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development of spontaneous autoimmunity.

Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the central nervous system (CNS) that is thought to be driven
by pathogenic CD4" Th cells (1, 2). Experimental autoimmune
encephalomyelitis (EAE) is an animal model that recapitulates
many of the clinical and pathological features of MS (3, 4). Mul-
tiple different models of EAE have been developed in different
animal species; most of them depend on immunization of suscep-
tible animals with a myelin antigen in CFA (3, 5, 6). More recently,
TcR transgenic mice have been generated for myelin basic protein
(MBP) and proteolipid protein (PLP) on PL/J and SJL backgrounds,
respectively; these TcR transgenic mice develop spontaneous
paralytic disease without any need for immunization, with inflam-
matory lesions that are uniformly distributed throughout the optic
nerves, brain, and spinal cords (7, 8). We also generated myelin
oligodendrocyte glycoprotein-specific (MOG-specific) TcR trans-
genic mice (2D2) on a C57BL/6 background; very few, if any, of
these mice develop spontaneous EAE, but approximately 50% of
these MOG-TcR transgenic mice develop spontaneous optic neuri-
tis (9). When 2D2 TcR transgenic mice are crossed onto MOG-spe-
cific B cell receptor “knockin” mice (named TH), approximately
60% of these mice develop spontaneous disease by 6 weeks of age
(10). The inflammatory lesion distribution in these 2D2xTH mice
with spontaneous disease is generally restricted to the optic nerve
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in complete resistance to the development of spontaneous EAE. Our data identify a previously unappreciated role for
IL-21in EAE and reveal that IL-21-mediated signaling supports generation and stabilization of pathogenic Th17 cells and

and spinal cord while sparing the brain; hence, the disease is to
some extent similar to a subtype of MS called neuromyelitis optica
(NMO) or Devic’s disease (10). Thus, in the 2D2xTH mice, col-
laboration between MOG-specific T and B cells results in a spon-
taneous disease that shares some features with NMO (10, 11). The
cytokines and effector molecules that result in the development
of this spontaneous disease in 2D2xTH mice have not been elu-
cidated. This is particularly important, since most of the cellular
and cytokine requirements for EAE have been elucidated from the
mice that were actively immunized with myelin antigens in CFA.

Initially, Th1 cells were thought to be critical for the induction
of EAE, as IFN-y-secreting cells are present in CNS lesions (12).
However, the observation that both Ifig KO and Ifngr KO mice
develop EAE raised the possibility of involvement of a Th subset
other than Th1 cells in the induction of EAE (13-15). With the iden-
tification of IL-23 as a critical cytokine responsible for the develop-
ment of EAE, a new subset of Th cells was discovered; these are
called Th17 cells and are present at sites of autoimmune tissue
inflammation (16). This new subset was found to be functionally
distinct from Th1 or Th2 cells, required a master transcription fac-
tor orphan nuclear receptor (RORyt), and produced IL-17A, IL-17F,
IL-21, IL-22, and GM-CSF (17, 18). The development of active EAE
is inhibited in mice that lack IL-17, IL-17R, and GM-CSF, thus illus-
trating the role of the Th17-associated cytokines as a critical factor
in the development of encephalitogenic T cells (19-21).

The differentiation of naive CD4* T cells into Th17 cells takes
place in 3 distinct but overlapping steps: induction, amplification,
and stabilization, where TGF-B1 plus IL-6 (or TGF-B1 plus IL-21)
induces, IL-21 amplifies, and IL-23 stabilizes the phenotype of
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Figure 1. 2D2xTH //121r KO mice have decreased incidence of sponta-
neous EAE. (A) Quantitative RT-PCR from 2D2 T cells sorted from the
CNS, LNs, and SP of 2D2xTH mice that developed EAE. (B) Incidence of
EAE from 2D2xTH (n = 63) and 2D2xTH /127r KO (n = 43) mice. Statistical
analysis by linear regression curve was graphed with the 95% confidence
band of the regression line. (C) Quantification of the CNS lesions. (D and
E) Paraffin sections of the spinal cord from indicated mice at the peak
of disease stained with luxol fast blue and H&E. Meningeal and paren-
chymal inflammatory infiltrates and meningeal lymphoid follicles are
shown (arrows). Inset in D is shown at x10 magnification in lower panel.
Scale bars: 200 um (D, upper panel; E); 20 um (D, lower panel). (F) Quan-
tification of meningeal lymphoid aggregates in the CNS from 2D2xTH

(n =7) and 2D2xTH //27r KO (n = 5) mice that developed EAE. (G) Intracel-
lular cytokine staining of IFN-y and IL-17 from 2D2 T cells in the CNS from
indicated mice that developed EAE. (H) Quantitative RT-PCR of 2D2

T cells isolated from the LNs and SP from indicated mice that developed
EAE (n = 3). (1) Intracellular cytokine staining of IFN-y and IL-17 from
naive CD4* T cells from 2D2xTH and 2D2xTH //27r KO mice differentiated
for 4 days in vitro with no cytokines (ThQ), IL-12 (Th1), and TGF-B3/IL-6
(Th17). ()) Quantitative RT-PCR from 2D2 T cells that were differentiated
with TGF-B3/IL-6 (Th17) for 4 days in vitro. Statistics were determined

by 2-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. Data
shown are representative of 3 (A-H) or 4 (I and )) total experiments. Data
represent mean + SEM for figures A-C, F, H, and K. A represents pooled
samples from n = 3 mice for each experiment.

developing Th17 cells (22-25). Loss of TGF-B, IL-6, or IL-23 cyto-
kines or their receptors inhibits the development of EAE in mice
actively immunized with a myelin antigen (16, 26, 27). However,
the role of the amplification factor, IL-21, has been controversial in
EAE. Initially, IL-21 and IL-21 receptor (IL-21R) were thought to be
critical in the induction of EAE (28), but subsequent experiments
showed that the loss of either IL-21 or IL-21R did not protect mice
from developing EAE (29, 30). In sharp contrast, multiple studies
have shown that IL-21 plays a critical role in the pathogenesis of
another spontaneous autoimmune disease, type 1 diabetes (T1D),
in nonobese diabetic (NOD) mice (31). This raises the question
of whether the requirement of IL-21 in actively induced EAE is
obscured due to the massive activation of the innate immune sys-
tem provoked by the active immunization with the adjuvant CFA
and, as a consequence, may override the need for IL-21 to amplify
development of pathogenic effector CD4* T cells. Furthermore,
autoreactive B cells play a critical role in the development of spon-
taneous T1D in NOD mice, and the requirement of IL-21 observed
in the T1D model may be due to the critical role of IL-21/IL-21R on
B cell function, which in turn has an effect on the development of
spontaneous T1D. Since 2D2xTH mice develop spontaneous EAE
and B cells play a critical role in the onset, our model provides us
with an ideal system to test the role of IL-21 and other Th17-asso-
ciated cytokines in the development of spontaneous disease thatis
not dependent on active immunization involving CFA.

Here, we report that 2D2xTH mice at the peak of disease
have CNS-infiltrating CD4" T cells that produce large amounts
of Th17 cytokines, including IL-17, IL-21, and IL-22. Activated B
cells produce IL-23 in this model system, which may be respon-
sible for stabilizing Th17 cells. To elucidate the mechanism of
Th17 pathogenicity in this model, we crossed 2D2xTH mice to
IL-21R- and IL-23R-deficient mice. Our study reveals that, con-
trary to what occurs in actively induced EAE models, IL-21 plays
a critical role in the development of spontaneous EAE in 2D2xTH
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mice. In addition, IL-23R deficiency provides complete protection
from disease. Furthermore, we identify molecular mechanisms by
which IL-21 regulates the development of this spontaneous dis-
ease model, which may represent a useful therapeutic target for
MS and NMO.

Results

2D2xTH 1I21r KO mice have decreased incidence of spontaneous EAE.
We had previously reported the generation of a new mouse model
(2D2xTH) where the cooperation of both T and B cells that are
specific for the myelin antigen MOG results in the development
of spontaneous and highly progressive EAE (10). Our differential
microarray analysis of T cells from the CNS of the mice with spon-
taneous EAE from 2D2 versus 2D2xTH mice revealed that Th17-
associated genes are overexpressed in the 2D2xTH mice (data not
shown). To confirm our microarray data, we isolated cells from
the CNS, lymph nodes (LNs), and spleen (SP) of 2D2xTH mice at
the peak of clinical EAE, sorted for CD4" T cells, and performed
quantitative reverse-transcriptase PCR (RT-PCR) on Th17-associ-
ated cytokines. Our data revealed that mRNA expression of Il17a,
121, and 1122 was increased in the CNS of the sick 2D2xTH mice
compared with the peripheral immune compartment (SP and LNs)
(Figure 1A), suggesting that Th17-associated cytokines are in fact
expressed at high levels in the CNS of mice that develop sponta-
neous EAE. Since the role of IL-21 has been controversial in the
induced EAE disease models, we specifically examined the role of
IL-21 in this spontaneous NMO-like disease model, where MOG-
specific T and B cells collaborate to induce disease.

To address the role of IL-21, we generated 2D2xTH I/21r KO
mice and monitored the mice for the development of spontane-
ous paralysis. In contrast to reported studies with active EAE
induction, mice that lacked IL-21R had decreased incidence and
severity of disease compared with the 2D2xTH control group
(Figure 1B and Table 1). Histopathological analysis of the CNS
revealed that 2D2xTH I/21r KO mice had a decreased number
of lesions in both the meninges and parenchyma of the spinal
cord compared with 2D2xTH mice (Figure 1C), thus supporting
our clinical disease incidence data. We have previously reported
that the T and B cells in the CNS lesions in 2D2xTH mice accu-
mulated in the subarachnoid spaces of the spinal cord in aggre-
gates and formed ectopic lymphoid follicle-like structures with
a reticulin lining (10). In the absence of IL-21R, the number of
lymphoid follicle-like structures in the CNS was also significant-
ly reduced (Figure 1, D-F). This was especially surprising, as pre-
vious studies (29, 30) reported that IL-21 was dispensable for the
development of EAE. Our data reveal an important role not only
for Th17 cells, but also for IL-21 in the development of spontane-
ous NMO-like disease when the mice express both TcR and BcR
specific for the same myelin antigen, MOG. Interestingly, in oth-
er animal models of spontaneous autoimmune diseases, such as
T1D, the requirement of IL-21/IL-21R signaling has been shown
to be essential (31-33). This is further supported by reports that
NOD mice have increased levels of IL-21 expression compared
with diabetes-resistant strains and that this increase in IL-21 is
correlated to susceptibility to T1D (34). This study begins to rec-
oncile these conflicting reports by elucidating an important role
of IL-21R signaling in the development of spontaneous EAE. It is

jci.org  Volume125  Number1l  November 2015

4013



4014

RESEARCH ARTICLE

The Journal of Clinical Investigation

ferentiated in vitro from 2D2xTH

Table 1. Incidence of spontaneous EAE in 2D2xTH, 2D2xTH //121r KO, and 2D2xTH //23r KO mice

Mice Disease incidence (%) Mean score
2D2xTH 28/63 (44%) 31+£0.72
2D2xTH 1121r KO 11/43 (25%) 23+112
2D2xTH 1123r KO 0/50 (0%) NA

Incidence of EAE was monitored for 25 weeks after birth. Disease incidence, mean week of onset, and mean
score are reported as number of mice affected/total number of mice. NA, not applicable.

I121r KO mice (Figure 1J). Interest-

Mean week of onset ingly, other sets of genes that have
89+35 been shown to contribute either posi-
147+64

tively, such as Ccr6, Gzmb, and Icos,
NA or negatively, such as Ahr and Maf,
showed no difference between Th17
cells from 2D2xTH versus 2D2xTH

possible that active immunization with myelin antigens in CFA
induces massive amounts of IL-6 and other inflammatory cyto-
kines (data not shown), which may mask the important role of
IL-21in T cell/B cell interaction.

We next wanted to determine the cytokine profile of the infil-
trating CD4" T cells of the CNS from spontaneous EAE mice.
CNS-infiltrating lymphocytes were isolated at the peak of disease
from 2D2xTH and 2D2xTH I/21r KO mice and analyzed for IFN-y
and IL-17 production. While both IFN-y and IL-17 were decreased
in the 2D2xTH Ii21r KO mice when compared with 2D2xTH mice,
the level of IL-17 was more severely compromised (Figure 1G).
Based on the results that IL-17 was compromised in the CNS of
2D2xTH I121r KO mice, we wanted to confirm the relative expres-
sion of RORyt, the master transcription factor associated with
Th17 cells. 2D2 CD4* T cells from the LNs and SP of 2D2xTH and
2D2xTH I/21r KO mice that developed disease were sorted, and
quantitative RT-PCR was performed for Rorc. Interestingly, the
expression of Rorc was comparable between the 2 groups (Figure
1H) even though there was a decrease in IL-17 production in the
CNS of 2D2xTH II21r KO mice, thus suggesting that the decreased
incidence in disease may be attributed to other pathogenic factors
associated with Th17 cells.

We (35) and others (36, 37) have recently reported the exis-
tence of both pathogenic and nonpathogenic Th17 cells, and a
gene signature of 25 different genes can distinguish the 2 sub-
sets. The decreased disease incidence in 2D2xTH I/21r KO mice
prompted us to explore whether there was an IL-21-dependent
regulation of pathogenic gene signatures. First, we wanted to
determine whether the naive T cells from 2D2xTH cells versus
2D2xTH II21r KO mice can be equally differentiated into Thl or
Th17 cells. Naive CD4"* T cells were sorted from LNs and SP of
2D2xTH and 2D2xTH I/21r KO mice and were differentiated in
vitro into Th1 or Th17 cells. Both Th1 differentiation and Th17
differentiation were compromised in CD4" T cells from 2D2xTH
II121r KO mice, although the difference was greater under Th17
conditions (Figure 1I and Supplemental Figure 1; supplemen-
tal material available online with this article; doi:10.1172/
JCI75933DS1). The defect in Th17 differentiation made us won-
der whether there were changes in the expression of other genes
associated with Th17 pathogenicity and development of EAE.
There is a pathogenic signature for Th17 cells (35) that will allow
us to determine whether the absence of IL-21R affects genes
that influence the pathogenicity of Th17 cells. Indeed, mRNA
expression of various genes that have been reported to be part
of the pathogenic signature (35), such as Csf2, Cxcl3, 1i22, and
II123r, showed reduced expression in CD4* T cells that were dif-
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I121r KO mice (Supplemental Figure
2), suggesting that not all pathogenic
and nonpathogenic genes are regu-
lated equally by IL-21. In contrast, production of IL-10, which
makes Th17 cells nonpathogenic, was increased in Th17 cells
from 2D2xTH I1i21r KO mice (Figure 1J). Collectively, the data
suggest that T cells from 2D2xTH mice lacking IL-21R have a
defect in Th17 differentiation as do a number of Thl7 genes
associated with Th17 pathogenicity, which may have a direct
consequence in the incidence of spontaneous EAE. Interest-
ingly, RORyt expression was decreased when T cells from
2D2xTH and 2D2xTH Ii21r KO mice were differentiated in vitro
(Supplemental Figure 2). This was in contrast to RORyt expres-
sion that was measured when T cells from sick 2D2xTH mice
and 2D2xTH Ii21r KO mice were analyzed (Figure 1H). In addi-
tion, T cells lacking IL-21R also had compromised IFN-y produc-
tion, suggesting Thl cells also require IL-21 endogenously (24),
albeit significantly less than Th17 cells, but that the production
of endogenous IL-21 contributes to the expansion/differentia-
tion of Th1 cells (Figure 1I and Supplemental Figure 1). Whether
this affects the pathogenic potential of T cells to induce EAE is
unclear, since both Ifng KO and Ifngr KO mice have been shown
to develop exacerbated EAE (13-15). Collectively, we show that
the absence of IL-21R on both T and B cells induces several
defects in the development of pathogenic CD4* T cells. Not only
are T cells compromised in activation, survival, and prolifera-
tion, but Th17 differentiation and the induction of many of the
pathogenic signature genes are also reduced.

T cells from 2D2xTH II21r KO mice have decreased activation
state, proliferative capacity, and cytokine production. To elucidate
the mechanisms that reduce the incidence of spontaneous EAE
in 2D2xTH I/21r KO mice, we wanted to examine the coopera-
tion between MOG-specific T and B cells in the absence of IL-
21R signaling. First, we determined the steady-state activation
state of T cells in healthy 2D2xTH and 2D2xTH Ii2Ir KO mice
and found that both groups had comparable naive 2D2 T cell
populations (~80%) and CD62L*CD44" T cells (Figure 2A), but
the 2D2xTH II21r KO mice had a decreased frequency of CD62L"
CD44" T cells and CD138*CD19* and CD19*B220" B cells from
the lymphoid tissues (Figure 2A and Supplemental Figure 3). In
order to determine the proliferative capacity of T cells between
2D2xTH mice and 2D2xTH I/I21r KO mice, total LNs and SP
cells were stimulated with recombinant MOG protein (fMOG)
or MOG,_ . peptide in vitro for 4 days for the assessment of T
cell proliferation. Our data revealed that cells from 2D2xTH
II21r KO mice have a decreased capacity to proliferate to rMOG
but not to MOG,, ., peptide when compared with cells from
2D2xTH mice (Figure 2B). Since both T cells and B cells express
IL-21R, we cultured T cells and B cells in the presence of rMOG
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days with rMOG at indicated concentrations. (G) Cytokine analysis (CBA) of IL-23 of TH B cells and DCs sorted from 2D2xTH mice that were cultured
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sorted from 2D2xTH mice that were cultured in vitro with 2D2 T cells for 4 days with no MOG, MQG,, . (10 ug/ml), or rMOG (10 pg/ml). Data shown
are representative of at least 3 independent experiments with at least n = 3 mice for each experiment. Data represent mean + SEM for B and E-H.
Statistics were determined by Student’s 2-tailed t test. ***P < 0.001.
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in the absence of IL-21R on T cells or B cells. Four days later, we
checked for CD62L and CD44 expression on T cells (Figure 2C).
Our data revealed that the absence of IL-21R on T cells or B cells
decreased the percentage of CD44* effector memory T cells and
increased the percentage of CD62L'CD44  naive T cells (Fig-
ure 2C). However, the greatest defect in effector cell generation
came when both T cells and B cells were lacking IL-21R, suggest-
ing that IL-21R may be critical for both inducing T cell activation
and licensing B cells to become effective antigen-presenting cells
(APCs) (Figure 2C). In fact, the absence of IL-21R on both T and
B cells also affected the production of effector cytokines (IFN-y
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and IL-17) from T cells (Figure 2D). We wondered whether the
lack of T cell stimulation could be attributed in part to the cyto-
kines that B cells produce to stimulate T cells. We cultured cells
from 2D2xTH or 2D2xTH II21r KO mice with rMOG in vitro and
after 4 days performed quantitative RT-PCR on sorted B cells
to determine the expression of 1123, the cytokine that has been
shown to be important in the generation/maintenance of Th17
cells and EAE. Our data revealed that B cells from the wild-type
2D2xTH mice, when stimulated with rMOG, produced IL-23, but
the IL-23 production was reduced in the B cells from 2D2xTH
I1121r KO mice (Figure 2, E and F). This was shown not only by
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quantitative PCR but also at the protein level by ELISA. Loss of
IL-21R signaling reduced IL-23 production to background levels
(Figure 2F). Consistently, the addition of IL-21 to B cells could
induce expression of IL-23, but the expression of IL-23 by B cells
was increased when a TLR-stimulating agent, such as LPS, was
added together with IL-21 (Supplemental Figure 4). Even though
TH II21r KO B cells produced less IL-23 when stimulated with
rMOG, they did not induce cytokines that are considered to be
antiinflammatory, such as IL-10 and IL-35 (Supplemental Fig-
ure 5). Since B cells have not been reported to produce IL-23,
we wondered how the production compared with professional
APCs, such as DCs. We sorted TH B cells and DCs from 2D2xTH
mice and cultured them in vitro with either MOG,_ _ peptide or
rMOG; after 4 days of culture, we measured IL-23 production
from supernatants. Compared with DCs, TH B cells produced
significantly less IL-23; however, it was interesting to note that
there was no IL-23 detected with TH B cells that were stimulated
with MOG,_ , peptide, suggesting that rMOG may be required
to fully activate TH B cells in order to produce IL-23 (Figure 2G).
This trend could also be seen with DCs, where rMOG induced
higher production of IL-23 compared with MOG,, ., peptide (Fig-
ure 2G) However, when we cultured the TH B cells and DCs with
2D2 T cells, we were able to observe an increase in IL-23 produc-
tion compared with TH B cell-only cultures (Figure 2H), suggest-
ing that the presence of 2D2 T cells may help TH B cells produce
more IL-23. Although production of IL-23 from B cells has not
been described previously, our data reveal that antigen-specific
B cells, when activated in the presence of a relevant antigen, are
able to produce IL-23. This was found at the mRNA levels from
sorted TH B cells and therefore reduced any doubt that IL-23 was
secreted from other APCs. In essence, the B cells from 2D2xTH
I121r KO mice had a defect in IL-23 expression, which likely con-
tributed to the defect in the generation of pathogenic Th17 cells
in IL-21R~deficient T cells.

2D2xTH II123r KO mice are resistant to developing spontane-
ous EAE. Our data on 2D2xTH I/21r KO mice suggested that the
reduced incidence and severity in these mice may be mediated
by regulating IL-23 production and responsiveness. Therefore,
we analyzed the effects of the loss of IL-21R on the expression of
IL-23R on 2D2 T cells. Va3.2*CD4" T cells from sick 2D2xTH or
2D2xTH II21r KO mice were sorted from the LNs and SPs at the
peak of disease, and quantitative RT-PCR was performed for the
expression of II23r mRNA. In addition, expression of I/22 mRNA
was analyzed, since IL-22 is uniquely dependent on IL-23R signal-
ing (38, 39). The expression of both I23r and I/22 was significantly
reduced in the LN-derived T cells from 2D2xTH I/21r KO mice
when compared with those from 2D2xTH mice. The expression of
both [123r and 1122 in the splenic T cells was rather low and was not
markedly different (Figure 3A). This raised the issue of whether
the decreased expression of IL-23R could in part be responsible for
reduced incidence of disease observed in 2D2xTH I/21r KO mice.
To address this issue, we generated 2D2xTH 11237 KO mice. We
then compared the gene expression profiles of 2D2 T cells from
2D2xTH, 2D2xTH Ii21r KO, and 2D2xTH II23r KO mice stimu-
lated in vitro with rMOG (0 pg/ml or 10 pg/ml) by the multiplex
qPCR nCounter Analysis system (Nanostring). From a code set
comprising 297 effector T cell genes, we selected 57 genes that
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have been associated with pathogenicity as well as effector func-
tion and generated a comparative heat map between the 3 mouse
strains using the no-antigen (0 pg/ml rMOG) condition specific
for each strain as the baseline control. Our heat map revealed that
T cells from 2D2xTH I/21r KO and 2D2xTH I/23r KO mice have
a comparable gene expression profile with a stronger covariance
when compared with T cells from 2D2xTH T mice (Figure 3B).
Some of the key molecules, such as Ii23r, Ccr6, 1122, Cd86, and
Gmecsf, that are responsible for effector functions and regulate
autoimmunity were decreased in T cells from 2D2xTH Ii21r KO
and 2D2xTH I123r KO mice, but were increased in T cells from
2D2xTH mice (Figure 3B). This suggests that the decrease in IL-
23R expression in 2D2xTH I/21r KO mice may be partly respon-
sible for the decreased disease incidence and severity observed in
the 2D2xTH I/21r KO mice. In addition to its importance in EAE,
IL-23R expression on T cells has also been shown to affect expan-
sion, survival, and effector T cell function (40, 41). We wondered
whether the downregulation of IL-23R in T cells from 2D2xTH
I121r KO mice affected T cell survival and proliferation. We first
wanted to determine the effect of cell survival. LNs and SP cells
from 2D2xTH, 2D2xTH I/I21r KO, and 2D2xTH I/23r KO mice
were cultured in vitro with rMOG and, 4 days later, the frequency
of annexin V-and propidium iodide-positive cells was determined
by flow cytometry. Our data revealed that 2D2 T and TH B cells
from both 2D2xTH II21r KO and 2D2xTH II123r KO mice had an
increased number of late apoptotic and/or necrotic cells com-
pared with 2D2xTH cells (Figure 3C) and the T cells from these
mice did not proliferate as well as T cells from 2D2xTH cells (Fig-
ure 3D). However, the defect in proliferation was more profound
in T cells from 1121 KO mice than from 11237 KO mice (Figure 3D),
suggesting that IL-21 may be more critical than IL-23 for eliciting
proliferation for T cells and also implying that the lack of IL-21R on
B cells may affect their function as effective APCs.

In active EAE induction, mice lacking IL-23R or IL-23 are com-
pletely protected from developing the disease (16, 42). However,
in our spontaneous EAE model in which T cell/B cell cooperation
was required for antigen-specific T cell activation, proliferation,
and pathogenicity, the defect in IL-21/IL-21R signaling seems to
have had a more profound adverse effect on the function of both T
and B cells, especially when compared with mice lacking IL-23:IL-
23R signaling. Thus, we wondered whether mice lacking IL-21R
would confer greater protection in our spontaneous EAE model
compared with mice lacking IL-23R. To determine this, we moni-
tored the spontaneous disease development of 2D2xTH I/23r KO
mice. To our surprise, mice lacking IL-23R were completely pro-
tected from developing spontaneous EAE (Figure 3E), suggesting
that even in our spontaneous model, IL-23R is critical for driving
pathogenicity. Histopathological analysis of the lesions in the CNS
from 2D2xTH and 2D2xTH I/23r KO mice revealed that there are
no histopathological lesions in the CNS (Figure 3F), suggesting
that the absence of IL-23R prevented spontaneous EAE develop-
ment even better than the absence of IL-21R in 2D2xTH II21r KO
mice. In addition, loss of IL-23R signaling completely abolished
development of ectopic lymphoid follicles in 2D2xTH mice (Sup-
plemental Figure 6). This may be due in part to the fact that the
loss of IL-21R only partially inhibits IL-23R expression on T cells
and IL-23 production from B cells.
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Discussion

There has been a growing body of evidence implicating Th17 cells
in the pathogenesis of autoimmunity in both mice and humans.
Inhibiting key effector cytokines critical for Th17 development
has shown a concomitant reduction in tissue inflammation and
disease progression (43). Furthermore, central to Th17 polariza-
tion is the role of IL-21, which can function as an initial differen-
tiating factor or as a critical amplification component during Th17
development (24, 44). However, conflicting reports implicate the
role of IL-21in EAE as either essential (28) or dispensable (29, 30).
This study begins to reconcile conflicting reports of IL-21R signal-
ing in the development of EAE. Our data reveal that IL-21/IL-21R
signaling is indeed critical for encephalitogenic T cell activation
and function as well as Th17 development, which ultimately affect
the development of spontaneous disease.

In fact, secreted IL-21, which feeds back into activated Th17
cells in an autocrine manner, has been shown to be critical for
maintaining IL-21R expression on T cells (24, 44). Similarly, in
IL-21R~deficient NOD mice, which are resistant to the develop-
ment of spontaneous T1D, there is a defect in Th17 polarization
that is both T cell intrinsic and CD11b* cell mediated (45). It
is possible that IL-21/IL-21R signaling modulates APC func-
tion, including that of B cells when they act as APCs (46), by
inducing proinflammatory mediators that feed back into T cells
to propagate Th17 cell differentiation (45). Indeed, given that
IL-6 from APCs induces IL-21 from T cells (47) and that IL-21
is critical for B cell maturation, survival, and function (48, 49),
the mutual cooperation between T and B cells in an autoim-
mune-susceptible model is highly conducive to the generation
of pathogenic Th17 cells.

Interestingly, our data reveal that, while IL-17 production was
consistently compromised in T cells lacking IL-21R both in vitro
and in vivo, the expression of RORyt was affected only in in vitro-
differentiated Th17 cells and not in CD4" T cells harvested from
diseased 2D2xTH I/21r KO mice. One possible interpretation for
the discrepancy could be that it is due to the method of activation
as well as the kinetics of Th17 differentiation. On the one hand,
2D2T cells activated in vivo require APCs presenting MOG in con-
junction with a cohort of secrete cytokines, not limited to TGF-$
and IL-6, during a span of several weeks to induce spontaneous
disease. On the other hand, T cells activated in vitro require plate-
bound anti-CD3 and anti-CD28 along with TGF-p and IL-6 in a
4-day time span. Compared with Th1 or Th2 subsets, Th17 cells
are unique in that the differentiating cytokine is different from the
proliferation cytokine, such that IL-21is an autocrine factor that is
required mainly for the proliferative phase of Th17 cells and RORyt
expression is induced with the differentiating cytokine cocktail of
TGF-B and IL-6 (44). For in vivo experiments, it is possible that
other factors are in play to maintain RORyt expression, while the
lack of IL-21R prevents proliferation of Th17 cells, which results in
the observed decrease in IL-17.

Our data also reveal that activated B cells can produce IL-23, a
cytokine that has been associated with increasing the pathogenic
potential of CD4" T cells, specifically in the stabilization, mainte-
nance, and survival of Th17 cells, and that has been shown to be
the best inducer of IL-23R on T cells (44). It should be noted that,
even though DCs produce more IL-23 than TH B cells (Figure 2, G
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and H), 2D2 transgenic mice that have a MOG-specific TcR but a
normal DC population do not develop spontaneous EAE (9). This
is highly suggestive of the possibility that the TH B cells, when
acting as APCs to 2D2 T cells in 2D2xTH mice, may be the better
APCs to induce spontaneous EAE. In addition, it has been shown
that mice depleted of the myeloid APC subset can still develop
EAE when induced by rMOG protein (50). Our data suggest that
the absence of IL-21R on B cells can affect IL-23 production by B
cells, which in turn may affect T cell pathogenicity and function.
Although production of IL-23 from B cells has not been described
previously, our data reveal that antigen-specific B cells, when acti-
vated in the presence of a relevant antigen, are able to produce
IL-23. This production of IL-23 was dependent in part on the TH B
cells expressing IL-21R, which likely contributed to the generation
of pathogenic Th17 cells.

Conversely, the role of IL-21 on CD4" T cells has been shown
to be important for the induction of IL-23R, and we and others
(35-37) have observed that IL-23R expression on effector T cells is
critical for evoking the pathogenic potential of Th17 cells. Thus, it
is also possible that IL-21 signaling acts directly on T cells to induce
Th17 cell development and IL-23R expression, which in turn fur-
ther maintain and stabilize the Th17 phenotype. Therefore, in the
2D2xTH disease model of spontaneous autoimmunity, where T
cell/B cell collaboration is essential for disease induction, the lack
of IL-21R on T cells may adversely affect B cell function, which
may then prevent efficient antigen presentation and production
of inflammatory cytokines, such as IL-6 and IL-23. Indeed, TH B
cells, when stimulated by rMOG, are able to secrete IL-6 and IL-23
and promote IL-17 production from T cells (data not shown). It
remains to be determined whether the loss of IL-23 production by
B cells in 2D2xTH Ii21r KO mice directly limits IL-23R expression
on T cells or whether the decrease in IL-23R expression is through
the direct loss of IL-21/IL-21R signaling.

Future experiments need to explore the potential pathogen-
ic factor or factors that are induced upon IL-23 signaling for the
development of EAE in both spontaneous and induced models. In
summary, [L-21, which has not been shown to be essential for the
induction of active EAE, plays an important role in the develop-
ment of spontaneous NMO-like disease in the 2D2xTH model.
Understanding the mechanism by which Th17 cells and antigen-
specific B cells promote pathogenicity may be useful for the devel-
opment of future novel therapies for MS. Successful clinical tri-
als with the B cell-depleting therapy rituximab (51) are just one
example showing that B cells might be a playing a critical role in
the development of T cell-mediated autoimmune disease.

Methods
Mice. MOG

35-55
ground (referred to as 2D2 mice) and MOG-specific B cell receptor

-specific TCR transgenic mice on a C57BL/6 back-

“knockin” mice (referred to as TH mice) generated by replacing the
germline JH locus with the rearranged Ig-heavy-chain (IgH) variable
(V) gene from MOG-specific monoclonal antibodies were described
previously (10). The 2D2xTH II21r KO and 2D2xTH II23r KO mice
were generated by crossing 2D2xTH mice with the I/21r KO and IL-
23R KO mice, respectively. All mice were housed and maintained in a
conventional pathogen-free facility at the Harvard Institute of Medi-
cine (Boston, Massachusetts, USA).
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Antigens. MOG,_, peptide (MEVGWYRSPFSRVVHLYRNGK)
was obtained from the Biopolymer Facility, Center for Neurologi-
cal Diseases, Brigham and Women’s Hospital. A plasmid construct
encoding the extracellular domain of rat MOG protein (MOG,_,,,) was
provided by C. Linington (University of Aberdeen, Aberdeen, United
Kingdom); rMOG protein was purified from inclusion bodies (52).

Cellisolation, sorting, and intracellular cytokine staining. T and B cells
were isolated from SPs and LNs and purified using CD4 and B220 micro-
beads for positive selection according to the manufacturer’s instructions
(Miltenyi Biotec). Naive T cells were sorted with anti-CD4-PerCP (clone
RM4-5), anti-CD62L-APC (clone MEL-14), and anti-CD44-PE (clone
IM7) antibodies (all BioLegend). 2D2 T cells were sorted with anti-Va3.2-
FITC (clone RR3-16) and anti-CD4-APC (clone RM4-5) (all BioLegend).
TH B cells were sorted with rMOG-PE (52) and anti-CD19-APC (clone
6D5) (BioLegend). For intracellular cytokine staining (ICC), cells were
stimulated with PMA (50 ng ml", Sigma-Aldrich) and ionomycin (1 pg
ml, Sigma-Aldrich) and a protein transport inhibitor containing monen-
sin (GoligiStop) (BD Biosciences) for 4 hours prior to detection with anti-
bodies. Surface markers were stained in PBS with 1% FCS for 20 minutes
at room temperature, then subsequently fixed in Cytoperm/Cytofix (BD
Biosciences), permeabilized with Perm/Wash Buffer (BD Biosciences),
and stained with cytokine antibodies (anti-IFN-y-APC, anti-IL-17A-
Alexa Fluor 488, all from BioLegend) diluted in Perm/Wash buffer as
described previously (53). All flow cytometry data were acquired ona BD
LSRII and analyzed with FlowJo software (TreeStar).

Proliferation assays. Cells were grown in DMEM supplemented
with 10% FCS, B-mercaptoethanol, L-glutamine, gentamicin sulfate,
and penicillin/streptomycin. For thymidine proliferation assay, either 3
% 10¢ cells/ml total splenocytes or 3 x 10° cells/ml purified Va3.2*CD4*
cells with 1.5 x 10¢ cells/ml purified CD19* B cells were cultured for 72
hours in round-bottom 96-well plates in the presence of various con-
centrations of the rMOG protein or MOG,, ., peptide (range, 0.01-10
pg/ml). Cells were pulsed with 1 pCi *H thymidine for the last 16 hours
of incubation. Mean thymidine incorporation in triplicate wells was
measured using a  counter (LS 5000; Beckman Coulter).

Real-time PCR. 2D2 CD4" T cells and TH B cells were sorted after
4 days of culture with rMOG; RNA was extracted with the RNeasy Kit
(QIAGEN), reverse transcribed using the iScript cDNA Synthesis Kit
(Bio-Rad), and analyzed by quantitative RT-PCR with vii7 Real-Time
PCR Systems (Applied Biosystems) for the gene of interest. Primer/
probe mixtures were purchased from Applied Biosystems. The com-
parative threshold cycle method and an internal control (Gapdh)
were use for normalization of the target genes. Primers and probes
from Applied Biosystems were as follows: Cxci3: MmO01701838_
ml; Csf22 MmO01290062_ml; Gzmb: MmO00442834_ml; Il17a:
MmO00439618 ml; Mafi MmO02581355 s1; 1/22: MmO00444241 ml;
I123r: MmO00519943 m1; Rorc: Mm00441144_gl; GAPDH: 4352339E;
I110: Mm00439614_m1; Ccr6: Mm99999114 s1; 1121: Mm00517640_
m1; Ahr: Mm00478932_m1; and Icos: Mm00497600_m1

Spontaneous EAE. Clinical assessment of EAE was performed
weekly after 4 weeks of age, and mice were scored for disease accord-
ing to the following criteria: O, no disease; 1, decreased tail tone; 2,
hind-limb weakness or partial paralysis; 3, complete hind-limb paraly-
sis; 4, front- and hind-limb paralysis; and 5, moribund state.

In vitro T cell differentiation. CD4* T cells were purified from SP
and LNs using anti-CD4 microbeads (Miltenyi Biotech), then further
sorted for naive CD4*CD62L"CD44" T cells. Sorted cells were acti-
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vated with plate-bound anti-CD3 (2 pug/ml) and anti-CD28 (2 ug/ml)
(both Bioxcell). Th17 differentiation used 2 ng/ml of thTGF-p3 (Milt-
enyi Biotec) and 25 ng/ml of rmIL-6 (Miltenyi Biotec). Th1 differentia-
tion used 20 ng/ml of IL-12 (Miltenyi Biotec). Cells were cultured for 4
days and harvested for RNA, ICC, and flow cytometry.

Histology. Animals were sacrificed after 4 months of observa-
tion for development of clinical signs of EAE. Brains, spinal cords,
and optic nerves were removed and fixed in 10% formalin. Paraffin-
embedded sections were stained with luxol fast blue H&E. Inflamma-
tory foci (>10 mononuclear cells) in the meninges and parenchyma
and leptomeningeal lymphoid follicles were counted by a pathologist
in a blinded manner, so that disease status of the mice as well as the
genotype were not revealed.

Analysis of CNS-infiltrating mononuclear cells. At the peak of dis-
ease, mice were sacrificed for analysis of CNS-infiltrating cells. Mice
were perfused through the left ventricle of the heart with cold PBS.
The brain and the spinal cord were flushed out with PBS by hydrostatic
pressure. CNS tissue was minced with a sharp razor blade and digest-
ed with collagenase D (2.5 mg/ml, Roche Diagnostics) and DNasel
(1 mg/ml, Sigma-Aldrich) at 37°C for 20 minutes. Mononuclear cells
were isolated by passing the tissue through a cell strainer (70 pum), fol-
lowed by Percoll gradient (37% and 70%) centrifugation. Mononucle-
ar cells in the interphase were removed, washed, and resuspended in
culture medium for analysis by ICC.

NanoString gene expression analysis. 2D2 CD4" T cells were sorted
after 4 days of in vitro rMOG (0 pg/ml or 10 pg/ml) stimulation of LNs
and splenocytes from 2D2xTH, 2D2xTH I/121r KO, and 2D2xTH I/23r
KO mice. Cells were immediately lysed using RLT buffer (QIAGEN),
and RNA was purified according to the manufacturer’s protocol. Cell
lysates were hybridized with a custom-made CodeSet provided by
NanoString Technologies Inc. Bar codes were counted (1,150 fields
of view per sample) on an nCounter Digital Analyzer. Data were pro-
cessed using nSolver Analysis Software by normalization to the geo-
metric mean of the positive control spike count in addition to the 4
reference genes (Actv, Gapdh, Hprt, and Tubb5). A heat map was gen-
erated from the relative fold change by 10 pg/ml rMOG gene expres-
sion compared with O pg/ml rMOG gene expression, which were used
as gene expression baseline controls.

Statistics. GraphPad Prism 4.0 was used for statistical analysis
(linear regression with 95% confidence interval and unpaired, 2-tailed
Student’s ¢ test). Differences were considered statistically significant
at P < 0.05. Linear regression analysis of EAE data was performed
using GraphPad Prism software.

Study approval. Studies in animals were reviewed and approved
by the Harvard Medical Area Standing Committee on Animals at the
Harvard Medical School.
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