nificantly improved the clinical course of established EAE
[19]. However, recent studies have challenged this concept,
and suggested that T-bet is not universally required for T
cell encephalitogenicity [50–52]. Contrary to previous data,
T-bet-deficient mice have been shown recently to be fully
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susceptible to EAE induction by immunization. Further-
more, T-bet is shown to be absolutely required for the
encephalitogenicity of Th1 cells, but not Th17 cells.
Together, all these data suggested that pathogenic myelin-
reactive T cells are heterogenetic, and therefore there might
be different major determinants of T cell encepha-
litogenicity for different pathogenic myelin-reactive T
populations, which makes the search for therapeutic targets
even more complicated.

The traditional concept of CD4 T cell differentiation is
that each CD4 T lineage has its own master transcription
factor and signature cytokines, such as T-bet for IFN-γ-
producing Th1, GATA3 for IL-4-producing Th2 and RORγt
for IL-17-producing Th17 cells. However, recent studies
have challenged this concept [53]. Several lineage specific
transcription factors are expressed in more than one
lineage. For example, T-bet is the master transcription
factor for Th1 differentiation and IFN-γ production in Th1
cells, but it is also expressed in encephalitogenic Th17 cells
[20,54] and contributes to the encephalitogenicity of Th17
cells [20]. Similarly, Bcl-6, the key transcription factor for T
follicular helper cells (Tfh) [55,56], is also expressed in
early-stage Th1 cells [57,58], although the detailed function
in Th1 cells have not been well characterized. These data
suggest that lineage-defining transcription factors have
functions beyond driving lineage-specific cytokine produc-
tion. Therefore, it is important to determine the possible
roles of each key transcription factor in regulating T cell
encephalitogenicity. Although genetic deletion of RORγt
results in the loss of disease susceptibility, therapeutically
targeting RORγt is unlikely to be a more effective strategy
for ameliorating immune-mediated demyelinating disease.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Splenocytes from naive T cell receptor (TCR)
Vα2·3/Vβ8·2 transgenic mice were transfected with
siRNA-NS and siRNA-RORγt for 18 h. The cells were then
activated with myelin basic protein (MBP) Ac1-11 for
3 days. RORγt expression and cytokine production
[interleukin (IL)-17 and IFN-γ] was analysed by flow
cytometry. Data are representative of multiple independent
experiments.
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