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ABSTRACT

Galectin-3 (Gal-3) is a multifunctional B-galactoside-binding lectin that senses self and
microbial glycoconjugates. Although important in immune reactions and host defence in some
experimental models, the function of Gal-3 during helminthic diseases (e.g. schistosomiasis) is
still elusive. We show that, compared to wild-type S. mansoni-infected mice, infected Gal=3"
mice have a reduced number of T and B lymphocytes in the spleen, develop reduced liver
granulomas 7 wk (acute phase) and 14 wk (chronic phase) post-infection and mount a biased
cellular and humoral Thl response. In an attempt to understand this latter phenomenon, we
studied the role of endogenous Gal-3 in dendritic cells (DCs), the most potent APC, both in
vitro and in vivo. Although Gal-3 deficiency in DCs does not impact on their differentiation
and maturation processes, it greatly influences the strength (but not the nature) of the adaptive
immune response that they trigger, suggesting that Gal-3 deficiency in some other cell types
may be important during murine schistosomiasis. As a whole, this study implies Gal-3 as a
modulator of the immune/inflammatory responses during helminthic infection and reveals for
the first time that Gal-3 expression in DCs is pivotal to control the magnitude of T lymphocyte

priming.
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INTRODUCTION

Mammalian lectins display important functions on the innate/acquired immune system by
sensing self and/or pathogen-derived glycoconjugates. Among these, galectins represent an
emerging B-galactoside-binding lectin family involved in the regulation of host immune
responses during physiological and pathological conditions, including inflammation, cancer
and infection (for reviews, (2, 32, 33, 41-43)). Although they lack a classical signal sequence,
galectins are present in extracellular fluid and on the cell surface and are also located inside
the cells (for review, (22)). Extracellular and intracellular galectins display numerous
functions including cell adhesion, signalling, proliferation, differentiation, survival and
apoptosis (for review, (32)). Among the 15 galectin members, galectin-3 (Gal-3, previously
known as Mac-2) is expressed in many immunocompetent/inflammatory cells, including
monocytes, dendritic cells (DCs), macrophages, eosinophils, mast cells, NK cells and
activated T and B cells (for reviews, (8, 16, 48)). Through its ability to bind polylactosamine
(poly-LN) structures (Gal1-4GIcNAc), on endogenous ligands (20, 28), Gal-3 intervenes in
many cellular processes in vitro. In particular, it favours cell-cell (for instance DC/T cell) and
cell-matrix - glycoprotein adhesion (37), exerts chemotactic effects (47), controls cell
proliferation (13, 58), and promotes phagocytosis by macrophages (19, 46, 54). Gal-3 also
takes part in the control of T cell and monocyte survival and activation. For instance,
extracellular Gal-3, by associating with N-glycans on T cell receptor (TCR) has been shown
to down-modulate TCR responsiveness and to regulate the production of Thl and Th2
cytokines by differentiated T cells (13, 35). On the other hand, intracellular Gal-3 can
positively or negatively impact on intracellular signaling pathways by regulating the activities
of various kinases, including protein kinases C, mitogen-activated protein kinase and
phosphatidylinositol 3-kinase (8). The role of Gal-3 in the promotion/control of inflammation

and in the regulation of the immune response has been recently evaluated in different models.
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Gal-3 has been proposed to be a powerful pro-inflammatory signal in vitro (24, 27, 47, 57)
and studies of Gal-3 deficient mice have provided support for the pro-inflammatory role of
this lectin (10, 21, 59). For instance, the lack of Gal-3 protects mice against asthma reactions,
an effect associated with an enhanced Th1 response in challenged animals (59). On the other
hand, administration of Gal-3 (by mean of gene therapy) inhibits asthmatic reactions (12, 34).
These studies reveal opposite effects of the endogenous and exogenous Gal-3 and suggest
that, according to its location (extracellular vs intracellular), Gal-3 differentially controls

immune/inflammatory cell survival, migration and cytokine release.

Along with its role in inflammation and immune responses in non-infectious
conditions, Gal-3 can also sense certain microorganisms. Recently, it has been demonstrated
that Gal-3 binds to multimeric LN and LDN (LacdiNAc, GalNacP1-4GlcNAc) motifs (54) as
well as to other carbohydrate structures on glycoproteins and glycolipids (including
lipopolysachcharides, LPS) from many pathogens such as (myco)bacteria, protozoan parasites
and yeasts (36). Through this activity, Gal-3 participates in the phagocytosis of some
microorganisms by macrophages and triggers host responses to pathogens, at least in vitro (26,
46). Whether or not it also contributes to signalling events in accessory cells during in vivo
infection is unclear. Likewise, its role in signalling pathways triggered by Toll-like receptors
(TLRs), which represent key sensors in innate cells (for review, (23)), is still elusive. The in
vivo role of Gal-3 during infection has not been extensively studied. It appears to clear late
Mycobacterium tuberculosis infection (5), to contribute to neutrophil recruitment at the site of
Streptococcal pneumonia infection (49) and to exert an important role in innate immunity
during Toxoplasma gondii infection (6). In the present report, to further investigate the role of
Gal-3 in infection and innate/acquired immunity, we studied its role during murine

schistosomiasis, an helminthic disease characterized by a dominant Th2 response triggered by
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the egg stage of the parasite (for review, (39)). Recently, van den Berg ef al. demonstrated that
LDN motifs, which are expressed by Schistosoma mansoni eggs (29, 50), bind Gal-3 and
suggested that this interaction may play an important role in the Th2-mediated inflammatory
response that occurs in the liver (54). Support for this hypothesis has been recently provided by
Van de Vijver and co-workers who showed that beads that carry glycoconjugates with terminal
LN or LDN elements gave rise to granulomas similar to the granulomatous lesions caused by
schistosome eggs in a natural infection (53). Recently, although conflicting, two studies have
addressed the role of endogenous Gal-3 during Schistosoma infection (7, 38). Here, in
agreement with (38), we show that, relative to wild=type (W'T) mice, S. mansoni-infected Gal-3
deficient mice develop reduced granuloma formation and have a dramatic decreased number of
total lymphocytes in the spleen. Moreover, Gal-3 deficiency results in a more pronounced Thl
response in infected mice. In an attempt to understand this latter phenomenon, we studied the
role of endogenous Gal-3 in DCs both in vitro and in vivo. We report that Gal-3 deficiency in
DCs is important to centrol the priming of T lymphocytes but has no role in the Th1/Th2
balance of the immune response suggesting that Gal-3 deficiency in some other cell types may

be important during murine schistosomiasis.
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MATERIALS AND METHODS

Animals. Female 129 mice were purchased from Iffa-Credo (1'Arbresle, France). The
generation of Gal-3 deficient (Gal—3'/') 129 mice has been described by Colnot et al. (9).
These animals show no morphological abnormalities and have no apparent phenotypes under

standard pathogen-free conditions.

Reagents and Abs. mAbs against CD3 (unconjugated or FITC-conjugated), CD4
(unconjugated), Mac-1 (unconjugated), CD62L (biotin-conjugated), CD11c (biotin or APC-
conjugated), CD19 (APC-conjugated), CD4 (FITC-conjugated), CD25 (APC-conjugated),
and B220 (PE-conjugated) were purchased from Becton Dickinson (Le Pont de Claix,
France). The 120G8 mAb was a gift from Dr Asselin-Paturel (3). APC-conjugated
streptavidin was from Clinisciences (Montrouge, France) and CD4" T cell isolation kit and
streptavidin-conjugated microbeads used for MACS purification were from Miltenyi Biotech
(Paris, France). Biotinylated mAbs against murine IgG2b and IgGl were purchased from
Southern Biotechnologies (Birmingham, USA). Anti-Gal-3 mAb (clone SC-32790, PE-
conjugated or not) was purchased from Santa Cruz Biotechnology (Santa Cruz, California)
and anti-B-actin Ab and HRP-conjugated anti-mouse IgG were from Sigma Aldrich (Saint
Quentin Fallavier, France). Pam3;CSK; was purchased from EMC Microcollections
(Tuebingen, Germany) and polyinosine-polycytidylic acid (poly(I:C)) and ultrapure
lipopolysaccharide (LPS) (from Escherichia coli serotype 0111:B4) were from Cayla
(Toulouse, France). Polyacrylamide (PAA) coupled glycoconjugates LDN-PAA, LN-PAA
and glucitol-PAA (~ 20% substitution) (FITC-labelled or not) were from Lectinity

(Lappeenranta, Finland). Lactose was from Sigma Aldrich.
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Parasites and Ag preparation. Schistosoma mansoni (Puerto Rican strain) cercariae were
obtained from infected Biomphalaria glabrata snails (44). Schistosome eggs and soluble egg

Ag (52) were prepared as previously described (17).

Infection of mice and analysis of the parasitological and immunological parameters.
Eight-week old female WT and Gal-3" mice were infected with 45 S. mansoni cercariae via
the percutaneous route. Worm burdens were measured by liver perfusion 7 wk post infection
(p.i.). At the time of perfusion, the small intestines and the livers were also collected for
measurement of egg numbers deposited in these organs. Tissues were digested in 4% KOH as
previously described (15). Records of the organ weights allowed the calculation of total tissue
eggs per organ. Spleens and mesenteric lymph nodes (MLNs) were harvested 7 and 14 wk p.i.
and cells were stimulated with increasing doses of SEA for 3 days at 37°C. During the last 18
h, 0.5 pCi of 3H—thymidine/well was added. Production of IFN-y, IL-4, IL-5, IL-10 and IL-13
was measured by ELISA (R&D Systems, Abingdon, UK). To study the humoral response,
mice were bled 7.and 14 wk p.i. and the anti-SEA IgG1 and IgG2b titrations were determined
for each mouse by ELISA (17). Serum titers are defined as the dilution which gives an optical
density reading at least two fold higher than the mean background of non-infected mouse

serum.

Analysis of the egg-associated liver pathology in infected mice. The egg-associated
pathology was analyzed on the livers of mice 7 and 14 wk p.i. in a double blind fashion.
Briefly, a small piece of liver from each mouse was fixed in Immunohistofix (Gentaur
Molecular Products, Brussels, Belgium) for 2-3 days and embedded in wax. Then, 5 um liver
sections were prepared for Rojkind coloration to evaluate collagen deposition. The staining

mix is made of a saturated solution of picric acid in distilled water containing 0.1% Fast
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Green FCF (Sigma-Aldrich, Saint Quentin Fallavier, France) and 0.1% Sirius Red. After
staining, slides were washed in physiological water, and mounted in Acrytol (Surgipath,
Labonord, France) after dehydratation. The diameters of granulomas surrounding single,
mature, and viable eggs were measured using the Metaview computing software (Roper
Scientific, Evry, France), and the volume of each granuloma was calculated assuming a
spherical shape. The proportion of eosinophils was determined by May Grunwald Giemsa
staining and that of monocytes/macrophages and T lymphocytes by immunohistochemistry
using anti-Mac-1 and anti-CD4 mAbs, respectively. Collagen deposition in granulomas was
visualized by Sirius red staining and fibrosis was quantified using an arbitrary scale from 0
(no collagen deposition) to 3 (strong and tight collagen deposition all over the granuloma).

For each parameters, ~ 5 granulomas/mouse were examined.

Preparation and analysis of BM-DCs. Bone-marrow (BM)-DCs were generated from the
BMs of WT or Gal-3"--129 mice by culture in GM-CSF-conditioned medium as previously
described (1). DCs were used on day 14 of culture (>95% pure, as assessed by CDllIc
immunostaining). Gal-3 expression in BM-DCs was analyzed by Western blot using anti-
galectin-3 mAb (0.4ug/ml). Phenotypic analysis was performed by flow cytometry using
standard procedures. For endocytosis analysis, immature WT and Gal-3" BM-DCs (2 x 10’
cells/well) were incubated in the presence of FITC-labelled glucitol-, LDN- or LN-conjugated
PAA (50pg/ml) or FITC-labelled dextran (10ug/ml) for 2 h at 4°C or at 37°C, to evaluate
extracellular binding and specific endocytosis. Glycan endocytosis was then assessed by flow
cytometry. In activation experiments, BM-DCs (1 x 10° cells/ml) were cultured with live eggs
(1/200 cells), Pam3CSK4 (500ng/mL) plus poly(I:C) (2ug/mL) or with LPS (100ng/mL), or
were left untreated. In some experiments, LDN- or glucitol-conjugated PAA (50ug/ml) were

added 30 min before TLR agonists. After 18-20 h, culture supernatants were collected and
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TNF-a, IL-6, IP-10/CXCL10 and MIG/CXCL9 concentrations were measured by ELISA

(R&D Systems).

Mixed Leucocyte Reaction (MLR). WT and Gal-3” BM-DCs 3 x 10° cells/plate), either
stimulated or not, were treated with mitomycine (25ug/ml) for 30 min at 37°C, extensively
washed and co-cultured at different ratio with purified naive CD4" T cells in a flat-bottom 96-
well plate (1 x 10° T cells/well). Naive CD4" T cells were obtained from Balb/c mice spleens
by MACS purification, using a CD4" T cell isolation kit; followed by anti-CD62L mAb
treatment and streptavidin-conjugated microbead purification (CD4" CD62L", purity > 95%).
Five days later, cocultures were transferred into anti-CD3 mAb-bound plates for 48 h at 37°C.
Culture supernatants were then harvested and cytokine production was determined by ELISA.
Proliferation was assessed by Blue Alamar addition (20ul/well), and the OD was measured 24

h later, according to the manufacturer’s protocol (Serotec, Cergy Saint-Christophe, France).

Immunization protocol and analysis of the immune response. After overnight culture,
Keyhole Limpet haemocyanin (KLH)-pulsed DCs, cultured in the presence or absence of
schistosome eggs (1:200 DCs), were collected, washed and administered at a dose of 1.5 x 10°
cells i.v. in syngenic naive mice. Seven days later, splenic cells (5 x 10° cells/well in flat-

bottom 96-well plate) were harvested and restimulated with KLH or SEA for 72 h at 37°C.

Statistical analysis. Results are expressed as the mean = SD. All other p values were

determined by using the Student’s t test. Values of p < 0.05 were considered as significant.
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RESULTS

Schistosoma mansoni-infected Gal-3" mice have an impaired number of splenic B and T
cells, relative to WT infected mice. Gal-3” and WT mice were percutaneously infected with
S. mansoni and 7 wk later, the parasitological parameters were analyzed. As shown in Table I,
worm burdens (both males and females, not shown) as well as tissue (liver and intestine) egg
numbers were similar in the two groups, indicating that the lack of Gal-3 does not influence
parasite survival and fecundity. This is consistent with recent results reporting no role of Gal-
3 in the establishment of Schistosoma infection in mice (7,38). Having established this, we
next determined the frequency and the total number of B and T lymphocytes, as well as DCs,
in the spleens of WT and Gal-3" infected mice. Relative to uninfected WT animals, we
noticed no variations in the frequency or in the number of splenic B cells (CD3 CD19") and T
cells (CD3* CD19), including CD4* CD25"* T cells in uninfected Gal-3" mice (Table II). In
S. mansoni-infected mice, although the frequency of these cells remained unchanged, except
for T cells (decreased proportion compared to uninfected mice), their total number increased
dramatically in WT= | but less in Gal-3"-infected animals (~ 40% reduction). These data are
in agreement with those from Oliveira et al. who reported a reduction in total lymphocyte
counts in the spleen of S. mansoni-infected Gal-3 deficient mice (38). Analysis of both
myeloid (CDI11c¢* 120G8) and plasmacytoid (CD11c* 120G8%) DCs did not show any
significant variation between the two uninfected animal groups. Interestingly, in WT and Gal-
37 infected mice, we observed a dramatic enhancement (~ 2.2 fold to 3.5 fold) in the
frequency and number (x9) of myeloid DCs. On the other hand, the number of plasmacytoid
DCs remained unchanged during infection and was similar in both WT and Gal-3"" mice.
Thus, Gal-3 deficiency affects the number, but not the proportion, of both splenic T and B

cells in S. mansoni-infected mice whereas it does not modulate those of DCs.
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Infected Gal-3"" mice develop a biased Th1 response compared to WT controls. We next
determined the nature of the cellular immune response in infected WT and Gal-3" mice. To
this end, spleens and MLNs were removed 7 wk p.i. and cells were restimulated with various
doses of SEA. As seen in Fig. 1A, upon in vitro SEA challenge, splenic or MLN cells from
WT and Gal-3"" mice proliferate in a comparable manner. In contrast, major differences were
observed in terms of cytokine synthesis. Interestingly, the production of the Thl cytokine
IFN-y by SEA-stimulated splenic and MLN cells from Gal-3" infected mice was dramatically
increased (~ 4 to 6-fold), compared to WT mice (Fig. 1B). On the other hand, the production
of the Th2-type cytokines IL-4, IL-5 and IL-13 (not shown) was similar between Gal-3"" and
WT mice. Notably, although no significant differences were detected in splenic cells, the level

of IL-10 was decreased in the supernatant of Gal-3" MLN cells.

We then determined the titers of SEA-specific IgG1 (a marker of a Th2 response)
and IgG2b (a marker of a Th1 response) in infected mice. Although the overall Ig levels were
identical in both animal groups (not shown), Gal-3"-infected mice produced increased SEA-
specific IgG2b (Fig. 2) and IgG2a (not shown), compared to control mice, in agreement with
the enhanced production of IFN-y seen in Fig. 1A. Although the level of Th2-type cytokines
was not affected in these mice, Gal-3"-infected mice produced less SEA-specific IgG1 (Fig.
2) compared to WT animals. Overall, this suggests that Gal-3 is important in the Th1/Th2

balance of the immune response during infection.

Gal-3 influences the development of liver granulomas in S. mansoni-infected mice.

We then evaluated the influence of Gal-3 deficiency on the formation of liver granulomas
during the acute (7 wk) and chronic (14 wk) phases of the disease. In Gal-3"-infected mice,
and relative to WT animals, the size of the granulomas surrounding eggs was significantly

decreased at wk 7 (Fig. 3A, left panel). However, analysis of the cellular composition of the
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granulomas indicated no significant difference in the frequency of eosinophils (~75%),
monocytes/macrophages (~2%) and T lymphocytes (~2%) between the two animal groups
(not shown). Thus, during the acute phase of the disease, Gal-3 appears to contribute, in a
quantitative but not qualitative manner, in the recruitment of immune/inflammatory cells into
granulomas. Rojkind staining of liver sections showed no significant difference in the
deposition of collagenous material and in fibrosis between the two animal groups 7 wk p.i.
(Fig. 3B and O).

We next investigated the impact of Gal-3 deficiency during the chronic phase of the
disease. The average size of granulomas in the Gal-3"-infected mice was also significantly
reduced at 14 wk p.i, relative to that in WT animals (Fig. 3A, right panel). As observed after 7
wk p.i., no difference in the proportion of eosinophils, monocytes/macrophages and T
lymphocytes within the granulomas was noticed 14 wk p.i. (not shown). Finally, as visualized
by Rojkind staining, the collagenous network was less compact in Gal-3 deficient mice
relative to WT animals(Fig. 3B and C). As a whole, Gal-3"-infected mice develop smaller

lesions at 7 and 14 wk p.i and less severe hepatic fibrosis at 14 wk p.i. than do WT animals.

Gal-3 is functional in DCs but does not influence their differentiation or their
maturation. Since DCs play a key role in orchestrating immune responses (4), we next
investigated the possibility that Gal-3 deficiency in DCs could, at least in part, explain the
dysregulated immune response observed in Gal-3"-infected mice. No difference in the yield
of DCs, either generated from WT or Gal-3" BM progenitors was found, suggesting that the
lack of Gal-3 has no major consequences on cell death/survival during the differentiation
process. As seen in Fig. 4A (left panel), Western blot analysis confirmed the presence of Gal-
3 protein in DCs generated from WT, but not Gal-3"", BMs. Immunostaining revealed that

Gal-3 is expressed on the surface of immature DCs (Fig. 4A, right panel). Of note, no
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substantial changes in Gal-3 expression were observed in DCs matured with the canonical
TLR4 agonist LPS (Fig. 4A, and not shown). We next investigated whether the lack of Gal-3
in DCs could impact on their phenotype and functions. FACS analysis revealed similar levels
of mannose receptor, MHC class II, CD1d, CD54 and CD80 expression in immature WT and
Gal-3” DCs (not shown). To study the impact of Gal-3 deficiency on endocytosis, a key
function of immature DCs, WT or Gal3” BM-DCs were exposed to FITC-labelled dextran
and internalization was followed by FACS analysis. As seen in Fig. 4B, Gal-3” DCs
internalized dextran (at 37°C) as efficiently as WT counterparts. To assess Gal-3-mediated
endocytosis, FITC-labelled LDN-PAA and LN-PAA were utilized. FITC-labelled glucitol-
PAA was used as a negative control. Compared to Gal-3 competent cells, Gal-3" DCs failed
to internalize LDN-PAA and LN-PAA (Fig. 4B). Furthermore, pre-treatment of WT DCs with
lactose, a competitive inhibitor of Gal-3 binding, prevented LDN-PAA (Fig. 4C) and LN-
PAA internalization (not shown). These data indicate that Gal-3 expression on DCs mediates
endocytosis of canonical Gal-3 ligands. On the other hand, Gal-3 deficiency does not
influence the differentiation, the phenotype or the Gal-3-independent endocytic functions of
immature DCs.

Next, the ability of WT and Gal-3”" DCs to mature in response to different stimuli,
including whole parasite eggs and canonical TLR agonists, was studied. Since schistosome
eggs have been shown to induce DC maturation through TLR-2 and TLR-3 (1), a combination
of Pam3;CSK,y (a TLR2 agonist) and poly(I:C) (a TLR3 agonist) was used, although this
binary activation does not recapitulate the total stimulatory effects of the eggs. The TLR4
agonist LPS was also included in this study. Whatever the mode of stimulation, and compared
to WT cells, Gal-3" DCs did not show any defect in their ability to up-regulate MHC class II,
CD86 and CD40 (not shown). Similarly, as seen in Fig. 4D (left panel) (and data not shown),

mature WT and Gal-3" DCs produced equal amounts of the inflammatory cytokines TNF-o
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and IL-6 as well as the chemokine IP-10/CXCLI10 and MIG/CXCL9. Finally, we
investigated the possibility that engagement of Gal-3 could modulate the maturation of DCs.
To address this issue, WT DCs were pre-treated with LDN-PAA (or glucitol-PAA as a
control) 30 min before Pam3;CSK4/poly(I:C) or LPS stimulation. LDN-PAA did not modulate
the production of inflammatory cytokines or chemokines (Fig. 4D, right panel and data not
shown). In addition, LDN-PAA alone (without TLR agonists) did not trigger
cytokine/chemokine production by DCs. Overall, Gal-3 deficiency in DCs or Gal-3 ligation

does not cooperate nor interfere with TLR signalling pathways.

Expression of Gal-3 in DCs is necessary to control, but not to polarize, the cytokine
response of T lymphocytes. Next, we studied the impact of Gal-3 deficiency in DCs on the
strength and on the nature of the T cell response. To this end, we first compared the ability of
Gal-3” and WT DCs, either immature or mature, to induce an MLR response. For this, DCs
stimulated or not (medium) with schistosome eggs, Pam;CSK4/poly(I:C) or LPS were co-
cultured at different ratio with purified naive T cells isolated from WT Balb/c mice. As
expected, compared to immature DCs, mature DCs induced a higher T cell proliferation (Fig.
5A). Interestingly, relative to WT counterparts, mature Gal-3”" DCs induced an increased
proliferation as well as an enhanced production of both IFN-y and IL-4 by T cells (Fig. 5A) (as
well as IL-5 and IL-10, not shown). Analysis of the IFN-y/IL-4 ratio (not shown) revealed that
Gal-3" DCs do not skew the immune response in either a Th1 or Th2 direction.

To investigate whether Gal-3" DCs prime T cells more efficiently than WT DCs in
vivo, WT or Gal-3" DCs were pulsed overnight with KLH, in the presence or absence of
schistosome eggs, and were then injected i.v into naive syngenic WT mice. Seven days later,
whole splenic cells were re-stimulated with KLH or egg Ag (52). Of note, a higher number of

splenic T lymphocytes was detected in mice that received Gal-3 deficient DCs (~ 75%
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enhancement compared to mice that received WT DCs), whilst no difference in T cell survival
was observed (not shown). After restimulation, spleen cells from mice that received Gal-3"
DCs proliferated more vigorously (not shown) and produced an increased level of cytokines
(Fig. 5B). For instance, after KLH re-stimulation, administration of Gal-3” DCs (in particular
those sensitized with parasite eggs) induced higher amounts of IFN-y and IL-4 (as well as IL-
5 and IL-10, not shown), compared to WT DCs. Finally, after SEA re-stimulation, Gal-3"
DCs cultured with whole eggs induced higher levels of both IFN-yand IL-4 by T cells.
Notably, although all groups of mice contained an identical frequency of IFN-y positive T
cells in the spleen (after CD3 or PMA/ionomycin re-stimulation), the mean fluorescent
intensity of the IFN-y staining tended to be higher in mice that received Gal-3 deficient DCs
(not shown). Thus, it is likely that the increased production of cytokines in these mice is due
to the increased number of T cells and to an enhanced cytokine production per cell number.
To conclude, Gal-3 deficiency in DCs increases the T cell cytokine response both in vitro and

in vivo, without biasing the immune response towards a Th1 or Th2 direction.
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DISCUSSION

The role of Gal-3 in the Th1/Th2 immune and inflammatory responses appears to vary
according to the experimental models used (administration of Gal-3 vs Gal-3 null animals)
(10, 13, 21, 59). To further investigate its role in these settings, we studied Gal-3 deficient
mice with regard to their response to Schistosoma mansoni infection, which is characterized
by a Th2 polarized immune response and inflammation in the liver. Because DCs are
extremely potent in dictating the outcome of innate and acquired immune responses, and since
the functions of endogenous Gal-3 in DCs are presently unknown, we also attempted to
determine its potential role in their maturation process and in their immunostimulatory and

immunoregulatory properties.

Analysis of the parasitological parameters in infected WT and Gal-3" mice indicated
no variation in the number of adult worms nor in the number of eggs deposited in the tissues,
confirming that parasites develop normally in infected Gal-3” mice (7, 38). This is in contrast
to the Gal-3 induced direct anti-microbial (fungicidal) activity recently described (30).
Analysis of spleen cell composition and numbers revealed a dramatic reduction in the number
(but not in the frequency) of B and T cells (but not of DCs) in infected Gal-3"" mice,
compared to WT controls. This effect may be due to differences in cell recruitment or
proliferation in this immunological site between the two animal groups. Gal-3 has indeed
been shown to exert potent chemotactic activities on many immune cell types and to play a
part in their survival (8, 16), although in our setting we found no difference in the rate of T
cell survival between the different animal groups (not shown). Analysis of the immune
responses during the acute phase of the disease (7 wk p.i.) clearly shows that during S.
mansoni infection, Gal-3”" mice mount an enhanced Thl-biased response, manifested by a

higher level of IFN-y and a decreased ratio of S. mansoni-specific IgG1 to IgG2b in the sera
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(Fig. 2). Interestingly enough, this enhanced Th1-biased response persisted in Gal-3"-infected
mice at a more chronic time point (14 wk p.i.) (not shown). These data are in accordance with
a recent study showing that Gal-3 deficiency leads to the development of a heightened Thl
response (and a decreased inflammation) in mice infected with Toxoplasma gondii (6). These
authors postulated that these effects are mediated, at least in part, by an enhanced IL-12
production by DCs. During murine schistosomiasis, IL-12 production in DCs.is difficult to
evaluate and we were unable to assess this parameter. Moreover, our data are also in line with
those from Zuberi et al. (59) reporting that, in a murine model of asthma, Gal-3"- mice
develop a higher Thl response (and a diminished inflammation in the lungs) relative to WT
animals. We next investigated whether Gal-3 deficiency could lead to modulation of liver
inflammation in infected mice. Recently, Van de Vijver et al. showed that, when coupled to
inert beads, LN- and LDN-containing glycoconjugates induce granuloma formation in vivo,
with similar features to schistosome egg-induced granulomas (53). Consistent with this
finding, and in agreement with Oliveira and co-workers (38), we here demonstrate that Gal-3
deficiency affects the size of liver granulomas but does not influence the proportion of
immune cell types within the inflammatory foci. During the chronic phase of the disease, the
liver of Gal-3 deficient mice were less damaged (not shown) and contain smaller lesions with
a more diffuse network of collagen. Thus, endogenous Gal-3 plays a role in the pathology
(lesion size and hepatic fibrosis) during murine schistosomiasis although whether this is due
to endogenous and/or parasite-derived glycoconjugates is still unknown. Similarly, although
we tend to favour the hypothesis that the reduced granuloma formation in Gal-3" animals is
rather due to a more general defect in immune/inflammatory cell recruitment in inflamed sites
in these mice, it is also possible that the Thl biased response developed in these mice might

play a part in the pathology (56).
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We next investigated whether the observed amplified Th1 response in infected Gal-3"
mice could be attributed to Gal-3 deficiency in DCs. The expression and the role of galectins
in DCs have not been extensively studied and their functions have been mainly investigated
by treating cells with exogenously added recombinant protein. For instance, exogenous
addition of Gal-1 (18, 31) or Gal-9 (11) promotes DC maturation and increases their
immunostimulatory functions (increased Thl response). Although artificial Gal-1
overexpression in DCs also results in similar effects (40), no study has addressed the role of
endogenous galectins in DCs, and whether or not they could exert activities on DCs, through
a paracrine/autocrine manner, is unknown. Similarly, no studies have addressed the function
of Gal-3, which is known to exert many antagonistic functions compared to Gal-1 and Gal-9
(32, 45), in DCs. Gal-3 has been shown to be expressed in both human and mouse DCs (14,
51, 55). Here, we show that Gal-3 is expressed on the surface of BM-DCs and that it mediates
the internalization of LN- and LDN-conjugated molecules in immature cells. Phenotypic
analysis indicates that immature WT and Gal-3”" BM-DCs display identical features, thus
eliminating Gal-3 as a key factor in DC differentiation. This was confirmed in vivo by
analyzing the number and the phenotype of splenic DCs in WT and Gal-3"" mice (Table II and
not shown). Moreover, we showed that Gal-3 deficiency does not impact, in either a positive
or a negative manner, on the TLR-induced maturation of DCs. Moreover, Gal-3 ligation in the
absence of other stimulation did not induce DC maturation in terms of phenotype (not shown)
and cytokine production (Fig. 4D), indicating that Gal-3 does not act as a danger signal in
DCs. We next addressed the question of whether Gal-3 expression in DCs could modulate the
priming and/or the differentiation of naive T cells. Previous studies have shown that Gal-3
exerts potent effects on T cell proliferation (25), apoptosis and homeostasis (58). On the other
hand, Gal-3 has also been reported to associate with specific N-glycans on the TCR complex

to control TCR-mediated intracellular pathways in T lymphocytes (13, 35). This process
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appears to maintain the development of immune responses, but whether this is mediated
through Gal-3 expression by DCs or by other cells (including T cells themselves) is unknown.
Here we show for the first time that Gal-3 expression in DCs is essential and sufficient to
control the magnitude of T cell priming both in vitro and in vivo, since Gal-3" DCs enhanced
the proliferation and the cytokine release by T lymphocytes. In vivo, this effect was not due to
an enhanced migration of DCs into the spleen or to an increased survival of T cells in this
organ (not shown). Importantly, although it controls cytokine release by T cells, loss of Gal-3
expression by DCs does not modulate the Th1/Th2 balance of the immune response. This is in
line with the non-essential role of Gal-3 in DC maturation (Fig. 4D), a complex process
influencing the quality of the ensuing immune response. In our experimental infectious
model, it is difficult to address the exact mechanisms behind the more pronounced Thl bias
observed in Gal-3 deficient animals. Although our data show that the lack of Gal-3 in DCs
enhances the T cell response (Fig. 5), it cannot fully explain our observations (similar Th2
response in WT and Gal-3""mice). Thus, it is likely that Gal-3 deficiency in other immune cell

types is also important in this phenomenon.

Taken as a whole, this study reveals for the first time that Gal-3 expression in DCs
plays part in the control of the T cell response but does not regulate the differentiation or
maturation of DCs. This study also confirms, in an infectious model, that Gal-3 acts as an

important regulator of immune and inflammatory responses.
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FIGURE LEGENDS

FIG. 1. Analysis of the cellular response in S. mansoni-infected WT and Gal-3" mice. A,
Proliferative response (A) and cytokine production (B) of spleen or MLN cells recovered from
S. mansoni-infected WT or Gal-3" mice, 7 wk p.i.. Cells were restimulated with increasing
doses of SEA (shown are 2.5 and 10ug/ml) or were left unstimulated. Cytokine production
and proliferation were measured after 3 days of culture. Results represent the mean of
triplicate cultures + SD (6 to 8 mice per group). One representative experiment out of two is

shown. Significant differences are designated by ** (p<0.01), *** (p<0.005).

FIG. 2. Analysis of the humoral response in S. mansoni-infected WT and Gal-3"" mice. SEA-
specific Ab isotype responses by S. mansoni-infected WT or Gal-3" mice, 7 wk p.i..
Individual IgG1 and IgG2b titers and the IgG1/IgG2b ratio are shown. The mean titers £ SD
(6 to 7 mice per group) are presented. One representative experiment out of two is shown.

Significant differences are designated by ** (p<0.01), *** (p<0.005).

FIG. 3. Analysis of the granulomatous response in S. mansoni-infected WT and Gal-3"" mice.
Rojkind staining of liver sections from S. mansoni-infected WT or Gal-3"" mice, 7 wk and 14
p.i.. A, The volume of the granulomas are indicated at wk 7 and wk 14 p.i. for each animal
group. Significant differences are designated by ** (p<0.01) and *** (p<0.005). B,
Representative staining obtained at 7 wk or 14 wk p.i. (x 100 magnification). C, The fibrosis,
visualized on Sirius red-stained sections, was quantified using an arbitrary scale from 0 to 3.

#5% pe().003.

FIG. 4. A, Expression of Gal-3 in immature BM-DCs. Left panel, Western blot analysis of

Gal-3 protein expression in DCs (5 x 10° cells/lane). Right panel, gated CD11c* DCs were
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analyzed for Gal-3 expression (bold line). The isotype control is indicated (thin line). B,
Endocytic function of Gal-3 in immature BM-DCs was assessed by flow cytometry. WT or
Gal-3” BM-DCs were incubated with FITC-labelled dextran, LDN-PAA, LN-PAA or
glucitol-PAA for 2 hrs at 4°C (thin line) or 37°C (bold line). Endocytosis is displayed as an
increase of fluorescence intensity at 37°C compared with 4°C. C, Lactose (5 mM) was added
or not to WT DCs 30 minutes before adjunction of FITC-labelled LDN-PAA. D, Effects of
Gal-3 deficiency on DC maturation (left panel). WT or Gal-3" DCs were incubated overnight
schistosome eggs, a combination of Pam3;CSK, plus poly(I:C) or LPS. Right panel, LDN-
PAA or glucitol-PAA (50ug/ml) was added to WT DCs 30 min before or not Pam;CSKj, plus
poly(I:C) or LPS stimulation. After 18 hrs stimulation, quantification of secreted cytokines

was performed by ELISA. The mean value + SD are presented (4 experiments performed).

FIG. 5. Effects of Gal-3 deficiency in DCs on the priming of T cells. A, WT or Gal-3" BM-
DCs were incubated for 18 hrs with medium, schistosome eggs, a combination of Pam3;CSKy
plus poly(I:C) or LPS. MLR was carried out by coculturing DCs with naive T cells prepared
from the spleens of Balb/c mice. Different DC:T cell ratios were tested. For clarity, SD
values are not shown. One representative experiment out of three is shown. Significant
differences are designated by * (p<0.05). B, WT or Gal-3 BM-DCs were incubated
overnight with KLH in the presence or not of schistosome eggs. Cells were then injected i.v.
into syngenic mice and 7 days later, splenic cells were restimulated with KLH or SEA.
Supernatants were harvested 72 hrs later for cytokine production. In the absence of
restimulation, no proliferation or cytokine production was observed. Results represent the
mean of triplicates cultures = SD. One representative experiment out of two is shown.

Significant differences are designated by * (p<0.05), ** (p<0.01), *** (p<0.005).
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Table I.  Analysis of the worm burden and of the total tissue
eggs in WT and Gal-37" infected mice 7 wk p.i. *

WT Gal-3™"
Worm Burden 17.1+£7.5 16.7+2.8
Eggs/g of liver/female 776.8 + 2227 796.2+126.1
Eggs/g of intestine/female 959.3 + 3090 10635+ 484.6

 Results represent the mean number = SD(8 mice per group). One
representative experiment out of two is shown.

58

/002 ‘9T Jaquiaidas uo enues alouadns onus| 1e 610" wse'rel Woly papeojumod


http://iai.asm.org

1396

1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
Table II.  Analysis of the percentage and number of splenic cells in WT and Gal-3"" infected mice 7 wk p.i. °
unintfected S. mansoni infected
WT Gal-37" WT Gal-37"
CD3™ CD19" % 39.56 £1.54 35.14+4.25 39.75+4.33 36.30+2.51
N 20.56 +£8.19 21.79 £5.34 9154 £7.36 57.29 £4.45 ***
CD3" D19 % 45.04+£5.69 4423 +4.61 30.44+£2.49 2824 +3.70
N 22.58+£6.49 27.42+5.22 70.46 +8.17 44.48 +£5.33 **
CD4" CD25" % 3.23 £0.58 2.956£0.53 2.62+0.31 2.21+0.42
N 1.73 £ 0.90 1.83+0.72 6.03 £0.65 3.46£0.21 ***
CD11c¢" 120G8 % 0.82 +£0.04 0.64 +0.23 1.80 £0.44 2.28+0.4
N 0.45+0.12 0.40+ 0.05 4.11+0.78 3.58+0.43
CDIIE" 120G8™ % 0.83 £0.19 0.55+0.31 0.24 +0.06 0.23 £0.08
N 0.45 +£0.03 0.34+0.25 0.55+0.13 0.37+0.15
 Results represent the mean percentage or number + SD (4 mice per group). One representative experiment
out of two is showni. N : number of cells x 10° spleen. Significant differences between WT and Gal-3™"
infected mice are represented by ** (p <0.01) or *** (p <0.005).
1407
1408
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