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A single G protein-coupled receptor (GPCR) can activate multiple signaling cascades based on the binding
of different ligands. The biological relevance of this feature in immune regulation has not been evaluated.
The chemokine-binding GPCR CXCR3 is preferentially expressed on CD4+ T cells, and canonically binds 3
structurally related chemokines: CXCL9, CXCL10, and CXCL11. Here we have shown that CXCL10/CXCR3
interactions drive effector Th1 polarization via STAT1, STAT4, and STATS5 phosphorylation, while CXCL11/
CXCR3 binding induces an immunotolerizing state that is characterized by IL-10" (Tr1) and IL-4% (Th2) cells,
mediated via p70 kinase/mTOR in STAT3- and STAT6-dependent pathways. CXCL11 binds CXCR3 with a
higher affinity than CXCL10, suggesting that CXCL11 has the potential to restrain inflammatory autoim-
munity. We generated a CXCL11-Ig fusion molecule and evaluated its use in the EAE model of inflammatory
autoimmune disease. Administration of CXCL11-Ig during the first episode of relapsing EAE in SJL/J mice
not only led to rapid remission, but also prevented subsequent relapse. Using GFP-expressing effector CD4*
T cells, we observed that successful therapy was associated with reduced accumulation of these cells at the
autoimmune site. Finally, we showed that very low doses of CXCL11 rapidly suppress signs of EAE in C57BL/6

mice lacking functional CXCL11.

Introduction

EAE is an inflammatory autoimmune disease of the CNS that
serves as a model for MS (1-4). In EAE and MS, CD4" effector
T cells, proliferating in response to myelin antigens, are likely to
promote the development and progression of each disease (5-8).
This includes IL-17" Th17 cells, which direct tissue inflammation,
and Th1 cells, which promote cellular immunity (5-9). The inflam-
matory reactivity of these effector T cells is tightly regulated by at
least 2 major subsets of CD4" T cells: FOXP3*CD25* and FOXP3~
IL-10h (10-12). Based on their cytokine profile, FOXP3-CD4*
Tregs fall into 2 major subtypes: those that predominantly produce
TGF-P (Th3) and display a major role in maintaining tolerance
within the gut (13), and those that mostly secrete IL-10 (Tr1) (12).

Chemokines are small (~8-14 kDa), structurally related chemo-
tactic cytokines that regulate cell trafficking through interactions
with specific 7-transmembrane GPCRs (14-16). One of the impor-
tant features of GPCRs is their ability to transmit diverse signaling
cascades upon binding different ligands (17-21). The relevance for
the interplay between different chemokines binding different sites
within the same receptor has not yet been explored.

Most attention has been drawn to the key role of these chemo-
tactic mediators in promoting lymphocyte migration processes
critical for the onset of inflammatory processes, with special
interest in inflammatory autoimmune diseases, mainly MS and its
experimental models (22-35). Recently, we challenged this concept
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and showed that the ubiquitous chemokine CXCL12 functions as
an antiinflammatory mediator that polarizes IL-10-producing
Trl cells during ongoing EAE (36). It remains unclear, however,
whether CXCL12 represents a single case of an immunomodula-
tory chemokine with inflammation-suppressing activities.

CXCR3 is a chemokine receptor preferentially expressed on
inflammatory effector T cells, including Th1 (37, 38) as well
as IL-17-producing Th17 cells (39), and also on NK cells (38).
3 ligands bind this receptor: CXCL9 (MIG), CXCL10 (IP-10), and
CXCL11 (I-TAC) (40). CXCL9 and CXCL10 bind a target epitope
on CXCR3 that differs from the target of CXCL11 (40, 41). Impor-
tantly, CXCL11 binds CXCR3 with much higher affinity than it
does CXCL9 and CXCL10, leading to receptor desensitization (40,
41), which makes it a potential antagonist of these 2 ligands. It
should be noted, however, that CXCL11 binds a different bind-
ing site on CXCR3 than on CXCL9 and CXCL10 (40). We have
previously shown that neutralizing antibodies against CXCL10
rapidly suppress ongoing EAE and adjuvant arthritis (42, 43),
which suggests that CXCL10 is a proinflammatory chemokine in
the pathogenesis of autoimmunity. Others using CXCL10-specific
antibodies obtained similar results (33). Much less is known about
the role of the other 2 CXCR3 ligands, CXCL9 and CXCL11, in the
regulation of autoimmunity.

Here, we showed that whereas CXCL10 polarizes effector Thl
cells, CXCL11 not only polarizes naive T cells into IL-10™ Tregs
(Tr1), but also repolarizes CXCR3*CD4* EAE-associated effector
T cells into IL-10" Tregs. Moreover, we found that exogenous in
vivo administration of CXCL11 suppresses ongoing EAE, while
providing a prolonged state of disease resistance.
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Figure 1

Distinct CXCR3 ligands differentially polarize CD4+ T cells in a CXCR3-dependent manner. (A) CXCR3 expression on CD4+CD3+ cells increased
over the first 24 hours of anti-CD3/anti-CD28 activation, as detected by flow cytometry. (B) CD4+ T cells were anti-CD3/anti-CD28 activated in
cultures supplemented with CXCL10 or CXCL11, and IL-4, IL-17, and IFN-y were detected by flow cytometry. CXCL10 polarized IFN-y"IL-4"° Th1
cells, whereas CXCL11 polarized IL-10" Tr1 cells and IFN-yIL-4" Th2 cells. (C) After anti-CD3/anti-CD28 activation, CD4+ T cells were analyzed
for CXCR3 and FOXP3 expression. A small portion of CXCR3+*CD4+ T cells were FOXP3+ (3.3%). (D) 24 hours after anti-CD3/anti-CD28 activation
of CD4+ T cells, cultures were supplemented with CXCL10 or CXCL11. 48 hours later, IL-10 was determined by flow cytometry. CXCL11 did not
induce IL-10 production in FOXP3+CD4+ cells. (E) CD4+ T cells from SJL/J mice were anti-CD3/anti-CD28-activated; 24 hours later, cultures were
supplemented with CXCL11 or CXCL10. 48 hours later, cytokine levels were determined by ELISA. CXCL11 induced IL-10 production, whereas
CXCL10 induced IFN-y production. (F) Freshly isolated human CD4+ T cells from healthy donors were activated with anti-CD3/anti-CD28. After
24 hours, cultures were supplemented with CXCL10 or CXCL11 together with anti-CXCRS3 blocking mAb, anti-CXCR7 blocking mAb (R&D), PBS,
or isotype-matched control IgG. 48 hours later, IL-10 and IL-4 levels were recorded. In all experiments, recombinant chemokines were added at
100 ng/ml (R&D systems). Data (mean + SEM of triplicates) are from 1 of 3 independent experiments with similar results. *P < 0.001.

Results each chemokine was added 24 hours after combined anti-CD3/
CXCL11 polarizes Tr1-like cells in a CXCR3-dependent manner. We ini-  anti-CD28 activation of CD4" T cells. At different time points,
tially established a model system with which to evaluate the effect  extracellular expression of CXCR3 was determined by flow cytom-
of the CXCR3-binding chemokines CXCL9, CXCL10,and CXCL11 etry. Throughout the study, we used chemokines below desensiti-
on the induction of CXCR3 desensitization. In these experiments,  zation levels in all our in vitro assays.
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Figure 2

CXCL10 and CXCL11 polarize Th1 and Tr1 cells in a Gay-independent manner. (A and B) PTX inhibited
CXCL10- and CXCL11-induced migration of anti-CD3—activated CD4+ T cells in Transwell chemotaxis cham-
bers (A; P < 0.001), but not the ability of CXCL11 to elicit IL-10 or of CXCL10 to induce IFN-y (B; P < 0.001 for
both). (C) 2 x 108 CD4+ T cells were activated with anti-CD3/anti-CD28. After 24 hours, cultures were supple-
mented with 20 ng/ml CXCL11 and/or 0—100 ng/ml CXCL10. IL-10 levels in supernatants were recorded by
ELISA after 72 hours. CXL10 did not antagonize IL-10 production induced by CXCL11. Data (mean + SEM of
triplicates) are from 1 of 3 independent experiments with similar results. *P < 0.001.

We first quantified the kinetics of CXCR3 expression during
T cell activation. CD4* T cells were isolated (MACs MicroBeads)
from the LNs of naive mice and activated with anti-CD3/anti-
CD28. Flow cytometric analysis revealed that expression of this
receptor gradually increased over the first 24 hours (Figure 1A). In
a subsequent experiment, these cells were isolated from IL-10 GFP
transgenic mice (44), subjected to anti-CD3/anti-CD28 mAb acti-
vation, and, 24 hours later, supplemented with CXCL10, CXCL11,
or CXCL9. After an additional 48 hours, cells were subjected to
flow cytometry analysis. Whereas CXCL10 skewed T cell polariza-
tion into IL-17M[FN-yle Th17 cells (from 2.6% to 7.8%) and IFN-yhi
IL-4% Th1 cells (from 12.7% to 20.8%), CXCL11 polarized these
cells into IL-10M Tr1-like cells (from 0.7% to 13.8%) and reciprocally
decreased polarization of Th1 and Th17 CD4" T cells. Addition of
CXCL9 to these cultured T cells polarized them to aTh1/Th17 phe-
notype, as did CXL10 (data not shown). In all these experiments,
we verified that chemokine levels (100 ng/ml; R&D Systems) were
below the levels required for CXCR3 desensitization (data not
shown). Comprehensive analysis of all 3 independent experiments
is shown in Supplemental Figure 2 (supplemental material avail-
able online with this article; doi:10.1172/JCI71951DS1).
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We next monitored the expres-
sion of CXCR3 on FOXP3* and
FOXP3" T cells (gated on CD3
and CD4). We observed distinct
populations of CXCR3"FOXP3*
and CXCR3*FOXP3- CD4*
T cells (3.3% and 11.9%, respec-
tively; Figure 1C). However,
CXCL11 upregulated IL-10
only in CXCR3*FOXP3- CD4*
T cells (Figure 1D). The above
experiments were initially con-
ducted in C57BL/6 mice, due
to the availability of GFP-IL-10
transgenic mice, which were
advantageous for monitoring
transcription of IL-10. These
flow cytometric observations
were also confirmed by mea-
surement of IL-10 levels in the
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supernatants of cultured cells
(ELISA for IL-10; data not
shown). WT CS57BL/6 mice dis-
play a shift in the open reading
frame of the CXCL11-encoding
gene (insertion of 2 bases after
nucleotide 39), resulting in the
translation of a chimeric pro-
tein lacking the critical CXC
motif (45). Thus, we extended
the above in vitro experiment to
SJL/J mice. Addition of CXCL11
(but not CXCL10) to mitogen-
activated CD4* T cells from
SJL/J mice (50 ng/well, 24 hours
after initial activation) led to a
significant increase in IL-10
production compared with con-
trols (132 + 8 vs. 25 + 3 pg/ml,
P <0.001); conversely, CXCL10 induced IFN-y production in these
cells (312 + 34 vs. 187 + 15 pg/ml, P < 0.001; Figure 1E). Before
exploring the clinical implications of these observations in experi-
mental models of MS, we studied their potential relevance to the
clinical setting. Human peripheral blood lymphocytes were subject-
ed to anti-CD3/anti-CD28-induced activation in cultures supple-
mented with human recombinant CXCL11 or CXCL10 (50 ng/well,
24 hours after initial activation); 48 hours later, levels of IL-10 and
IFN-y were measured by ELISA. Whereas CXCL11 induced elevated
production of IL-10 (from 36 + S to 192 + 30 pg/ml, P < 0.001),
but not IFN-y, CXCL10 induced a significant elevation in IFN-y
(P <0.001), but not IL-10 (Figure 1F). CXCL11 binds 2 alternative
receptors, CXCR3 (40) and CXCR7 (46). Moreover, CXCL12, the
only known chemokine that also induces IL-10 in CD4* T cells (36),
also binds CXCR?7, as well as CXCR4 (46). As blocking mAbs against
human CXCR3 and CXCR?7 are available (R&D Systems), we used
them to determine whether CXCL11-induced IL-10 and CXCL10-
induced IFN-y were CXCR3 and/or CXCR7 dependent. The above-
described CXCL11-induced elevation in IL-10 was entirely reversed
by blocking antibodies against CXCR3 (from 192 + 30 to 47 + 5
pg/ml, P < 0.001; Figure 1F). Similarly, the upregulated produc-
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CXCL10 and CXCL11 polarize Th1 and Tr1 by inducing diverse STAT-dependent pathways. CD4+ T cells were isolated from LNs of naive mice
(MACs MicroBeads) and activated with anti-CD3/anti-CD28; 24 hours later, cultures were supplemented with CXCL10 or CXCL11 (100 ng/ml,
R&D). (A) After 1, 5, and 15 minutes, cells were subjected to flow cytometry for various STAT proteins. (B and C) After 0, 10, 30, and 60 minutes,
cells were subjected to Western blot analysis comparing the phosphorylation level of various STAT proteins (B) or of other intracellular mediators,
including Akt, p70S6K, and mTOR (C). Results shown in B and C are from the same experiment; separation was done only for didactical reasons.
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CXCL10 and CXCL11 induce differential STAT-dependent signaling cascades in CD4* T cells and differentially polarize CD4+ subsets. (A and B)
Inhibitors of STAT3 and STAT6 arrested CXCL11-induced IL-10 production, whereas blockade of STAT1 reduced CXCL10-induced IFN-y. CD4+
T cells were isolated from LNs of naive mice (MACs MicroBeads), activated with anti-CD3/anti-CD28; 24 hours later, cultures were supplemented
with CXCL11 (A) or CXCL10 (B) (100 ng/ml, R&D). 1 hour before, chemokines were added, and cultures were supplanted with STAT1, STAT3, or
STAT6 inhibitors (see Methods) and incubated for an additional 48 hours. Supernatant was collected for ELISA analysis. (C and D) CXCL10 and
CXCL11 differentially polarized CD4+ subsets. CD4+ T cells were isolated from LNs of naive mice (MACs MicroBeads) and activated with anti-CD3/
anti-CD28; 24 hours later, cultures were supplemented with CXCL10 or CXCL11 (100 ng/ml, R&D systems). 48 hours later, cells were harvested
and subjected to real-time PCR analysis for transcription of T-bet, GATA-3, and RORyT (C) and of IL-21, AhR, and c-Maf (D). Transcription levels
were normalized to 32-microglobulin expression. Data (mean + SEM of triplicates) are from 1 of 3 independent experiments with similar results.

tP < 0.05, *P < 0.01, *P < 0.001.

tion of CXCL10-induced IFN-y was reversed by blockade of this
receptor (Figure 1F). Blockade of CXCR?7 had no effect on these
properties (Figure 1F). Taken together, these results indicated that
CXCL11 polarizes IL-10MCD4* Tr1-like cells in a CXCR3-depen-
dent manner in both mice and humans. It has been suggested pre-
viously that CXCR?7 is also expressed in an intracellular manner in
CD4* T cells (47). In order to evaluate the possibility that CXCR3
chemokines may be acting via intracellular binding to CXCR7, we
used shRNA technology to knock down CXCR?7 expression. Block-
ade of as much as 80% of the transcription of CXCR7 in CD4*
T cells undergoing anti-CD3/anti-CD28-induced activation had
no effect on the induction of IL-10 by CXCL11 (Supplemental
Figure 3). This strongly suggests that CXCR?7 is not involved in
CXCL11-induced IL-10 production.

CXCR3 ligands induce diverse signaling for cytokine production and
chemotaxis via CXCR3. Previous studies demonstrated that a
unique feature of GPCRs is their capability to induce a variety
of signaling cascades via activation of the same receptor (17, 18,
20, 21, 48). These findings are in accordance with the previous
observation that CXCL12-induced cell migration, via CXCR4, is
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independent of its ability to induce cytokine production via the
same receptor (49). Thus, pertussis toxin (PTX) inhibited Gou-
dependent migration induced by CXCL12 via CXCR4, but not its
ability to induce cytokine production in a JAK-STAT-dependent
manner via the same receptor (49). We explored the relevance of
these findings for the interplay between the classic CXCR3 ligands
and their receptor; in particular, we tested whether CXCL10 and
CXCL11 could trigger IFN-y or IL-10 production independently
of their ability to induce chemotaxis. In order to differentiate the
effects on chemotaxis and cytokine production, we used PTX, a
toxin that inhibits chemokine-induced Gay-dependent migration,
but does not affect proinflammatory gene expression (50). Under
conditions in which PTX entirely blocked CXCL10- and CXCL11-
induced cell migration (CXCL11, migration index reduced from
9+0.8t02.5+0.3,P<0.001; CXCL10, migration index reduced
from 9.2 + 0.83 to 2.2 + 0.16, P < 0.001; Figure 2A), this blockade
had no effect on IL-10 induction by CXCL11 or IFN-y by CXCL10
(Figure 2B). These observations were in accordance with prior
reports that PTX blocks CXCL12-induced migration (via CXCR4),
but not JAK-STAT signaling for cytokine production (49).
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Table 1
Histological scoring for H&E staining and IL-10 IHC in lumbar
spinal cords

Treatment group Histological score

PBS 2.5+0.05
CXCL10-Ig 2.66 £ 0.05
CXCL11-lg 0.6 £0.07A
Control IgG1 2.45+0.05

Shown are mean histological scores for the H&E staining and IL-10 IHC
shown in Figure 5B. Data are representative of 3 independent experi-
ments with 6 mice per group. AP < 0.001.

Finally, we determined whether different concentrations of
CXCL10 block the induction of IL-10" Tr1 cells by CXCL11 in vitro.
In 3 independent experiments, CXCL10 did not block CXCL11 (Fig-
ure 2C), due to different binding sites within the same receptor (40).

CXCLI10 and CXCLI11 induce differential STAT-dependent signal-
ing cascades in CD4* T cells. We used 2 complementary approaches
to delineate the STAT proteins that participate in CXCL10 and
CXCL11 signaling cascades. 24 hours after anti-CD3/anti-CD28-
induced activation of primary mouse T cells, cultures were supple-
mented with each of the above chemokines (20 ug/ml). At differ-
ent time points, STAT protein phosphorylation was determined
by 2 independent techniques: flow cytometry and Western blot
analysis. Both showed that, whereas CXCL10 phosphorylated
STAT1, STAT4, and STATS, CXCL11 phosphorylated STAT3 and
STATG6 (Figure 3, A and B). CXCL9 stimulation induced the same
phosphorylation pattern of STAT proteins as CXCL10 (data not
shown). Further exploration of the differential signaling cascades
induced by CXCL10 and CXCL11 showed that CXCL11, but not
CXCL10, induced phosphorylation of p70 S6K and the mTOR cas-
cade (Figure 3C). To further validate these observations, we used
commercial inhibitors of STAT1, STAT3, and STAT6. STAT6 and
STATS3 inhibitors blocked the elicited production of IL-10 in the
presence of CXCL11 (without inhibitors, increase from 165 + 15
to 447 + 35 pg/ml, P < 0.001; with STAT3 and STATG6 inhibitors,
149 + 15 and 219 + 22 pg/ml, respectively; both P < 0.001 vs.
no inhibitor; Figure 4A). The STAT1 inhibitor, in contrast, had
no effect on the elicited production of IL-10 in the presence of
CXCLI11 (Figure 1A). Reciprocally, STAT1 inhibitor, but not
STATG6 or STAT3 inhibitors, blocked the induction of IFN-y by
CXCL10 (without inhibitors, increase from 565 + 25 pg/ml to
945 + 55 pg/ml, P < 0.01; with STAT1 inhibitor, decrease to
612 + 12 and 219 + 22 pg/ml, P < 0.01 vs. no inhibitor; Figure 4B).

CXCL11 not only induces IL-10 in CD4* T cells, but also skews their polar-
ization into Tr1-like cells, whereas CXCLI10 polarizes Th1 and Th17. To
determine whether CXCL11 directs the polarization of Tr1 cells,
or instead induces IL-10 in CD4" T cells without skewing their
polarization into Trl-like cells, CD4* T cells from naive mice were
activated (by anti-CD3/anti-CD28) in the presence of CXCL10 or
CXCL11, and real-time PCR analyses of various transcription fac-
tors, intracellular proteins, and receptors associated with the polar-
ization of each subtype were performed in 3 independent experi-
ments, which yielded similar observations. Addition of CXCL10 to
cultured CD4* T cells undergoing anti-CD3/anti-CD28-induced
activation led to increased transcription of T-bet and RORyT and
decreased transcription of GATA-3 (all P < 0.001; Figure 4C). This
observation suggested that CXCL10 skews polarization of CD4*
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T cells into Th1/Th17. In contrast, CXCL11 led to decreased tran-
scription of RORYT (P < 0.05), but somehow not T-bet (Figure 4C),
indicative of decreased polarization of Th17, as well as increased
transcription of the aryl hydrocarbon receptor (AhR), c-Maf, LAG-3,
and CD49b (all P < 0.001; Figure 4D), which have previously been
associated with Tr1 polarization (51, 52). We did not record any sig-
nificant change in the level of expression of IL-21. Taken together,
these results suggest that whereas CXCL10 polarizes effector Th1
and Th17 cells, CXCL11 instead polarizes Tr1-like cells.

CXCL11-Ig suppresses EAE while selecting IL-10" Tregs that transfer
disease suppression. First, we generated recombinant fusion pro-
teins composed of murine CXCL11 or CXCL10 linked to the
murine IgG1 heavy chain Fc (referred to herein as CXCL11-Ig and
CXCL10-Ig, respectively; Supplemental Figure 1A) that would pre-
serve the biological properties of each chemokine. This strategy
is commonly used to stabilize and prolong the in vivo half-life of
soluble proteins (53). Before exploring their ability to interfere in
the regulation of ongoing EAE, we verified that: (a) each recombi-
nant fusion chemokine preserved its initial target recognition pat-
tern and the competence to attract CXCR3* T cells in a Transwell
bicameral system, and (b) this migration could be inhibited by
chemokine-specific antibodies (Supplemental Figure 1B). We then
determined whether CXCL11-Ig retained other biological activities
of CXCL11, particularly the ability to induce IL-10 in CD4* T cells
undergoing activation. Both CXCL11 (R&D) and CXCL11-Ig simi-
larly induced IL-10 (350 + 30 pg/mland 390 + 40 pg/ml, compared
with 39 + 5 pg/ml, P < 0.001; Supplemental Figure 1C).

The ability of each fusion protein to affect the dynamics of ongo-
ing EAE was then tested. SJL/J mice were subjected to active induc-
tion of EAE and separated at the onset of disease into 4 groups
of 6 mice each that were treated every other day beginning at the
time of disease onset with CXCL11-Ig, CXCL10-Ig, control IgG1
(100 ug/mouse i.p.), or PBS. Mice were followed for the progres-
sion of the first episode of EAE by an observer blinded to the
experimental protocol. Whereas mice injected with CXCL11-Ig
rapidly entered remission, control animals continued to develop
severe disease that persisted for 12 days (first episode) (day 19
mean maximal EAE score, 3.66 = 0.13 vs. 1 £ 0, P < 0.001; Figure
5A). Histological analysis of the lumbar spinal cord at day 19 con-
firmed these observations, demonstrating a marked reduction in
the mean histopathologic score of mice treated with CXCL11-Ig
(0.6£0.07vs.2.5+0.05,P <0.001; Table 1). Immunohistochemistry
(IHC) revealed a marked increase in IL-10-producing leukocytes
within the CNS of mice treated with CXCL11-Ig (Figure 5B). We
isolated these cells from the CNS of each group, and CD4" T cells
were subjected to flow cytometric analysis of IFN-y vs. IL-4, [FN-y

Table 2
Cytokine concentrations in culture media prior to cell transfer

Treatment group IL-10 (pg/ml) IL-4 (pg/ml)  IFN-y (pg/ml)
PBS 202.3 +4 22.3 1 312.3+9
Control IgG 192.7 +12 176+0.8 3323 + 11
CXCL10-Ig 187.3 +18 20.8+0.7 654 + 14
CXCL11-Ig 423 +13 323+04 2546 +15

Spleen cells from CXCL10-lg— or CXCL11-lg— treated mice were activated
with their target antigen for 72 hours. IL-10, IL-4, and IFN-y concentrations
in the culture media were measured using ELISA, and CD4+ T cells were
purified and injected into EAE mice. See Figure 5D for EAE progression.

Volume 124 ~ Number5  May 2014



e
S

research article

A C IgG1  CXCL10-lg  CXCL11-lg D
pBS i 0.2 .71 0.28 PBS
—&—CXCL10 ; —a4— CXCL10
—e—CXCL11 5, —®—CXCL11
57 —o=Control lgG =0=Control IgG
*
o4 o
Q & * Q
3 3 8
w W
<< <T
w o w
c c
Il @
D 1 @D
= =
0+ J
7 9 11131517 19 21 23 25 18
Day Day
B Naive EAE lgG1 CXCL10-Ig CXCL11-Ig
Lu.
=1
I
o
=
Figure 5

CXCL11-Ig suppresses ongoing EAE while selecting IL-10" Tregs that transfer disease suppression. (A) CXCL11-Ig suppressed ongoing EAE.
EAE was induced in SJL/J mice. At disease onset, mice were separated into 4 groups of 6 each and treated every other day with CXCL11-Ig,
CXCL10-Ig, control IgG1 (100 ug/mouse i.p.), or PBS and followed for the progression of the first episode of EAE by an observer blinded to the
experimental protocol. (B) Histological analyses and IL-10 IHC in lumbar spinal cords of representative mice at day 19 (disease peak). Original
magnification, x40 (naive); x100 (all other H&E); x400 (all other IHC). See Table 1 for histological scores. (C) Disease suppression was associ-
ated with skewing CD4+ T cell subsets into IL-10" and IL-4" phenotype. At the peak of disease, CD3*CD4+ T cells from the CNS of each group
were subjected to flow cytometry analysis of IFN-y, IL-4, IL-17, and IL-10. (D) CD4+ T cells from protected mice transferred disease suppression.
Adoptive transfer of CD4+ T cells from EAE donors treated with CXCL11-Ig, CXCL10-Ig, control IgG, or PBS to recipient EAE mice was performed
at onset of active disease. Prior to transfer, levels of key cytokines were determined (see Table 2), after in vitro activation with target antigen. Data
(mean = SEM of triplicates) are from 1 of 3 independent experiments with similar results. *P < 0.001.

vs.IL-17,and IL-10 vs. IL-4 (gated on CD3*CD4*). Administration
of CXCL11-Ig skewed CD4* T cell polarization from Th1 (1.7%, vs.
10.7% with IgG1 control) and Th17 (1.21%, vs. 2.46%) to IL-10M
Trl-like (6.4%, vs. 1.25%) and IL-4MIL-10' Th2 (6.3%, vs. 0.17%)
cells (Figure 5C). In contrast, CXCL10 skewed the CD4" T cell sub-
set toward a Th1 phenotype (15.8%, vs. 10.7% with IgG1 control)
and, to a lesser extent, into a Th17 phenotype (2.74%, vs. 2.46%
with IgG1; comprehensive analysis of all 3 independent experi-
ments showed 3.19% + 0.43% vs. 2.41% + 0.33%, P < 0.05; Supple-
mental Figure 2). It should be noted, however, that at this stage of
disease in EAE mice, the major effector CD4" T cell response had
already been shifted from Th17 to Th1 (9). Similar results were
obtained from cervical LN cells and spleen cells. In both instances,
administration of CXCL11-Ig led to the same shift from Th1 to
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Trl-like cells (data not shown). Comprehensive analysis of all 3
independent experiments is shown in Supplemental Figure 2.

To further elucidate whether suppression of EAE after CXCL11-
Ig administration is associated with skewing of CD4* T cell polar-
ization toward Tr1 cells, we conducted a set of adoptive transfer
experiments in which groups of donor SJL/J mice were subjected
to active induction of EAE and, at the onset of disease, treated
as described above (see Figure 5A). After the second administra-
tion of either CXCL11-Ig or CXCL10-Ig, spleen cells were iso-
lated and cocultured in the presence of their target antigen for
3 days, then purified (CD4" purification; MACs MicroBeads) and
transferred to recipient SJL/J] mice (20 x 10° cells/mouse) at the
onset of their active disease. Before cell transfer, production lev-
els of key cytokines demonstrated a significant skewing toward
Volume 124~ Number 5
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Figure 6

CXCL11 redirects the polarization of effector T cells into IL-10" Tr1 cells and provides long-lasting EAE resistance. (A) CD4+ T cells from pre-EAE

mice (day 9) were activated with target antigen and 20 ng/ml CXCL11 or
separated (MACs MicroBeads) and analyzed for IL-4 and IL-10 produc
disease onset. (C) Recipient mice (6 per group) administered CD4+ T cell

CXCL10 (R&Dj; added 24 hours later). 48 hours later, CD4+ T cells were
tion. (B) 20 x 108 of these cells were transferred to SJL/J EAE mice at
s from CXCL11-Ig—treated donors were repeatedly injected with anti—IL-4

or anti—IL-10 neutralizing mAbs (PeproTec; 100 ug/mouse) or PBS. (D) SJL/J EAE mice were administered anti—IL-10, isotype-matched IgG, or
PBS on day 9. (E) Donor C57BL/6 WT or //70-- mice were immunized with MOGss-ss/CFA to induce EAE. On days 3, 5, 7, and 9, mice were treated

with CXCL11-1g (100 ug/mouse) or PBS. On day 11, CD4+ T cells were
(F) EAE was induced in SJL/J mice. At disease onset, mice were separal

isolated and 20 x 108 were transferred to WT EAE mice (6 per group).
ted into 3 groups (10 per group); treated every other day with CXCL11-1g,

CXCL10-Ig, or isotype-matched IgG (100 ug/mouse); and followed for progression of the first EAE episode and development of a second episode.
Data (mean + SEM) are from 1 of 3 (B, C, and F) or 2 (D and E) independent experiments with similar results. 1P < 0.05, #P < 0.01, *P < 0.001.

IL-10 production in cultured cells from CXCL11-Ig-treated mice
(423 + 13 vs. 202 + 4 pg/ml, P < 0.001; Table 2). These recipient
mice (6 per group) were followed for the progression of the first
episode of EAE by an observer blinded to the experimental proto-
col; 3 independent experiments were performed, yielding similar
observations. Administration of CD4* T cells from mice treated
with CXCL11-Ig, but not from control EAE mice, led to rapid sup-
pression of disease (day 13 mean maximal EAE score, 1.3 + 0.2 vs.
3.0+0.2,P<0.001; Figure 5D).

CXCL11 redirects the polarization of effector T cells into IL-10" Tr1 cells
and suppresses EAE in an IL-10-dependent manner. Would CXCL11
redirect the polarization of effector T cells into IL-10M Tr1 cells?
Primary CD4* T cells were obtained from pre-EAE mice (day 9) and
cocultured with their target antigen in the presence or absence of
CXCL11 or CXCL10 (R&D), added 24 hours later. CXCL11 skewed
CD4" T cell polarization into IL-10M Tr1-like cells (from 1.74% to
14.2%) and to IL-4MIL-10% Th2 cells (from 0.58% to 5.49%) (Fig-
ure 6A). Notably, the level of IL-4MIL-10M cells also increased, from
0.46% to 2.92%. Comprehensive analysis of all 3 independent exper-
iments is presented in Supplemental Figure 2.

2016 The Journal of Clinical Investigation

hetp://www.jci.org

We then determined whether these cells would suppress EAE in
adoptive transfer experiments, and whether targeting IL-10 or IL-4
would reverse this suppression. In adoptive transfer experiments,
these cells were transferred to SJL/J mice at the onset of their active
disease (20 x 106 cells/mouse). Disease was rapidly suppressed with
administration of CD4" T cells that were activated in the presence
of CXCL11 (day 13 mean EAE score, 2.83 + 0.18 vs. 1.33 + 0.23,
P < 0.01), but not CXCL10 or PBS (Figure 6B). In a subsequent
experiment conducted under the same protocol, mice receiving
CD4* T cells from CXCL11-Ig-treated donors were repeatedly
injected with neutralizing mAbs against IL-4 or IL-10 (PeproTec;
100 ug/mouse) or vehicle control and followed for disease devel-
opment and progression. Whereas neutralization of IL-4 did not
reverse disease suppression, targeting IL-10 partially reversed this
effect: mice treated with CXCL11-Ig plus anti-IL-10 displayed a
significantly increased form of disease compared with mice treat-
ed with CXCL11-Ig alone (day 13 mean EAE score, 2.83 + 0.18 vs.
1.33 +0.23, P < 0.01; Figure 6C). Moreover, IL-10 neutralization could
not fully reverse the therapeutic effect of CXCL11-Ig (day 13 mean
EAE score, 2.83 + 0.18 vs. 3.66 + 0.23, P < 0.05; Figure 6C). Thus, we
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Figure 7

Effects of CXCL11 therapy on CD4+ T cell recruit-
ment and EAE suppression. (A) CXCL11-lg-based
therapy affected recruitment of CD4+ T cells to the
CNS and cervical LN, but not the spleen, of EAE
mice. CD3+* T cells from donor GFP—@-actin reporter
EAE mice were purified (MACs MicroBeads) and
directly transferred to recipient WT mice (20 x 108
cells/mouse) at disease onset (day 11). These mice
were then treated (days 11 and 13) with CXCL11-Ig
(100 ug/mouse), PBS, or isotype-matched IgG. On
day 14, recipient mice were sacrificed, and cervical
LN, spinal cord (SC), and spleen cells were analyzed
for relative donor CD4+ T cell accumulation. Shown
are data from a single representative mouse (see
Supplemental Figure 2 for comprehensive analysis
of all mice). (B) Low-dose administration of CXCL11
preferentially suppressed EAE in C57BL/6 mice. At
disease onset, C57BL/6 and SJL/J mice were sub-
jected on alternating days to low-dose administration
of 4 or 40 ug/kg BW of CXCL11 (R&D) (~0.08 and
~0.8 ug/mouse, respectively) and followed for dis-
ease development and progression. Data (mean +
SEM) are from 1 of 3 independent experiments with
similar results. *P < 0.001.
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cannot yet exclude the possibility that IL-10-independent mecha-
nisms contribute to the suppressive effect of these Tr1-like cells.
Next, SJL/J] mice developing EAE were administered anti-IL-10
mADbs (according the protocol of Figure 6C) or isotype-matched
IgG or PBS beginning on day 9 and followed for the dynamics
of disease; 2 independent experiments were performed, yielding
similar observations. Targeting IL-10 significantly enhanced the
severity of disease (day 14, P < 0.05; day 17, P < 0.01; Figure 6D)
as well as its duration. This finding implies an important role
of endogenous IL-10 in the regulation of disease. It is therefore
likely that part of the disease reversal shown in Figure 6C is due
to this neutralization. In order to focus on the direct effect of
CXCL11-Ig therapy on the activity of IL-10-producing T cells
and its therapeutic relevance, we applied an adoptive transfer
setup in which donor WT C57BL/6 mice and reciprocal donor
IL-10 knockout mice (I/107/-) were immunized with myelin oli-
godendrocyte glycoprotein epitope 35-55 (MOGss_ss) in CFA to
induce EAE. On days 3, 5, 7, and 9, these mice were treated with
CXCL11-Ig (100 pg/mouse) or a control solution. On day 11,
donor mice were sacrificed,and CD4" T cells were separated (MACs
MicroBeads) and transferred to reciprocal WT mice (20 x 10°
cells/mouse) with established, ongoing disease (day 11). Mice
were monitored daily for clinical score; 2 independent experi-
ments were performed, yielding similar results. Adoptive trans-
fer of CD4* T cells from WT mice treated with CXCL11-Ig, but
not from reciprocal 1/10~~ mice, significantly suppressed disease
(day 23 mean maximum EAE score, WT, 3.5 + 0.66; CXCL11-Ig-
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treated /107~ donor T cells, 3.3 + 0.5, CXCL11-Ig-treated WT
donor T cells, 1.1 + 0.16, P < 0.01; Figure 6E).

Administration of CXCL11-Ig during the first episode of EAE prevents sub-
sequent disease relapse. SJL/J mice were subjected to active induction
of EAE. At disease onset, animals were separated into 3 groups of
10 mice each that were treated every other day beginning at disease
onset with CXCL11-Ig, CXCL10-Ig, or isotype-matched control IgG
(100 ug/mouse). Mice were followed by an observer blinded to the
experimental protocol for the progression of the first episode of
EAE and for the development of a second episode; 3 independent
experiments were performed, yielding similar observations. Admin-
istration of CXCL11-Ig at the onset of the first episode of illness
suppressed the development of disease during this episode (day 13
mean maximal EAE score, 1 £ 0vs. 2.8 £ 0.2, P < 0001; Figure 6F)
and entirely prevented a subsequent relapse compared with control
animals (0 of 10 vs. 4 of 10, P < 0.0001). In 3 independent experi-
ments, relapse incidence was 0 of 40 in CXCL11-Ig-treated mice,
compared with 12 of 40 in control mice (P < 0.0001).

CXCL11-Ig based therapy affects recruitment of CD4* T cells to the CNS
and the cervical LN, but not the spleen, of EAE mice. Donor GFP-actin
reporter mice were subjected to active induction of EAE (MOGss_ss
in CFA). On day 9, draining LNs were harvested, and T cells were
purified (CD3*; MACs MicroBeads) and directly transferred
(20 x 10° cells/mouse) to recipient WT mice at the onset of disease
(day 11). Mice were treated on days 11 and 13 with CXCL11-Ig
(100 ug/mouse), PBS, or isotype-matched IgG. On day 14, recipi-
ent mice were sacrificed, and cervical LNs, spinal cord, and spleen
Volume 124 2017
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cells were analyzed for relative accumulation of donor CD4* T
cells. As demonstrated by representative results from a single
mouse, therapy reduced the relative accumulation of CD4* T cells
in the cervical LNs that drain the CNS and in the spinal cord,
but not in the spleen (spinal cord, 3.3% vs. 6.49%; cervical LN,
3.01% vs. 9.74%; spleen, 2.2% vs. 2.56%; Figure 7A). Comprehensive
analysis of all mice is shown in Supplemental Figure 2.

It is possible that part of the success of CXCL11-Ig therapy is
due to its affect on T cell recruitment at the autoimmune site and
the LNs that drain this site. This does not invalidate our obser-
vation that CXCL11-Ig polarized IL-10-producing Tregs, but
suggests an additional mechanism that might also participate in
CXCL11-Ig-based therapy.

Mice lacking CXCL11 display higher sensitivity to CXCL11 therapy.
WT C57BL/6 mice display a shift in the open reading frame of
the gene encoding CXCL11 (insertion of 2 bases after nucleotide
39), resulting in the translation of a chimeric protein lacking the
critical CXC motif (45). After confirming this observation (data
not shown), we thought it would be interesting to determine
whether, in the absence of natural CXCL11, these mice would
display higher sensitivity to CXCL11 administration during EAE
compared with SJL/J mice, which are CXCL11*. Thus, at disease
onset, C57BL/6 and SJL/J mice were subjected to low-dose admin-
istration of 4 or 40 ug/kg BW CXCL11 (R&D;~0.08 and ~0.8 ng/
mouse, respectively) every other day, and disease development and
progression was followed; 3 independent experiments were per-
formed, yielding similar results. Administration of 40 ug/kg BW
CXCL11 markedly suppressed the disease in C57BL/6 mice (day
19 mean maximal EAE score, 1.36 + 0.166 vs. 3.66 + 0.3, P < 0.001),
whereas it did not have any notable effect on the manifestation of
disease in SJL/J mice (Figure 7B).

Discussion

The Lefkowitz group has previously raised the notion that differ-
ent ligands binding the same GPCR may induce diverse signaling
cascades, resulting in distinct biological activities (20, 54, 55). Even
though the mechanistic basis of this feature is not fully under-
stood, its biological and clinical implications are highly signifi-
cant (20). Our present study explored, for the first time, the bio-
logical consequences of these findings in chemokine regulation of
inflammatory autoimmunity (30, 32).

Remarkably, despite the redundancy in the chemotactic proper-
ties of CXCR3-binding chemokines, the neutralization of a single
key chemokine, such as CCL2, CCL3, CCLS, or CXCL10, rapidly
suppresses chronic inflammatory processes such as autoimmune
disease (42, 43, 56, 57). In our view, a partial explanation of this
paradox is that in addition to their migratory properties, some key
chemokines contribute to other biological activities. For example,
CXCL10 not only attracts CXCR3" effector T cells to inflammatory
sites, but also polarizes CXCR3* nonpolarized CD4* T cells into
effector Th1/Th17 cells; thus, its targeted neutralization during
inflammatory autoimmunity suppresses disease (42, 43). Another
example is the mobilization of CCR2* macrophages from the bone
marrow to inflammatory sites via CCL2 (58), which may explain
why targeting this axis suppresses autoimmunity (30, 32, 56). Para-
doxically, even though CXCL10 polarizes CD4* T cells into effec-
tor Th1 subsets and recruits these T cells to inflammatory sites
via CXCR3, mice lacking this receptor tend to develop more severe
forms of autoimmunity (59, 60). Our present study informed these
issues by demonstrating that 1 of the 3 CXCR3 ligands displayed
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antiinflammatory properties, and its administration during ongo-
ing EAE therefore suppressed the disease. 2 different mechanisms
are likely to promote this property of CXCL11. The first includes
receptor internalization, a well-established mechanism by which
different chemokines regulate each other’s biological activity. That
is, once a given chemokine binds its cognate receptor with high
affinity, it often leads to the internalization or the desensitization
of the receptor, making it inaccessible to other cognate ligands.
CXCL11 binds CXCR3 with a much higher affinity than the other 2
CXCR3 ligands, CXCL10 and CXCL9 (41), both of which promote
effector T cell polarization to enhance inflammation (42, 43). Here,
we provide conclusive evidence that CXCL11 drives its own unique
signaling cascades critical for FOXP3- Treg expansion. Whereas
CXCL10 (and possibly CXCL9) drives Th1/Th17 polarization by
signaling via STAT4 (and perhaps STATS), CXCL11 not only com-
petes with these proinflammatory activities, but can directly acti-
vate,via STAT3, mTOR, and STAT6 pathways, leading to enhanced
polarization of FOXP3-IL-10"- and IL-4"-producing Tregs. This
may explain, at least in part, why NOD mice lacking CXCR3 dis-
play more severe type I diabetes (60). It still remains ambiguous
why CXCR3-deficient C57BL/6 mice, despite lacking functional
CXCL11, display more severe EAE than WT animals (59).

Our findings of increased transcription of GATA-3 and c-Maf
together with AhR, as well as LAG-3 and CD49b, represent key
indicators that CXCL11 drives Th2/Tr1 polarization, rather then
merely being involved in increasing IL-4 and IL-10 in CD4* T
cells (51,52, 61). This may also explain the ability of CD4" T cells
selected in the presence of CXCL11 to transfer EAE resistance
and provide long-term disease suppression in a relapsing form
of disease (Figure 4, E and F).

CXCL10-Ig also elicited IFN-y in CD4" T cells, similar to
CXCL10 (Supplemental Figure 1D). Nevertheless, administration
of CXCL10-Ig did not result in enhanced induction of IFN-y (Fig-
ure 5C). Why so? We believe that under our working conditions,
administration of exogenous CXCL10-Ig cannot override endog-
enous CXCL10. We have previously shown that targeting CXCL10
in vivo blocks Th1 and skews the polarization into Th2, thus sup-
pressing ongoing EAE (42), as well as adjuvant-induced arthritis
(43). This implies a key role of this chemokine in driving IFN-yhi-
producing CD4* T cells. CXCL11 is likely to be more potent due to
its relatively higher binding affinity to CXCR3 (40, 41).

It thus appears that different ligands binding the same GPCR
induce different biological activities (20, 54), and, conversely, that
a single GPCR ligand may induce different signaling cascades via
its receptor, by mechanisms that are currently under investigation
(62, 63). As for chemokines, Vila-Coro et al. previously showed
that CXCL12-induced chemotaxis via CXCR4 is independent of
its ability to induce cytokine production via the same receptor,
which is directed by JAK-STAT phosphorylation (49). Similar to
this, CXCL11 and CXCL10 also induced STAT-dependent signal-
ing for cytokines via CXCR3, independent of their ability to induce
chemotaxis via the same receptor (Figure 2).

CXCL11 binds 2 alternative receptors, CXCR3 (40) and CXCR7
(46). Moreover, CXCL12, the only known chemokine that also
induces IL-10 production by CD4" T cells (36), also binds CXCR7
(as well as CXCR4) (46). It is possible that CXCR?7 is involved in the
polarization of Tr1 cells by each of these chemokines. Our results
showed that neutralizing mAbs against CXCR7 could not block
CXCL11-induced polarization of CD4" T cells into Tr1 (Figure 1F).
Nevertheless, this observation does not exclude the possibility
Volume 124
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that the CXCL11 and CXCL12 signaling cascades include inter-
nalization of each chemokine via CXCR3 and CXCR4, respectively.
Under such a scenario, each chemokine could bind intracellular
CXCR7, as part of a signaling cascade resulting in IL-10 induction
in these CXCR7" target cells. To further explore this possibility,
we used shRINA technology to markedly reduce CXCR?7 transcrip-
tion in these cells. Even under these conditions, CXCL11 clearly
induced IL-10 production in CD4* T cells, comparable to its effect
in control CXCR7" cells (Supplemental Figure 3). Taken together,
our results strongly suggest that CXCL11 induces Tr1 cells via
binding to CXCR3 and that this induction is CXCR7 independent.

CXCL11-Ig effectively suppressed macrophage-associated
inflammatory cytokines that are well associated with the polar-
ization of Thl (IL-12) and Th17 (IL-23), resulting in reduced
polarization of Th1 and Th17 in CXCL11-Ig-treated mice; this
may explain, at least in part, the long-lasting protective effect
of CXCL11-Ig that could be transferred by these cells. However,
under our experimental conditions, addition of CXCL11 to peri-
toneal macrophages undergoing LPS-induced activation did not
suppress IL-12/IL-23 production by these cells (data not shown).
Thus, the main suppressor function of CXCL11 is likely the
expansion of IL-10-producing Tregs, which in turn suppresses
the expansion and effector functions of Th1 and Th17 (as recently
demonstrated by Chaudhry et al.; ref. 64), rather than directly
competing with CXCL10-driven Th1 and Th17 expansion. More-
over, our results in vitro (Figure 2C) suggest that CXCL10, at dif-
ferent doses, cannot inhibit CXCL11-induced IL-10 production
by T cells, probably due to different binding sites of these ligands
within the same receptor (CXCR3) (40).

What, then, are the advantages and disadvantages of CXCL11-
Ig-based therapy over targeting inflammatory process by neu-
tralizing inflammatory cytokines/chemokines or anti-adhesion
molecule-based therapy? Rather than inhibiting inflammatory
autoimmune disease, via directly neutralizing key inflamma-
tory cytokines/chemokines or their target receptors and/or by
inhibiting migration of inflammatory cells to their target organs,
we propose to exploit the natural ability of CXCL11 to induce
Treg production and function, using recombinant CXCL11-Ig
as a powerful peripheral inducer of functional Tregs. Induction
of these Tregs during ongoing EAE appeared to provide a lon-
ger state of disease suppression, including preventing upcoming
relapse in remitting disease. Our results provide the first example
of a delicate balance between distinct ligands for a shared GPCR,
which determines the fate of T cell differentiation in the context
of an autoimmune disease.

Adoptive transfer experiments of labeled T cells showed that
CXCL11-Ig-based therapy also reduced T cell migration to the
autoimmune site and the LNs that drain this site. It is thus possible
that in addition to skewing T cell polarization into Tr1 cells, the
alteration in T cell migration may also contribute to the therapeutic
effect of CXCL11. Hence, it should be noted that all our attempts to
treat ongoing EAE in 110~ mice totally failed (G. Wildbaum and
N. Karin, unpublished observations), which nevertheless implies a
pivotal role of this cytokine in CXCL11-Ig-based therapy.

A potential advantage of the fusion protein is that it is likely to
have a longer in vivo half-life while maintaining the basic features
of the recombinant protein (Supplemental Figure 1). It is likely
that administration of low doses of the recombinant CXCL11
(R&D) would not be effective in SJL/] mice, as it would be masked
by the natural endogenous chemokine. However, WT C57BL/6
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mice lack this endogenous chemokine, which may explain why
low-dose CXCL11 was so effective in these mice (Figure 7B).
Finally, in preliminary experiments, we observed that adminis-
tration of CXCL11-Ig to SJL/J mice during ongoing EAE was high-
ly effective at a dose of 100 ug/mouse (Figure 5A). At doses below
50 ug/mouse, it was not effective at all (data not shown). Accord-
ing to this calculation, an effective clinical dose is anticipated to
be 5 mg/kg BW. The observed heightened sensitivity of C57BL/6
mice is likely secondary to the absence of endogenous CXCL11;
therefore, the SJL/J] model is probably a more relevant model for
human therapies that are based on CXCL11-Ig. Whether these
findings with CXCR3 and its distinct ligands can be extended to
other different autoimmune diseases, as well as to other chronic
inflammatory processes, remains to be investigated.

Methods

Animals. 6-week-old female SJL/J mice, as well as C57BL/6 WT mice, were
purchased from Harlan and maintained under specific pathogen-free
conditions in our animal facility. IL-10 GFP mice had been previously
developed to sensitively track IL-10 production in vivo and in vitro (65).
CS57BL/6 11107~ mice and C57BL/6 GFP actin-} reporter mice were pur-
chased from JAX lab.

Peptide antigens. Proteolipid protein epitope 139-151 (PLPy39.151) and
MOGss.ss were synthesized by the PAN facility of the Beckman Center of
Stanford University. After purification by HPLC, the sequence was confirmed
by amino acid analysis, and the correct mass was checked by mass spectros-
copy. Purification of the peptides used in the current study was >95%.

Recombinant proteins and antibodies. Recombinant CXCL9, CXCL10, and
CXCL11 were purchased from R&D Systems. Neutralizing mAbs against
murine IL-10 and anti-IL-4 were purchased from R&D Systems.

EAE induction. Active EAE was induced in SJL/J] mice by injection of
PLP;39.151 in CFA (66) and in C57BL/6 mice by injection of MOGs;s_ss in
CFA. Animals were then monitored daily for clinical signs by an observer
blinded to the treatment protocol. EAE was scored as follows: 0, clinically
normal; 1, flaccid tail; 2, hind limb paralysis; 3, total hind limb paralysis,
accompanied by apparent front limb paralysis; 4, total hind limb and front
limb paralysis; 5, death.

Adoptive transfer and cell separation. Mice were subjected to active EAE
induction. On day 9, draining LN cells (DLNCs) or spleen cells were iso-
lated and cocultured with their target antigen (for C57BL/6 MOGss_ss,
50 ug/ml) for 72 hours. Next, CD4* T cells or total CD3* cells were isolated
using MACs MicroBeads separation reagents (Miltenyi Biotec; for CD4*
T cells, CD4; for pan CD3* T cells, CD3" separation kit; catalog no. 130-
094-973). The purity of the different isolated cell populations was deter-
mined by flow cytometry and was >95%. In experiments in which adop-
tive transfer was conducted without in vitro culturing, cell separation was
applied immediately after cell harvesting (20 x 10° cells/mouse).

Preparation of cell lysates and Western blotting. T cells treated for the indi-
cated times were quickly placed on ice and washed with ice-cold PBS. Cells
were lysed in RIPA buffer (PBS containing 1% Nonidet P-40, 0.1% SDS,
1 mM NazVOy, 1 mM PMSF, 0.05% [w/v] aprotinin). Insoluble proteins
were discarded by high-speed centrifugation at 4°C. Protein concentra-
tion in the supernatant was measured in triplicate by Nanodrop. Equal
amounts of total cellular proteins were separated by SDS-PAGE and blot-
ted to nitrocellulose membrane. Antibodies recognizing p70K, mTOR,
Akt, and phospho-AkeSe473 (Cell Signaling Technology) were used in
combination with a goat anti-rabbit HRP-conjugated secondary antibody
(Jackson Immunoresearch Laboratories). Immunoblot analysis of total
and phosphorylated STAT1, STAT3, STAT4, STATS, and STAT6 was con-
ducted after immunoprecipitation. Briefly, 150 pg of total cellular proteins
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were incubated with anti-STAT antibodies and protein A-sepharose for
2 hours at 4°C. Immunobeads were washed twice in lysis buffer and once
in 20 mM Tris-HCI (pH 7.4) with 1 mM NazVOy, resuspended, and ana-
lyzed by Western blot as described above.

Phospho-epitope staining for flow cytometry. T cells were activated using
anti-CD3/anti-CD28. 24 hours later, CXCL10 and CXCL11 (10 ng/ml)
was added for 0, 1, 5, and 15 minutes. Cells were then fixed, permeabi-
lized using PFA and methanol as previously described (67), and stained
for STAT1 (Alexa Fluor 647-conjugated mouse anti-STAT1, catalog no.
612597), STAT3 (Alexa Fluor 647-conjugated mouse anti-STAT3, catalog
no. 557815), STAT4 (Alexa Fluor 647-conjugated mouse anti-STAT4, cata-
log no. 558137; P-STAT Rabbit mAb, catalog no. 082012), STATS (Alexa
Fluor 488-conjugated mouse anti-STATS, catalog no. 612598), and STAT6
(Alexa Fluor 647-conjugated mouse anti-STAT6, catalog no. 558242).
Cells were also stimulated for 20 minutes with the appropriate cytokines
as positive controls: for STAT1 phosphorylation, IFN-y (1,000 U/ml); for
STAT3 phosphorylation, IL-6 (100 ng/ml); for STAT4 phosphorylation,
IFN-y (1,000 U/ml); for STATS phosphorylation, GM-CSF (25 ng/ml); for
STAT6 phosphorylation, IL-4 (100 ng/ml).

Inhibition of STAT phosphorylation. Naive CD4 T cells were stimulated
with anti-CD3/anti-CD28. After 24 hours of stimulation, 20 uM STAT3
inhibitor (CP 690550; Santa Cruz, catalog no. sc-202818), 30 uM STAT6
inhibitor (static; Santa Cruz, catalog no. sc-207457), and 40 uM STAT1
inhibitor (fludarabine; Santa Cruz, catalog no. sc-204755) were added,
1 hour before addition of the chemokines CXCL10 and CXCL11 (R&D;
20 ng/ml). Cells were incubated for an additional 48 hours, and superna-
tant was collected for ELISA.

RNA extraction and real-time PCR. RNA was extracted using TriReagent
(Sigma-Aldrich), according to the manufacturer’s instructions, and
reverse transcribed with Moloney murine leukemia virus RT (Promega)
using random primers (Amersham Biosciences). Quantitative PCR was
performed with Absolute Blue SYBR-Green ROX Mix (Thermo Scien-
tific, ABgene) according to the manufacturer’s instructions, with the
Rotor-GeneTM 6000 system (Corbett Research) and its software, version
1.7. Transcript amounts were normalized to that of f2-microglobulin.
Melting curves were determined to ensure the amplification of a single
product. Primers used for this reaction were as follows: 2-microglobulin,
S'“TTCTGGTGCTTGTCTCACTGA-3' and 5'-CAGTATGTTCG-
GCTTCCCATTC-3"; IL-21, 5'-GGACCCTTGTCTGTCTGGTAG-3" and
S'"-“TGTGGAGCTGATAGAAGTTCAGG-3'; AhR, 5'-GGTGCCTGCTG-
GATAATTCATCTG-3" and 5'-CGTCCTTCTTCATCCGTCAGTG-3';
c-Maf, S'-AGCAGTTGGTGACCATGTCG-3" and 5'"TGGAGATCTCCT-
GCTTGAGG-3"; CD49b, S'-GTCTGGCGTATAATGTTGGC-3" and
S'-CTTGTGGGTTCGTAAGCTGCT-3"; LAG-3, 5'-CTGGGACT-
GCTTTGGGAAG-3" and 5'-GGTTGATGTTGCCAGATAACCC-3';
GATA-3, 5'-GAAGGCATCCAGACCCGAAAC-3" and 5'-ACCCATGGC-
GGTGACCATGC-3"; RORYT, 5'-ACCTCTTTTCACGGGAGGA-3" and
S'"TCCCACATCTCCCACATTG-3'; T-bet, 5'-CGGAGCGGACCAACAG-
CATCGTTTC-3" and 5'-CAGGGTAGCCATCCACGGGCGGGT-3'.

Construction of CXCL11-Ig and CXCL10-Ig. cDNA encoding the con-
stant region (Hinge-CH2-CH3) of mouse IgG1 Fc was generated by
RT-PCR on RNA extracted from mouse spleen cells that were cul-
tured for 4 days with LPS and IL-4. Primers used for this reaction were
5'-CTCGAGGTGCCCAGGGATTGTGGTTG-3" and S'-GGGCCCTT-
TACCAGGAGAGTGGGAGA-3". PCR products were digested with
Xhol and Apal and ligated into mammalian expression/secretion vec-
tor pSecTag2/Hygro B (Invitrogen). The following sets of primers were
used to generate cDNA encoding mouse CXCL11-Ig and CXCL10-Ig
from RNA extracted from mouse splenocytes: CXCL11-Ig, 5'-GCTAG-
CATGAACAGGAAGGTCACAGCCATAGC-3' (sense) and 5'-CTC-
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GAGCATGTTTTGACGCCTTAAAAAATT-3' (antisense); CXCL10-Ig,
5'-GCTAGCATGAACCCAAGTGCTGCCGTCATTTT-3' (sense) and
5'-CTCGAGAGGAGCCCTTTTAGACCTTTTTTG-3' (antisense). PCR
products were digested with Nhel and XholI and subcloned into the vec-
tor containing the mouse IgG1 fragment. Since alterations in the amino
acid sequence at the N terminus of chemokines might change their
properties, Nhel was selected for the cloning procedure, and the original
murine k chain leader sequence found in pSecTag2/Hygro B was accord-
ingly replaced by mouse CXCL11 or CXCL10 leader sequence. The fused
fragments were sequenced by dideoxynucleotide sequencing in our facility
(Sequins version 2; Upstate Biotechnology).

Expression and purification of CXCL11-Ig and CXCL10-Ig fusion proteins.
Expression and purification of CXCL11-Ig and CXCL10-Ig fusion proteins
was carried out using CHO dhfr7/- (DG44) cells (provided by L. Chasin,
Columbia University, New York, New York, USA) as previously described
(68). Fusion proteins were expressed as a disulphide-linked homodimer
similar to IgG1 and had a molecular weight of ~72 kDa, consisting of 2
identical 36-kDa subunits. The fusion proteins were purified from the cul-
ture medium by High-Trap protein G affinity column (GE Healthcare).

Cytokine determination in cultured primary cells. Spleen or LN cells were
cultured under humidified 7.5% CO; atmosphere at 37°C and stimu-
lated with 50 ug/ml MOGs;s_ss peptide. 10 x 106 cells were cultured
in 24-well plates in the presence of 100 ng/ml chemokine or PBS for
72 hours. Supernatants were collected, and cytokine levels were measured
using standard ELISA. mIL-2, mIL-4, mIL-10, mIL-12, mIL-17, mTNF-a.,
mIFN-y, and hIL-10 ELISA kits were purchased from BioLegend. mIL-23
ELISA kit was purchased from eBioscience. mTGF-f ELISA kit was pur-
chased from BD Biosciences.

Migration assay. 106 MOG-specific effector CD4* cells (~90% Th1) were
loaded in the upper chamber of a 6.5-mm diameter, S-um-pore polycar-
bonate Transwell culture insert (Costar). The lower chamber contained 10
ng/ml recombinant chemokine (R&D Systems) or 100 ng/ml CXCL11-Ig
or CXCL10-Ig fusion protein. Incubation of cells was carried out at 37°C
in 7.5% CO; for 2 hours. Migrated cells were collected and counted using a
FACS Calibur (BD Biosciences).

PTX inhibition of Gordependent activities. CD4* cells were isolated from
naive mice and subjected to anti-CD3/anti-CD28 activation for 24 hours.
Cells were then treated with PTX (10 x 10° cells/ml) for 16 hours, fol-
lowed by addition of either CXCL10 or CXCL11 (10 nM). Cells were incu-
bated for 48 hours at 37°C in a 7% CO, atmosphere, and supernatants
were collected for ELISA.

Flow cytometry analysis. Flow cytometry analysis was conducted according
to a protocol previously described in detail (69). For intracellular staining
of cytokines, all conjugated antibodies were purchased from BioLegend.

shRNA-mediated knockdown of CXCR7. CXCR7 knockdown was performed
with lentiviral sShRNA (MISSION; Sigma-Aldrich). The lentiviral particles
were produced by calcium chloride-mediated transfection of HEK-293T
cells. Transfected cells were cultured for 48 hours at 37°C in a humidified
incubator, and the virus-rich supernatant was collected and filtered with
a 0.45-mm diameter pore filter and used immediately for transduction.
For CD4" T cell transduction, freshly purified CD4* T cells were isolated
and incubated in 24-well plates coated with polybrene (10 ug/ml; Ameri-
can Bioanalytical) and anti-CD3/anti-CD28 antibodies under skewing
conditions for 8 hours. Medium was then replaced with fresh skewing
medium with or without CXCL11 for the next 48 hours. The following
shRNA sequences were used: CCGGCCCTCTCCTTCATCTACATTTCTC-
GAGAAATGTAGATGAAGGAGAGGGTTTTT, CCGGCCCACTGTC-
TACTCAGGAAATCTCGAGATTTCCTGAGTAGACAGTGGGTTTTT,
CCGGCTTCACTATCATTGCGATCTTCTCGAGAAGATCGCAAT-
GATAGTGAAGTTTTT, CCGGGCCTGGCAACTACTCTGACATCTC-
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GAGATGTCAGAGTAGTTGCCAGGCTTTTT, CCGGGCAAGATCA-
CACACCTCATTTCTCGAGAAATGAGGTGTGTGATCTTGCTTTTT
(Sigma-Aldrich; NM_007722.2-249s1c1, SHCLNV-NM_007722).

Histopathology. The lumbar spinal cord was dissected, fixed in 4% para-
formaldehyde, dehydrated, and embedded in paraffin. 5-um sections
were stained with H&E. Each section was evaluated for tissue damage
and mononuclear infiltration using the following scale: 0, no mononu-
clear cell infiltration; 1, 1-5 perivascular lesions per section, with minimal
parenchymal infiltration; 2, 5-10 perivascular lesions per section, with
parenchymal infiltration; 3, >10 perivascular lesions per section, with
extensive parenchymal infiltration. Mean histological score + SEM was
calculated for each treatment group.

IHC. Lumbar spinal cord were dissected, fixed in 4% paraformaldehyde,
dehydrated, and embedded in paraffin. 5-um sections were mounted on
Superfrost slides and blocked using normal donkey serum (Jackson Immu-
noResearch Laboratories). Slides were then subjected to IHC using goat
anti-IL-10 antibody (R&D Systems). Donkey anti-goat biotinylated anti-
body (Jackson ImmunoResearch Laboratories) was used as a secondary
antibody, followed by streptavidin-conjugated peroxidase (Zymed Labra-
tories Inc.). DAB (Zymed Labratories Inc.) was then used as a substrate.

research article

Statistics. Significance of differences was examined using 2-tailed Stu-
dent’s £ test. A Pvalue less than 0.05 was considered statistically significant.

Study approval. All animal studies were conducted according the NIH
guideline and were reviewed and approved by the Technion Israel Institute
of Technology Committee for the Supervision of Animal Experiments.
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