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Background: Galectins regulate immune cell migration.
Results: Galectin-1 inhibits immunogenic, but not tolerogenic, dendritic cell migration through clustering glycans on CD43.
Conclusion: Galectin-1 clustering of CD43 on immunogenic dendritic cells is a novel mechanism controlling tissue exit of
different dendritic cell populations.
Significance: Inhibition of immunogenic dendritic cell tissue exit is a novel function for galectin-1 in dampening immune
responses.

During inflammation, dendritic cells emigrate from inflamed
tissue across the lymphatic endothelium into the lymphatic vas-
culature and travel to regional lymph nodes to initiate immune
responses. However, the processes that regulate dendritic cell
tissue egress and migration across the lymphatic endothelium
are not well defined. The mammalian lectin galectin-1 is highly
expressed by vascular endothelial cells in inflamed tissue and
has been shown to regulate immune cell tissue entry into
inflamed tissue. Here, we show that galectin-1 is also highly
expressed by human lymphatic endothelial cells, and deposition
of galectin-1 in extracellular matrix selectively regulates migra-
tion of specific human dendritic cell subsets. The presence of
galectin-1 inhibits migration of immunogenic dendritic cells
through the extracellular matrix and across lymphatic endothe-
lial cells, but it has no effect on migration of tolerogenic den-
dritic cells. The major galectin-1 counter-receptor on both
dendritic cell populations is the cell surface mucin CD43; differ-
ential core 2 O-glycosylation of CD43 between immunogenic
dendritic cells and tolerogenic dendritic cells appears to con-
tribute to the differential effect of galectin-1 on migration. Bind-
ing of galectin-1 to immunogenic dendritic cells reduces phos-
phorylation and activity of the protein-tyrosine kinase Pyk2, an
effect that may also contribute to reduced migration of this sub-
set. In a murine lymphedema model, galectin-1�/� animals had
increased numbers of migratory dendritic cells in draining
lymph nodes, specifically dendritic cells with an immunogenic
phenotype. These findings define a novel role for galectin-1 in
inhibiting tissue emigration of immunogenic, but not tolero-

genic, dendritic cells, providing an additional mechanism by
which galectin-1 can dampen immune responses.

Effective adaptive immune responses require immune cells
to infiltrate damaged tissue, acquire and process antigen, and
migrate from inflamed tissue through the lymphatic vascula-
ture to draining lymph nodes. To promote immune cell infil-
tration from the bloodstream into damaged tissue, vascular
endothelial cells (VECs)4 and immune cells in the blood up-reg-
ulate expression of adhesion molecules and their cognate
ligands (1, 2). Monocytes are a critical immune cell population
recruited to inflamed tissue; once in tissue, monocytes differ-
entiate into immature dendritic cells (DCs) and then, depend-
ing on the combination of stimuli in the tissue, mature into
distinct DC subsets that have distinct phenotypes and functions
(3–7). Mature DCs can exit inflamed tissue by migrating
through the extracellular matrix (ECM) and across lymphatic
endothelial cells (LECs) in a basolateral-to-apical direction,
entering the lymphatic vasculature and migrating through lym-
phatic channels to draining lymph nodes, where the DCs
participate in promoting or controlling adaptive immune
responses (8 –10). Like VECs, LECs play a critical role in shap-
ing immune responses by controlling transport of immune cells
and soluble antigen from inflamed tissue to lymph nodes (11–
18). Although some of the molecular interactions between
LECs and immune cells have been described (17–19), the
majority of molecular interactions regulating the exit of differ-
ent DC subsets from tissue and into the lymphatic vasculature
remains unknown.

Once DCs reach draining lymph nodes, the nature of the
adaptive immune response that ensues is significantly shaped
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by the types of DCs that left the tissue and arrived at the lymph
nodes. Mature, immunogenic DCs (iDCs) process antigens and
can initiate and prime pro-inflammatory T cell responses (20).
Conversely, semi-mature, tolerogenic DCs (tDCs) also process
antigen (21–24), but they suppress pro-inflammatory T cell
responses by promoting generation of regulatory T cells, inhib-
iting T cell proliferation, and inducing T cell death (20, 23–25).
Various stimuli have been shown to render DCs either immu-
nogenic or tolerogenic in vitro. For example, iDCs develop in
the presence of inflammatory cytokines, such as tumor necrosis
factor-� (TNF-�), toll-like receptor ligands such as lipopolysac-
charide (LPS), or CD40 ligation (26 –32). In contrast, contact
with inflamed lymphatic endothelium, apoptotic cell debris,
vitamin D, corticosteroids, histamine, or the carbohydrate-
binding protein galectin (gal)-1 can all render DCs tolerogenic
(25, 33–37). Although it is known that different inflammatory
stimuli can shift the balance between iDCs and tDCs and thus
determine the nature and amplitude of T cell activation, it is not
well understood how the balance of iDCs and tDCs in the drain-
ing lymph node is controlled.

In inflamed tissue, expression of the carbohydrate-binding
protein galectin-1 is increased in vascular endothelial cells (38,
39). Galectin-1 has been shown to inhibit entry of leukocytes
from the bloodstream into tissues at sites of inflammation in
vivo and to retard the migration of T cells through extracellular
matrix in vitro (40 – 44). However, the role of galectins in influ-
encing the exit of leukocytes from tissues and into draining
lymphatic vasculature is not well understood. Two reports have
suggested a role for galectins in regulating migration of dermal
DCs to draining lymph nodes under inflammatory conditions.
Using a dermal inflammation model, Hsu et al. (45) reported
reduced numbers of migrating dermal DCs in the draining
lymph nodes of galectin-3�/� mice compared with wild type,
implying that galectin-3 promotes migration of dermal DCs
from inflamed tissue to draining nodes. Using the same dermal
inflammation model, we demonstrated that injection of recom-
binant galectin-1 prior to the inflammatory stimulus resulted in
increased DC numbers in draining lymph nodes in MRL-fas
mice, promoting maturation of tolerogenic rather than immu-
nogenic DCs (35). Although both galectin-3 and galectin-1 may
regulate DC exit from inflamed tissue, it is not clear how migra-
tion of immunogenic versus tolerogenic DC subsets is affected
by the presence of galectins in tissue. Moreover, as galectins in
VECs are important for regulation of leukocyte entry into tis-
sues, galectins produced by LECs may similarly influence leu-
kocyte exit from tissues. Although a previous report described
expression of galectin-8 by LECs (46), we found that LECs also
express abundant galectin-1. Moreover, galectin-1 expression
by LECs remained robust after treatment with inflammatory
cytokines. Thus, we sought to determine whether galectin-1
could regulate iDC and tDC migration through the matrix and
tissue exit across LECs and to identify DC cell surface glycopro-
teins that interact with galectin-1 to regulate tissue exit of dis-
tinct DC subsets.

Experimental Procedures

Mice—Galectin-1 null (galectin-1�/�) animals (47) back-
crossed onto the C57BL/6 background for 13� generations

(48) were provided by Drs. R. J. Singh and M. C. Miceli (David
Geffen School of Medicine, UCLA). Wild type C57BL/6J mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME). Animals were housed under guidelines set by the National
Institutes of Health, and experiments were conducted in
accordance with the Chancellor’s Animal Research Committee
(UCLA) and the Public Health Service Policy on Humane Care
and Use of Laboratory Animals.

Human Tissue Samples—Anonymized, paraffin-embedded
punch biopsies of human lymphedema skin were provided by
the Translational Pathology Core Laboratory at UCLA (David
Geffen School of Medicine, UCLA).

Cell Culture—Human dermal lymphatic endothelial cells
(HMCV-DLyAd-Der Lym Endo) were purchased from Lonza
(Walkersville) and maintained in EGMTM-2MV medium
(Lonza) as described (49). To observe changes in galectin
expression under inflammatory conditions, LECs were treated
for 48 h with 3 ng/ml TNF-�, 10 ng/ml Il-1�, or 10 ng/ml IFN-�.

Human immature dendritic cells were differentiated from
purified monocytes as described (36). Immature dendritic cells
were matured by addition of 100 ng/ml lipopolysaccharide
(LPS) or 20 �M recombinant human galectin-1 for the last 48 h
of culture. Cells were washed twice in 1� PBS prior to use in
migration assays.

Reagents and Antibodies—Recombinant human galectin-1
was produced as described previously (50). Reagents were
obtained from the indicated suppliers as follows: BD Bio-
CoatTM MatrigelTM Invasion Chambers, 8-�m pore size (BD
Biosciences); recombinant human IL-4, GM-CSF, TNF-�,
Il-1�, IFN-�, and MIP-3�/CCL19 (PeproTech); CellTraceTM

carboxyfluorescein succinimidyl ester (CFSE) proliferation kit
(Invitrogen); CD16/CD32 (mouse BD FC blockTM, BD Biosci-
ences); benzyl-2-acetoamido-2-deoxy-�-D-galactopyranoside
(Bn-�-GalNAc) (Calbiochem); LightCycler� 480 SYBR Green I
Master reagent (Roche Applied Science); hematoxylin (Vector
Laboratories); 3,3�-dithiobis[sulfosuccinimidylpropionate]
(DTSSP) (Thermo Scientific); phosphatase and protease inhib-
itor mixtures (Sigma); methylene blue (Sigma); 4�,6-diamidino-
2-phenylindole (DAPI) (Invitrogen); protein G beads (Pierce);
and enhanced chemiluminescence (ECL) detection kit (GE
Healthcare).

The following antibodies were used: rabbit anti-human
galectin-1 polyclonal antibody serum (pAb) (Strategic); rat
anti-mouse galectin-3 antibody (clone M3/38) (BioLegend);
mouse anti-human galectin-9 (Novus Biologicals); mouse anti-
human podoplanin (clone D2-40) (Covance); mouse anti-
human CD86-phycoerythrin (PE) (clone BU63) (Invitrogen);
mouse anti-human CD40-PE (clone HB14) (BioLegend);
mouse anti-human CD43 (clone 1D4) (MBL); mouse anti-hu-
man CD43 (clone DF-T1) (DakoCytomation). Isotype controls
for anti-human monoclonal antibodies (mAb) are as follows:
mouse IgG1, mouse IgG2a, mouse IgG2b (all mouse isotype
controls were purchased from DakoCytomation); rat IgG2a
(BioLegend); polyclonal rabbit serum (Gibco).

To analyze murine lymph node cells by flow cytometry, the
following antibodies and corresponding isotype controls were
used: rat anti-mouse B220-allophycocyanin (clone RA3-6B2);
Armenian hamster anti-mouse CD11c-fluorescein isothiocya-
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nate (FITC) (clone N418); rat anti-mouse CD86 (B7–2)-PE
(clone GL1); rat anti-mouse CD83-PE (clone Michel-19); rat
anti-mouse MHC class II-eFluor� 450 (clone M5/114.15.2); rat
anti-mouse CD45RB-PE (clone C363.1A6); rat anti-mouse
CD274-Brilliant Violet 605TM (PD-L1, clone 10F9G2) (Bio-
Legend) (all anti-mouse antibodies and isotype control anti-
bodies were purchased at eBioscience unless otherwise noted);
rabbit anti-phospho-Pyk2 (Y402) and rabbit anti-Pyk2 (Cell
Signaling Technology); goat anti-rabbit IgG (H�L)-horserad-
ish peroxidase (HRP) (Jackson ImmunoResearch).

Surgical Lymphedema Model—A surgical model was used to
introduce lymphedema in the mouse tail in adult (10 –12 weeks
old) wild type C57BL/6 and galectin-1�/� mice, as described
previously (51, 52). Briefly, lymph stasis was induced in anes-
thetized animals by circumferential cauterization of the super-
ficial dermal lymphatics 10 mm proximal to the tail base. Cau-
terization of the major lymphatic vessels was visualized by
subcutaneous injection of a 10% methylene blue solution distal
to the surgical incision. In control animals (sham animals), skin
incision was performed with methylene blue injection but with-
out lymphatic cautery ablation. Animals were euthanized at day
6 post-surgery. Cell suspensions from tail-draining inguinal
lymph nodes (53) were analyzed by flow cytometry as described
below.

Flow Cytometry Analysis—Human dendritic cells were incu-
bated for 30 min on ice with the indicated fluorochrome-la-
beled antibodies or with the appropriate isotype controls and
fixed in 4% paraformaldehyde (PFA) before flow cytometry
analysis. Binding of galectin-1 was assessed by incubating
human dendritic cells with 0.2 mg/ml biotinylated recombinant
galectin-1 for 30 min on ice. The cells were then fixed in DTSSP
at 0.2 mg/ml for 10 min at room temperature, and quenched by
the addition of 100 �l of 1 M Tris, pH 7.5, for 15 min at room
temperature. Galectin-1 binding was visualized with FITC-
conjugated streptavidin (Jackson ImmunoResearch).

Single-cell suspensions from mouse inguinal lymph nodes
were prepared. Nonantigen-specific binding of antibodies was
blocked by incubating cells with antibodies against CD16/
CD32 (Mouse BD FC blockTM) prior to addition of staining
antibodies. Cells were incubated for 30 min on ice with the
indicated fluorochrome-labeled antibodies or with the appro-
priate isotype controls. Cells were washed in 3% FBS in PBS and
fixed in 4% PFA for 20 min at 4 °C before flow cytometry anal-
ysis. All samples were analyzed on FACSCalibur or LSRFortessa
flow cytometers (BD Biosciences) using FlowJo analysis soft-
ware (Tree Star).

Cytokine Production Analysis—Tissue culture supernatant
was collected from LPS- or galectin-1-matured dendritic cell
cultures after 24 h of maturation and stored at �80 °C until
analysis. Cytokine secretion was determined using human
IL-10 (eBioscience) and IL-12 (BD Bioscience) sandwich ELISA
kits.

Real Time Quantitative RT-PCR—cDNA was prepared from
human DCs using the RNeasy mini kit (Qiagen) and the Super-
Script III One-Step RT-PCR kit (Invitrogen). cDNA was ampli-
fied with specific primer sets using the LightCycler� 480 SYBR
Green I Master reagent (Roche Applied Science) with the Light-
Cycler� 480 (Roche Applied Science) and its detection soft-

ware. The following primer sets were used: C2GnT-I,
5�-TTATTGTTTGAAATGCTGAGGACG-3� (sense) and
5�-TAATGGTCAGTGTTTTAATGTCT-3� (antisense)
(54); 36B4, 5�-CCCGCTGCTGAACATGCT-3� (sense) and
5�-TCGAACACCTGCTGGATGAC-3� (antisense) (55). Rela-
tive expression of the gene of interest was normalized to relative
expression of the housekeeping gene 36B4.

In Vitro Dendritic Cell Migration Assay—In vitro dendritic
cell migration assays were performed as described (49). Briefly,
LECs were grown to confluence on the underside of
MatrigelTM-covered transwell inserts (8 �M pore-size, BD Bio-
sciences) before MatrigelTM was saturated with 1� PBS or 20
�M recombinant galectin-1 in PBS. CFSE-labeled DC popula-
tions were seeded into the top of the transwell insert and incu-
bated for 24 h before the number of migrated DCs in the bottom
well was determined by counting the cells in the bottom and top
wells in combination with flow cytometry (49). The percentage
of migrating cells was calculated as the number of DCs in the
bottom well/total number of DCs in the top and bottom wells.
Data are shown as % migration in the presence of galectin-1 in
MatrigelTM/% migration in the absence of galectin-1 in
MatrigelTM.

Immunohistochemistry—3 � 105 LECs were grown to �80%
confluency on Lab-Tek� II chamber slides (Nalgene Nunc
International) and fixed in 4% PFA for 10 min at room temper-
ature. Slides were blocked with 1% bovine serum albumin
(BSA) in PBS for 20 min at room temperature. pAbs against
galectin-1 or polyclonal rabbit serum were diluted 1:1000 in
20% goat serum in 1% BSA in PBS, and cells were incubated in
antibody dilutions overnight at 4 °C. After washing in PBS, fixed
cells were incubated with FITC-conjugated goat anti-rabbit
IgG diluted in PBS for 2 h at room temperature and washed in
PBS. Cells were then stained with 300 nM DAPI stain (Invitro-
gen) for 5 min at room temperature, rinsed in PBS, and analyzed
using an Olympus BX51 fluorescence microscope and Olym-
pus DP2-BSW software (Olympus America Inc.).

To analyze human tissue, 6-�m serial sections of paraffin-
embedded punch biopsies of human lymphedema skin were
de-paraffinized and stained with pAb against galectin-1 or
polyclonal rabbit serum. For podoplanin staining, mouse anti-
human podoplanin (clone D2-40) was used at a 1:100 dilution
as described above and detected with the anti-mouse Dako-
Cytomation EnVision�TM kit (Dako). Both stainings were
visualized using a 3-amino-9-ethylcarbazole chromogenic sub-
strate system (Enzo Life Sciences). All sections were counter-
stained with hematoxylin (Vector Laboratories) and analyzed
using an Olympus BX51 fluorescence microscope and Olym-
pus DP2-BSW software (Olympus America Inc.).

Immunoprecipitation and Western Blot—For identification
of galectin-1 binding partners on DCs, cells were washed once
in 0.5 M lactose/PBS and 1� PBS, surface-biotinylated as
described (35, 56, 57), washed in 1� PBS, and treated with 20
�M galectin-1 for 1 h at 4 °C before fixation with DTSSP (58).
Cells were lysed in 1% Nonidet P-40 lysis buffer with protease
and phosphatase inhibitor mixtures (Sigma) as described (59).
For immunoprecipitation, lysates were adjusted to 40 �g of
total protein in 100 �l of lysis buffer and immunoprecipitated
with 10 �l of rabbit anti-human galectin-1 antibody and 20 �l of
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protein G beads overnight at 4 °C. After immunoprecipitation,
protein G beads plus precipitated protein were washed three
times in lysis buffer with protease and phosphatase inhibitor
mixtures and denatured in NuPAGE sample buffer and reduc-
ing agent (Invitrogen), and proteins were then separated on a
4 –12% BisTris polyacrylamide gel in MOPS buffer before
transfer to nitrocellulose membranes (GE Healthcare) for
immunoblotting.

For analysis of Pyk2 phosphorylation after galectin-1 bind-
ing, DCs were harvested, washed in 0.5 M lactose/PBS and 1�
PBS, resuspended in warm 1� PBS, and treated with 20 �M

recombinant galectin-1 for the indicated times at 37 °C. After
galectin-1 addition, cells were immediately placed on ice, pel-
leted, and lysed in RIPA buffer with 1% Triton X-100 plus pro-
tease and phosphatase inhibitors. 40 �g of total protein lysate
were denatured in NuPAGE sample buffer and reducing agent
(Invitrogen), and proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes (GE Healthcare) for
immunoblotting. Immunoblotting was performed with the
indicated primary antibodies and corresponding HRP-coupled
secondary antibodies. Antibody binding was visualized using
ECL.

Inhibition of O-Glycan Elongation—1 � 106 immature DCs
were treated with 2 mM Bn-�-GalNAc in dimethyl sulfoxide
(DMSO) or DMSO alone (control) for 4 days. DCs were
matured with either LPS or galectin-1 (as described above) dur-
ing the last 2 days of Bn-�-GalNAc treatment.

Confocal Microscopy—Untreated or Bn-�-GalNAc-treated
DCs were collected, washed in 0.5 M lactose/PBS, and incubated
with recombinant galectin-1 for 1 h at 37 °C. PBS-washed DCs
were then fixed in 4% PFA at room temperature. After fixing, all
staining steps were performed at room temperature. Cells were
washed and incubated with blocking solution (5% BSA in PBS,
4 °C) for 20 min. All samples were incubated in primary anti-
body in blocking solution for 1 h, washed in PBS, incubated with
secondary antibody in PBS for 1 h while protected from light,
washed, incubated with the nuclear stain DAPI for 5 min,
washed in PBS, and mounted on slides using Prolong Gold
Antifade reagent (Invitrogen). Confocal images were taken on a

Leica TCS-SP2 AOBS inverted confocal microscope (Mann-
heim, Germany) using Leica confocal software.

Statistical Analysis—Statistical significance was determined
using the unpaired two-tailed Student’s t test for single com-
parisons. p values smaller than 0.05 were considered statisti-
cally significant. All statistical analysis was performed using
GraphPad Prism software (version 4).

Results

Human Dermal Lymphatic Endothelial Cells Express and
Secrete Galectin-1—Galectin-1 is expressed by human VECs,
and VEC expression of galectin-1 is increased by inflammatory
stimuli (38, 39). However, galectin-1 expression by LECs in
inflamed human tissue in vivo has not been described. To char-
acterize galectin-1 expression by LECs in inflamed tissue, we
examined sections of lymphedematous human skin (Fig. 1).
Sections were stained with pAb against human galectin-1 (Fig.
1, top row) or a mAb recognizing the LEC marker podoplanin
(Fig. 1, bottom row) (60). In the dermis, galectin-1 was detected
in endothelial cells (arrow, top row) lining dilated vessels; these
same cells also expressed podoplanin (arrow, bottom row), con-
firming that the cells were LECs. In addition, there was abun-
dant galectin-1 in the extracellular matrix surrounding lym-
phatic channels (arrowhead, top right panel). We also detected
galectin-1 in infiltrating leukocytes in the dermis.

We examined galectin expression in cultured primary
human dermal LECs by immunoblot (Fig. 2A). Galectin-1 was
abundantly expressed in LECs (about 0.76 pg/cell, �0.85% of
total LEC protein, data not shown), similar to concentrations
described in other tissues (61, 62). In contrast to VECs that
express galectin-1, -3, -8, and -9 (39, 63), LECs express only
galectin-1, -3 (Fig. 2A), and -8 (46) but not galectin-9 (Fig. 2A).

To examine galectin-1 expression in LECs under inflamma-
tory conditions, we incubated LECs with the pro-inflammatory
cytokine TNF-� (64) and analyzed cell lysates by immunoblot
(Fig. 2B). Notably, galectin-1 was abundant in control LECs,
and treatment with TNF-� did not appreciably change the level
of galectin-1 expression. In contrast, when the same lysates
were analyzed for another member of the galectin family, we

FIGURE 1. Human lymphatic endothelial cells express and secrete galectin-1. Sections of skin from lymphedema patients were stained with polyclonal
antibody against galectin-1 (top) or monoclonal antibody to the human LEC marker podoplanin (bottom). Bound antibody was detected with the correspond-
ing secondary antibody and visualized using a 3-amino-9-ethylcarbazole chromogenic substrate system. Sections were counterstained with hematoxylin.
Insets (middle column) show control antibody staining. Dilated lymphatic vessels are lined by LECs expressing galectin-1 (arrow, top) and podoplanin (arrow,
bottom). Data are representative of six independent tissue samples. Note that the distribution of galectin-1 on LECs appears more dispersed than that of
podoplanin, suggesting the localization of secreted galectin-1 in extracellular matrix (arrowhead, top right panel). Magnification is as follows: �20 (left), �40
(middle), and �100 (right). Scale bar, 100 �m (left), 50 �m (middle), and 20 �m (right).
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observed that galectin-3 abundance decreased significantly in
cells treated with TNF-� compared with controls. Similar
results were obtained using additional pro-inflammatory stim-
uli, such as IL-1� and IFN-� (data not shown).

Galectin-1 is a soluble protein that is secreted from the cell
and can bind to cell surface glycoconjugates or to surround-

ing extracellular matrix glycoproteins (65–70). To deter-
mine whether dermal LECs secreted galectin-1, we first
examined cell surface galectin-1. LECs were fixed with 4%
PFA, and cell surface galectin-1 was detected by immunoflu-
orescence microscopy (Fig. 2C). In addition, we examined
serum-free medium supernatant from cultured human LECs
(LEC sup) and detected secreted galectin-1 in the medium
(Fig. 2D). Thus, LECs express and secrete galectin-1, which
is both bound to the cell surface and released into the extra-
cellular milieu.

Galectin-1 Regulates Human Dendritic Cell Migration
through Extracellular Matrix and across LECs—We have pre-
viously found that galectin-1 secreted by VECs regulated T cell
migration through ECM (44). Thus, we asked whether galec-
tin-1 in ECM would affect DC migration through ECM and
across LECs in a basolateral-to-apical direction; this path would
mimic the egress of DCs from tissue into the lymphatic vascu-
lature. As described above, distinct populations of iDCs and
tDCs shape adaptive immune responses, and the differential
migration of iDCs versus tDCs from inflamed tissue could affect
subsequent immune responses in draining lymph nodes. To
examine the migration of human iDCs and tDCs, iDCs and
tDCs were generated in vitro from peripheral blood mononu-
clear cells as described previously (35, 36) and analyzed by flow
cytometry to confirm maturation. As expected, iDCs expressed
high levels of cell surface CD86 and CD40, although the relative
expression of these cell surface markers was lower in tDCs (Fig.
3A) (33, 34, 36). Furthermore, iDCs secreted IL-10 and IL-12,
although tDCs only secreted large quantities of IL-10, which
has been shown to promote resolution of inflammation (Fig.
3B) (71).

To analyze the effect of galectin-1 on DC migration, we
designed an in vitro migration assay that mimics in vivo DC
tissue exit (Fig. 3C) (49). Briefly, LECs were grown as a conflu-
ent monolayer on a porous membrane on the underside of
MatrigelTM-covered transwell inserts, so that the basal side of
the LECs was proximal to the extracellular matrix (LEC tran-
swell insert). CFSE-labeled iDCs or tDCs were placed in the
upper chamber of the LEC transwell inserts, in the absence or
presence of recombinant galectin-1 in the MatrigelTM.
Although LECs secreted galectin-1 into tissue culture media
(Fig. 2D) and into ECM when plated on MatrigelTM directly
(data not shown), we could only detect minimal galectin-1
secreted into the MatrigelTM from LECs on the underside of the
transwell membrane (data not shown), indicating that galec-
tin-1 did not effectively cross the transwell membrane to bind
to ECM glycans in MatrigelTM inside the transwell insert. Thus,
we added recombinant galectin-1 directly to MatrigelTM to
examine the effect of galectin-1 on DC migration (49). After
24 h, the number of CFSE-labeled DCs that migrated through
the ECM and across LECs in a basolateral-to-apical direction
and into the bottom well was calculated as a fraction of the total
number of DCs added to each well.

In the absence of galectin-1, similar fractions of iDCs and
tDCs migrated through MatrigelTM and across the LEC mono-
layer into the bottom well in 24 h (data not shown). Moreover,
addition of galectin-1 to MatrigelTM had no appreciable effect
on tDC migration as the percent of migrated cells in wells con-

FIGURE 2. Cultured human LECs express and secrete galectin-1. A, primary
human LECs were analyzed for expression of gal-1, gal-3, and gal-9 by immu-
noblot. B, primary human LECs were grown in the presence or absence of the
inflammatory cytokine TNF-� for 24 h, and cell lysates were analyzed for
expression of galectin-1 and galectin-3 by immunoblot. Densitometry quan-
tification of the relative change in galectin expression is indicated at the bot-
tom of the figure. Relative galectin band intensity was calculated for each
sample as a ratio of the pixel intensity in the scanned galectin band over the
�-actin band. The relative galectin band intensity of the untreated sample
was assigned a value of 1, and the �TNF-� sample was displayed as a propor-
tion of the untreated sample. Data are representative of four independent
experiments. Galectin-1 expression remained abundant in TNF-�-treated
LECs, although galectin-3 expression decreased significantly after TNF-�
treatment. C, confluent LECs were fixed with 4% PFA, and surface galectin-1
was detected by immunofluorescence microscopy using pAb against galec-
tin-1 and FITC-conjugated secondary antibody. Nuclei were visualized with
DAPI staining. Galectin-1 is detectable on the cell surface indicating that
galectin-1 secreted by LECs binds back to glycans on the LEC surface. Scale
bar, 100 �m. rb serum, rabbit serum. D, serum-free medium supernatant from
cultured human LECs (LEC sup) was collected, and galectin-1 protein was
immunoprecipitated (IP) for detection by immunoblot. Abundant galectin-1
was detected in the LEC supernatant but not in LEC-free medium (medium
only). Immunoprecipitation of galectin-1 from a control sample containing
125 ng of recombinant galectin-1 is shown for comparison (right).
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taining galectin-1 was approximately equal to the percent of
migrated cells in the absence of galectin-1 (Fig. 3D). In contrast,
we observed a significant decrease in iDC migration in the pres-
ence of galectin-1; iDC migration in the presence of galectin-1
was �50% of iDC migration in the absence of galectin-1 (Fig.

3D). Thus, galectin-1 in ECM selectively retarded the migration
of iDCs but had no effect on tDC migration.

CD43 Is the Major Glycoprotein Counter-receptor for Galec-
tin-1 on Human iDCs and tDCs—Galectins preferentially rec-
ognize N-acetyl-lactosamine (LacNAc) sequences that can be
presented on N- or O-glycans (70, 72–74). Thus, galectins can
bind to an array of cell surface glycoproteins that bear the pre-
ferred glycan ligands. However, it is clear that different galec-
tins preferentially bind to only a subset of total cell surface
LacNAc-bearing glycoproteins on various types of cells so that
there are preferred glycoprotein counter-receptors for specific
galectins on a particular cell type (72, 74 –76). As galectin-1
retarded migration of iDCs but had no effect on tDC migration
in the transwell assay (Fig. 3D), we asked whether the differen-
tial effect on migration that we observed was related to galec-
tin-1 binding different glycoprotein receptors on the two DC
subsets.

To identify glycoprotein counter-receptors for galectin-1 on
iDCs and tDCs, we used an immunoprecipitation approach that
we have previously used to isolate galectin-1 binding partners
on immature DCs and on T cells (35, 56, 57). Total surface
proteins on iDCs and tDCs were biotinylated before addition of
recombinant human galectin-1. After washing, cells were lysed,
and galectin-1 plus associated glycoproteins were immunopre-
cipitated with anti-galectin-1 pAb bound to protein G beads.
Precipitates were separated by SDS-PAGE, and biotinylated cell
surface glycoproteins that precipitated with galectin-1 were
identified by streptavidin binding. As shown in Fig. 4A (top left
panel), the precipitated complexes generated from both iDCs
and tDCs contained one predominant species of �130 kDa.
Although the same band was detected in immunoprecipitates
from both iDCs and tDCs, the protein band in the iDC lane was
slightly more broad compared with the band in the tDC lane,
potentially indicating increased glycan complexity or abun-
dance. Immunoblotting with mAb against human CD43 (clone
DF-T1) revealed the primary binding partner for galectin-1 in
both DC subsets to be CD43 (Fig. 4A, bottom panel).

As CD43 appeared to be the predominant counter-receptor
for galectin-1 on both iDCs and tDCs, yet galectin-1 retarded
iDC but not tDC migration (Fig. 3D), we reasoned that the
differential effect of galectin-1 on iDC versus tDC migration
might result either from a difference in the abundance of gly-
coprotein receptors available on iDCs and tDCs to bind galec-
tin-1 or, alternatively, a difference in the glycans present on
CD43 on iDCs and tDCs. To examine total galectin-1 binding to
the two DC populations, recombinant biotinylated galectin-1
was bound to the cell surface of iDCs and tDCs, and bound
galectin-1 was detected with FITC-labeled streptavidin. As
shown in Fig. 4B, both iDCs and tDCs bound abundant galec-
tin-1, although iDCs bound slightly more exogenous galectin-1
compared with tDCs. Thus, we asked whether differential gly-
cosylation of CD43 on iDCs and tDCs could contribute to the
differential effect of galectin-1 on migration of these two DC
subsets.

CD43 is a large cell surface mucin decorated with 70 – 80
O-glycans (77–79). The O-glycans on CD43 can be either core
1- or core 2-type O-glycans; as core 2 O-glycans present Lac-
NAc sequences preferentially recognized by galectin-1, galec-

FIGURE 3. iDCs and tDCs are distinct DC populations that differ in the
ability to migrate through ECM and across LECs in the presence of galec-
tin-1. A, phenotypic analysis of iDCs and tDCs. iDCs and tDCs were analyzed
for expression of the cell surface markers CD86 and CD40 by flow cytometry.
Although iDCs expressed high levels of CD86 and CD40, expression was lower
on tDCs. Filled histograms are isotype controls. B, secretion of IL-10 and IL-12
by iDCs and tDCs. Although iDCs secreted significant levels of both IL-10 and
IL-12, tDCs only secreted IL-10. Data are combined from four independent
donors each analyzed in duplicate � S.E. C, in vivo model of DCs emigrating
from inflamed tissue across LECs in the basolateral-to-apical direction (left). In
vitro model of DC migration assay through matrix and across LECs (right). LECs
were grown to confluency on the underside of MatrigelTM-covered transwell
inserts, and MatrigelTM was impregnated with recombinant galectin-1 or
buffer alone. 5 � 104 iDCs or tDCs labeled with CFSE were placed into the top
chamber, and cells migrated to the bottom well (containing the chemoattrac-
tant MIP-3�) for 24 h. D, presence of galectin-1 inhibited migration of iDCs,
but not tDCs, through the matrix and across LECs. Results are shown as %
migration in the presence of galectin-1 in MatrigelTM/% migration in the
absence of galectin-1 in MatrigelTM. Data are combined from four indepen-
dent experiments � S.E. *, p 	 0.04.
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tin-1 binds CD43 decorated with core 2 O-glycans with higher
avidity compared with CD43 decorated with core 1 O-glycans
(80, 81). To examine the relative level of expression of CD43
decorated with core 2 O-glycans on the two DC subsets, we
used the mAb 1D4 that specifically recognizes CD43 bearing
core 2 O-glycans (Fig. 4C, left) (54, 82). iDCs comprised one
relatively homogeneous population of cells with relatively high
1D4 binding. In contrast, overall binding of 1D4 to tDCs was
reduced compared with iDCs, and there was heterogeneous
staining of the tDCs with the 1D4 mAb. Interestingly, iDCs and
tDCs expressed roughly the same level of CD43 protein on the
cell surface (measured by binding of mAb DF-T1 that recog-
nizes all CD43 glycoforms (83)) (Fig. 4C, right). iDCs also had
robust expression of mRNA encoding core 2 �(1,6)-N-acetyl-
glucosaminyltransferase (C2GnT-I), the enzyme that creates

core 2 O-glycans on leukocytes (84 – 86), whereas tDC expres-
sion of C2GnT-I was 3-fold lower compared with iDCs (Fig.
4D). As iDCs have higher, more uniform expression of CD43
decorated with core 2 O-glycans (Fig. 4C, left), these data sug-
gested that the differential effect of galectin-1 on migration of
iDCs versus tDCs was related to expression of core 2 O-glycans
on CD43 on these two cell types.

Because core 2 O-glycans have lactosamine sequences that
are preferred ligands for galectin-1, we asked whether inhibi-
tion of O-glycan elongation with the pharmacological inhibitor
Bn-�-GalNAc (87) would affect iDC migration in the presence
of galectin-1. iDCs were treated with 2 mM Bn-�-GalNAc for 4
days during maturation, and a decrease in core 2 O-glycan
expression on CD43 was confirmed by flow cytometry with the
1D4 mAb (Fig. 5A). We then asked whether Bn-�-GalNAc

FIGURE 4. Galectin-1 binds CD43 on iDCs and tDCs. A, iDCs and tDCs were incubated with recombinant galectin-1 for 1 h at 4 °C. iDCs and tDCs were
biotinylated, incubated with recombinant galectin-1 for 1 h at 4 °C, and fixed with DTSSP. After chemical cross-linking, galectin-1 plus bound cell surface
counter-receptors were immunoprecipitated (IP) with rabbit anti-galectin-1 pAb. Control samples were immunoprecipitated with rabbit serum (rb serum).
Immunoprecipitates were separated on a 4 –12% BisTris polyacrylamide gel in MOPS buffer. Blots were probed with streptavidin-horseradish peroxidase
(HRP), stripped, and re-probed with antibody against CD43. A single band of �115 kDa was detected in samples from both iDCs and tDCs that reacted with the
pan-specific CD43 mAb DF-T1. B, iDCs bind slightly more exogenous galectin-1 than tDCs. Recombinant biotinylated galectin-1 was added to iDCs and tDCs at
4 °C, and bound galectin-1 was detected with FITC-conjugated streptavidin. Data shown are representative of four independent experiments. Filled histogram
is the rabbit serum (rb serum) control staining. C, differences in CD43 core 2 O-glycosylation on iDCs and tDCs were identified by flow cytometry using mAb 1D4
(left) that recognizes core 2 O-glycans on human CD43. Although iDCs and tDCs expressed equivalent levels of total CD43, detected by mAb DF-T1 (right), iDCs
express significantly more CD43 decorated with core 2 O-glycans compared with tDCs. Filled histograms are isotype controls. D, �(1,6)-N-acetylglucosaminyl-
transferase (C2GnT-I) mRNA expression was analyzed by quantitative RT-PCR and normalized to expression of the housekeeping gene 36B4. Results are from
three independent experiments � S.E. ***, p 	 0.001. iDCs express �3-fold more �(1,6)-N-acetylglucosaminyltransferase mRNA than tDCs, consistent with the
higher expression of core 2 O-glycan modified CD43 on iDCs compared with tDCs in C.
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treatment affected iDC migration, using the in vitro migration
assay (Fig. 3C) in the absence or presence of galectin-1 added to
MatrigelTM. Bn-�-GalNAc treatment did not affect iDC
migration in the absence of galectin-1 in MatrigelTM (data not
shown). Although the presence of galectin-1 in MatrigelTM

inhibited iDC migration, Bn-�-GalNAc treatment of iDCs
reversed this inhibitory effect, increasing the fraction of iDCs
that migrated through the MatrigelTM insert and across LECs
to the bottom well (Fig. 5B). These data indicated that O-gly-
cans on iDCs are important for galectin-1-induced inhibition of
iDC migration. tDC migration, however, was unaffected by
Bn-�-GalNAc treatment regardless of the presence of galec-
tin-1 in MatrigelTM (data not shown).

Galectin-1 binding to cell surface glycoprotein receptors has
been shown to regulate intracellular signaling events through
clustering receptors via multivalent galectin-glycan lattices (35,
88, 89). Specifically, we have found that binding of galectin-1
clusters CD43 on the surface of DCs and T cells (35, 44, 57) and
that this clustering inhibits T cell migration through the ECM
(44). Thus, we asked whether galectin-1 differentially clustered
CD43 on iDCs and tDCs, and whether CD43 clustering was
dependent on O-glycans. iDCs and tDCs were incubated with
recombinant galectin-1 or buffer control, fixed, stained with
anti-CD43 (mAb DF-T1), and analyzed by confocal micros-
copy. Strikingly, in the presence of galectin-1, CD43 on iDCs
clustered in distinct patches on the cell surface (Fig. 5C, white

arrows, top left). In contrast, in either the presence or absence of
galectin-1, CD43 on tDCs was evenly distributed on the cell
surface (Fig. 5C, right), indicating that, although galectin-1 can
bind to tDCs and precipitate CD43, galectin-1 binding does not
result in CD43 clustering on tDCs.

To interrogate the role of O-glycans in galectin-1-mediated
clustering of CD43 on iDCs, iDCs and tDCs were treated with
Bn-�-GalNAc, as described above, prior to the addition of
galectin-1. On tDCs, CD43 was evenly distributed on the cell
surface in the absence or presence of Bn-�-GalNAc (Fig. 5D,
right). However, when iDCs were treated with Bn-�-GalNAc,
galectin-1 failed to cluster CD43 (Fig. 5D, top left); the even
distribution of CD43 on Bn-�-GalNAc-treated iDCs resembled
that seen for tDCs, indicating that O-glycans on CD43 are crit-
ical for the formation of galectin-1-CD43 lattices on iDCs.

Differential Pyk2 Phosphorylation in iDCs and tDCs Corre-
lates with Differences in Migration—Although signaling path-
ways that regulate migration of neutrophils and lymphocytes in
and out of tissue are well described, relatively little is known
about the intracellular signaling pathways that regulate DC
migration. Recent work has shown that, in murine iDCs, tyro-
sine phosphorylation of Pyk2 regulates DC migration in vitro
and in vivo (90). Inhibition of Pyk2 enzymatic activity or reduc-
tion in Pyk2 expression resulted in reduced iDC migration.
Thus, we asked whether differential phosphorylation of Pyk2 in

FIGURE 5. Inhibition of O-glycosylation reverses galectin-1 inhibition of iDC migration and prevents CD43 clustering on iDCs in the presence of
galectin-1. A, iDCs were treated with 2 mM Bn-�-GalNAc (iDC � Bn-�-GalNAc) or with buffer control (iDC). Expression of CD43 bearing core 2 O-glycans was
analyzed by flow cytometry with the mAb 1D4. Filled histogram is the isotype control. Treatment with Bn-�-GalNAc decreased binding of mAb 1D4. B, in vitro
migration assays were performed as described in Fig. 3C. Bn-�-GalNAc-treated and untreated iDCs were migrated across MatrigelTM plus LECs in the presence
or absence of recombinant galectin-1 in MatrigelTM. Inhibition of O-glycan elongation reversed the inhibitory effect of galectin-1 on iDC migration. Results are
shown as % migration in the presence of galectin-1 in MatrigelTM/% migration in the absence of galectin-1 in MatrigelTM. Results are representative of three
independent experiments. Three replicate samples � S.D. are shown for each data point, *, p 	 0.019. C, iDCs or tDCs were treated with recombinant galectin-1
for 1 h at 37 °C. After fixation, samples were processed for confocal microscopy using antibody against CD43 (mAb DF-T1) and FITC-coupled secondary
antibody. Galectin-1 clustered CD43 on iDCs (white arrows) but not on tDCs. Nuclei were visualized with DAPI. Two different images from different experiments
are shown for each condition. Scale bar, 5 �m. D, iDCs or tDCs were treated with 2 mM Bn-�-GalNAc before recombinant galectin-1 was added for 1 h at 37 °C.
Samples were processed as above. Inhibition of O-glycan elongation with Bn-�-GalNAc abrogated galectin-1-induced clustering of CD43 on iDCs. Two
different images from different experiments are shown for each condition. Scale bar, 5 �m.
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iDCs versus tDCs was related to the differences in galectin-1-
mediated regulation of migration of these two DC subsets.

To examine Pyk2 phosphorylation, iDCs and tDCs were
exposed to recombinant galectin-1 for 0, 1, and 5 min, and Pyk2
phosphorylation was analyzed by immunoblot. As shown in
Fig. 6, binding of galectin-1 resulted in an increase in Pyk2 phos-
phorylation in both tDCs and iDCs, but Pyk2 in iDCs was rela-
tively hypophosphorylated compared with tDCs at all time
points. Bn-�-GalNAc treatment of iDCs to reduce O-glycan
elongation resulted in increased Pyk2 phosphorylation of iDCs
to levels comparable with tDCs, suggesting that galectin-1
binding to O-glycans on iDCs signal upstream to regulate Pyk2
phosphorylation and thus activity. Given the requirement of
Pyk2 activity for iDC migration (90), these data implied that
galectin-1 binding to iDCs impaired iDC migration by regula-
tion of the Pyk2 pathway.

Increased iDC Migration to Draining Lymph Nodes in Galec-
tin-1�/� Mice—The in vitro migration assays shown in Figs. 3D
and 5B examined the directional migration of DCs through
ECM and across LECs in a basolateral-to-apical direction, to
mimic the path DCs would take when migrating from tissue
into lymphatics to traffic to draining lymph nodes. To ask
whether galectin-1 regulates iDC migration from tissue across
lymphatic endothelium and into draining lymphatics in vivo,
we examined migration of dermal iDCs from the tail to
regional, tail-draining lymph nodes using a murine surgical
lymphedema model. In this model, inflammation and lymph
stasis are initiated by a superficial surgical incision in the tail
with cauterization of superficial dermal lymphatic vessels,
resulting in tissue damage, edema, and subsequent migration of
inflammatory cells from damaged tissue through the remaining
lymphatics to the tail-draining lymph nodes (51–53). As shown
in Fig. 7A, edema developed in the portion of the tail adjacent to
the incision in both wild type (WT) and galectin-1�/� mice
(left), but not in sham-treated animals that only had the super-
ficial incision but no lymphatic cauterization (right). When
draining lymph nodes were examined (data not shown), the
lymph nodes from galectin-1�/� mice were larger than those in
control animals; a modest difference in lymph node size
between wild type and galectin-1�/� mice was noted in sham-
treated animals, but there was a dramatic increase in the size of
nodes from galectin-1�/� mice compared with wild type mice

in the animals with lymphedema. As shown in Fig. 7B, in both
sham-treated and lymphedema mice, lymph nodes from galec-
tin-1�/� mice had more total cells than those from wild type
mice. The increase in total cell numbers in lymph nodes from
lymphedema animals was most pronounced in galectin-1�/�

mice; we observed a 3-fold increase in the total cell numbers in
lymph nodes of galectin-1�/� mice compared with wild type
mice.

To determine the cellular composition of the lymph nodes,
DCs and T and B cells in the tail-draining lymph nodes were
analyzed by flow cytometry. Mature dendritic cells are end-
stage cells (7); thus, an increase in DCs in draining lymph nodes
most likely results from increased migration of DCs from tis-
sues through lymphatics to the regional lymph nodes. The total
migratory DC population in the nodes was identified by expres-
sion of high levels of CD11c and MHC class II (Fig. 8A), whereas
resident DCs in the lymph nodes are CD11chigh/MHC class
IIintermediate (Fig. 8A) (3). Quantification of the two DC popula-
tions in the lymph nodes demonstrated an increase in dendritic
cells that had migrated to the lymph nodes in lymphedema
galectin-1�/� mice, relative to wild type mice. Moreover, as

FIGURE6.O-Glycan-dependentbindingofgalectin-1regulatesPyk2phos-
phorylation. iDCs, tDCs, or iDCs treated with 2 mM Bn-�-GalNAc were treated
with 20 �M recombinant galectin-1 for 0, 1, or 5 min. Cell lysates were ana-
lyzed for phosphorylated Pyk2 and total Pyk2 protein expression. Phosphor-
ylation of Pyk2 was lower in iDCs treated with galectin-1 compared with tDCs
at the same time points. Bn-�-GalNAc treatment of iDCs prior to addition of
galectin-1 increased Pyk2 phosphorylation.

FIGURE 7. Absence of galectin-1 in vivo increases the number of cells in
regional lymph nodes. Superficial dermal lymphatics in the tail were cauter-
ized in galectin-1�/� (gal-1�/�) and C57BL/6 (WT) animals to induce
lymphedema. Animals were analyzed at day 6 post-surgery. A, edema adja-
cent to the incision site (arrowhead) was visible in animals when lymphatics
were cauterized (lymphedema), while sham-treated animals (skin incision
alone) had no edema. B, cell suspensions from tail-draining lymph nodes
were counted to determine the total number of cells in the node. Lymph
nodes from galectin-1�/� were larger (data not shown) and had more cells
compared with lymph nodes from WT mice, and the difference was more
pronounced in animals with lymphedema. Data are combined results of n
�10 animals per group and five independent experiments � S.E. ***, p 

0.0001; **, p 	 0.034; ns, p � 0.2.
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expected from a model in which surgery and superficial lym-
phatic cauterization resulted in tissue damage and inflamma-
tion (51, 52, 91), the migratory DCs that were present had the
phenotype of iDCs, i.e. CD86high, CD40high (Fig. 8C, black lines
in histograms) and CD45RBhigh, PD-L1low (data not shown),
when compared with resident DCs that were CD86low, CD40low

(Fig. 8C, gray lines in histograms). Thus, in the absence of galec-
tin-1, we observed a dramatic increase in the number of iDCs
migrating from damaged tissue to regional lymph nodes.

We also observed an increase in the absolute numbers of T
and B cells in the lymph nodes in galectin-1�/� mice compared
with control mice (Fig. 8, D and E), most pronounced in the
lymphedema animals. Inflammation and migration of antigen-
loaded iDCs from draining tissues to regional lymph nodes will
stimulate proliferation of T and B cells within the nodes, imply-
ing that the increase in T and B cells could result from increased
local proliferation driven by the increased numbers of dermal
iDCs arriving in the lymph nodes of the galectin-1 �/� mice.

FIGURE 8. Increased numbers of migratory iDCs in draining lymph nodes in galectin-1�/� mice. A, identification of migratory and resident DCs. B220�

lymph node cells were analyzed by flow cytometry for expression of CD11c and MHC class II as a marker for migratory DCs (CD11chigh/MHC class IIhigh). B, total
number of migratory CD11chigh/MHC class IIhigh cells is shown for each group. Note the significant increase in migratory DCs in galectin-1�/� mice with
lymphedema compared with control animals. Data are combined results of at least 10 animals per group and five independent experiments � S.E. *, p 	
0.0263; ns, p � 0.2. C, migratory DCs in draining lymph nodes have an immunogenic DC phenotype. When expression of CD86 and CD40 was compared on
resident (gray line) and migratory (black line) DCs in the same animal, migratory DCs were CD86high, CD40high, as described for iDCs. Mean fluorescence
intensities for CD86 or CD40 detection in both populations are indicated as black (migratory DCs) and gray (resident DCs) numbers inside the histograms. D,
increased numbers of T cells in lymph nodes, detected by CD3 staining, from galectin-1�/� mice with lymphedema. Data are combined results of at least 10
animals per group and five independent experiments � S.E. ***, p 	 0.001; **, p 	 0.0023, ns, p � 0.05. E, increased numbers of B cells, detected by CD19
staining, from galectin-1�/� mice with lymphedema. Data are combined results of at least 10 animals per group and five independent experiments � S.E. *, p 

0.03; ns, p � 0.2. Note that the increase in migratory DCs (B) correlates with the increased T and B cell numbers in lymph nodes of galectin-1�/� animals.
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Discussion

Dynamic changes in the expression of galectin-1 and other
galectin family members in specific tissues and cell types regu-
late a wide range of leukocyte activities. In particular, galectin-1
has been shown to regulate DC differentiation, signaling, and
migration (33, 36, 37, 92–94). Previous work described that
galectin-1 inhibits migration of lymphocytes and neutrophils
into inflamed tissues (95–97). However, the processes that reg-
ulate leukocyte exit from inflamed tissues are still not well
understood, and the role of galectin-1 in leukocyte emigration
from tissue is unknown. This study describes a novel role for
galectin-1 in regulating migration and tissue exit of different
terminally matured DC populations. As DCs are the primary
antigen-presenting cell type that migrates to the lymph node to
drive T and B cell proliferation, these data describe a new mech-
anism by which galectin-1 can regulate immune responses.

Each cell type expresses a unique repertoire of galectins, and
constitutive versus inducible regulation of galectin expression is
also cell type-specific. Human VECs express galectin-1, -3, -8,
and -9 (39), whereas human dermal LECs express galectin-1, -3,
and -8 but not galectin-9 (Fig. 2, A and B) (46). Inflammatory
stimuli increase galectin-1 expression by VECs (38, 39),
whereas the constitutively high expression of galectin-1 by
LECs appeared unchanged by inflammatory stimuli; in con-
trast, LEC expression of galectin-3 was reduced after treatment
with inflammatory cytokines, such as TNF-� (Fig. 2B and data
not shown). Although our analysis of human dermal lymphatic
endothelial cells both in vivo and in vitro (Fig. 1 and 2) demon-
strated robust galectin-1 expression, it is important to note that
the concentration of other molecules that regulate migration,
such as CCL21, is variable among lymphatics in different ana-
tomic locations (98), and it is not yet known whether galectin-1
expression by lymphatic endothelial cells is also variable
depending on the anatomic location of the LECs.

In addition to regulation of galectin expression in various
anatomic compartments, the biological outcome of a galectin
binding to a target cell is dependent on the glycome of the target
cell, i.e. both the array of glycan structures that are expressed by
the cell and the different glycoproteins on the cell surface that
are decorated with those glycans. For example, galectin-1 kills
specific subpopulations of human and murine thymocytes,
depending on the glycan ligands expressed by the different sub-
sets of cells (56, 99, 100), and galectin-1 kills Th1 but not Th2
CD4 T cells, again because of differential T cell glycosylation
(99, 101, 102). In this study, we observed that galectin-1 in ECM
differentially affected migration of two populations of mature
human DCs, iDCs and tDCs. Galectin-1 in MatrigelTM retarded
migration of iDCs that were matured by exposure to the bacte-
rial component LPS, although galectin-1 in MatrigelTM had no
effect on migration of tDCs matured by exposure to galectin-1
(Fig. 3D). Interestingly, we found that different tDC popula-
tions, matured by different “tolerogenic” signals, exhibited dif-
ferent migration behavior. Although tDCs matured by expo-
sure to galectin-1 demonstrated robust migration, we observed
no migration of tDCs matured by exposure to dexamethasone
in this assay, regardless of the presence of galectin-1 (data not
shown). Although published literature has described a common

phenotype for tDCs matured by a wide variety of tolerogenic
signals, including inflamed lymphatic endothelium (34), apo-
ptotic cell debris, vitamin D, corticosteroids, histamine, and
galectin-1 (24, 33, 36, 103–105), our results suggest that tDCs
matured by different tolerogenic stimuli may have different
functional activities.

As described above, differential effects of the same galectin
on different cell types can be due to differential glycosylation,
affecting either the abundance or the type of glycan ligands
present on the target cell. We found that iDCs expressed abun-
dant core 2 O-glycans on the transmembrane mucin CD43,
although core 2 O-glycan expression was variable on tDCs (Fig.
4C). Expression of mRNA encoding the C2GnT-I glycosyl-
transferase was also higher in iDCs compared with tDCs (Fig.
4D). Pharmacological inhibition of O-glycan elongation
reversed the effect of galectin-1 on retarding iDC migration
(Fig. 5B), supporting a model in which expression of core 2
O-glycans on CD43 is a primary determinant of the effect of
galectin-1 on DC migration. The presence of core 2 O-glycans
also regulates susceptibility to other galectin-1 responses, such
as galectin-1-induced T cell death (54, 81, 99, 101, 106, 107);
galectin-1-mediated clustering of CD45 on the T cell plasma
membrane is dependent on expression of core 2 O-glycans, and
CD45 clustering and subsequent inhibition of the cytoplasmic
phosphatase activity of CD45 are required for T cells to die after
binding galectin-1 (108). Core 2 O-glycans on B lymphoma cells
are important for binding of another galectin, galectin-3, that
inhibits B lymphoma cell death in response to chemotherapeu-
tic agents (59). Alternatively, in other lymphocyte populations,
such as thymocytes and Th1 versus Th2 CD4 T cells, the
ST6Gal1 sialyltransferase is a critical glycosyltransferase that
regulates cell susceptibility to galectin-1; addition of terminal
�2,6-linked sialic acids due to ST6Gal1 activity masks the lac-
tosamine glycan ligands preferentially recognized by galectin-1
and confers resistance to galectin-1-induced cell death (101,
109). Although there are several reports of differential glycosyl-
ation regulating T cell responses to galectins (110) and differ-
ential effects of glycosylation of human DC subsets on galec-
tin-1 binding (111, 112), to our knowledge this is the first report
of differential glycosylation of DC populations regulating the
cellular response to a galectin.

Appropriate glycosylation and presentation of glycan ligands
for galectins on the cell surface are important not just for galec-
tin binding to single glycoprotein receptors, but for multivalent
galectins binding multivalent glycan ligands to create cell sur-
face lattices or glycoprotein clusters. Lattice formation of gly-
coprotein receptors with different galectins has been shown to
regulate T cell receptor and cytokine receptor signaling (113–
116), regulate lipid raft stability (117, 118), target glycoproteins
to specific delivery sites in polarized cells (119 –121), and deter-
mine cell surface residency time of nutrient transporters (122,
123). These effects can result from increased retention of cell
surface proteins on the plasma membrane (122, 124, 125) or
from altered signal intensity due to receptor clustering (35, 36,
48, 56, 59, 113, 115, 117, 124, 126), and they can be homotypic
clusters of a single glycoprotein receptor or heterotypic clusters
of different glycoprotein receptors (35, 37, 44, 57, 99, 109).

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

22672 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 37 • SEPTEMBER 11, 2015



Although prior studies have identified several glycoprotein
receptors for galectin-1 on T cells and immature dendritic cells
(35, 37, 56, 57, 127), we identified only one predominant glyco-
protein receptor for galectin-1 on human iDCs and tDCs, the
cell surface mucin CD43 (Fig. 4A). CD43 is also a receptor for
galectin-1 on T cells (56, 57). Although not essential for galec-
tin-1-induced T cell death (81), we found that galectin-1 inhi-
bition of T cell migration involved galectin-1 clustering of
CD43 at the leading edge of the migrating T cell (44), consistent
with the observation that redistribution of CD43 from the lead-
ing edge to the trailing edge is required for T cell migration
(128). Little is known about the roles of specific cell surface
glycoproteins in regulating DC migration; however, it is strik-
ing that galectin-1 binding clustered CD43 on iDCs but did not
cluster CD43 on tDCs (Fig. 5C). Importantly, reducing O-gly-
can elongation with Bn-�-GalNAc abrogated galectin-1 clus-
tering of CD43 on iDCs (Fig. 5D, top left panels) and also
reversed the galectin-1-mediated inhibition of iDC migration
(Fig. 5B), indicating that clustering of CD43 via galectin-1 bind-
ing to core 2 O-glycans is important for retarding iDC migra-
tion. This suggests a novel role for CD43 in regulating DC
migration.

Although “traffic signals,” such as chemokines, that regulate
DC migration have been studied in detail, relatively little is
known about the intracellular signaling pathways that control
DC migration. Recent work has shown that reduced Pyk2
expression or pharmacological inhibition of Pyk2 resulted in
reduced iDC migration (90). Reduced iDC migration in the
presence of galectin-1 correlated with reduced overall Pyk2
phosphorylation in these cells (Fig. 6). These results indicate
that galectin-1 binding to iDCs reduces Pyk2 activity and that
this may contribute to the inhibition of iDC migration.

In addition to regulating iDC migration in vitro, galectin-1
also appears to regulate iDC migration in vivo in a surgical
lymphedema model (Figs. 7 and 8). Several previous studies
have described altered immune function in galectin-1�/� mice,
specifically increased CD4 Th1-mediated and CD8-mediated
responses in various disease models (101, 129, 130). Galectin-
1�/� mice are more susceptible to collagen-induced arthritis
and to experimental autoimmune encephalitis (101, 124, 131),
and galectin-1 retards T cell trafficking to inflamed tissue (95,
96). Our data demonstrate that, even in the absence of
lymphedema-induced tissue damage, lymph nodes from galec-
tin-1�/� mice are larger and have increased numbers of cells
compared with lymph nodes from wild type mice (Fig. 7B and
data not shown). This difference was significantly amplified
when tissue damage resulted from lymphedema. Importantly,
one cell population that was dramatically increased in draining
lymph nodes from lymphedematous tissue was migratory der-
mal DCs with the activated phenotype characteristic of iDCs
(Fig. 8, A–C). This finding is consistent with our in vitro finding
that galectin-1 in extracellular matrix selectively retarded
migration of iDCs (Fig. 3D). Thus, the presence of galectin-1 in
inflamed tissue may dampen or control the extent of adaptive
immune responses by restraining iDC migration from tissue to
draining lymph nodes, thus reducing subsequent lymphocyte
activation and proliferation in the nodes.

Galectins have pleiotropic functions that depend on the
function of the glycoprotein receptors on different cell types
that bind specific galectins. Galectins are evolutionarily ancient
and have been described in all multicellular organisms, includ-
ing fungi, nematodes, and insects that all lack an adaptive
immune system (132, 133). Interestingly, in mammals, galec-
tin-1 has been found to dampen immune responses in many
different systems, independent of the inflammatory insult (72,
134 –136). For example, galectin-1 promotes negative selection
of auto-reactive thymocytes and promotes differentiation of
regulatory leukocyte populations, including tDCs and Tregs (33,
36, 37, 92, 93, 101, 137). The inhibitory effect of galectin-1 on
leukocyte entry into tissue has been described in several in vivo
inflammatory settings, including acute peritonitis, contact
hypersensitivity, and paw edema models (95, 96). Galectin-1 is
constitutively expressed in immune privileged sites such as the
eye (138), testes (139), and placenta (140), and galectin-1
expression by tumor cells has been shown to dampen the anti-
tumor effect of infiltrating CD8 T cells (141, 142). Galectin-1
kills Th1 and Th17 cells (101, 102) and promotes secretion of
the anti-inflammatory cytokine IL-10 (37, 143–145). Galectin-
1�/� animals have increased susceptibility to autoimmune dis-
eases, such as experimental autoimmune encephalitis (124),
and therapeutic administration of galectin-1 has been effective
in models of experimental autoimmune encephalitis, collagen-
induced arthritis, and graft versus host disease (124, 146, 147).
Thus, although one might expect galectin-1 to have diverse
effects on mammalian adaptive immunity, depending on the
glycoprotein receptors recognized on different cell types, it is
remarkable that, in toto, galectin-1 has a general immunosup-
pressive function. Our finding that galectin-1 selectively retards
the migration of iDCs both in vitro and in vivo adds to the roster
of immunoregulatory functions for galectin-1 and suggests that
some of the immunosuppressive effects of galectin-1 that have
been described in vivo involve regulation of DC function and
migration, as well as direct effects on T cells. Moreover, as has
been described for different T cell subsets, the effects of galec-
tin-1 on DCs are determined by the glycan repertoire displayed
by different DC subsets, indicating that leukocyte regulation of
cell surface glycosylation is a potent mechanism to regulate
immune cell function.

Author Contributions—S. T., M. H. C., B. L., and L. G. B. conceived
and coordinated the experiments. S. T., J. H. M., and M. H. C. per-
formed the experiments. S. T. and L. G. B. wrote the manuscript. All
authors reviewed the results and approved the final version of the
manuscript.

Acknowledgments—We thank current and former members of the
Baum laboratory, in particular Dr. Omai Garner, for helpful discus-
sion and critical reading of the manuscript; Carmen Volpe and Alex
Lo for assistance with animal surgeries; and Ngan Doan for help with
human tissue staining. We also thank the UCLA AIDS Institute; the
UCLA Council of Bioscience Resources; the JCCC Foundation; the
David Geffen School of Medicine at UCLA; and the Translational
Pathology Core Laboratory, Department of Pathology and Laboratory
Medicine, David Geffen School of Medicine at UCLA.

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 22673



References
1. Luster, A. D., Alon, R., and von Andrian, U. H. (2005) Immune cell mi-

gration in inflammation: present and future therapeutic targets. Nat.
Immunol. 6, 1182–1190

2. Ley, K., Laudanna, C., Cybulsky, M. I., and Nourshargh, S. (2007) Getting
to the site of inflammation: the leukocyte adhesion cascade updated. Nat.
Rev. Immunol. 7, 678 – 689

3. Merad, M., Sathe, P., Helft, J., Miller, J., and Mortha, A. (2013) The
dendritic cell lineage: ontogeny and function of dendritic cells and their
subsets in the steady state and the inflamed setting. Annu. Rev. Immunol.
31, 563– 604

4. Segura, E., and Amigorena, S. (2013) Inflammatory dendritic cells in mice
and humans. Trends Immunol. 34, 440 – 445

5. Malissen, B., Tamoutounour, S., and Henri, S. (2014) The origins and
functions of dendritic cells and macrophages in the skin. Nat. Rev. Im-
munol. 14, 417– 428

6. Boltjes, A., and van Wijk, F. (2014) Human dendritic cell functional spe-
cialization in steady-state and inflammation. Front. Immunol. 5, 131

7. Dudek, A. M., Martin, S., Garg, A. D., and Agostinis, P. (2013) Immature,
semi-mature, and fully mature dendritic cells: toward a DC-cancer cells
interface that augments anticancer immunity. Front. Immunol. 4, 438

8. Smith, J. B., McIntosh, G. H., and Morris, B. (1970) The traffic of cells
through tissues: a study of peripheral lymph in sheep. J. Anat. 107,
87–100

9. Angeli, V., and Randolph, G. J. (2006) Inflammation, lymphatic function,
and dendritic cell migration. Lymphat. Res. Biol. 4, 217–228

10. Randolph, G. J., Sanchez-Schmitz, G., and Angeli, V. (2005) Factors and
signals that govern the migration of dendritic cells via lymphatics: recent
advances. Springer Semin. Immunopathol. 26, 273–287

11. Banchereau, J., and Steinman, R. M. (1998) Dendritic cells and the con-
trol of immunity. Nature 392, 245–252

12. Clement, C. C., Aphkhazava, D., Nieves, E., Callaway, M., Olszewski, W.,
Rotzschke, O., and Santambrogio, L. (2013) Protein expression profiles of
human lymph and plasma mapped by 2D-DIGE and 1D SDS-PAGE cou-
pled with nanoLC-ESI-MS/MS bottom-up proteomics. J. Proteomics 78,
172–187

13. Clement, C. C., Cannizzo, E. S., Nastke, M. D., Sahu, R., Olszewski, W.,
Miller, N. E., Stern, L. J., and Santambrogio, L. (2010) An expanded self-
antigen peptidome is carried by the human lymph as compared to the
plasma. PLoS One 5, e9863

14. Renkawitz, J., and Sixt, M. (2010) Mechanisms of force generation and
force transmission during interstitial leukocyte migration. EMBO Rep.
11, 744 –750

15. Schumann, K., Lämmermann, T., Bruckner, M., Legler, D. F., Polleux, J.,
Spatz, J. P., Schuler, G., Förster, R., Lutz, M. B., Sorokin, L., and Sixt, M.
(2010) Immobilized chemokine fields and soluble chemokine gradients
cooperatively shape migration patterns of dendritic cells. Immunity 32,
703–713

16. Roozendaal, R., Mempel, T. R., Pitcher, L. A., Gonzalez, S. F., Verschoor,
A., Mebius, R. E., von Andrian, U. H., and Carroll, M. C. (2009) Conduits
mediate transport of low-molecular-weight antigen to lymph node folli-
cles. Immunity 30, 264 –276

17. Russo, E., Nitschké, M., and Halin, C. (2013) Dendritic cell interactions
with lymphatic endothelium. Lymphat. Res. Biol. 11, 172–182

18. Card, C. M., Yu, S. S., and Swartz, M. A. (2014) Emerging roles of lym-
phatic endothelium in regulating adaptive immunity. J. Clin. Invest. 124,
943–952

19. Teijeira, A., Rouzaut, A., and Melero, I. (2013) Initial afferent lymphatic
vessels controlling outbound leukocyte traffic from skin to lymph nodes.
Front. Immunol. 4, 433

20. Steinman, R. M., Hawiger, D., Liu, K., Bonifaz, L., Bonnyay, D., Mahnke,
K., Iyoda, T., Ravetch, J., Dhodapkar, M., Inaba, K., and Nussenzweig, M.
(2003) Dendritic cell function in vivo during the steady state: a role in
peripheral tolerance. Ann. N. Y. Acad. Sci. 987, 15–25

21. Luo, Y., Cai, X., Liu, S., Wang, S., Nold-Petry, C. A., Nold, M. F., Bufler, P.,
Norris, D., Dinarello, C. A., and Fujita, M. (2014) Suppression of antigen-
specific adaptive immunity by IL-37 via induction of tolerogenic den-

dritic cells. Proc. Natl. Acad. Sci. U.S.A. 111, 15178 –15183
22. Liu, Q., Zhang, C., Sun, A., Zheng, Y., Wang, L., and Cao, X. (2009)

Tumor-educated CD11bhighIalow regulatory dendritic cells suppress T
cell response through arginase I. J. Immunol. 182, 6207– 6216

23. Lutz, M. B., and Schuler, G. (2002) Immature, semi-mature and fully
mature dendritic cells: which signals induce tolerance or immunity?
Trends Immunol. 23, 445– 449

24. Morelli, A. E., and Thomson, A. W. (2007) Tolerogenic dendritic cells
and the quest for transplant tolerance. Nat. Rev. Immunol. 7, 610 – 621

25. Gordon, J. R., Ma, Y., Churchman, L., Gordon, S. A., and Dawicki, W.
(2014) Regulatory dendritic cells for immunotherapy in immunologic
diseases. Front. Immunol. 5, 7

26. Sallusto, F., and Lanzavecchia, A. (1994) Efficient presentation of soluble
antigen by cultured human dendritic cells is maintained by granulocyte/
macrophage colony-stimulating factor plus interleukin 4 and downregu-
lated by tumor necrosis factor �. J. Exp. Med. 179, 1109 –1118

27. Romani, N., Reider, D., Heuer, M., Ebner, S., Kämpgen, E., Eibl, B., Nie-
derwieser, D., and Schuler, G. (1996) Generation of mature dendritic
cells from human blood. An improved method with special regard to
clinical applicability. J. Immunol. Methods 196, 137–151

28. Bender, A., Sapp, M., Schuler, G., Steinman, R. M., and Bhardwaj, N.
(1996) Improved methods for the generation of dendritic cells from non-
proliferating progenitors in human blood. J. Immunol. Methods 196,
121–135

29. De Smedt, T., Pajak, B., Muraille, E., Lespagnard, L., Heinen, E., De Bae-
tselier, P., Urbain, J., Leo, O., and Moser, M. (1996) Regulation of den-
dritic cell numbers and maturation by lipopolysaccharide in vivo. J. Exp.
Med. 184, 1413–1424

30. Sparwasser, T., Vabulas, R. M., Villmow, B., Lipford, G. B., and Wagner,
H. (2000) Bacterial CpG-DNA activates dendritic cells in vivo: T helper
cell-independent cytotoxic T cell responses to soluble proteins. Eur.
J. Immunol. 30, 3591–3597

31. Akbari, O., Panjwani, N., Garcia, S., Tascon, R., Lowrie, D., and Stock-
inger, B. (1999) DNA vaccination: transfection and activation of den-
dritic cells as key events for immunity. J Exp. Med. 189, 169 –178

32. Caux, C., Massacrier, C., Vanbervliet, B., Dubois, B., Van Kooten, C.,
Durand, I., and Banchereau, J. (1994) Activation of human dendritic cells
through CD40 cross-linking. J. Exp. Med. 180, 1263–1272

33. Kuo, P. L., Hung, J. Y., Huang, S. K., Chou, S. H., Cheng, D. E., Jong, Y. J.,
Hung, C. H., Yang, C. J., Tsai, Y. M., Hsu, Y. L., and Huang, M. S. (2011)
Lung cancer-derived galectin-1 mediates dendritic cell anergy through
inhibitor of DNA binding 3/IL-10 signaling pathway. J. Immunol. 186,
1521–1530

34. Podgrabinska, S., Kamalu, O., Mayer, L., Shimaoka, M., Snoeck, H., Ran-
dolph, G. J., and Skobe, M. (2009) Inflamed lymphatic endothelium sup-
presses dendritic cell maturation and function via Mac-1/ICAM-1-de-
pendent mechanism. J. Immunol. 183, 1767–1779

35. Fulcher, J. A., Chang, M. H., Wang, S., Almazan, T., Hashimi, S. T.,
Eriksson, A. U., Wen, X., Pang, M., Baum, L. G., Singh, R. R., and Lee, B.
(2009) Galectin-1 co-clusters CD43/CD45 on dendritic cells and induces
cell activation and migration through Syk and protein kinase C signaling.
J. Biol. Chem. 284, 26860 –26870

36. Fulcher, J. A., Hashimi, S. T., Levroney, E. L., Pang, M., Gurney, K. B.,
Baum, L. G., and Lee, B. (2006) Galectin-1-matured human monocyte-
derived dendritic cells have enhanced migration through extracellular
matrix. J. Immunol. 177, 216 –226

37. Ilarregui, J. M., Croci, D. O., Bianco, G. A., Toscano, M. A., Salatino, M.,
Vermeulen, M. E., Geffner, J. R., and Rabinovich, G. A. (2009) Tolero-
genic signals delivered by dendritic cells to T cells through a galectin-1-
driven immunoregulatory circuit involving interleukin 27 and interleu-
kin 10. Nat. Immunol. 10, 981–991

38. Baum, L. G., Seilhamer, J. J., Pang, M., Levine, W. B., Beynon, D., and
Berliner, J. A. (1995) Synthesis of an endogenous lectin, galectin-1, by
human endothelial cells is up-regulated by endothelial cell activation.
Glycoconj. J. 12, 63– 68

39. Thijssen, V. L., Hulsmans, S., and Griffioen, A. W. (2008) The galectin
profile of the endothelium: altered expression and localization in acti-
vated and tumor endothelial cells. Am. J. Pathol. 172, 545–553

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

22674 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 37 • SEPTEMBER 11, 2015



40. Gil, C. D., Cooper, D., Rosignoli, G., Perretti, M., and Oliani, S. M. (2006)
Inflammation-induced modulation of cellular galectin-1 and -3 expres-
sion in a model of rat peritonitis. Inflamm. Res. 55, 99 –107

41. La, M., Cao, T. V., Cerchiaro, G., Chilton, K., Hirabayashi, J., Kasai, K.,
Oliani, S. M., Chernajovsky, Y., and Perretti, M. (2003) A novel biological
activity for galectin-1: inhibition of leukocyte-endothelial cell interac-
tions in experimental inflammation. Am. J. Pathol. 163, 1505–1515

42. Norling, L. V., Sampaio, A. L., Cooper, D., and Perretti, M. (2008) Inhib-
itory control of endothelial galectin-1 on in vitro and in vivo lymphocyte
trafficking. FASEB J. 22, 682– 690

43. Rabinovich, G. A., Sotomayor, C. E., Riera, C. M., Bianco, I., and Correa,
S. G. (2000) Evidence of a role for galectin-1 in acute inflammation. Eur.
J. Immunol. 30, 1331–1339

44. He, J., and Baum, L. G. (2006) Endothelial cell expression of galectin-1
induced by prostate cancer cells inhibits T-cell transendothelial migra-
tion. Lab. Invest. 86, 578 –590

45. Hsu, D. K., Chernyavsky, A. I., Chen, H. Y., Yu, L., Grando, S. A., and Liu,
F. T. (2009) Endogenous galectin-3 is localized in membrane lipid rafts
and regulates migration of dendritic cells. J. Invest. Dermatol. 129,
573–583

46. Cueni, L. N., and Detmar, M. (2009) Galectin-8 interacts with podopla-
nin and modulates lymphatic endothelial cell functions. Exp. Cell Res.
315, 1715–1723

47. Poirier, F., and Robertson, E. J. (1993) Normal development of mice car-
rying a null mutation in the gene encoding the L14 S-type lectin. Devel-
opment 119, 1229 –1236

48. Liu, S. D., Whiting, C. C., Tomassian, T., Pang, M., Bissel, S. J., Baum,
L. G., Mossine, V. V., Poirier, F., Huflejt, M. E., and Miceli, M. C. (2008)
Endogenous galectin-1 enforces class I-restricted TCR functional fate
decisions in thymocytes. Blood 112, 120 –130

49. Thiemann, S., Man, J. H., and Baum, L. G. (2015) Assessing the roles of
galectins in regulating dendritic cell migration through extracellular ma-
trix and across lymphatic endothelial cells. Methods Mol. Biol. 1207,
215–229

50. Pace, K. E., Hahn, H. P., and Baum, L. G. (2003) Preparation of recombi-
nant human galectin-1 and use in T-cell death assays. Methods Enzymol.
363, 499 –518

51. Tabibiazar, R., Cheung, L., Han, J., Swanson, J., Beilhack, A., An, A.,
Dadras, S. S., Rockson, N., Joshi, S., Wagner, R., and Rockson, S. G. (2006)
Inflammatory manifestations of experimental lymphatic insufficiency.
PLoS Med. 3, e254

52. Rutkowski, J. M., Moya, M., Johannes, J., Goldman, J., and Swartz, M. A.
(2006) Secondary lymphedema in the mouse tail: lymphatic hyperplasia,
VEGF-C upregulation, and the protective role of MMP-9. Microvasc.
Res. 72, 161–171

53. Harrell, M. I., Iritani, B. M., and Ruddell, A. (2008) Lymph node mapping
in the mouse. J. Immunol. Methods 332, 170 –174

54. Cabrera, P. V., Amano, M., Mitoma, J., Chan, J., Said, J., Fukuda, M., and
Baum, L. G. (2006) Haploinsufficiency of C2GnT-I glycosyltransferase
renders T lymphoma cells resistant to cell death. Blood 108, 2399 –2406

55. Balatoni, C. E., Dawson, D. W., Suh, J., Sherman, M. H., Sanders, G.,
Hong, J. S., Frank, M. J., Malone, C. S., Said, J. W., and Teitell, M. A.
(2009) Epigenetic silencing of Stk39 in B-cell lymphoma inhibits apopto-
sis from genotoxic stress. Am. J. Pathol. 175, 1653–1661

56. Stillman, B. N., Hsu, D. K., Pang, M., Brewer, C. F., Johnson, P., Liu, F. T.,
and Baum, L. G. (2006) Galectin-3 and galectin-1 bind distinct cell sur-
face glycoprotein receptors to induce T cell death. J. Immunol. 176,
778 –789

57. Pace, K. E., Lee, C., Stewart, P. L., and Baum, L. G. (1999) Restricted
receptor segregation into membrane microdomains occurs on human T
cells during apoptosis induced by galectin-1. J. Immunol. 163,
3801–3811

58. Garner, O. B., Aguilar, H. C., Fulcher, J. A., Levroney, E. L., Harrison, R.,
Wright, L., Robinson, L. R., Aspericueta, V., Panico, M., Haslam, S. M.,
Morris, H. R., Dell, A., Lee, B., and Baum, L. G. (2010) Endothelial galec-
tin-1 binds to specific glycans on nipah virus fusion protein and inhibits
maturation, mobility, and function to block syncytia formation. PLoS
Pathog. 6, e1000993

59. Clark, M. C., Pang, M., Hsu, D. K., Liu, F. T., de Vos, S., Gascoyne, R. D.,
Said, J., and Baum, L. G. (2012) Galectin-3 binds to CD45 on diffuse large
B-cell lymphoma cells to regulate susceptibility to cell death. Blood 120,
4635– 4644

60. Breiteneder-Geleff, S., Soleiman, A., Horvat, R., Amann, G., Kowalski, H.,
and Kerjaschki, D. (1999) Podoplanin–a specific marker for lymphatic
endothelium expressed in angiosarcoma. Verh. Dtsch. Ges. Pathol. 83,
270 –275

61. He, J., and Baum, L. G. (2004) Presentation of galectin-1 by extracellular
matrix triggers T cell death. J. Biol. Chem. 279, 4705– 4712

62. Ahmed, H., Fink, N. E., Pohl, J., and Vasta, G. R. (1996) Galectin-1 from
bovine spleen: biochemical characterization, carbohydrate specificity
and tissue-specific isoform profiles. J. Biochem. 120, 1007–1019

63. Cattaneo, V., Tribulatti, M. V., Carabelli, J., Carestia, A., Schattner, M.,
and Campetella, O. (2014) Galectin-8 elicits pro-inflammatory activities
in the endothelium. Glycobiology 24, 966 –973

64. Johnson, L. A., Clasper, S., Holt, A. P., Lalor, P. F., Baban, D., and Jackson,
D. G. (2006) An inflammation-induced mechanism for leukocyte trans-
migration across lymphatic vessel endothelium. J. Exp. Med. 203,
2763–2777

65. He, J., and Baum, L. G. (2006) Galectin interactions with extracellular
matrix and effects on cellular function. Methods Enzymol. 417, 247–256

66. Moiseeva, E. P., Spring, E. L., Baron, J. H., and de Bono, D. P. (1999)
Galectin 1 modulates attachment, spreading and migration of cultured
vascular smooth muscle cells via interactions with cellular receptors and
components of extracellular matrix. J. Vasc. Res. 36, 47–58

67. Cooper, D. N., Massa, S. M., and Barondes, S. H. (1991) Endogenous
muscle lectin inhibits myoblast adhesion to laminin. J. Cell Biol. 115,
1437–1448

68. Moiseeva, E. P., Williams, B., Goodall, A. H., and Samani, N. J. (2003)
Galectin-1 interacts with �-1 subunit of integrin. Biochem. Biophys. Res.
Commun. 310, 1010 –1016

69. Ozeki, Y., Matsui, T., Yamamoto, Y., Funahashi, M., Hamako, J., and
Titani, K. (1995) Tissue fibronectin is an endogenous ligand for galec-
tin-1. Glycobiology 5, 255–261

70. Zhou, Q., and Cummings, R. D. (1993) L-14 lectin recognition of laminin
and its promotion of in vitro cell adhesion. Arch. Biochem. Biophys. 300,
6 –17

71. Ilarregui, J. M., and Rabinovich, G. A. (2010) Tolerogenic dendritic cells
in the control of autoimmune neuroinflammation: an emerging role of
protein-glycan interactions. Neuroimmunomodulation 17, 157–160

72. Rabinovich, G. A., Baum, L. G., Tinari, N., Paganelli, R., Natoli, C., Liu,
F. T., and Iacobelli, S. (2002) Galectins and their ligands: amplifiers, si-
lencers or tuners of the inflammatory response? Trends Immunol. 23,
313–320

73. Carlsson, S. R., and Fukuda, M. (1986) Isolation and characterization of
leukosialin, a major sialoglycoprotein on human leukocytes. J. Biol.
Chem. 261, 12779 –12786

74. Rabinovich, G. A., and Toscano, M. A. (2009) Turning ’sweet’ on immu-
nity: galectin-glycan interactions in immune tolerance and inflamma-
tion. Nat. Rev. Immunol. 9, 338 –352

75. Perillo, N. L., Marcus, M. E., and Baum, L. G. (1998) Galectins: versatile
modulators of cell adhesion, cell proliferation, and cell death. J. Mol. Med.
76, 402– 412

76. Elola, M. T., Chiesa, M. E., Alberti, A. F., Mordoh, J., and Fink, N. E.
(2005) Galectin-1 receptors in different cell types. J. Biomed. Sci. 12,
13–29

77. Cyster, J. G., Shotton, D. M., and Williams, A. F. (1991) The dimensions
of the T lymphocyte glycoprotein leukosialin and identification of linear
protein epitopes that can be modified by glycosylation. EMBO J. 10,
893–902

78. Fukuda, M. (1991) Leukosialin, a major O-glycan-containing sialoglyco-
protein defining leukocyte differentiation and malignancy. Glycobiology
1, 347–356

79. Clark, M. C., and Baum, L. G. (2012) T cells modulate glycans on CD43
and CD45 during development and activation, signal regulation, and
survival. Ann. N. Y. Acad. Sci. 1253, 58 – 67

80. Leppänen, A., Stowell, S., Blixt, O., and Cummings, R. D. (2005) Dimeric

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 22675



galectin-1 binds with high affinity to �2,3-sialylated and non-sialylated
terminal N-acetyllactosamine units on surface-bound extended glycans.
J. Biol. Chem. 280, 5549 –5562

81. Hernandez, J. D., Nguyen, J. T., He, J., Wang, W., Ardman, B., Green,
J. M., Fukuda, M., and Baum, L. G. (2006) Galectin-1 binds different
CD43 glycoforms to cluster CD43 and regulate T cell death. J. Immunol.
177, 5328 –5336

82. Mukasa, R., Homma, T., Ohtsuki, T., Hosono, O., Souta, A., Kitamura, T.,
Fukuda, M., Watanabe, S., and Morimoto, C. (1999) Core 2-containing
O-glycans on CD43 are preferentially expressed in the memory subset of
human CD4 T cells. Int. Immunol. 11, 259 –268

83. Stross, W. P., Warnke, R. A., Flavell, D. J., Flavell, S. U., Simmons, D.,
Gatter, K. C., and Mason, D. Y. (1989) Molecule detected in formalin
fixed tissue by antibodies MT1, DF-T1, and L60 (Leu-22) corresponds to
CD43 antigen. J. Clin. Pathol. 42, 953–961

84. Tsuboi, S., and Fukuda, M. (1998) Overexpression of branched O-linked
oligosaccharides on T cell surface glycoproteins impairs humoral im-
mune responses in transgenic mice. J. Biol. Chem. 273, 30680 –30687

85. Bierhuizen, M. F., Maemura, K., and Fukuda, M. (1994) Expression of a
differentiation antigen and poly-N-acetyllactosaminyl O-glycans di-
rected by a cloned core 2 �-1,6-N-acetylglucosaminyltransferase. J. Biol.
Chem. 269, 4473– 4479

86. Yousefi, S., Higgins, E., Daoling, Z., Pollex-Krüger, A., Hindsgaul, O., and
Dennis, J. W. (1991) Increased UDP-GlcNAc:Gal � 1–3GaLNAc-R
(GlcNAc to GaLNAc) �-1, 6-N-acetylglucosaminyltransferase activity in
metastatic murine tumor cell lines. Control of polylactosamine synthesis.
J. Biol. Chem. 266, 1772–1782

87. Kuan, S. F., Byrd, J. C., Basbaum, C., and Kim, Y. S. (1989) Inhibition of
mucin glycosylation by aryl-N-acetyl-�-galactosaminides in human co-
lon cancer cells. J. Biol. Chem. 264, 19271–19277

88. Brewer, C. F., Miceli, M. C., and Baum, L. G. (2002) Clusters, bundles,
arrays and lattices: novel mechanisms for lectin-saccharide-mediated
cellular interactions. Curr. Opin. Struct. Biol. 12, 616 – 623

89. Garner, O. B., and Baum, L. G. (2008) Galectin-glycan lattices regulate
cell-surface glycoprotein organization and signalling. Biochem. Soc.
Trans. 36, 1472–1477

90. Rhee, I., Zhong, M. C., Reizis, B., Cheong, C., and Veillette, A. (2014)
Control of dendritic cell migration, T cell-dependent immunity, and au-
toimmunity by protein-tyrosine phosphatase PTPN12 expressed in den-
dritic cells. Mol. Cell. Biol. 34, 888 – 899

91. Zampell, J. C., Yan, A., Avraham, T., Andrade, V., Malliaris, S., Aschen, S.,
Rockson, S. G., and Mehrara, B. J. (2011) Temporal and spatial patterns of
endogenous danger signal expression after wound healing and in re-
sponse to lymphedema. Am. J. Physiol. Cell Physiol. 300, C1107–C1121

92. Levroney, E. L., Aguilar, H. C., Fulcher, J. A., Kohatsu, L., Pace, K. E.,
Pang, M., Gurney, K. B., Baum, L. G., and Lee, B. (2005) Novel innate
immune functions for galectin-1: galectin-1 inhibits cell fusion by Nipah
virus envelope glycoproteins and augments dendritic cell secretion of
proinflammatory cytokines. J. Immunol. 175, 413– 420

93. Perone, M. J., Larregina, A. T., Shufesky, W. J., Papworth, G. D., Sullivan,
M. L., Zahorchak, A. F., Stolz, D. B., Baum, L. G., Watkins, S. C., Thom-
son, A. W., and Morelli, A. E. (2006) Transgenic galectin-1 induces mat-
uration of dendritic cells that elicit contrasting responses in naive and
activated T cells. J. Immunol. 176, 7207–7220

94. Cheng, D. E., Hung, J. Y., Huang, M. S., Hsu, Y. L., Lu, C. Y., Tsai, E. M.,
Hou, M. F., and Kuo, P. L. (2014) Myosin IIa activation is crucial in breast
cancer derived galectin-1 mediated tolerogenic dendritic cell differenti-
ation. Biochim. Biophys. Acta 1840, 1965–1976

95. Thiemann, S., and Baum, L. G. (2011) The road less traveled: regulation
of leukocyte migration across vascular and lymphatic endothelium by
galectins. J. Clin. Immunol. 31, 2–9

96. Cooper, D., Iqbal, A. J., Gittens, B. R., Cervone, C., and Perretti, M. (2012)
The effect of galectins on leukocyte trafficking in inflammation: sweet or
sour? Ann. N. Y. Acad. Sci. 1253, 181–192

97. Wright, R. D., and Cooper, D. (2014) Glycobiology of leukocyte traffick-
ing in inflammation. Glycobiology 24, 1242–1251

98. Ulvmar, M. H., Werth, K., Braun, A., Kelay, P., Hub, E., Eller, K., Chan, L.,
Lucas, B., Novitzky-Basso, I., Nakamura, K., Rülicke, T., Nibbs, R. J.,

Worbs, T., Förster, R., and Rot, A. (2014) The atypical chemokine recep-
tor CCRL1 shapes functional CCL21 gradients in lymph nodes. Nat.
Immunol. 15, 623– 630

99. Earl, L. A., Bi, S., and Baum, L. G. (2010) N- and O-glycans modulate
galectin-1 binding, CD45 signaling, and T cell death. J. Biol. Chem. 285,
2232–2244

100. Perillo, N. L., Uittenbogaart, C. H., Nguyen, J. T., and Baum, L. G. (1997)
Galectin-1, an endogenous lectin produced by thymic epithelial cells,
induces apoptosis of human thymocytes. J. Exp. Med. 185, 1851–1858

101. Toscano, M. A., Bianco, G. A., Ilarregui, J. M., Croci, D. O., Correale, J.,
Hernandez, J. D., Zwirner, N. W., Poirier, F., Riley, E. M., Baum, L. G., and
Rabinovich, G. A. (2007) Differential glycosylation of TH1, TH2 and
TH-17 effector cells selectively regulates susceptibility to cell death. Nat.
Immunol. 8, 825– 834

102. Motran, C. C., Molinder, K. M., Liu, S. D., Poirier, F., and Miceli, M. C.
(2008) Galectin-1 functions as a Th2 cytokine that selectively induces
Th1 apoptosis and promotes Th2 function. Eur. J. Immunol. 38,
3015–3027

103. Morelli, A. E., and Larregina, A. T. (2010) Apoptotic cell-based therapies
against transplant rejection: role of recipient’s dendritic cells. Apoptosis
15, 1083–1097

104. Torres-Aguilar, H., Blank, M., Jara, L. J., and Shoenfeld, Y. (2010) Tolero-
genic dendritic cells in autoimmune diseases: crucial players in induction
and prevention of autoimmunity. Autoimmun. Rev. 10, 8 –17

105. Svajger, U., Obermajer, N., and Jeras, M. (2010) Novel findings in drug-
induced dendritic cell tolerogenicity. Int. Rev. Immunol. 29, 574 – 607

106. Lantéri, M., Giordanengo, V., Hiraoka, N., Fuzibet, J. G., Auberger, P.,
Fukuda, M., Baum, L. G., and Lefebvre, J. C. (2003) Altered T cell surface
glycosylation in HIV-1 infection results in increased susceptibility to
galectin-1-induced cell death. Glycobiology 13, 909 –918

107. Galvan, M., Tsuboi, S., Fukuda, M., and Baum, L. G. (2000) Expression of
a specific glycosyltransferase enzyme regulates T cell death mediated by
galectin-1. J. Biol. Chem. 275, 16730 –16737

108. Nguyen, J. T., Evans, D. P., Galvan, M., Pace, K. E., Leitenberg, D., Bui,
T. N., and Baum, L. G. (2001) CD45 modulates galectin-1-induced T cell
death: regulation by expression of core 2 O-glycans. J. Immunol. 167,
5697–5707

109. Amano, M., Galvan, M., He, J., and Baum, L. G. (2003) The ST6Gal I
sialyltransferase selectively modifies N-glycans on CD45 to negatively
regulate galectin-1-induced CD45 clustering, phosphatase modulation,
and T cell death. J. Biol. Chem. 278, 7469 –7475

110. Daniels, M. A., Hogquist, K. A., and Jameson, S. C. (2002) Sweet “n” sour:
the impact of differential glycosylation on T cell responses. Nat. Immu-
nol. 3, 903–910

111. Bax, M., García-Vallejo, J. J., Jang-Lee, J., North, S. J., Gilmartin, T. J.,
Hernández, G., Crocker, P. R., Leffler, H., Head, S. R., Haslam, S. M., Dell,
A., and van Kooyk, Y. (2007) Dendritic cell maturation results in pro-
nounced changes in glycan expression affecting recognition by siglecs
and galectins. J. Immunol. 179, 8216 – 8224

112. Erbacher, A., Gieseke, F., Handgretinger, R., and Müller, I. (2009) Den-
dritic cells: functional aspects of glycosylation and lectins. Hum. Immu-
nol. 70, 308 –312

113. Chen, I. J., Chen, H. L., and Demetriou, M. (2007) Lateral compartmen-
talization of T cell receptor versus CD45 by galectin-N-glycan binding
and microfilaments coordinate basal and activation signaling. J. Biol.
Chem. 282, 35361–35372

114. Demetriou, M., Granovsky, M., Quaggin, S., and Dennis, J. W. (2001)
Negative regulation of T-cell activation and autoimmunity by Mgat5
N-glycosylation. Nature 409, 733–739

115. Chung, C. D., Patel, V. P., Moran, M., Lewis, L. A., and Miceli, M. C.
(2000) Galectin-1 induces partial TCR �-chain phosphorylation and an-
tagonizes processive TCR signal transduction. J. Immunol. 165,
3722–3729

116. Hanyaloglu, A. C., and von Zastrow, M. (2008) Regulation of GPCRs by
endocytic membrane trafficking and its potential implications. Annu.
Rev. Pharmacol. Toxicol. 48, 537–568

117. Tanikawa, R., Tanikawa, T., Okada, Y., Nakano, K., Hirashima, M., Yam-
auchi, A., Hosokawa, R., and Tanaka, Y. (2008) Interaction of galectin-9

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

22676 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 37 • SEPTEMBER 11, 2015



with lipid rafts induces osteoblast proliferation through the c-Src/ERK
signaling pathway. J. Bone Miner. Res. 23, 278 –286

118. Braccia, A., Villani, M., Immerdal, L., Niels-Christiansen, L. L., Nystrøm,
B. T., Hansen, G. H., and Danielsen, E. M. (2003) Microvillar membrane
microdomains exist at physiological temperature. Role of galectin-4 as
lipid raft stabilizer revealed by “superrafts”. J. Biol. Chem. 278,
15679 –15684

119. Delacour, D., Cramm-Behrens, C. I., Drobecq, H., Le Bivic, A., Naim,
H. Y., and Jacob, R. (2006) Requirement for galectin-3 in apical protein
sorting. Curr. Biol. 16, 408 – 414

120. Delacour, D., Gouyer, V., Zanetta, J. P., Drobecq, H., Leteurtre, E., Grard,
G., Moreau-Hannedouche, O., Maes, E., Pons, A., André, S., Le Bivic, A.,
Gabius, H. J., Manninen, A., Simons, K., and Huet, G. (2005) Galectin-4
and sulfatides in apical membrane trafficking in enterocyte-like cells.
J. Cell Biol. 169, 491–501

121. Delacour, D., Koch, A., Ackermann, W., Eude-Le Parco, I., Elsässer, H. P.,
Poirier, F., and Jacob, R. (2008) Loss of galectin-3 impairs membrane
polarisation of mouse enterocytes in vivo. J. Cell Sci. 121, 458 – 465

122. Ohtsubo, K., Takamatsu, S., Gao, C., Korekane, H., Kurosawa, T. M., and
Taniguchi, N. (2013) N-Glycosylation modulates the membrane sub-
domain distribution and activity of glucose transporter 2 in pancreatic �
cells. Biochem. Biophys. Res. Commun. 434, 346 –351

123. Cha, S. K., Ortega, B., Kurosu, H., Rosenblatt, K. P., Kuro-O M., and
Huang, C. L. (2008) Removal of sialic acid involving Klotho causes cell-
surface retention of TRPV5 channel via binding to galectin-1. Proc. Natl.
Acad. Sci. U.S.A. 105, 9805–9810

124. Starossom, S. C., Mascanfroni, I. D., Imitola, J., Cao, L., Raddassi, K.,
Hernandez, S. F., Bassil, R., Croci, D. O., Cerliani, J. P., Delacour, D.,
Wang, Y., Elyaman, W., Khoury, S. J., and Rabinovich, G. A. (2012) Ga-
lectin-1 deactivates classically activated microglia and protects from in-
flammation-induced neurodegeneration. Immunity 37, 249 –263

125. Lajoie, P., Partridge, E. A., Guay, G., Goetz, J. G., Pawling, J., Lagana, A.,
Joshi, B., Dennis, J. W., and Nabi, I. R. (2007) Plasma membrane domain
organization regulates EGFR signaling in tumor cells. J. Cell Biol. 179,
341–356

126. Demotte, N., Stroobant, V., Courtoy, P. J., Van Der Smissen, P., Colau, D.,
Luescher, I. F., Hivroz, C., Nicaise, J., Squifflet, J. L., Mourad, M., Gode-
laine, D., Boon, T., and van der Bruggen, P. (2008) Restoring the associ-
ation of the T cell receptor with CD8 reverses anergy in human tumor-
infiltrating lymphocytes. Immunity 28, 414 – 424

127. Walzel, H., Fahmi, A. A., Eldesouky, M. A., Abou-Eladab, E. F., Waitz, G.,
Brock, J., and Tiedge, M. (2006) Effects of N-glycan processing inhibitors
on signaling events and induction of apoptosis in galectin-1-stimulated
Jurkat T lymphocytes. Glycobiology 16, 1262–1271

128. del Pozo, M. A., Nieto, M., Serrador, J. M., Sancho, D., Vicente-Man-
zanares, M., Martínez, C., and Sánchez-Madrid, F. (1998) The two poles
of the lymphocyte: specialized cell compartments for migration and re-
cruitment. Cell Adhes. Commun. 6, 125–133

129. Liu, S. D., Tomassian, T., Bruhn, K. W., Miller, J. F., Poirier, F., and Miceli,
M. C. (2009) Galectin-1 tunes TCR binding and signal transduction to
regulate CD8 burst size. J. Immunol. 182, 5283–5295

130. Moreau, A., Noble, A., Ratnasothy, K., Chai, J. G., Deltour, L., Cuturi,
M. C., Simpson, E., Lechler, R., and Lombardi, G. (2012) Absence of
galectin-1 accelerates CD8(�) T cell-mediated graft rejection. Eur. J. Im-
munol. 42, 2881–2888

131. Iqbal, A. J., Cooper, D., Vugler, A., Gittens, B. R., Moore, A., and Perretti,

M. (2013) Endogenous galectin-1 exerts tonic inhibition on experimental
arthritis. J. Immunol. 191, 171–177

132. Vasta, G. R. (2012) Galectins as pattern recognition receptors: structure,
function, and evolution. Adv. Exp. Med. Biol. 946, 21–36

133. Pace, K. E., and Baum, L. G. (2004) Insect galectins: roles in immunity and
development. Glycoconj. J. 19, 607– 614

134. Rabinovich, G. A., Liu, F. T., Hirashima, M., and Anderson, A. (2007) An
emerging role for galectins in tuning the immune response: lessons from
experimental models of inflammatory disease, autoimmunity and can-
cer. Scand. J. Immunol. 66, 143–158

135. Almkvist, J., and Karlsson, A. (2004) Galectins as inflammatory media-
tors. Glycoconj. J. 19, 575–581

136. Liu, F. T. (2002) Galectins: novel anti-inflammatory drug targets. Expert
Opin. Ther. Targets 6, 461– 468

137. Garín, M. I., Chu, C. C., Golshayan, D., Cernuda-Morollón, E., Wait, R.,
and Lechler, R. I. (2007) Galectin-1: a key effector of regulation mediated
by CD4�CD25� T cells. Blood 109, 2058 –2065

138. Fautsch, M. P., Silva, A. O., and Johnson, D. H. (2003) Carbohydrate
binding proteins galectin-1 and galectin-3 in human trabecular mesh-
work. Exp. Eye Res. 77, 11–16

139. Wollina, U., Schreiber, G., Görnig, M., Feldrappe, S., Burchert, M., and
Gabius, H. J. (1999) Sertoli cell expression of galectin-1 and -3 and acces-
sible binding sites in normal human testis and Sertoli cell only-syndrome.
Histol. Histopathol. 14, 779 –784

140. Maquoi, E., van den Brûle, F. A., Castronovo, V., and Foidart, J. M. (1997)
Changes in the distribution pattern of galectin-1 and galectin-3 in human
placenta correlates with the differentiation pathways of trophoblasts.
Placenta 18, 433– 439

141. Gandhi, M. K., Moll, G., Smith, C., Dua, U., Lambley, E., Ramuz, O., Gill,
D., Marlton, P., Seymour, J. F., and Khanna, R. (2007) Galectin-1 medi-
ated suppression of Epstein-Barr virus specific T-cell immunity in classic
Hodgkin lymphoma. Blood 110, 1326 –1329

142. Stannard, K. A., Collins, P. M., Ito, K., Sullivan, E. M., Scott, S. A., Gab-
utero, E., Darren Grice, I., Low, P., Nilsson, U. J., Leffler, H., Blanchard,
H., and Ralph, S. J. (2010) Galectin inhibitory disaccharides promote
tumour immunity in a breast cancer model. Cancer Lett. 299, 95–110

143. Cedeno-Laurent, F., Opperman, M., Barthel, S. R., Kuchroo, V. K., and
Dimitroff, C. J. (2012) Galectin-1 triggers an immunoregulatory signa-
ture in Th cells functionally defined by IL-10 expression. J. Immunol.
188, 3127–3137

144. Stowell, S. R., Qian, Y., Karmakar, S., Koyama, N. S., Dias-Baruffi, M.,
Leffler, H., McEver, R. P., and Cummings, R. D. (2008) Differential roles
of galectin-1 and galectin-3 in regulating leukocyte viability and cytokine
secretion. J. Immunol. 180, 3091–3102

145. van der Leij, J., van den Berg, A., Blokzijl, T., Harms, G., van Goor, H.,
Zwiers, P., van Weeghel, R., Poppema, S., and Visser, L. (2004) Dimeric
galectin-1 induces IL-10 production in T-lymphocytes: an important
tool in the regulation of the immune response. J. Pathol. 204, 511–518

146. Rabinovich, G. A., Daly, G., Dreja, H., Tailor, H., Riera, C. M., Hi-
rabayashi, J., and Chernajovsky, Y. (1999) Recombinant galectin-1 and its
genetic delivery suppress collagen-induced arthritis via T cell apoptosis.
J. Exp. Med. 190, 385–398

147. Baum, L. G., Blackall, D. P., Arias-Magallano, S., Nanigian, D., Uh, S. Y.,
Browne, J. M., Hoffmann, D., Emmanouilides, C. E., Territo, M. C., and
Baldwin, G. C. (2003) Amelioration of graft versus host disease by galec-
tin-1. Clin. Immunol. 109, 295–307

Galectin-1 Inhibits Immunogenic Dendritic Cell Tissue Exit

SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 22677


