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Tolerogenic signals delivered by dendritic cells to
T cells through a galectin-1-driven immunoregulatory
circuit involving interleukin 27 and interleukin 10

Juan M Ilarreguil?, Diego O Croci'*>>, German A Bianco

2

1,25 Marta A Toscano2, Mariana Salatino!?,

Monica E Vermeulen?, Jorge R Geffner? & Gabriel A Rabinovich!»24

Despite their central function in orchestrating immunity, dendritic cells (DCs) can respond to inhibitory signals by becoming
tolerogenic. Here we show that galectin-1, an endogenous glycan-binding protein, can endow DCs with tolerogenic potential.
After exposure to galectin-1, DCs acquired an interleukin 27 (IL-27)-dependent regulatory function, promoted IL-10-mediated
T cell tolerance and suppressed autoimmune neuroinflammation. Consistent with its regulatory function, galectin-1 had its
highest expression on DCs exposed to tolerogenic stimuli and was most abundant from the peak through the resolution of
autoimmune pathology. DCs lacking galectin-1 had greater immunogenic potential and an impaired ability to halt inflammatory
disease. Our findings identify a tolerogenic circuit linking galectin-1 signaling, IL-27-producing DCs and IL-10-secreting

T cells, which has broad therapeutic implications in immunopathology.

For a long time, attention has been focused on the capacity of
dendritic cells (DCs) to elicit T cell responsesl; however, these cells
can also induce peripheral tolerance by promoting the differentiation
of regulatory T cells (T cells), including CD4*CD25*Foxp3™ T,
cells and type 1 Ty cells>™*. Several stimuli may influence the
‘decision’ of DCs to become tolerogenic, including recognition of
apoptotic cells’, interaction with stromal cells®” and exposure to
soluble factors such as interleukin 10 (IL-10; A001243)8, vasoactive
intestinal peptide (VIP)? and 1,25-dihydroxyvitamin D3 (ref. 10).
In addition, DCs modified by CD4*CD25"Foxp3™ T, cells may
become tolerogenic and drive the differentiation of IL-10-producing
type 1 Treq cells', which suggests a link among distinct regulatory cell
populations; this effect requires the secretion of IL-27, an IL-12-related
cytokine with paradoxical pro- and anti-inflammatory effects!!~14,
During the past few years, there has been increasing appreciation of
the effect of protein-glycan interactions on the regulation of innate and
adaptive immunity!>. Galectin-1, an evolutionarily conserved glycan-
binding protein, elicits a broad spectrum of biological functions mainly
by suppressing T cell responses'®. Blockade of galectin-1 expression
results in heightened T cell-mediated tumor rejection and more secre-
tion of T helper type 1 (Tyl) cytokines'”!®. Moreover, galectin-1-
deficient (Lgals1~/~) mice show augmented Tyl and Ty-17 responses
and are considerably more susceptible to immune-mediated fetal rejec-
tion and autoimmune disease than are their wild-type counterparts'>2.

Given the notable plasticity of DCs, induction of a tolerogenic
profile might be exploited to attenuate autoimmune diseases and
prevent graft rejection?. In contrast, silencing DC regulatory pathways
might augment vaccination efficiency and potentiate tumor immu-
notherapeutic strategies?!. Here we show that galectin-1, either exo-
genously supplied or endogenously regulated, drove the differentiation
of DCs with a regulatory function; these DCs promoted T cell
tolerance, blunted Ty-17 and Tyl responses and suppressed autoim-
mune inflammation through mechanisms involving IL-27 and IL-10.

RESULTS

Galectin-1 alters human DC function

In a search for potential mechanisms responsible for the broad anti-
inflammatory activity of galectin-1 (ref. 16), we conducted an integrated
study of the effect of this protein on human and mouse DCs. We first
compared monocyte-derived immature DCs differentiated for 7 d
with granulocyte-macrophage colony-stimulating factor (GM-CSF)
and IL-4 in the absence (iDC) or presence (iDCg,) of galectin-1.
Recombinant galectin-1 bound to human monocytes in a dose-
and carbohydrate-dependent way (Supplementary Fig. 1a) and inter-
fered with the differentiation of immature DCs, as reflected by the
lower expression of CDla and the higher expression of CD14 in
iDCg,; compared with that of control iDC (Fig. 1a). Furthermore,
iDCga1 had a lower capacity to endocytose fluorescein isothiocyanate
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(FITC)-labeled ovalbumin (OVA) than that of control iDC (Fig. 1b).
To examine the ability of galectin-1-differentiated DCs to prime
T cells, we cultured iDCg,y or control iDC together with alloreactive
CDA4* T cells. Priming with iDCgyy; resulted in poor T cell prolifera-
tion and negligible production of interferon-y (IFN-y) compared with
that of control iDC (Fig. 1c,d). Thus, galectin-1 impairs the differ-
entiation and allostimulatory capacity of human monocyte-derived
iDC. As predicted by their ‘permissive’ glycophenotype??, iDC also
bound galectin-1 in a carbohydrate-dependent way (Supplementary
Fig. 1b), and the glycoreceptor CD43, but not CD45, segregated to
membrane patches in iDC exposed to galectin-1 (Fig. le).

Although DCs stimulated with lipopolysaccharide (LPS) showed
similar upregulation of maturation markers in the presence or
absence of galectin-1 (Fig. 1f), galectin-1-exposed LPS-stimulated
DCs (LPS-DCgap;) produced less IL-12p70 and more IL-10 than
did DCs matured with LPS alone (LPS-DC; Fig. 1g). Furthermore,
allogeneic CD4* T cells primed with LPS-DCg,; showed weak
proliferation and synthesized less IFN-y and more IL-10 than did
CD4" T cells primed with control LPS-treated DCs (Fig. 1h,i).
However, we found no difference in the amount of transforming
growth factor-B1 (TGF-B1) or IL-4 in supernatants of these cultures
(data not shown). Thus, regardless of a mature cell surface phenotype,
exposure to galectin-1 overrides the ability of LPS to induce IL-12-
producing, fully competent DCs.
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0.05; **P < 0.01. ***P < 0.001 (Student’s t-test).

Galectin-1 imparts a regulatory program in human DCs
To determine whether DCs matured in a galectin-1-enriched micro-
environment had enhanced immunoregulatory potential, we tested
the capacity of these cells to inhibit mixed leukocyte reactions
(MLRs) stimulated by fully competent, LPS-matured DCs. Galectin-1-
conditioned DCs (LPS-DCg,;) suppressed proliferation and IFN-y
production and enhanced IL-10 secretion induced by fully competent
DCs (LPS-DC) in a dose-dependent way (Fig. 2a—). To understand
the mechanistic basis of this effect, we first examined the ability of
galectin-1 to control activation of the transcription factor STAT3, as it
critically regulates the tolerogenic function of DCs?!. Maturation of
DCs with LPS in the presence of galectin-1 resulted in more STAT3
phosphorylation than did exposure of DCs to LPS alone (Fig. 2d).
Furthermore, addition of the Jak2 kinase—-STAT3 inhibitor AG490
during DC maturation substantially diminished the regulatory capacity
of LPS-DCgg,; (Fig. 2e). In contrast, exposure to galectin-1 during DC
maturation did not affect degradation of the transcription factor
NEF-kB inhibitor IkBo. or NF-kB DNA-binding activity (Supplemen-
tary Fig. 2a,b). Moreover, we found no difference in the frequency of
apoptotic cells in DCs cultured in the absence or presence of galectin-1
during differentiation or maturation (Supplementary Fig. 3a—d).

To determine whether allogeneic T cells were rendered regulatory
after exposure to LPS-DCgg1, we purified CD4* T cells from MLR
cultures and analyzed their suppressive capacity. Although we detected
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(mean + s.e.m.).

no variation in the frequency of CD4*CD25"Foxp3™* T, cells (Sup-
plementary Fig. 4), CD4" T cells primed with LPS-DCgy; but not
those primed with control LPS-DC suppressed T cell proliferation
in a dose-dependent way (Fig. 2f). This effect was prevented by an
IL-10-specific neutralizing antibody (Fig. 2f), which suggested that
LPS-DCg,; promoted the differentiation of IL-10-secreting anti-
inflammatory T cells. Thus, in the presence of inflammatory stimuli,
galectin-1 drives the generation of human DCs with a mature cell
surface phenotype but greatly enhanced regulatory potential.

Galectin-1 induces IL-27-producing mouse tolerogenic DCs
Given the regulatory effects of galectin-1 on human DCs, we analyzed
the effect of this lectin on the differentiation of mouse DCs to further
evaluate their tolerogenic potential in vivo. Culture of bone marrow
cells in the presence of GM-CSF and galectin-1 (BM-DCqg,;) led to
the differentiation of cells with lower expression of CD11c and higher
expression of CD45RB (a marker associated with regulatory DCs”®)
than that of bone marrow cells differentiated with GM-CSF alone
(BM-DC; Fig. 3a). This effect involved protein-glycan interactions, as
it was prevented by the disaccharide lactose (Fig. 3a). After exposure
to LPS, BM-DCg,1; adopted a cell surface phenotype similar to that of
fully mature BM-DCs (data not shown).

To examine the functional profile of BM-DCg,;, we analyzed
cytokine production and allostimulatory capacity. We detected con-
comitant upregulation of the p28 and EBI3 subunits of IL-27 on
BM-DCgy,; relative to their expression on control BM-DC (Fig. 3b),
which was sustained after maturation of these cells (Supplemen-
tary Fig. 5). In addition, we detected more IL-6 and IL-10 and less
IL-12p70 in BM-DCg,; than in control BM-DC after maturation with
LPS (Fig. 3c). In agreement with that, priming of alloreactive CD4*
T cells with CD11c°CD45RB* BM-DCgy; resulted in less proliferation,
less synthesis of IFN-y and IL-17 and more production of IL-10 than
that of T cells primed with control BM-DC (Fig. 3d,e). Notably,
blockade of IL-27 with an IL-27p28-specific antibody completely elimi-
nated this immunoregulatory effect (Fig. 3d,e). However, neutralization
of TGF-B did not reverse suppression of allogeneic T cell responses
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mediated by BM-DCg,;, whereas blockade of the IL-10 receptor
produced a partial effect (Fig. 3d). Again, we found no difference in
the frequency of CD4*CD25"Foxp3™ Tieg cells (Supplementary Fig. 6)
or in the amount of IL-4 or TGF-B in allogeneic CD4" T cells primed
either with BM-DCgy; or control BM-DC (data not shown).

The IL-27 receptor, which consists of the gpl30 common
receptor chain associated with the IL-27 receptor o-subunit (IL-
27Ra. (A002911); also called WSX-1), mediates the induction of
IL-10-producing T cells triggered by IL-27 (refs. 11-14). To eval-
uate the contribution of this pathway to the tolerogenic circuit
initiated by galectin-1, we analyzed the ability of BM-DCg,; to
prime naive CD4% T cells purified from the spleens of IL-27Ra-
deficient (II27ra~/~) mice. CD4" T cells lacking IL-27Ra were
refractory to the regulatory effects of BM-DCq,; (Fig. 3f.g).
Similarly, BM-DCg,; were unable to suppress proliferation or
modulate cytokine production in CD4" T cells isolated from
IL-10-deficient (I110~/~) mice (Fig. 3f,g), thus substantiating the
contribution of DC-derived IL-27 and T cell-derived IL-10 to
the immunoregulatory effects of galectin-1. Similar to the human
system, incorporation of the Jak2-STAT3 inhibitor AG490 during
mouse DC maturation partially abrogated the regulatory function
of BM-DCgy,; (Fig. 3h), consistent with the ability of galectin-1 to
trigger STAT3 phosphorylation (Fig. 3i). Collectively, these data
underscore the involvement of galectin-1-saccharide interactions
in driving the differentiation of CD11c°CD45RB* tolerogenic DCs,
which favor the induction of IL-10-producing T cells through
IL-27- and STAT3-dependent mechanisms.

DCgai1 promote T cell tolerance in vivo

To determine whether DCs differentiated in a galectin-1-enriched
microenvironment have enhanced regulatory function in vivo, we first
pulsed BM-DCg,; and control BM-DC with OVA (producing OVA-
DCga; and OVA-DC, respectively) and transferred these cells into
syngeneic naive mice. Then, 7 d later, we injected mice with OVA in
complete Freund’s adjuvant (CFA). We then analyzed antigen-specific
proliferation and cytokine production in splenocytes of mice given
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OVA-DCg,; or control OVA-DC after ex vivo restimulation with
OVA. We found vigorous antigen-specific proliferation, large amounts
of IFN-y and IL-17 and small amounts of IL-10 in splenocytes of
mice given control OVA-DC before antigenic challenge (Fig. 4a,b). In
contrast, adoptive transfer of OVA-DCg,); resulted in weak antigen-
specific proliferation, less secretion of IFN-y and IL-17 and more
synthesis of IL-10 in splenocytes of recipient mice (Fig. 4ab).
Coinjection of OVA-DCg,; and control OVA-DC resulted in less
antigen-specific proliferation, less secretion of IFN-y and IL-17 and
more IL-10 production by ex vivo-restimulated splenocytes than that
of cells from mice that received only control OVA-DCs (Fig. 4a,b),
suggestive of a dominant tolerogenic effect of antigen-pulsed DCgap,
which prevented the immunostimulatory ability of antigen-pulsed
control DCs. To examine the contributions of IL-27 and IL-10 path-
ways to this tolerogenic effect, we injected OVA-DCg,; or control
OVA-DC into II27ra~'~ or 1110/~ mice. Disruption of either the
IL-27 or IL-10 pathway mostly abrogated the tolerogenic effect of

OVA-DCg, (Fig. 4ab). We found no change when we injected
unpulsed DCs or unpulsed DCgq,; into wild-type mice (Fig. 4a,b),
1127ra~'~ mice or I110~/~ mice (data not shown).

Tumor lysate-pulsed DCs can elicit effective antitumor responses and
protect mice against challenge with viable tumor cells?>. However, the
protective function of DCs could be thwarted by a tolerogenic micro-
environment?!. To investigate the regulatory function of DCg,; in an
in vivo setting of pathophysiologic relevance, we pulsed BM-DCg,j;
and control BM-DC with lysates of B16 melanoma cells (producing
Lys-DCgap and Lys-DC, respectively) and did tumor protection assays.
We immunized mice twice at 7-day intervals with tumor-pulsed or
unpulsed BM-DCg,; or control BM-DC, challenged mice 14 d later
with viable B16 cells and monitored tumor progression'”. Mice
immunized with tumor-pulsed BM-DC showed 80% or more inhibi-
tion of tumor growth compared with the growth of tumors from
mice pretreated with vehicle control or unpulsed BM-DC (Fig. 4c).
However, we found no substantial inhibition of tumor growth

a ‘ b
925 82.9 763 | 300" 210 |, 06 rk kx « *
| \\ 1007 —T 1 asq—— 06 1 0121 g e
BM-DC ‘ ‘ \ 2
| \ T < 75 9 < = ACHN e
N o) J heo < o %0 2 04 S 0.08 60
=
498 795 73.0 296 | 14.0 |/ 345 £ %0 5 € Py m
BM-DC, | 0 < 15 © & &40
-DCaant @ | i o 25 o & 02 2 0.04 =
= 1 f \ o < & o
2 Lol | . ‘ ‘ 0 0 9§ = g 20
QAN U D 5O N QYD HOAN QYD HINYDHINLD NSNS Gal - + + Gall - + + 0 0 0
A0 DT8OO DA DO S RBHE OD O LSOO DS SO DSOS Jiose — — & Lactose — — + RO RO £
CD11c—» I-A>——» H-2K>—» CD40 —» CD86 —» CD45RB—» N &° @“@00 Q}&;\QO
> S 3
c e, .. o f o
40 * 0.9 * 0.3 * d 30 2 03 Kk K 0.6 30 —
[} [} [l *k ok = *
£ 2= T £ € o2 E 04 e
=30 = £ £¢E > Eo Eo 5 E 20
5 Sos 202 gs% £ g £ s
(= c > 0 i
<20 = o £ = ~ e £
< e 'S =95 10 [ - 041 - 0.2 £% 10
= o 03 & 0.1 ET = = = R
B = 0 0 0 0
o o o BMDC+ - — + — - BMDC+ — - + BMDC + - - + BM-DC + - — +  BMDC + — + — + -
@900&\ @9000&\ @9000,‘,}\ BM-DCqy; — + X/\_ ; ; BMDCqy~ + + = BM-DCgy ~ *+ * = BMDCgy — + *+ = BMDCg,, — + - + o
Ab - — S o ] X X X
LS R NP R Sk Ab P g Ab - — Ab - — g\ 4\ AlloCD4 $§4«®4«0 S8
> S 5 AN VN VNV VN RUANCARNA
*k *k H
g, > - o T 6. T h . I
_ — _ * _ p-STATS |ws
£ E 08 E o4 o 40 T sTaTs
215 2 2 SE
10 < 02 =Y g4 _25
£ o5 = 04 5 02 £% 20 € 20
; . £, 215
BM-DC + - + — + - BM-DC + — + — + — BM-DC + - + - 0 510
BM-DCyy, — * — +* — + BMDCgy, ~ + - + - + BMDCgy - + - + ngoc%%&\ =05
X X XX & X X XX X X Q"<& 0
Allo-CD4 @@1@ B S Allo-CD4 \é\\w (eSS Allo-CD4 é\ﬁ@ﬂ‘fg RO I
AR NARVAR N '@ @Q 3 90
< P

Figure 3 Galectin-1 endows mouse DCs with IL-27-dependent tolerogenic potential. (a) Flow cytometry analysis (left) of surface markers on bone marrow—
derived DCs differentiated with recombinant mouse GM-CSF in the absence (BM-DC) or presence (BM-DCg,1) of galectin-1 (3 puM). Thick lines, isotype-
matched control antibody staining. Numbers in plots indicate percent positive cells. Right, lactose-dependent modulation (30 mM) of CD11c and CD45RB
expression. Data are representative of nine experiments (left) or are from nine experiments (right; mean + s.d.). (b) Real-time quantitative RT-PCR analysis
(left) of the expression of IL-27p28 mRNA by the cells described in a; results are presented in arbitrary units (AU) relative to GAPDH mRNA (encoding
glyceraldehyde phosphate dehydrogenase). Middle, ELISA of IL-27p28 in supernatants of the cells described in a; right, immunoblot analysis of IL-27EBI3
(below, band intensity relative to that of actin). Data are representative of three experiments. (c) ELISA of cytokines in supernatants of BM-DC or BM-DCgaj1
stimulated with LPS. Data are from four experiments (mean + s.e.m.). (d,e) [3HIthymidine incorporation (d) and cytokine production (e) by BALB/c CD4+
splenocytes stimulated for 5 d with C57BL/6 BM-DC or BM-DCgg 1 (DC/T cell ratio, 1:10) in the presence or absence of neutralizing antibodies (Ab) or
control immunoglobulin G (data not shown). Data are from three experiments (mean + s.e.m.). (f,g) [3HIthymidine incorporation (f) and cytokine production
(g) by C57BL/6 wild-type (WT), //27ra~'~ or 1/10~'~ CD4* splenocytes stimulated for 5 d with BALB/c BM-DC or BM-DCgy1 (DC/T cell ratio, 1:10).

Data are from three experiments (mean + s.e.m.). (h) [3HIthymidine incorporation by BALB/c CD4* splenocytes cultured for 5 d with C57BL/6 control
BM-DC or BM-DCggj1 exposed to LPS in the absence (BM-DCg,1) or presence (AG490-BM-DCga1) of 2.5 M AG490. Data are from three experiments
(mean + s.e.m.). (i) Immunoblot analysis of phosphorylated STAT3 on BM-DC or BM-DCgq1; below, band intensity relative to that of STAT3. Data are
representative of three experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 (Student’s t-test).
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BM-DCgaj1 (Lys-DCgai1) or their unpulsed counterparts or vehicle control, by single or coinjection protocol, and further challenged with viable B16
melanoma cells. (c) Kinetics of tumor growth. *P < 0.05 and **P < 0.01, versus Lys-DC (Student’s t-test). (d) Kaplan-Meier analysis of tumors.
*P < 0.05, Lys-DC versus Lys-DCggi; or a combination of Lys-DC and Lys-DCga1. (e,f) [3HIthymidine incorporation (e) and ELISA of cytokines in

supernatants (f) of tumor-draining lymph node cells obtained 2 weeks after tumor challenge and restimulated for 72 h with irradiated B16 cells.

*P < 0.05, **P < 0.01 and ***P < 0.001, versus Lys-DC (Student’s t-test). Data are from three experiments with five to six mice per group

(mean + s.e.m. in c; mean + s.e.m. in e,f).

when we immunized mice with tumor-pulsed BM-DCgq,; (Fig. 4c).
When challenged with viable melanoma cells, all mice immunized
with tumor-pulsed BM-DCg,j; developed progressively enlarging
tumors at a rate similar to that of mice that received unpulsed
BM-DC or vehicle control, which led to uniform terminal morbidity
by about 20-25 d after challenge (Fig. 4d). In contrast, 60% of mice
immunized with fully competent, tumor-pulsed control BM-DC
remained tumor-free for about 30 d after inoculation (Fig. 4d).
Coinjection of tumor-pulsed BM-DC and tumor-pulsed BM-DCg,y
resulted in accelerated tumor growth compared with that of mice that
received only tumor-pulsed BM-DC (Fig. 4c,d), confirming a domi-
nant tolerogenic effect of tumor-pulsed BM-DCg,1, which prevented
the protective effect of tumor-pulsed control BM-DCs. Consistent
with that, lymph node cells from mice that received tumor-pulsed
BM-DCg,j; or a mixture of tumor-pulsed BM-DCs and tumor-pulsed
BM-DCqg,; showed poor proliferative responses, less synthesis of
IFN-y and enhanced secretion of IL-10 compared with that of
lymph node cells from mice immunized with fully competent,
tumor-pulsed BM-DCs (Fig. 4ef). Thus, DCs differentiated in a
galectin-1-enriched microenvironment cannot elicit an effective T
cell response against tumor challenge and instead skew the cytokine
balance to foster a tolerant milieu at sites of tumor growth.
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DCgai1 halt autoimmune inflammation through IL-27 and IL-10
To evaluate whether DCg,j; might be used as a therapeutic tool to halt
autoimmune diseases, we examined the tolerogenic effects of these
cells in experimental autoimmune encephalomyelitis (EAE), a T cell-
mediated disorder widely used as a model of multiple sclerosis?*%°.
We immunized mice with the encephalitogenic peptide (amino acids
35-55) of myelin oligodendrocyte glycoprotein (MOG(35-55)) and
monitored disease progression. We injected mice that reached a
clinical score of 1 (disease onset) with syngeneic MOG(35-55)-pulsed
BM-DC (MOG-DC) or BM-DCg,; (MOG-DCgy1). Treatment with
MOG-DCgy; resulted in much less clinical severity than that of mice
treated with control MOG-DC (Fig. 5a and Supplementary Table 1a).
In addition, areas of inflammation and demyelination were less pro-
nounced in spinal cord sections from mice treated with peptide-pulsed
MOG-DCg,; than in those from mice injected with peptide-pulsed
control MOG-DCs (Fig. 5b). Similar numbers of MOG-DC and
MOG-DCgy,; reached draining lymph nodes of treated mice (Sup-
plementary Fig. 7), which suggested a lack of effect of galectin-1
on the in vivo migratory pattern of DCs.

Ty-17 and Tyl effector cells provide distinct but essential contribu-
tions to autoimmune neuroinflammation?2, Lymph node cells from
mice treated with MOG-DCg,; showed much less antigen-specific
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proliferation, much less MOG(35-55)-specific production of IL-17
and IFN-y and much more IL-10 than did lymph node cells from mice
treated with peptide-pulsed control DCs (Fig. 5¢,d). To examine the
contribution of the IL-27 pathway to the therapeutic effect of DCqy1,

at the day of EAE onset. Disruption of the IL-27 pathway mostly
abrogated the tolerogenic effect of MOG-DCg,y1, Which were not able
to limit disease severity or modulating cytokine secretion (Fig. 5e,f
and Supplementary Table 1b). Furthermore, MOG-DCg, also
lacked therapeutic efficacy when injected at the day of disease onset

we injected syngeneic MOG-DCgy,, into I127ra~'~ or wild-type mice
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Figure 5 Galectin-1-differentiated DCs suppress Ty-17- and Tyl-mediated neuroinflammation via IL-27 and IL-10. (a) Clinical scores of C57BL/6 mice
immunized with MOG(35-55) and treated with MOG(35-55)-pulsed BM-DC (MOG-DC) or MOG(35-55)-pulsed BM-DCga11 (MOG-DCgq1) or their unpulsed
counterparts. Arrow indicates time of DC injection (clinical score, 1). *P < 0.01, versus MOG-DC (Mann-Whitney U-test). Data are from three experiments
with five to six mice per group (mean + s.e.m.). (b) Spinal cord sections from the mice described in a, stained with hematoxylin and eosin (H&E) or
Luxol fast blue. Arrows indicate inflammatory infiltrates and demyelinated areas. Boxes in top row outline areas shown in higher magnification below.
Scale bars, 25 pum. Data are representative of three experiments. (c,d) [3H]thymidine incorporation (c) and ELISA of cytokine production (d) by lymph
node cells obtained 30 d after immunization of the mice described in a, then restimulated for 72 h ex vivo with MOG(35-55). *P < 0.05 and **P < 0.01
(Student’s t-test). (e) Clinical scores of //27ra~~ and wild-type C57BL/6 mice immunized as described in a. *P < 0.01, //27ra~'~ + MOG-DCgy1 Versus
WT + MOG-DCga 1 (Mann-Whitney U-test). (f) ELISA of cytokine production by lymph node cells collected at day 30 from the mice described in e and

then restimulated ex vivo with MOG(35-55). *P < 0.05 and **P < 0.01 (Student’s t-test). (g) Clinical scores of //10~'~ and wild-type C57BL/6 mice
immunized as described in a. *P < 0.01, //10~~ + MOG-DCgg; versus WT + MOG-DCgy1 (Mann-Whitney U-test). (h) ELISA of cytokine production by
lymph node cells collected at day 30 from the mice described in g and then restimulated ex vivo with MOG(35-55). *P < 0.01 (Student’s t-test). Data
are from three (c,d) or two (e-h) experiments with five to six mice per group (mean + s.e.m. (c,d,f,h) or mean + s.e.m. (e,g)).
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into 11107~ mice (Fig. 5gh and Supplementary Table Ic). These
results indicate an essential function for galectin-1 in driving the
differentiation of tolerogenic DCs that blunt Ty1 and Ty-17 responses
and halt autoimmune neuroinflammation through mechanisms involv-

ing IL-27 and IL-10.

Regulation of galectin-1 expression

The observed tolerogenic activity of DCg,j; prompted us to investigate
the relevance of endogenous galectin-1 during the progression and
resolution of inflammatory disease. For this, we evaluated galectin-1
expression in lymph nodes (draining sites of immunization) and
spleens from mice with EAE at various time points after immunization
(Fig. 6a—d). We found a progressive increase in galectin-1 transcript
and protein expression (Fig. 6ab), as well as in the number of
galectin-1* cells (Supplementary Fig. 8), in lymph nodes from mice
with EAE; these increases peaked during the third week and persisted
into the fourth week (recovery phase), reflecting the pace of the clinical
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disease. Notably, galectin-1 expression also increased over time in the
spleens of immunized mice, although increases first became apparent
in the second week, peaked at the third week and decreased during the
fourth week analyzed (Fig. 6¢,d and Supplementary Fig. 8). CD11c*
DCs purified from spleens at various times of EAE induction had a
similar expression profile (Fig. 6e). These expression patterns suggest
that endogenous galectin-1 may participate in limiting the inflamma-
tory response, thus contributing to disease recovery.

To determine whether endogenous galectin-1 influences the tolero-
genic activity of DCs, we investigated the expression of this protein in
immature and mature mouse DCs. Bone marrow—derived immature
DCs synthesized and secreted large amounts of galectin-1, which
decreased substantially after maturation (Fig. 6f,g). Given that differ-
ent profile, we examined the relevant stimuli and signaling pathways
that lead to galectin-1 expression on mouse BM-DC (Supplemen-
tary Fig. 9). We first differentiated bone marrow cells with GM-CSF
in the presence of a panel of tolerogenic stimuli, including VIP,
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two experiments with five to six mice per group (mean + s.e.m.). (b,d) Immunoblot analysis of galectin-1 expression (top); below, band intensity relative

to that of actin. Each lane represents an individual mouse. Data are representative of two experiments with five to six mice per group. (e) Laser confocal
microscopy (top) of galectin-1 (green) expression on DCs (CD11c; red) isolated from spleens at various times after EAE induction. Scale bar, 5 um. Data
are representative of two experiments with five to six mice per group. Below, real-time quantitative RT-PCR analysis of galectin-1 mRNA expression in splenic
DCs isolated at various times after EAE induction, presented relative to GAPDH mRNA. *P < 0.05 and **P < 0.01, versus day O (Student’s t-test). Data
are from two experiments with five to six mice per group (mean + s.e.m.). (f) Laser confocal microscopy of galectin-1 (green) and CD11c (red) in immature
and mature mouse BM-DCs. Scale bars, 10 pm (main images) or 5 um (insets). Data are representative of three experiments. (g) Immunoblot analysis of
galectin-1 secretion from immature and mature BM-DC. Equal protein loading was checked by Ponceau S staining (data not shown). Data are representative
of three experiments. (h) Real-time quantitative RT-PCR analysis of galectin-1 mRNA expression in bone marrow cells exposed to GM-CSF and tolerogenic
stimuli, including VIP (BM-DCyyp), 1,25-dihydroxyvitamin D3 (BM-DCp3), IL-10 (BM-DC.10) and galectin-1 (BM-DCgq1), with (right half) or without

(left half) further exposure to LPS, presented relative to GAPDH mRNA. *P < 0.01 and **P < 0.001, versus control DCs; TP < 0.05 and P < 0.01,
versus LPS-stimulated DCs (Student’s t-test). Data are from three experiments (mean + s.e.m.). (i) Real-time quantitative RT-PCR analysis of galectin-1
mRNA expression in immature DCs exposed to LPS or tolerogenic stimuli, presented relative to GAPDH mRNA. *P < 0.01 and **P < 0.001, versus
control BM-DC (Student’s t-test). Data are from three experiments (mean + s.e.m.). (j) Real-time quantitative RT-PCR analysis of galectin-1 mRNA
expression in immature BM-DC exposed to various stimuli (horizontal axis), presented relative to GAPDH mRNA. Apo cells, apoptotic splenocytes.

*P < 0.05, **P < 0.01 and ***P < 0.001, versus control DCs (Student’s t-test). Data are from three experiments (mean + s.e.m.).
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Figure 7 Endogenous galectin-1 ‘fine tunes’ the tolerogenic function of DCs. (a)

ELISA of IL-27p28 in supernatants of bone marrow—derived Lgal/s1~/~ DCs (BM-

Real-time quantitative RT-PCR analysis of mRNA encoding IL-27p28 and
DC~/~) and wild-type DCs (BM-DC**) differentiated for 8 d with GM-CSF

and further matured with LPS; results are presented relative to GAPDH mRNA. *P < 0.05 (Student’s t-test). (b) ELISA of cytokines in supernatants of
BM-DC~/~ or BM-DC** differentiated with GM-CSF and further matured with LPS. *P < 0.05 (Student’s t-test). (c,d) [3HIthymidine incorporation (c)

and cytokine production (d) by allogeneic CD4* splenocytes (BALB/c) stimulated for 5 d with BM-DC~/~ or BM-DC** (DC/T cell ratio, 1:10). *P < 0.05
(Student’s t-test). Data in a—d are from three experiments (mean + s.e.m.). (e,f) Real-time quantitative RT-PCR analysis (e) and ELISA of cytokines (f) of
splenic DCs obtained from Lgals1~"~ mice (FIt3L-DC~/~) and wild-type mice (FIt3L-DC**) injected with FIt3L for 9 d and further exposed to LPS, assessed
as described in a—d. (g,h) [3HIthymidine incorporation (g) and cytokine production (h) by allogeneic CD4* splenocytes (BALB/c) stimulated for 5 d with
FIt3L-DC~/~ or FIt3L-DC** (DC/T cell ratio, 1:10). DCs obtained from Flt3L-treated mice in the absence of LPS maturation had similar tendencies (data
not shown). *P < 0.05 and **P < 0.01 (Student’s t-test; e-h). Data are from three experiments (mean + s.e.m.; e-h). (i,j) Bone marrow—derived Lgalsl~/~
and wild-type DCs differentiated with GM-CSF were pulsed with OVA and transferred into either LgalsI~/— or wild-type recipient mice; 7 d after transfer,
mice were injected with OVA in CFA, and 1 week later, splenocytes were restimulated ex vivo with OVA and analyzed by [3H1thymidine incorporation (i) or
ELISA of cytokines in supernatants (j). There were no detectable changes in splenocytes of wild-type or LgalsI~'— mice given unpulsed Lgals1~/~ or wild-
type BM-DC (data no shown). *P < 0.05 and **P < 0.01, versus wild-type BM-DCs transferred to wild-type mice (Student’s t-test). Data are from three

experiments with four to five mice per group (mean + s.e.m.).

1,25-dihydroxyvitamin D3, IL-10 and galectin-1 itself. All tolerogenic
stimuli induced substantial increases, albeit to varying extents, in
galectin-1 transcript and protein expression (Fig. 6h and Supple-
mentary Fig. 10a). This effect was more pronounced when we
first differentiated BM-DC with GM-CSF and subsequently exposed
immature BM-DC to tolerogenic stimuli (Fig. 6i and Supplementary
Fig. 10b). Finally, we exposed immature BM-DCs to proinflammatory
cytokines, CD40 crosslinking and agonists of Toll-like receptors or
C-type lectin receptors. Exposure to most Toll-like receptor agonists
(LPS, Pam,CSK,, Pam;CSK}, peptidoglycan, poly(I:C), zymosan and
heat-killed Propionibacterium acnes), as well as proinflammatory
cytokines (IFN-y and tumor necrosis factor) and CD40 crosslinking,
resulted in less galectin-1 expression (Fig. 6j). However, exposure
of immature BM-DC to Schistosoma mansoni egg antigen (SEA) or
to flagellin led to much more galectin-1 expression (Fig. 6j). Moreover,
culture of immature BM-DC together with apoptotic splenocytes,
an interaction that favors the induction of tolerogenic DCs®, also
resulted in the synthesis of large amounts of galectin-1 (Fig. 6j and
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Supplementary Fig. 10c). Thus, tolerogenic stimuli can selectively
upregulate galectin-1 expression during the differentiation or matura-
tion of mouse BM-DC. To further delineate the signaling pathways that
lead to galectin-1 expression, we exposed immature BM-DC to SEA
(the most potent stimulus augmenting galectin-1 synthesis) in the
presence or absence of specific signaling inhibitors. Inhibition of
the mitogen-activated protein kinases Erkl-Erk2 or Jnk abrogated
SEA-induced upregulation of galectin-1, but inhibition of the kinases
PI(3)K and Akt, the mitogen-activated protein kinase p38, NF-«xB or
STAT3 did not (Supplementary Fig. 11).

Endogenous galectin-1 ‘fine tunes’ the tolerogenic function of DCs
Given the selective upregulation of endogenous galectin-1 by tolero-
genic stimuli, we next examined the effects of LgalsI deletion on DC
function by differentiating bone marrow cells from LgalsI~/~ and
wild-type mice in the presence of GM-CSE In vitro—differentiated
Lgals1~/~ and wild-type BM-DC had a similar cell surface phenotype
(data not shown). However, after maturation, BM-DC devoid of
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Figure 8 Galectin-1-sufficient tolerogenic DCs a b c = Lgals1 + vehicle
contribute to the resolution of EAE. (a) Real-time 4 .= Lgals1™ + EAE-DC™-
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30 d after immunization of the mice in ¢, then

restimulated for 72 h ex vivo with MOG(35-55). *P < 0.05, versus LgalsI~'— + EAE-DC~/~ and LgalsI~'~ + vehicle (Student’s t-test). Data are from two

experiments with five to six mice per group (mean + s.e.m.).

galectin-1 expressed less IL-27p28 transcript and protein (Fig. 7a)
and synthesized more IL-12p70 and less IL-10 (Fig. 7b) than did its
wild-type counterparts. Consistent with those findings, allogeneic
CD4* T cells stimulated with galectin-1-deficient BM-DC had more
robust proliferation, secreted more IFN-y and IL-17 and synthesized
less IL-10 than did those primed with wild-type BM-DC (Fig. 7c,d).

Given the intrinsic heterogeneity of DCs?®, we then investigated
whether the regulatory effect of endogenous galectin-1 could be
generalized to in vivo—differentiated DCs. We purified CD11c* DCs
from spleens of LgalsI~/~ and wild-type mice after administration of
the ligand for the receptor tyrosine kinase Flt3 (Flt3L)%’. Although we
found no substantial difference in cell surface phenotypic markers
(data not shown), we detected much less IL-27p28 transcript and
protein in Flt3L-induced Lgals]~/~ DCs than in their wild-type
counterparts (Fig. 7e). This effect was accompanied by more secretion
of IL-12p70 and less secretion of IL-10 from Flt3L-induced Lgals1~/~
DCs than from wild-type DCs after maturation (Fig. 7f). Moreover,
Lgals1~/= DCs had greater allostimulatory capacity than wild-type
DCs when isolated from Flt3L-treated mice (Fig. 7gh).

To analyze the immunogenicity of Lgals1~'~ DCs in vivo, we pulsed
GM-CSF-differentiated Lgals]~/~ or wild-type BM-DC with OVA and
adoptively transferred these cells into LgalsI~/~ or wild-type recipient
mice. At 7 d after immunization, we injected mice with OVA in CFA.
Splenocytes from wild-type or Lgalsl~/~ mice given antigen-pulsed
LgalsI~'/~ BM-DC showed enhanced T cell proliferation, more pro-
duction of IFN-y and IL-17 and less synthesis of IL-10 than did cells
from mice that received OVA-pulsed wild-type BM-DC (Fig. 7i).
Collectively these data suggest a regulatory function for endogenous
galectin-1 in ‘fine tuning’ the immunogenic capacity of DCs.

Galectin-1-expressing DCs contribute to EAE resolution

To study whether endogenously regulated galectin-1, specifically on
DCs, contributes to the resolution of autoimmune inflammation,
we immunized LgalsI~/~ and wild-type mice with MOG(35-55) and
purified CD11ct DCs from spleens at the peak of the disease (day 21).
We analyzed the expression of IL-27 and IL-23 on these cells,
which have opposing functions on Ty-17 differentiation and EAE
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progression!>?4, Consistent with a greater frequency of tolerogenic
DCs necessary for limiting clinical severity and initiating disease
recovery, DCs isolated from wild-type mice at the peak of EAE
expressed substantial amounts of IL-27p28 but limited amounts of
IL-23p19 mRNA (Fig. 8a), which accompanied high expression of
galectin-1 on these cells (Fig. 6e). Galectin-1 deficiency altered this
regulatory profile, as LgalsI~/~ DCs had lower expression of IL-27p28,
higher expression of IL-23p19 and less STAT3 phosphorylation than
did wild-type DCs (Fig. 8a,b).

To further delineate the tolerogenic function of galectin-1-expres-
sing DCs during the resolution of inflammation, we isolated DCs from
spleens of wild-type or Lgals1~/~ mice at day 21 of EAE and
adoptively transferred these cells into LgalsI~/~ mice at the day of
disease onset (Supplementary Fig. 12). In keeping with a regulatory
function for endogenous galectin-1, disease was more severe in
Lgals1~/~ mice than in wild-type mice!®. Galectin-1-sufficient tolero-
genic DCs (isolated at day 21) successfully restored T cell tolerance
and contributed to the resolution of autoimmune inflammation when
adoptively transferred into Lgals1~/~ mice (Fig. 8c,d and Supplemen-
tary Table 2). This effect was associated with less secretion of IL-17
and IFN-y and more secretion of IL-10 by lymph node cells from
Lgals1~/~ mice that received galectin-1-sufficient DCs relative to that
of ILgals1~/~ mice that received galectin-1-deficient DCs (Fig. 8d).
Thus, endogenously regulated galectin-1, particularly on DCs, con-
tributes to the resolution of autoimmune neuroinflammation by
driving the generation of IL-27-producing tolerogenic DCs at late
stages of the ongoing inflammatory response.

DISCUSSION

Efforts to ‘decode’ the glycosylation ‘signature’ of processes in cells
of the immune system have demonstrated substantial changes in
N-glycan and O-glycan structures during T cell activation and differ-
entiation!®?82%, These alterations have also been detected during
the course of DC differentiation and maturation??, which suggests
that protein-glycan interactions may serve a decisive function in
the control of responsiveness and tolerance of cells of the immune
system!>16, Here we have identified an essential function for galectin-1
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in the generation of human and mouse tolerogenic DCs. Galectin-1-
differentiated DCs acquired a distinctive regulatory profile, promoted
T cell tolerance and terminated autoimmune neuroinflammation
through mechanisms involving IL-27 and IL-10. In addition, we
have demonstrated a role for endogenous galectin-1 in ‘fine tuning’
the tolerogenic function of DCs during the resolution of auto-
immune inflammation.

Emerging evidence indicates that endogenous glycan-binding pro-
teins, particularly C-type lectin receptors, may serve as signaling
molecules that relay pathogen or tumor information into distinct
DC-differentiation programs®%-33. Dectin-1, a C-type lectin receptor
that recognizes B-glucan structures on yeasts, can signal DCs either to
drive the differentiation of Ty-17 cells*® or to promote the population
expansion of tolerogenic DCs>!. Similarly, engagement of P-selectin or
expression of the C-type lectin receptor Dcir triggers an inhibitory
signal that limits DC functionality’>?®. Moreover, tolerogenic
DCs can suppress T cell activation through glycosylation-dependent
interactions mediated by CD45 and macrophage galactose-type lec-
tin?®. Thus, distinct protein-glycan systems may have evolved as
‘on-off” switches that control the induction of tolerogenic versus
inflammatory DCs.

The mechanisms underlying the anti-inflammatory activity of
galectin-1 remain poorly understood. Although this protein modu-
lates the survival of effector T cells!®**3> skews the balance of
T helper cytokines'”20*%37 and controls transendothelial T cell
migration’®, these mechanisms do not broadly support the immuno-
suppressive effects observed at early and late phases of the inflamma-
tory responselﬁ. In a search for alternative mechanisms, we have
identified an immunoregulatory circuit initiated by galectin-1 on
DCs that drives IL-27-dependent, IL-10-mediated T cell tolerance.
Although studies have indicated that DCs engineered to overexpress
galectin-1 or exposed to high concentrations of this protein (20 pM)
acquire a mature cell surface phenotype®>*%, we have demonstrated
here that galectin-1 at lower concentrations can induce tolerogenic
activity in human and mouse DCs when added during the differ-
entiation or maturation process. One explanation for these appa-
rent discrepancies could be a bifunctional role for galectin-1, acting
either as a tolerogenic or immunogenic signal depending on its
relative concentration or the prevalence of immunosuppressive
versus inflammatory microenvironments. Nevertheless, the bimodal
paradigm of fully mature DCs eliciting adaptive immunity or
immature DCs acting as promoters of T cell tolerance has been
challenged, which indicates that phenotypic maturation itself is not
a hallmark of immunogenic rather than tolerogenic DCs%. In this
context, we found that exposure to galectin-1 during the maturation
process induced the generation of DCs with a typically mature cell
surface phenotype but dominant regulatory potential. In agreement
with that, progesterone-regulated galectin-1 restores tolerance in
failing pregnancies, and this effect correlates with the population
expansion of Ty, cells and the appearance of uterine cells with a
regulatory DC phenotype®.

Several mechanisms have been proposed to explain how DCs drive
T helper—differentiation programs?. However, the nature of specialized
DCs that selectively dampen Tyl-, Ty2- or Ty-17-driven effector
immunity is uncertain. In this context, studies have emphasized a
dominant function for IL-27-producing DCs in the generation of IL-
10*Foxp3~ type 1 Tyeg cells'!. Given that IL-27-producing DCs may be
generated by close contact with inducible CD4*CD25"Foxp3* T,
cells'!, which are a chief source of galectin-1 (ref. 41), we postulate
that this endogenous lectin might represent an elusive immuno-
suppressive signal that links Tyg cell-induced immunosuppression,
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IL-27-producing tolerogenic DCs and IL-10-producing type 1 Ty,
cells. Notably, mice that lack IL-27Ra or IL-10 develop exacerbated
EAE owing to hyper-Ty-17 or hyper-Ty1 responses*>43, and Lgals1 =/~
mice completely recapitulate those phenotypes'®. In agreement with
that, the tolerogenic effect of DCg,; was almost completely eliminated
in I127ra~'~ and I110~/~ mice, thus substantiating the function of
IL-27 and IL-10 in promoting galectin-1-mediated activities. Notably,
galectin-1 expression increased during the peak and recovery phases of
EAE, like the expression of other regulatory signal molecules such as
programmed death 1 and its ligand, PD-LI (ref. 44), which suggests
that this glycan-binding protein may contribute to tempering inflam-
matory responses and driving the resolution of autoimmune pathol-
ogy. In support of that idea, galectin-1 expression increased after
exposure to tolerogenic stimuli but was rapidly downregulated in
response to DC maturation signals, similar to the expression of CCR9,
a chemokine receptor that defines tolerogenic plasmacytoid DCs*.
These contrasting effects of tolerogenic versus inflammatory stimuli
on galectin-1 expression might offer an alternative explanation for the
plasticity of DCs in their response to Toll-like receptor or C-type lectin
receptor signals and in driving divergent T helper responses?®*’,
However, given the intrinsic differences of DC subtypes?®, caution
should be taken before any attempt to generalize the tolerogenic effect
of galectin-1. In this context, our study focused on GM-CSF-differ-
entiated human and mouse DCs, DCs mobilized in vivo after admini-
stration of FIt3L and galectin-1-sufficient DCs whose populations
were expanded during the peak and resolution of the inflammatory
disease. How endogenous galectin-1 promotes IL-27" regulatory DCs
still remains to be elucidated, although in keeping with its biochemical
features'®, this lectin might function intracellularly or might be
secreted from DCs and act in an autocrine or paracrine way to
favor a tolerogenic profile.

Galectin-1 recognizes multiple galactose-f31-4-N-acetylglucosamine
(LacNAc) units present on the branches of N-linked or O-linked
glycans!®. Therefore, the regulated expression of glycosyltransferases??,
which creates poly-LacNAc ligands, may determine susceptibility to
galectin-1. Consistent with a regulatory function for galectin-glycan
lattices, interruption of B1,6-branching on N-glycans or blockade of
poly-LacNAc synthesis results in an altered sensitivity to cytokine
signaling and a lower threshold for the activation of antigen-
presenting cells*®49,  Moreover, ligation of Tim-3, a receptor
specific for galectin-9, induces divergent functions in antigen-present-
ing cells and T cells that lead to initiation or termination of Tyl
immunity®, whereas galectin-1 and galectin-3 trigger distinct signal-
ing events that modulate the function of peritoneal macrophages®!>2.
Thus, galectin-glycan interactions may have evolved to regulate anti-
gen-presenting cell homeostasis and to control their activation
and signaling.

Our findings have demonstrated an essential role for endogenous
galectin-1 in ‘fine tuning’ the tolerogenic function of DCs, similar to
that of other regulatory signals such as STAT3, SOCS1 and HDAC11
(refs. 21,53). Our results have also identified an immunoregulatory
circuit linking galectin-1 signaling, IL-27-producing tolerogenic
DCs and IL-10-secreting Ty cells. Strategies that manipulate this
circuit in either direction (stimulation or blockade) may be able to
influence immune tolerance versus activation, a crucial ‘decision’ with
broad implications in autoimmunity, infection, transplantation
and cancer.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureimmunology/.
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ONLINE METHODS

Mice. Lgals1~/~ mice (C57BL/6) were provided by E Poirier; I127ra~'~ mice
(C57BL/6) were provided by C.J. Saris; and I110~/~ mice (C57BL/6) were from
the Jackson Laboratory. Mice were bred in the animal facilities of the Institute
of Biology and Experimental Medicine and the Faculty of Exact and Natural
Sciences (University of Buenos Aires). Protocols were approved by the
respective Institutional Review Boards.

Preparation of recombinant galectin-1. Recombinant galectin-1 was obtained as
described!!. As cellular responses might be confounded by LPS contamina-
tion>, LPS was carefully removed by Detoxi-Gel endotoxin-removing gel (Pierce),
followed by analysis with a Gel Clot Limulus test (<0.5 IU/mg; Cape Code).

Generation of human and mouse DCs. To obtain human DCs, peripheral
blood mononuclear cells were isolated from buffy coats of healthy donors by
Ficoll-Hypaque Plus (GE Healthcare). These studies were approved by the
Institutional Review Board of Hospital de Clinicas ‘José de San Martin.
Monocytes were purified by a discontinuous Percoll gradient (GE Healthcare)
and positive selection with the Monocyte Isolation kit (purity, > 90%; Miltenyi
Biotec). Monocytes were cultured in RPMI-1640 complete medium supple-
mented with 10% (vol/vol) heat-inactivated FCS, gentamicin (40 pg/ml),
2-mercaptoethanol (50 pM) and L-glutamine (2 mM; all from Gibco) contain-
ing IL-4 (5 ng/ml; Sigma) and recombinant human GM-CSF (35 ng/ml; Sigma)
with or without galectin-1 (0.3-3 pM). In some experiments, iDCs were
exposed for 24 h to LPS (1 pg/ml; from the Escherichia coli 0111:B4 strain;
Sigma) with or without galectin-1.

For the generation of mouse DCs, bone marrow cells were incubated for 8 d
in complete DMEM with recombinant mouse GM-CSF (20 ng/ml; BD
Biosciences) or 10% conditioned medium from GM-CSE-producing J588L
cells with or without galectin-1 (0.3-3 uM). Control iDC or iDCg,; were
stimulated for 48 h with LPS. In some experiments, bone marrow cells or iDCs
were exposed to VIP (10 nM; Calbiochem), 1,25-dihydroxyvitamin D3 (10 nM;
Sigma), IL-10 (50 ng/ml; R&D Systems) or recombinant galectin-1 (3 pM) with
or without LPS stimulation. The iDCs were also exposed to IFN-y (50 ng/ml;
R&D), tumor necrosis factor (20 ng/ml; Sigma), agonistic antibody to CD40
(10 pg/ml; HM40-3; BD Biosciences), PamyCSK, (100 ng/ml; Invivogen),
Pam3;CSK, (1 pg/ml; Invivogen), Bacillus subtilis peptidoglycan (10 pg/ml;
Invivogen), poly(I:C) (10 pg/ml; Invivogen), zymosan (10 pg/ml; Invivogen),
heat-killed P. acnes (20 pg/ml; van Kampen Group), B. subtilis flagellin (200 ng/
ml; Invivogen), endotoxin-free SEA (50 pg/ml) or LgalsI~/~ apoptotic sple-
nocytes (irradiated with 12,000 rads), which were separated by sorting in a
FACSAria (BD Biosciences) before DC analysis. For analysis of signaling
pathways, iDC were incubated with SEA with or without inhibitors of Jak2-
STAT3 (2.5 uM AG490; Calbiochem), Jnk-SAP (20 puM SP600125; Calbio-
chem), Erk1-Erk2 (5 pM U0126; Sigma), PI(3)K-Akt (2 pM Ly294002; Sigma),
p38 (10 uM SB202190; Calbiochem) or NF-kB (1 uM BAY11-7082; Sigma).
The NF-kB p50-p65 Transcription Factor assay (Millipore) was used for
analysis of NF-kB DNA-binding activity. In vivo-differentiated CD11c* DCs
were obtained from spleens (purity, >96%) with MicroBeads (MACS; Miltenyi
Biotec) after 9 d of administration of 10 pg human recombinant FIt3L
(PeproTech)?’.

Galectin-1 binding and segregation assays. Cells were incubated for 1 hat 4 °C
with biotinylated galectin-1 with or without lactose or sucrose as described!®.
Cells were then incubated for 45 min at 4 °C with FITC-streptavidin (Pierce)
and were analyzed in a FACSAria (BD Biosciences). For segregation assays, iDCs
were treated with galectin-1 for 1 h, then were fixed and were incubated for 1 h
with monoclonal anti-human CD43 (8.4 ng/ml; DF-T1; Dako) or monoclonal
anti-human CD45 (14.5 pg/ml; 2B11; Dako) as described!®. Cells were analyzed
on a Nikon laser confocal microscope (Eclipse E800).

Flow cytometry. Cells were incubated for 30 min at 4 °C with FITC- and
phycoerythrin (PE)-labeled monoclonal antibodies (all from BD Biosciences).
Human cells were stained with the following monoclonal antibodies: FITC—
anti-CD1a (HI149), PE-anti-CD14 (M5E2), FITC-anti-CD86 (2331-FUN-1),
FITC-anti-HLA-DR (G46-6) and PE-anti-CD83 (HB15e). Mouse cells were
stained with the following monoclonal antibodies: PE-anti-CD11c (HL3),
FITC-anti-CD40 (HM40-3), PE-anti-I-A® (AF6-120.1), PE-anti-H-2K?
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(AF6-88.5), FITC-anti-CD80 (16-10A1), FITC-anti-CD86 (GL1), FITC-anti-
Grl (RB6-8C5) and FITC-anti-CD45RB (16A). For intracellular staining, cells
were made permeable with Perm2 solution (BD Biosciences) and were stained
with a Foxp3-specific human antibody (PCH101; eBioscience) or mouse
antibody (FJK-16s; eBioscience). For endocytosis assays, cells were incubated
at 37 °C or 4 °C with FITC-OVA (300 pg/ml; Sigma) and were analyzed on a
FACSAria (BD Biosciences).

Cytokine assays. Human and mouse IL-12p70, IL-10, IEN-y, IL-4, IL-6 and
TGF-B; ELISA sets were from BD Biosciences. Mouse IL-17 and IL-27p28
ELISA kits were from R&D Systems.

Real-time quantitative RT-PCR. SYBR Green PCR Master Mix (Applied
Biosystem) was used with an ABI PRISM 7500 Sequence Detection Software
(Applied Biosystem). Primer sequences are in Supplementary Table 3.

Immunoblot, immunohistochemistry and confocal microscopy. Immunoblot
analysis was done as described!”. Equal amounts of protein were resolved by
SDS-PAGE, blotted onto nitrocellulose membranes (GE Healthcare) and probed
with anti-STAT3 (C-20), antibody to phosphorylated STAT3 (B-7), anti-IkBo
(C-21), anti-Erk (C-14), antibody to phosphorylated Erk (E-4), anti-p38
(A-12), antibody to phosphorylated p38 (D-8), anti-c-Jun (H-79), antibody
to phosphorylated c-Jun (ser63/73-R) or anti-actin (I-19; all from Santa Cruz),
anti-Akt (9272; Cell Signaling), antibody to phosphorylated Akt (9271S; Cell
Signaling), anti-IL-27-EBI3 (355022; R&D) or immunoglobulin G rabbit anti-
galectin-1 (1.5 pg/ml) obtained as described'”>!®2, Immunohistochemistry was
done as described!® with the Vectastain Elite ABC kit (Vector). For immuno-
fluorescence, cells were fixed, were made permeable with Perm-2 solution
(BD Biosciences) and were stained with immunoglobulin G anti-galectin-1
(32 pg/ml) followed by FITC-labeled anti-rabbit immunoglobulin G (Santa
Cruz) and PE-anti-CD1lc (20 pg/ml; HL-3; BD Biosciences). Cells were
analyzed on a Nikon laser confocal microscope (Eclipse E800).

Allogeneic MLRs. Human CD4" T cells were purified by negative selection
with CD4" RosetteSep reagent (StemCell Technol) and 1 x 10° cells were
cultured for 5 d with allogeneic DCs or DCg,); (irradiated with 3,000 rads) at
various DC/T cell ratios. In some experiments, allogeneic CD4" cells were
purified by cell sorting (FACSAria; BD Biosciences) and their regulatory
capacity was studied on subsequent MLR cultures in the presence or absence
of IL-10-neutralizing antibody (JES3-9D7; BD Biosciences). For examination of
the regulatory function of LPS-DCgy;, allogeneic CD4" cells (2 x 10°) were
cultured for 5 d with LPS-matured, fully competent DCs (1 x 10%) in the
presence or absence of LPS-DCgyy.

Mouse naive CD4" cells were isolated from spleens of wild-type (BALB/c)
mice with the MagCellect Isolation kit (R&D Systems) and 2 x 10° cells were
cultured for 5-6 d together with BM-DC, BM-DCgy; or Lgalsi~/~ BM-DC
(C57BL/6; irradiated with 3,000 rads) at various DC/T cell ratios. Neutralizing
antibodies to IL-27p28 (AF1834; R&D), TGF-f (1D11; R&D) or IL-10 receptor
(1B1.3a; BD Biosciences) were added at a concentration of 10 pg/ml at the
beginning of MLR. Where indicated, MLRs used BM-DC from BALB/c mice
and CD4* splenocytes from I127ra~/~, 1110~'~ or wild-type (C57BL/6) mice.

Adoptive transfer experiments. Wild-type BM-DC, BM-DCqy,; or Lgalsl~/~
BM-DC were pulsed overnight with OVA (200 pg/ml; Sigma) and then were
adoptively transferred (3 x 10° cells per mouse) into wild-type, Lgals1~'~,
I127ra~"= or 1110~ recipient mice by single or coinjection protocols. After 7 d,
mice were injected subcutaneously with OVA (100 pg) in CFA; 7 d later,
splenocytes were analyzed for proliferation and cytokine production after ex
vivo restimulation with OVA (75 pg/ml).

Tumor-protection assays. B16 melanoma cells were subjected to four cycles of
freezing-thawing for the preparation of lysates as described?’. Mice (C57BL/6)
were immunized twice subcutaneously at 7-day intervals with tumor lysate—
pulsed or unpulsed DCs or DCqq; (1 x 10°) by single or coinjection protocols.
At 14 d after the final immunization, mice were challenged subcutaneously with
2 x 10° viable B16 cells. Tumor development was monitored as described!’. Mice
with tumor volume of less than 0.5 cm® were considered tumor free for the
Kaplan-Meier analysis. For ethical reasons, mice were killed when tumors reached
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a volume greater than 2.5 cm>. At 2 weeks after tumor challenge, lymph node
cells (5 x 10° cells/well) were restimulated for 72 h with 1 x 10* irradiated (4,000
rads) B16 cells and were analyzed for proliferation and cytokine production.

Induction and assessment of EAE. EAE was induced in female C57BL/6
mice by subcutaneous immunization with 200 pg MOG(35-55) (MEVG-
WYRSPFSRVVHLYRNGK; Peptides International) in CFA supplemented with
Mycobacterium tuberculosis (4 mg/ml; strain H37Ra; Difco). On days 0 and 2,
mice received 200 ng pertussis toxin (List Biological Labs). Mice were assigned
scores as follows: 1, limp tail; 2, hindlimb weakness; 3, hindlimb paralysis; 4,
hindlimb and forelimb paralysis; and 5, moribund. Mice with established EAE
(clinical score, 1) were injected intraperitoneally with 2 x 10° syngeneic
MOG(35-55)-pulsed or unpulsed DCs or DCg,j;. On days 25-30, spinal cords
sections were stained with hematoxylin and eosin and with Luxol fast blue as
described!®. Proliferation and cytokine production were analyzed in lymph

doi:10.1038/ni.1772

node cells as described!® after ex vivo restimulation with MOG(35-55) For
analysis of their migratory capacity, DCs were labeled with carboxyfluorescein
diacetate succinimidyl ester (Molecular Probes) before injection. CD11c* cells
were isolated at day 21 from spleens of immunized mice (purity, >96%) with
MicroBeads (MACS; Miltenyi Biotec).

Statistical analysis. Prism software (GraphPad) was used for statistical analysis.
Two groups were compared with the Student’s #-test for unpaired data. Kaplan-
Meier analysis was used for analysis of tumor protection assays. The Mann-
Whitney U-test was used for clinical scores. P values of 0.05 or less were
considered significant.

54. Sarter, K. et al. Detection and chromatographic removal of lipopolysaccharide in
preparations of multifunctional galectins. Biochem. Biophys. Res. Commun. 379,
155-159 (2009).
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