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We have investigated the function of endogenous galectin-3in T cells.
Galectin-3-deficient (gal3—/~) CD4* T cells secreted more IFN-y and
IL-4 than gal3*/+CD4+ T cells after T-cell receptor (TCR) engagement.
Galectin-3 was recruited to the cytoplasmic side of the immunological
synapse (IS) in activated T cells. In T cells stimulated on supported lipid
bilayers, galectin-3 was primarily located at the peripheral supramo-
lecular activation cluster (pSMAC). Gal3*/+ T cells formed central
SMAC on lipid bilayers less effectively and adhered to antigen-
presenting cells less firmly than gal3—/~ T cells, suggesting that
galectin-3 destabilizes the IS. Galectin-3 expression was associated
with lower levels of early signaling events and phosphotyrosine
signals at the pSMAC. Additional data suggest that galectin-3 poten-
tiates down-regulation of TCR in T cells. By yeast two-hybrid screen-
ing, we identified as a galectin-3-binding partner, Alix, which is
known to be involved in protein transport and regulation of cell
surface expression of certain receptors. Co-immunoprecipitation con-
firmed galectin-3-Alix association and immunofluorescence analysis
demonstrated the translocation of Alix to the IS in activated T cells.
We conclude that galectin-3 is an inhibitory regulator of T-cell acti-
vation and functions intracellularly by promoting TCR down-regula-
tion, possibly through modulating Alix’s function at the IS.

G alectins are beta-galactoside-binding proteins with evolution-
arily conserved carbohydrate-recognition domains (CRD).
The family members are expressed by organisms from nematodes
to mammals. Currently, 15 members have been identified in
mammals (reviewed in ref. 1). Each member contains either one or
two CRDs, but galectin-3 is unique in that it contains a single CRD
in the C-terminal region connected to an N-terminal domain
consisting of tandem repeats of short proline-rich motifs. Galectins
play important roles in immune responses and tumor progression
and other physiological and pathological processes (reviewed in
refs. 2-5).

Galectin-3 is widely distributed and is expressed by various
immune cells (reviewed in ref. 6). Like other galectins, it does not
have a classical signal sequence and is found in the cytosol and
nucleus, but is also detected extracellularly. Recombinant galectin-3
has been shown to either induce or suppress cell activation and
promote or inhibit cell adhesion in vitro when delivered exog-
enously, depending on the experimental systems (reviewed in ref.
1). Endogenous galectin-3 has been shown to inhibit apoptosis
(reviewed in refs. 7 and 8), promote mediator release and cytokine
production by mast cells (9), promote phagocytosis by macrophages
(10), and drive alternative macrophage activation (11). While it is
clear recombinant galectin-3 exerts its functions by engaging cell
surface glycoproteins or glycolipids, the mechanisms by which
endogenous galectin-3 functions are largely unknown.

With regard to T cells, galectin-3 is expressed by CD4" and
CD8™* T cells after these cells are activated by anti-CD3 antibody
or mitogens (12). Exogenously delivered galectin-3 has been shown
to induce IL-2 production by Jurkat cells (13) and cause apoptosis
in activated T cells (14, 15). Endogenous galectin-3, however,
inhibits apoptosis in Jurkat cell transfectants overexpressing the
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protein (16). Other than this, the function of endogenous galectin-3
in the T-cell response is largely unknown.

Activation of T cells by TCR engagement is associated with the
recruitment of many receptors and signaling molecules to the stable
contact region between T cells and antigen-presenting cells (APCs)
called the immunological synapse (IS), which is important in
tolerance and immunity (17). T-cell receptor signaling in the IS
involves continual formation of TCR microclusters that recruit
signaling molecules (18, 19). These microclusters rapidly coalesce to
form supramolecular activation clusters (SMAC) (20, 21). There is
a central zone (cSMAC) containing TCR/CD3, which is sur-
rounded by a peripheral zone (pSMAC) marked by lymphocyte
function-associated antigen-1 (LFA-1), and a distal zone (ASMAC)
(22). Current models suggest that cSMAC is engaged in TCR
degradation and costimulation, pPSMAC in adhesion and TCR
microcluster transport, and dSMAC in TCR and LFA-1 microclus-
ter formation (23, 24).

Here, we report that gal3~/~ CD4* T cells secreted higher levels
of IFN-y and IL-4 compared with gal3*/* cells. Galectin-3 was
recruited to the cytoplasmic side of the IS in CD4" T cells after
TCR engagement and was primarily located at the pPSMAC. Our
findings suggest that galectin-3 destabilizes IS formation. We also
obtained evidence that galectin-3 suppresses the activation of the
early events in TCR-mediated signal transduction and potentiates
down-regulation of TCR in cells activated by engagement of the
receptor. Finally, we found that galectin-3 is associated with a
component of the endosomal sorting complex required for trans-
port (ESCRT), Alix, known to regulate cell surface expression of
certain receptors.

Results

Naive Gal3—/~ CD4* T Cells Are Hyperresponsive with Regard to
Cytokine Production. We studied the cytokine response of purified
naive CD4" T cells activated by TCR engagement in vitro. We first
compared CD4™ T cells from gal3*™/* and gal3~/~ mice stimulated
by anti-CD3/CD28 and found that gal3~/~ cells secreted signifi-
cantly higher amounts of IFN-y and IL-4 than gal3*/* cells (Fig.
14). We then compared CD4" T cells from gal3*/* and gal3~/~
mice expressing transgenic TCR that recognizes an OVA peptide
(gal3™TOTII and gal3~/~OTII mice) by stimulating them in vitro
with the peptide in the presence of APCs. The hyprerresponsive-
ness of gal3~/~ cells compared with gal3™/* cells was also observed
(Fig. 1B). This is limited to responses mediated through TCR, as
gal3~/~ CD4™" T cells did not secrete higher amounts of IFN-ywhen
stimulated with PMA/Ionomycin (Fig. 1C). To determine the
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Fig. 1. Naive gal3~/~ CD4* T cells are hyperresponsive. (A) Purified naive CD4+
T cells were stimulated with plate-bound anti-CD3/CD28 and the concentrations
of secreted IFN-y and IL-4 in the media were measured, P < 0.05. (B) CD4* T cells
purified from gal3~/~ and gal3*/* OTII mice were mixed with T cell-depleted
splenocytes that were fixed and pulsed with a peptide antigen (OVA323-339), as
the APCs. The concentrations of the cytokines in the media were measured, P <
0.05. (C) CD4™ T cells were stimulated with PMA and ionomycin and the amounts
of the cytokines were measured, P > 0.05. (D) Gal3*/* and gal~/~ mice were
treated with SEB and their serum IFN-vy levels were measured at different time
points. ANOVA, P < 0.005.

function of galectin-3 in T cells in vivo, we compared the cytokine
response between gal3™/* and gal3~/~ mice to treatment with the
superantigen Staphylococcal Enterotoxin B (SEB). We found that
after injection of the superantigen, gal3~/~ mice produced signif-
icantly higher IFN-vy levels in the sera compared with gal3*/* mice
(Fig. 1D).

Galectin-3 Is Recruited to the IS. To elucidate the mechanism of
suppression of the T-cell response by galectin-3, we analyzed the
location of galectin-3 in activated T cells. We incubated galectin-
3-transfected Jurkat cells with superantigen SEE-pulsed human B
cells and performed immunofluorescence staining. The results
showed that galectin-3 was recruited to the IS and co-localized with
Zap-70, which is known to be localized at the IS (Fig. 24).
Approximately 71% of Zap-70-positive synapses (n = 21) showed
galectin-3 accumulation at the IS. Similar translocation of galectin-3
was also found when these cells were stimulated with anti-CD3-
coated beads (Fig. 2B). Seventy-four percent of Zap-70-positive
cell/bead interfaces (n = 35) showed galectin-3 accumulation. The
staining of galectin-3 is specific, as the use of a control antibody only
resulted in faint uniform signal (Fig. 2C). We also examined the
localization of galectin-3 in mouse CD4* T cells activated with
anti-CD3-coated beads. The results showed that galectin-3 was
recruited to the contact region between T cells and the beads (Fig.
2D). Sixty-eight percent of galectin-3-positive cells in contact with
beads (n = 44) showed galectin-3 accumulation in the interface.
Galectin-3 is intracellular as the staining was revealed only in
permeabilized cells.

We used lipid bilayers loaded with GPI-ICAM-1-CyS5 (that binds
LFA) and anti-TCR-AF-564 (that binds CD3/TCR) to induce
formation of mature IS in galectin-3-transfected Jurkat T cells. We
then fixed and stained the cells and visualized the location of
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Fig.2. Galectin-3isrecruitedtothelS. (A) Galectin-3-transfected (Gal3+) Jurkat
T cells were stimulated for 5 min with SEE-pulsed RPMI 8866 B cells. The cells were
processed forimmunofluorescence staining of galectin-3. (B and C) Gal3+ Jurkat
cells were stimulated with anti-CD3-coated latex beads and stained with anti-
galectin-3 (B) or control antibody (C). (D) Activated mouse CD4* T cells from
wild-type mice were stimulated with anti-CD3-coated beads and the cells were
stained for galectin-3. (E) Gal3+ Jurkat cells were stimulated to form the IS on
supported lipid bilayers preloaded with fluorescence-labeled anti-CD3 and
ICAM-1. The cells were stained for galectin-3. (F) Gal3*/*OTIl CD4" T cells were
mixed with fluorescence-labeled anti-TCRB and injected into flow cells coated
with lipid bilayers preloaded with pMHC and fluorescence-labeled ICAM-1 to
form the IS. The cells were stained for galectin-3.

galectin-3 by using total internal reflection fluorescence microscopy
(TIRFM). The staining pattern indicated that galectin-3 was pri-
marily located in the pSMAC, although it was also present in the
c¢SMAC (Fig. 2E). The recruitment of galectin-3 to the IS in the
lipid bilayer system was also confirmed by applying activated mouse
CD4" T cells onto lipid bilayers preloaded with ICAM-1 and
MHC-peptide complex (pMHC) (Fig. 2F).

Galectin-3 Inhibits cSMAC Formation and Destabilizes T-Cell Binding to
APCs. T-cell activation stimulated by cognate peptide-loaded APCs
involves three phases: 1) contact acquisition; 2) formation of an
interaction plane (i.e., the IS); and 3) detachment of the T cell. We
next studied the effects of galectin-3 on the three phases. We first
determined the effects of galectin-3 on binding of CD4* T cells to
APCs. Fluorescence (DiO) labeled gal3~/~ and gal3*/* OTII T
cells were mixed with Dil-labeled APCs (bone marrow-derived
dendritic cells; BMDCs) in the presence of the peptide antigen. The
amounts of cell conjugates were then measured by flow cytometry
at different time points. The results showed that gal3™* OTII T
cells formed fewer conjugates than gal3~/~ OTII T cells (Fig. 34).
This indicates that galectin-3 negatively regulates the T-cell function
by inhibiting binding of T cells to APCs. Since the mature IS can be
identified by formation of cSMAC and pSMAC, we next analyzed
the effects of galectin-3 expression on the maturation of the IS by
measuring the number of cCSMAC. We found there was a lower
number of gal3*/* CD4* T cells that formed the cSSMAC compared
with gal3™/~ CD4™ cells (Fig. 3B).

Following maturation, the IS is destabilized and T cells migrate
away from APCs. We used an assay to study the effect of endog-
enous galectin-3 on synapse stability by analyzing the number of T
cells transmigrating through a membrane coated with ICAM-1 and
pMHC. We compared T-cell blasts from gal3~/~OTII and
gal3*/TOTII mice. The two genotypes displayed identical transmi-
gration in the absence of pMHC (Fig. 3C). In the presence of
agonist pMHC on the membrane, more gal3™/* T cells transmi-
grated than gal3~/~ cells (Fig. 3C). The results strongly support that
galectin-3 inhibits cSSMAC formation and destabilizes the IS.
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Fig. 3.  Galectin-3 inhibits cSMAC formation and destabilizes T-cell binding to
APGCs. (A) DiO-labeled gal3~~ and gal3*/* OTIl CD4* T cells were mixed with
Dil-labeled BMDC in the presence of 1 ug/mL OVA 323-339 peptide. The double
fluorescence-labeled cell conjugates were detected by flow cytometry at the
indicated time points. The percentages of cell conjugates were calculated by
dividing the double-fluorescence labeled cell counts over the total stained T-cell
counts. ANOVA, P < 0.05. (B) Gal3~/~ and gal3*/* CD4"* T cells were stimulated as
mentioned in Fig. 2F and the ratios of the cSMAC-positive cell numbers over the
total cell numbers were calculated. P < 0.01. (C) Gal3~/~ and gal3*/*OTII CD4* T
cells were placed on the upper chamber of a transwell device on top of a
membrane coated with ICAM-1 and pMHC. Cells migrated to the lower chambers
were enumerated by flow cytometry. ANOVA, P < 0.0001.

Gal3~/~ CD4* T Cells Exhibit Higher TCR-Mediated Signaling. To
determine whether the inhibitory function of galectin-3 on CD4* T
cells involves suppression of TCR-mediated signal transduction, we
stimulated the cells with anti-CD3/CD28 and analyzed the activa-
tion of signal transduction molecules. We found that activated
gal3~/~ T cells produced higher levels of total tyrosine phosphor-
ylation and enhanced activation of the early signaling molecules
Zap-70 and PLCyl1 (Fig. 44). These results indicate that galectin-3
inhibits TCR-mediated activation of CD4* T cells, by affecting the
early events in signal transduction. The differences in cytokine
production observed in Fig. 1 are likely caused by these signaling
alterations rather than intrinsic defects in cytokine production, as
stimulation with PMA and ionomycin resulted in identical cytokine
responses in gal3~/~ and gal3*/* CD4" T cells (Fig. 1C).

The levels of tyrosine phosphorylation in activated gal3~/~ and
gal3™/* CD4™" T cells in the lipid bilayer system were also examined.
T-cell blasts were stimulated with ICAM-1 and pMHC loaded on
lipid bilayers for 30 min and fixed. The phosphotyrosine signals
were detected with TIRFM and the results showed that gal3=/~
CD4" T cells exhibited higher phosphotyrosine signals at the IS
compared with gal3*/* CD4* T cells (Fig. 4B). Comparison of the
phosphotyrosine signal levels within the SMACs among those
CD4* T cells revealed that the higher signals were generated from
the d and pSMAC:s rather than the cSSMAC (Fig. 4C). The results
indicate that galectin-3 inhibits TCR-mediated signaling primarily
at the pPSMAC.

Galectin-3 Potentiates Down-Regulation of TCR/CD3 in T Cells Follow-
ing TCR Engagement. When T cells are stimulated by TCR/CD3
engagement, surface TCR is internalized by endocytosis resulting in
a down-regulation of TCRs, and it has been proposed that this
down-regulation is a mechanism by which over-activation of T cells
is prevented (25). Since galectin-3 is recruited to the IS and
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Fig.4. Gal3~/~ CD4" T cells exhibit higher TCR-mediated signaling. (A) Purified
CDA4™ T cells were stimulated with plate-bound anti-CD3/CD28 for the indicated
time periods and subjected to immunoblotting analysis. (B) Gal3~/~ and gal3*/*
CDA4™ T cells were stimulated as mentioned in Fig. 2F. The cells were fixed and
stained for phosphotyrosine (pTyr) signals and the images were taken by TIRFM.
(C) The relative intensities of phosphotyrosine staining of total SMAC, ¢SMAC,
and pSMAC regions are shown. *Mann Whitney U, P < 0.05.

attenuates T-cell activation, we next determined the effect of
galectin-3 on TCR down-regulation.

This was performed by flow cytometric analysis of TCR after
activation with anti-CD3. Both galectin-3-transfected Jurkat T cells
and gal3™/* mouse CD4" T cells showed higher TCR down-
regulation than galectin-3-negative Jurkat cells and gal3~/~ CD4*
T cells, respectively (Fig. 54). Immunoblotting analysis also showed
lower levels of a component of the TCR complex, CD3¢, in
galectin-3-transfected Jurkat T cells compared with control cells,
and in gal3*™/* CD4* T cells compared with gal3~/~ cells (Fig. 5B).
These results indicate that galectin-3 potentiates TCR down-
regulation when T cells are activated through TCR engagement.

The site of TCR down-regulation, the IS, was also examined in
T cells stimulated with lipid bilayers loaded with agonist proteins.
The TCR levels on the proximal surfaces (as visualized by TIRFM)
in the synapse were compared. The results showed that the TCR
levels in the pPSMAC were lower in gal3*/* CD4* T cells compared
with gal3~/~ cells (Fig. 5C). Other than that gal3*/* CD4* T cells
formed less ¢cSMAC than gal3~/~ counterparts, there was no
difference in the intensity of the individual cSMAC formed in these
two cell populations.

Carbohydrate-Binding Activity Is Unnecessary for Translocation of
Galectin-3 to the IS and Galectin-3's Suppressive Effect on T Cells Is Not
Dependent on its Binding to Cell Surface Glycans. To determine
whether recruitment of galectin-3 to the IS is mediated through
its carbohydrate-binding activity, we studied Jurkat T cells
transfected with a galectin-3 mutant lacking carbohydrate-
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Fig. 5. Galectin-3 potentiates down-regulation of TCR/CD3 in T cells following
TCR engagement. (A) Gal3+ Jurkat cells or control transfectants (Ctrl) (Left) or
gal3~/~ and gal3*/* mouse CD4" T cells (right) were stimulated by plate-bound
anti-CD3 (for Jurkat cells) or anti-CD3/CD28 (for mouse CD4™ T cells) for 2 h and
then subjected to TCRp staining followed by flow cytometric analysis. The mean
fluorescence intensity (MFI) of stimulated T cells was compared with that of
unstimulated cells and expressed as % of TCR down-regulation. (B) Jurkat-
transfectants (Left) or mouse CD4™ T cells (Right) were stimulated with anti-CD3
(or anti-CD3/CD28) for 8 h and then subjected to immunoblotting analysis for the
CD3¢levels. (C) Gal3~/~ and gal3*/* CD4* T cells were stimulated as mentioned in
Fig. 2F. The relative fluorescence intensities of TCR on the total SMAC, cSMAC,
and pSMAC are shown. *Mann Whitney U, P < 0.05.

binding activity. The mutant protein was found to be localized
at the IS in Jurkat cells co-cultured with SEE-pulsed B cells as
APCs (Fig. S1A) or placed on lipid bilayers (Fig. S1B). We also
studied the translocation of galectin-3 in galectin-3-transfected
Jurkat T cells in the presence of a galectin-3 inhibitor, lactose,
which is known to inhibit galectin-3’s carbohydrate-binding
activity. If galectin-3’s localization to the IS involves the protein’s
interaction with cell surface glycans, the amount of the protein
in the IS should be diminished in the presence of lactose. We
found the intensity of the galectin-3 signals in the IS was not
affected (Fig. S1C).

We also determined whether the suppression of the T-cell
response by galectin-3 occurs through binding of galectin-3 secreted
by the cells to cell surface glycans. We activated gal3*/* and gal3~/~
CD4* T cells with anti-CD3/CD28 in the presence of lactose.
Gal3™/~ cells secreted higher amounts of IFN-y than gal3™/* cells
regardless of the presence of lactose (Fig. S1D). As lactose would
inhibit the binding of extracellular galectin-3 to cell surface glycans,
these results support an intracellular location of the functional site
where galectin-3 attenuates T-cell activation.

Galectin-3 Binds to the ESCRT Protein Alix at the IS. To identify
potential interactors of galectin-3 that contribute to its functions
described above, we used a yeast two-hybrid system using the
full-length galectin-3 cDNA as a bait to screen a cDNA library
derived from Jurkat T lymphoma. We identified a protein called
PDCD6-interacting protein (ALG-2 interacting protein X, Alix).
Alix is a component of ESCRT pathway which is required for
biogenesis of multivesicular bodies (MVBs), cytokinesis, and ret-
roviral budding (reviewed in refs. 26 and 27). Similar to galectin-3,
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Fig. 6. Galectin-3 is associated with Alix at the IS. (A) HEK-293T cells were
co-transfected with plasmid DNAs containing Alix and galectin-3. The cells were
treated with DSP and lysed, and the lysates were subjected to immunoprecipita-
tion using anti-Alix, anti-galectin-3 (gal3) or control sera (Ctrl). The lysates (Lys.)
and precipitates were immunoblotted with anti-Alix and anti-galectin-3 antibod-
ies. (B) Gal3+ Jurkat cells were stimulated with anti-CD3-coated beads for 0 and
5 min and subjected to DSP cross-linkage. The lysates were immunoprecipitated
with anti-Alix and immunoblotted with anti-Alix and anti-galectin-3 antibodies.
The amounts of Alix and galectin-3 induced by the stimulus, relative to their
baseline levels, are shown under each blot. (C and D) Galectin-3-transfected
Jurkat T cells were stimulated for 5 min with SEE-pulsed RPMI18866 B cells. The cells
were fixed and stained with antibodies for galectin-3 (red) and Lck (blue),
together with either anti-Alix antibody (green) (C) or a control antibody (D).

which has a proline-rich domain in the N-terminal region, it
contains a proline-rich domain in its C-terminal portion.

To confirm binding of galectin-3 to Alix inside the cell, we
co—transfected 293T human embryonic kidney cells with plasmid
DNAs coding for Alix and galectin-3. The cells were treated with
a membrane permeable chemical crosslinker, dithiobis[succinimi-
dylpropionate] (DSP), before lysis, and the cell lysates were sub-
jected to immunoprecipitation using anti-Alix or anti-galectin-3
antibody. The results showed that Alix was co-immunoprecipitated
with galectin-3 (Fig. 64). Binding of Alix to galectin-3 was also
demonstrated in galectin-3-transfected Jurkat T cells and there was
an increased level of association between these two proteins, when
these cells were activated by TCR engagement (Fig. 6B). Finally, we
determined whether these two proteins are colocalized by immu-
nofluorescence analysis. We stimulated galectin-3-transfected Ju-
rkat cells with superantigen-pulsed RPMI-8866 B cells and pro-
cessed them for immunofluorescence staining of Alix and
galectin-3. As shown in Fig. 6 C and D, these two proteins are
colocalized at the IS.

Discussion

Here, we report that endogenous galectin-3 exhibits an inhibitory
function in the TCR-mediated cytokine response in CD4* T cells.
Expression of galectin-3 in these cells is associated with lower levels
of cytokine production, when the cells are activated through TCR
engagement, which is accompanied by attenuated signal transduc-
tion, including lower levels of tyrosine phosphorylation. Remark-
ably, we discovered that galectin-3 is translocated to the IS in cells
activated by TCR engagement and it is mainly localized at the
PSMAC. Galectin-3’s suppression of phosphotyrosine signals also
occurs at the pPSMAC, but not the cSMAC. Galectin-3 expression
suppresses the formation of cSMAC, suggesting that galectin-3
inhibits TCR aggregation and signaling mediated through these
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microclusters. Moreover, in the process of CD4* T celllAPC
interactions, galectin-3 expression in T cells is negatively correlated
with the strength of the interaction, but positively correlated with
the rate of dissociation of the conjugated cells, suggesting that
galectin-3 destabilizes the IS. The inhibitory function of galectin-3
is associated with increased TCR down-regulation. Finally, we have
identified Alix, a known regulator of receptor down-regulation, as
a galectin-3-interacting protein, and shown that it is also recruited
to the IS in activated T cells. Although galectin-3 is known to have
extracellular functions that occur through engagement of cell
surface glycans, our results suggest that this protein is localized at
the cytosolic side of the IS and exerts its inhibitory effect in T cells
by functioning intracellularly.

In the setting of T cell-APC interactions, our data suggest that the
inhibitory function of galectin-3 on T-cell activation may be related
to the fact that galectin-3 expression in T cells results in a weaker
adhesion of these cells to APCs. This is evidenced by a higher
degree of migration of T cells away from APCs (Fig. 3B) and a
lower degree of adhesion of T cells to APCs (Fig. 3C). We believe
that the lower association between CD4* T cells and APCs is a
result of lower TCR levels. Thus, we propose that by functioning
intracellularly at the IS, galectin-3 negatively regulates the adhesion
between T cells and APCs, and one possible mechanism is through
down-regulation of TCR.

Both dSMAC and pSMAC have been shown to be the location
of TCR-mediated signaling through recruitment of signaling mol-
ecules into TCR microclusters, followed by translocation of TCR
microclusters toward the center of the IS to form the cSMAC. The
c¢SMAC is thought to be the center of TCR internalization and
down-regulation (25), but the amount of TCR in this compartment
is not altered by galectin-3. Our results suggest that galectin-3 is
localized primarily in the pPSMAC, which is also the region in which
TCR is down-regulated by galectin-3. There are a number of
possible mechanisms, since TCR down-regulation involves the
internalization of the receptor complexes by endocytosis, their
degradation in lysosomes, and recycling back to the cell surface (28,
29). It is possible that TCR internalization takes place in the
PSMAC and galectin-3 regulates this process, but the dense actin
network may prevent internalization until TCR reaches the actin
depleted cSMAC (23, 24). Galectin-3 may also mediate modifica-
tions of TCR that favor degradation rather than recycling, such as
ubiquitination. It is also possible that pPSMAC is the site of entry for
recycled TCR and that galectin-3 may function by inhibiting endo-
cytosed TCR from recycling back to the pPSMAC.

Galectin-3 contains features that make it suitable for involve-
ment in the TCR-mediated early signaling cascade intracellularly.
First, a number of negative signaling proteins involved in TCR-
mediated signal cascade contain proline-rich sequences (30) and
galectin-3 contains proline-rich tandem repeats in the N-terminal
region. Second, it is known that a number of inhibitory proteins
involved in TCR signaling are recruited into the IS by interacting
with other components containing a Src homology 3 (SH3) do-
main(s) [for example, Nef (31) and CD2AP (25)] and that proteins
bound by the SH3 domains contain PXXP motifs (32). Interest-
ingly, galectin-3 contains several PXXP motifs. Thus, galectin-3 may
be recognized by other SH3 domain-containing signaling molecules
recruited into the synapse. Thirdly, many molecules involved in the
signal transduction cascade are phosphorylated. Galectin-3 can be
phosphorylated at serine 6 and serine 12 (33) and phosphorylation
at these residues has been associated with its intracellular functions
(34-36).

We have identified a protein, Alix, that galectin-3 binds to and is
a likely link of its function in T cells. This protein is known to
interact with a number of intracellular regulators that are involved
in endocytosis and down-regulation of certain cell surface recep-
tors, as well as signal transduction (reviewed in ref. 37). For
example, it binds to SETA (CINS5) (38) and endophilin (39), which
are involved in receptor endocytosis and down-regulation (40, 41);
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Src, which is involved in activation of cellular signaling cascade (42);
and FAK and PYK-2, which are involved in focal adhesion (43). In
particular, Alix has been shown to antagonize the formation of
SETA-endophilin-Cbl complex that facilitates down-regulation of
epidermal growth factor receptor (41). Interestingly, a SETA
homologue, CD2AP, was observed to promote TCR down-
regulation, possibly through cSMAC (25). Thus, Alix may antag-
onize TCR down-regulation, through binding to CD2AP at the IS,
and, moreover, galectin-3 may promote TCR down-regulation by
attenuating Alix’s function.

In studying the function of a glycosyltransferase, Mgat5, other
investigators found that TCR is modified by Mgat5 and TCR
complex components bind to extracellular galectin-3 (44). Treat-
ment of Mgat5™* T cells with lactose (to elute lactose-binding
proteins off the cell surface) enhanced TCR lateral motility and the
T-cell response. These authors proposed a model in which extra-
cellular galectin-3 forms lattices with TCR, thereby restricting TCR
lateral mobility and suppressing the T-cell response. Our results,
however, indicate that endogenous galectin-3 suppresses TCR
signaling by facilitating receptor down-regulation through interac-
tions with intracellular regulatory proteins.

Although galectins are demonstrated to function extracellularly,
where their glycan ligands predominantly reside, accumulating
evidence points to their intracellular roles (45, 46). We have
previously shown that galectin-3 regulates phagocytosis by macro-
phages (10) and mediator release/cytokine production by mast cells
(9), through its intracellular actions. Other investigators have
reported that galectin-3 forms complexes with oncogenic K-Ras
(47). In addition, galectin-3’s functions appear to be related to its
tendency to translocate to intracellular membranous structures. For
example, galectin-3 has been shown to translocate to the mitochon-
dria in cells treated with apoptotic stimuli (48), as well as to the
phagosomes in macrophages undergoing phagocytosis (10), and be
located in the lipid rafts on the membrane of dendritic cells (49).

In summary, we have identified a function of galectin-3 in CD4*
T cells and established that this protein serves as a negative
regulator in the TCR-mediated T-cell response. We found that
galectin-3 is recruited intracellularly to the IS and promotes TCR
down-regulation at the pPSMAC. Our studies suggest an important
role of galectin-3 in regulation of the T-cell response and the
associated mechanism. The findings also strengthen the existence of
intracellular actions of the galectin family members and provide
insight into the functions of these proteins.

Materials and Methods

For materials, please see S/ Text.

Signaling. Purified CD4* T cells were stimulated with plate-bound anti-CD3/CD28
and the activation was stopped at different time points by using SDS sample
buffer. The total cell lysates were subjected to immunoblotting analysis by using
antibodies specific for phospho-PLCy, phospho-Zap 70, and phosphostyrosine.

Immunofluorescence Staining of the IS. Jurkat cells transfected with galectin-3
or control transfecants were mixed with SEE-pulsed RPMI8866 B cells attached on
polyL-lysine-coated coverslides on ice for 15 min. The coverslides were then
transferred to 37 °Cfor 5 min and subsequently fixed with 2% paraformaldehyde
to stop the reaction. The cells were stained with rabbit anti-Zap70 and biotin-
ylated goat anti-human galectin-3, followed by staining with Rhodamine-
conjugated goat anti-rabbit 1IgG and Alexa fluor 488 (AF-488)-conjugated
streptavidin, respectively. The stained cells were observed with a deconvolution
fluorescence microscope. Jurkat T cells were also stimulated by goat anti-mouse
19G.Fc coated latex beads followed by mouse anti-human CD3 mAb on cold
coverslides and stained as above. Alternatively, CD4" T cells activated by Con A
and IL-2 were exposed to beads coated with hamster anti-mouse CD3. The
mixtures were then stained by rabbit anti-rat galectin-3 followed by Rhodamine-
conjugated goat anti-rabbit IgG, AF-488-phalloidins and Hoechst 33258. For
immunofluorescence staining of Alix, B-T cell conjugates were stained by rabbit
anti-LCK, mouse anti-Alix (AbD Serotec) and biotinylated goat anti-galectin-3
followed by fluorescence labeled secondary antibodies.
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Transmigration Assay. In vitro activated, purified and IL-2-maintained gal3~/~
and gal3*/* CD4* OTII T cells (14 days) were placed onto the upper wells of
transwell plates (Millipore Multiscreen-MIC plates, MAMIC5510, 3-um pore size),
which were precoated with ICAM-1-GPI (50 mol/um?) and subsequently with
serially diluted pMHC. The cells in the upper wells were cultured in RPMI-1640/1%
FBS and incubated at 37 °C and 5% CO; for 2 h. The transmigrated cells in the
lower wells were counted by FACS with 3-um beads as a reference.

Adhesion Assay. Gal3~/~ and gal3*/* CD4* OTII T blast cells were labeled with
membrane dye DiO per the manufacturer’s instructions (Molecular Probes) and
individually mixed with Dil-labeled BMDC as APCs in the absence or presence of
1 pg/mL OVA323-339 peptide. The cell mixtures were cultured at 37 °C and 5%
CO, for 0.5, 1, and 2 h. Cells were fixed at each time point with 2% paraformal-
dehyde and subjected to flow cytometric analysis. The percentage of cell conju-
gates were calculated by dividing the double-fluorescence labeled cell counts
over the total stained T-cell counts.

Induction of the IS on Supported Lipid Bilayers. Please see S/ Text.

Assays for TCR Down-Regulation. Jurkat cells transfected with galectin-3 or
control transfectants were stimulated by goat anti-mouse IgG.Fc coated latex
beads that were premixed with mouse anti-human CD3. The cells were placed
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the percentage of mean fluorescence intensity (MFI) decrease was calculated
as [(MFIno anti-CD3-MFlanti-CD3)/MFIno anti-CD3]. For the CD3¢ levels, Jurkat
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Co-Immunoprecipitation of Galectin-3 and Alix. HEK-293T were co-transfected
with plasmid DNA coding for Alix (cat # MC201554, Origene) and plasmid DNA
coding for galectin-3. The cells were washed with PBS and treated with 1 mM DSP
(Pierce) at room temperature for 30 min and lysed with buffer containing 1%
TX-100, 0.5% deoxylcholate, 0.1% SDS, and protease inhibitor (Sigma). The
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control serum and protein A-Sepharose beads. The lysates were immunoblotted
with antibodies against Alix or galectin-3.
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