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Differential Roles of Galectin-1 and Galectin-3 in Regulating
Leukocyte Viability and Cytokine Secretion’

Sean R. Stowell,* Yuning Qian,” Sougata Karmakar,* Natalia S. Koyama,*

Marcelo Dias-Baruffi,* Hakon Leffler,” Rodger P. McEver,* and Richard D. Cummings>*

Galectin-1 (Gal-1) and galectin-3 (Gal-3) exhibit profound but unique immunomodulatory activities in animals but their molecular
mechanisms are incompletely understood. Early studies suggested that Gal-1 inhibits leukocyte function by inducing apoptotic cell
death and removal, but recent studies show that some galectins induce exposure of the common death signal phosphatidylserine
(PS) independently of apoptosis. In this study, we report that Gal-3, but not Gal-1, induces both PS exposure and apoptosis in
primary activated human T cells, whereas both Gal-1 and Gal-3 induce PS exposure in neutrophils in the absence of cell death.
Gal-1 and Gal-3 bind differently to the surfaces of T cells and only Gal-3 mobilizes intracellular Ca** in these cells, although Gal-1
and Gal-3 bind their respective T cell ligands with similar affinities. Although Gal-1 does not alter T cell viability, it induces IL-10
production and attenuates IFN-y production in activated T cells, suggesting a mechanism for Gal-1-mediated immunosuppression
in vivo. These studies demonstrate that Gal-1 and Gal-3 induce differential responses in T cells and neutrophils, and identify the
first factor, Gal-3, capable of inducing PS exposure with or without accompanying apoptosis in different leukocytes, thus providing

a possible mechanism for galectin-mediated immunomodulation in vivo.

ffective immunological homeostasis relies on removal of

activated leukocytes following inflammatory episodes (1,

2). Disruption of various homeostatic mechanisms re-
sponsible for leukocyte turnover results in a wide variety of human
diseases ranging from autoimmunity to acute inflammatory-medi-
ated tissue damage (1-4). Many of these diseases remain refrac-
tory to current treatment options. In an effort to further understand
regulatory mechanisms responsible for leukocyte homeostasis, we
have searched for additional factors capable of regulating leuko-
cyte turnover.

Leukocyte removal often requires the induction of apoptosis by
effecter molecules such as Fas and TNF-a (2, 5, 6). However,
several studies suggest that different leukocyte populations may
have alternative routes for removal. Mice genetically deficient in
either Fas or FasL exhibit lymphocytosis while maintaining nor-
mal neutrophil numbers (7). Patients with autoimmune lympho-
proliferative disease, who also possess mutations in either Fas or
FasL, likewise exhibit defects in lymphocyte removal while main-
taining normal neutrophil numbers (8, 9). Acute inflammatory
challenge in Fas- or FasL™" mice resolves normally (10), further
suggesting that neutrophil removal at sites of active inflammation
may occur through apoptosis-independent pathways. Consistent
with this possibility, a significant percentage of phagocytosed neu-
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trophils display no signs of apoptosis (11). Furthermore, transgenic
mice expressing the antiapoptotic protein Bcl-2 in neutrophils dis-
play normal neutrophil numbers and exhibit no significant alter-
ations in sensitivity toward phagocytosis (12). These results sug-
gest that neutrophils and T cells likely possess distinct pathways
for turnover.

Many studies demonstrate that members of the galectin family
of B-galactoside-binding proteins are directly involved in regulat-
ing leukocyte function and turnover (13-21), but the molecular
mechanism and pathways involved are not clear. Previous studies
suggested that galectin-1 (Gal-1)* primarily modulates immunity
by inducing apoptosis in activated T cells (22, 23). However, these
studies were confounded by the inclusion of the reducing agent
DTT in treatment conditions (24-26), leaving questions concern-
ing the mechanisms of galectin-mediated immunosuppression un-
answered. Gal-1, Gal-2, and Gal-4 induce externalization of the
membrane lipid, phosphatidylserine (PS), a common ligand for
macrophage-mediated phagocytosis of apoptotic cells (26-28).
The induction of PS in activated neutrophils by Gal-1, Gal-2, and
Gal-4 occurs independently of apoptosis, but makes cells targets
for phagocytosis (26, 29, 30), providing a possible mechanism of
galectin-induced leukocyte turnover. These studies also provided
the first pathway whereby neutrophils may be induced to undergo
removal by apoptosis-independent pathways. However, Gal-1,
Gal-2, and Gal-4 displayed no effect on T cell viability or PS
exposure (26), further demonstrating the neutrophil-specific nature
of nonapoptotic cell removal and also failing to explain at a mech-
anistic level the effects of galectins on T cells in vivo (13-21).
Other studies have implicated other galectin family members in the
regulation of T cell viability. Gal-3, one of the most well-studied
members of this family (31), is thought to induce apoptosis in T
cells, although these studies primarily used T leukemic cell lines

3 Abbreviations used in this paper: Gal, galectin; TDG, thiodigalactoside; PS, phos-
phatidylserine; iGal, iodoacetamide-treated Gal; PFH, paraformaldehyde; PI, pro-
pidium iodide.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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(32, 33). In contrast to leukemic cell lines, several studies suggest
that Gal-3 exhibits no effect on primary T cell viability (23, 34).
Gal-1, Gal-2, and Gal-4 also induce PS exposure in several T leu-
kemic cell lines, although this occurs in the absence of apoptosis
(26). Because Gal-1, Gal-2, and Gal-4 fail to alter PS distribution
or viability of primary activated T cells (26) and the effects of
Gal-3 on primary T cell viability remain unclear (23, 33), we ques-
tioned whether Gal-3 modulates immune function by altering the
viability of primary activated T cells.

In this study, we explored the signaling responses of neutrophils
and T cells to Gal-1 and Gal-3 and the potential consequences of
this signaling on cellular turnover and immune function in an effort
to understand at a mechanistic level the effects of these protein in
vivo (13-21). Previous studies examined the effect of Gal-1 under
treatment conditions that included DTT (23). However, DTT can
complicate these assays (23, 26, 35-38). To eliminate artificial
effects introduced by DTT inclusion (23, 26, 35-38), while con-
trolling for potential loss of Gal-1 activity, we stabilized Gal-1
with iodoacetamide which was previously shown to protect Gal-1
from oxidative inactivation (39—44). In this study, iodoacetamide-
treated Gal-1 (iGal-1) retained key biological activities previously
documented for the unmodified protein (23, 26, 29, 45-48), dem-
onstrating that iGal-1 retains function while resisting oxidative in-
activation. Furthermore, these results demonstrate that the failure
of unmodified Gal-1 to induce apoptotic death in previous studies
(26, 29, 30) was not a reflection of activity loss. By contrast, Gal-3,
which does not require reducing conditions to remain active, in-
duced PS exposure and apoptosis in primary activated T cells,
while it induced PS exposure without accompanying apoptosis in
activated neutrophils and in T leukemic cells, suggesting pathways
whereby Gal-3 modulates leukocyte turnover in vivo. Taken to-
gether, these results provide mechanisms of Gal-1- and Gal-3-me-
diated immunomodulation and describe the first example of a sin-
gle effector molecule, Gal-3, capable of inducing PS exposure in
two separate leukocyte types with or without accompanying
apoptosis.

Materials and Methods

Preparation of recombinant forms of human Gal-1 and Gal-3

The expression and purification of recombinant forms of human Gal-1 and
Gal-3 were accomplished as outlined previously (26, 49). To stabilize
Gal-1, Gal-1 was treated with 100 mM iodoacetamide in 100 mM lactose/
PBS for 12 h at 4°C, similar to the method used previously (41). iGal-1
remained stable over prolonged periods of incubation at 37°C (at least up
to 4 days). Gal-1 and Gal-3 were active following storage at —80°C over
the duration of the study as assessed by the ability to rechromatograph the
proteins over lactosyl-Sepharose before experimental use. Alexa Fluor
488-labeled forms of Gal-1 or Gal-3 were prepared using, respectively,
Alexa Fluor 488 C5-maleimide or Alexa Fluor 488 carboxylic acid, suc-
cinimidyl ester, dilithium salt reactive dyes (Molecular Probes) as de-
scribed (50). Following the labeling reaction, 14 mM 2-ME was added to
Gal-1 or Gal-1 was alkylated as described above. To ensure use of active
protein, Gal-1 and Gal-3 were rechromatographed over lactosyl-Sepharose
and only lactose-eluted protein was used. Gal-3 was biotinylated by incu-
bating Gal-3 (3 mg/ml) with 2 mM EZ-link Sulfo-NHS-LC-Biotin (sulfo-
succinimidyl-6-(biotinamido) hexanoate; Pierce) for 2 h at 4°C.

Isolation, activation, and treatment of human cells

The isolation of neutrophils and T cells was in accordance with a protocol
approved by the Emory Institutional Review Board. Seven separate healthy
donors were used in this study to isolate neutrophils and T cells. Results
shown in each experiment are representative of at least three independent
experiments using at least three separate donors. Cells were isolated and
activated as outlined previously (23, 26, 51). Briefly, for neutrophil isola-
tion, heparinized blood obtained from normal donors was subjected to dex-
tran sedimentation followed by hypotonic lysis and density gradient cen-
trifugation using Histopague-1077 (Sigma-Aldrich). For activation,
neutrophils were treated with 1 uM fMLP in HBSS/HSA for 10 min at
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37°C. For T cells, fresh heparinized blood isolated as described for neu-
trophils was mixed in equal volume with HBSS (without Ca®" or Mg*")
and subjected to density gradient centrifugation using Ficoll-Hypaque.
Plasma and platelets were removed and lymphocytes were washed three
times in HBSS, followed by resuspension at 1 X 10° cells/ml in complete
RPMI (RPMI 1640, 10% FBS, glutamine (2 mM), penicillin (100 mU/ml),
and streptomycin (100 ug/ml)) and activated with 8 wg/ml PHA (Sigma-
Aldrich) for ~4 days as outlined previously (23, 26). T leukemic MOLT-4
cells were obtained from American Type Culture Collection and also main-
tained in complete RPMI. Leukocytes were treated with Gal-1, Gal-3, both,
or IgM anti-Fas (200 ng/ml; Upstate Biotechnology) for the length of time
and concentrations indicated in the figure legends and were analyzed for
annexin V staining and cell fragmentation as outlined previously (24, 26).
Cellular DNA fragmentation was assessed using the TUNEL reaction (In
Situ Cell Death Detection kit; Roche Applied Science) or hypodiploid anal-
ysis as outlined previously (26, 52). Cells were stained with Gal-1 or Gal-3
by incubating 1 X 10° cells/ml with 2 pg/ml Alexa Fluor-labeled Gal-1 or
Alexa Fluor-labeled Gal-3 as indicated for 1 h at 4°C with the inclusion of
20 mM thiodigalactoside (TDG) or 20 mM sucrose as indicated. All sam-
ples were analyzed using CellQuest software with a minimum of 10,000
counts/sample. Ca®>" mobilization was measured as described previously
(30). Relative viable cell number using the MTT assay was also determined
as outlined previously (53).

Confocal microscopy

Cells were incubated with 2 pg/ml biotinylated Gal-3 and Alexa 488-
labeled Gal-1 for 1 h at 4°C. After washing, cells were incubated with
streptavidin Alexa Fluor 568 (Molecular Probes) for 1 h at 4°C. Cells were
then plated on coverslips pretreated with poly-L-lysine (Sigma-Aldrich)
and allowed to adhere for 30 min at 4°C. Cells were then fixed with 2%
paraformaldehyde (PFH) buffered in PBS at 4°C for 2 h. Following fixa-
tion, cells were analyzed using a Leica TCS NT confocal microscope and
Leica TCS software.

Cytokine detection

For stimulation of PBMC, 96-well plates (Costar) were precoated over-
night at 37°C with anti-human CD3 (clone UCHTI, at 5 wg/ml) and anti-
human CD28 (clone 28.2, at 1 wg/ml) (BD Pharmingen) in a volume of 50
wul/well. PBMCs obtained from three healthy volunteers were separately
plated at 5 X 10° cells/well (50 ul) in the presence or absence of Gal-1 (20
uM) and cultured for 24 h in 5% humidified CO,. TDG (20 mM) was
added during the incubations to inhibit galectin binding. The following
day, supernatants were harvested and submitted to cytokine analysis. IL-10
and IFN-v levels were determined simultaneously by the human cytometric
bead array (CBA) kit (BD Biosciences/BD Pharmingen), using a FACScan
flow cytometer and CBA software (BD Biosciences).

Binding of Gal-1 and iGal-1 to glycans

Glycan microarrays were prepared essentially as described previously (54,
55). For galectin recognition of glycans on the printed glycan array, a
solution of 20 uM Gal-1 or iGal-1 with or without 14 mM 2-ME, respec-
tively, in PBS containing 0.005% Tween 20 was incubated for 1 h at 25°C.
The glycan-derivatized slide was then immersed in PBS containing 0.005%
Tween 20, drained, and then overlaid with FITC-streptavidin. After 1 h at
room temperature in a dark humid chamber, the slide was washed by suc-
cessive immersion in PBS/0.01% Tween 20 (three times) and water/0.1%
Tween 20 (twice). The slide was briefly rinsed with distilled water and
dried under microfiltered air. An image of bound fluorescence was obtained
using a microarray scanner (Scan Array Express; PerkinElmer Lifer Sci-
ences). The integrated spot intensities were determined using Metamorph
software (Universal Imaging).

Cell-binding assays

T cells were isolated and activated as outlined above. Cell-binding exper-
iments were accomplished as outlined previously (56). Briefly, following
cellular activation, cells were biotinylated with NHS-LC-sulfo biotin
(Pierce) according to the manufacturer’s protocol. Biotinylated cells were
fixed in 2% PFH buffered in PBS (pH 7.4) at 4°C, followed by washing
three times in PBS. Cells were incubated in streptavidin-coated 96 micro-
titer wells (Pierce) at 50 ul/well (2 X 10° cells/ml). Cells were then incu-
bated with Alexa 488 Gal-1 or Alexa 488 Gal-3, followed by washing three
times and detection of binding using a PerkinElmer Victor (2) fluorometer
with an excitation/emission pair of 488/535 nm. Analysis of binding iso-
therms and curve fittings was accomplished using Sigma Plot software.
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FIGURE 1. Gal-3 induces PS exposure in activated neutrophils. The binding of Gal-1 with 2-ME (A) or iGal-1 (B) to a representative panel of glycans
is shown. Glycans are represented numerically as follows: 1) GalB1-4GlcNAcB1-2Mana1-3(GalB1-4GIlcNAcB1-2Mana1-6)Man31-4GlcNAcB1-4Glc-
NAc; 2) NeuS5Aca2-3GalB1-4GlcNAcB1-2Manal-3(NeuSAca2-3GalB1-4GlcNAcB1-2Mana1-6)ManB1-4GlcNAcB1-4GlcNAc; 3) NeuSAca2-6GalB1-
4GlcNAcB1-2Manal-3(Neu5Aca2-6GalB1-4GlcNAcB1-2Manal-6)ManB1-4GlcNAcB1-4GlcNAc; 4) GalpB1-4GIlcNAcB1-2Manal-3(NeuSAca2-
6GalB1-4GlcNAcB1-2Manal-6)ManB1-4GIcNAcB1-4GIcNAc; 5) GalB1-4GlcNAcB1-3GalpB1-4GlcNAc; 6) GIcNAcB1-4GalB1-4GlcNAc; 7)
Neu5Aca2-3GalB1-4GlcNAcB1-3Gal1-4GlcNAc; 8) NeuSAca2-6GalB1-4GlcNAcB1-3GalB1-4GlcNAc; 9) GalB1-4GlcNAc; and 10) GalB1-4Glc. No
significant difference was observed between Gal-1 and iGal-1 (p > 0.05). C, A representative facsimile of activated neutrophils treated for 8 h with either
PBS (Vehicle), 20 uM iGal-1, or Gal-3 as indicated were analyzed for PS exposure by annexin V binding and PI exclusion. Percent of total cells in each
quadrant is shown. D, Activated neutrophils treated with PBS (vehicle), 20 uM iGal-1, or Gal-3 for the indicated times were analyzed for PS exposure by
annexin V binding and PI exclusion. Data are represented as mean values * SD. *, p < 0.001 when comparing iGal-1 or Gal-3 to PBS; :**, p < 0.05 when
comparing Gal-3 to PBS (two-way ANOVA). E, Activated neutrophils treated with PBS (vehicle), iGal-1, or Gal-3 at the indicated concentrations for 8 h
were analyzed for PS exposure by annexin V binding and PI exclusion. Data are represented as mean values * SD. *, p < 0.001 or **, p < 0.01 when
comparing iGal-1 to Gal-3. A value of p < 0.001 when comparing iGal-1 (1.9-15 uM) or Gal-3 (0.9-15 uM) to PBS (two-way ANOVA). F, Activated
neutrophils were incubated with iGal-1-Alexa, iGal-1-Alexa + 25 mM TDG, and iGal-1-Alexa + 25 mM sucrose followed by flow cytometric analysis
for binding. G, Activated neutrophils were incubated with Gal-3-Alexa, Gal-3-Alexa + 25 mM TDG, and Gal-3-Alexa + 25 mM sucrose followed by flow

cytometric analysis for binding.

Statistical analysis

Each data set shown is representative of data acquired from at least
three separate experiments using cells isolated from at least three sep-
arate healthy donors. Results are expressed as mean = SD. The statis-
tical analyses were preformed using one- or two-way ANOVA, as in-
dicated in the figure legends. Post-hoc comparisons were performed
using Bonferroni’s test. All data were analyzed using Prism computer
software (GraphPad). Differences were considered significant when
p < 0.05.

Results

iGal-1 and Gal-3 induce PS exposure in activated
neutrophils

We first sought to evaluate the potential action of iGal-1 and Gal-3
with activated neutrophils and effects on viability. To determine
whether alkylation might alter the glycan-binding properties of
Gal-1, we tested the binding of iGal-1 to a set of glycans used to
previously define the relative affinity and specificity of Gal-1 (50,
56, 57). Gal-1 and iGal-1 exhibited similar binding patterns (Fig.

1, A and B), with no significant differences in glycan recognition
(p > 0.05). As Gal-3 failed to display similar sensitivity to
oxidative inactivation, we did not alkylate Gal-3 with iodoac-
etamide. We also wanted to confirm that iGal-1 signals PS ex-
posure in neutrophils, similar to Gal-1, and whether this PS
exposure occurs in the presence or absence of cell death (26,
29). Consistent with previous observations using Gal-1 (26, 29,
30), iGal-1 induced PS exposure in activated neutrophils (Table
I'and Fig. 1C). TDG, a potent inhibitor of galectin-carbohydrate
interactions, abrogated iGal-1-induced PS exposure (Table I).
When treated with Gal-3, activated neutrophils also displayed
significant PS externalization, which was likewise blocked by
TDG inclusion (Table I). Activated neutrophils were also more
sensitive then resting neutrophils to Gal-3 (data not shown),
similar to previous results with Gal-1, Gal-2, and Gal-4 (26, 29,
30). These results demonstrate that like Gal-1, iGal-1 and Gal-3
induce PS exposure in activated neutrophils by a mechanism
that requires carbohydrate recognition.
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Table I.  Gal-3 induces PS exposure in neutrophils and T cells in a
carbohydrate-dependent fashion

Annexin V*/PI~ (%)*

Treatment Neutrophils T Cells
Control 4 7
iGal-1 55 11
iGal-1 plus TDG” 6 12
iGal-1 plus sucrose 50 8
Gal-3 49 33
Gal-3 plus TDG 7 13
Gal-3 plus sucrose 45 38

“ Activated neutrophils or T cells were treated with 20 uM iGal-1 or Gal-3 for 8 h
followed by detection for PS exposure. The data shown represent averages of dupli-
cate determinations where the SE was <10%.

”iGal-1 and Gal-3 were coincubated with either 20 mM TDG or sucrose as
indicated.

Gal-3 induces PS exposure in activated T cells

To determine whether the induction of PS exposure by Gal-3 was
specific to neutrophils, as previously observed for Gal-1, Gal-2,
and Gal-4 (26), we explored the effect of Gal-3 on T cells. Gal-3
induced robust PS exposure in activated T cells (Table I). We also
evaluated the response of T cells to iGal-1. Similar to previous
observations with Gal-1 (26), iGal-1 displayed no effect on PS
redistribution in T cells in parallel experiments (Table I). TDG
inhibited Gal-3-induced PS exposure in T cells, indicating that the
response requires carbohydrate recognition (Table I). Interestingly,
Gal-3 failed to induce PS exposure in resting T cells (data not
shown), indicating that T cell activation is required to prime cells
to become responsive to Gal-3. These results demonstrate that,
unlike Gal-1, Gal-2, or Gal-4 (26), Gal-3 induces PS exposure in
activated T cells.

iGal-1 and Gal-3 induce PS exposure in the absence of
apoptosis in activated neutrophils

Previous studies demonstrated that Gal-1, Gal-2, and Gal-4 induce
PS exposure but not apoptosis in activated neutrophils (26, 58).
Thus, we explored whether iGal-1 and Gal-3-induced PS exposure
in activated neutrophils also occurred in the absence of apoptotic
cell death. Both iGal-1 and Gal-3 induced maximal PS exposure in
activated neutrophils following 4 h of treatment (Fig. 1D). Fur-
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thermore, neutrophils exhibited a similar dose response following
iGal-1 and Gal-3 treatment (Fig. 1E), with neutrophils displaying
a slightly more sensitive response to Gal-3 than iGal-1. Impor-
tantly, TDG, but not sucrose, inhibited both iGal-1 and Gal-3 bind-
ing to neutrophils, demonstrating that binding, like the signaling of
PS exposure, required carbohydrate recognition (Fig. 1, F and G).

With an understanding of the dose response and kinetics of
iGal-1- and Gal-3-induced PS exposure, we directly examined
whether PS exposure in neutrophils induced by Gal-3 was accom-
panied by apoptosis. Although both iGal-1 and Gal-3 induced ro-
bust PS exposure in activated neutrophils (Table I), neutrophils
treated with either iGal-1 or Gal-3 did not show DNA fragmenta-
tion as analyzed by both TUNEL assay (Fig. 2, A and B) and
hypodiploid DNA content (Fig. 2C). By contrast, parallel treat-
ment of neutrophils with anti-Fas induced substantial apoptosis
(Fig. 2, A-C). iGal-1 and Gal-3 also failed to induce cell shrinkage
(Fig. 2D) or increased membrane permeability as measured by
propidium iodide (PI) staining (data not shown), which typically
accompanies apoptosis in activated human neutrophils. Further-
more, iGal-1 and Gal-3 failed to accelerate the rate of spontaneous
neutrophil apoptosis when evaluated at later time points (18 h; data
not shown) or lower concentrations (10 uM; data not shown).
Treatment of cells with anti-Fas, however, caused significant in-
creases in late apoptosis (data not shown) and cell fragmentation
(Fig. 2D) in parallel assays. These results demonstrate that Gal-3,
like Gal-1, induces PS exposure, but not apoptosis, in activated
neutrophils.

Gal-3, but not Gal-1, induces apoptosis in activated T cells

Because the above results demonstrate that Gal-3 induced PS ex-
posure in the absence of cell death in neutrophils, we asked
whether PS exposure induced in T cells reflects a common Gal-
3-induced pathway between T cells and neutrophils and therefore
also occurs in the absence of cell death. This is an important issue
in light of a recent report that PS exposure can occur independently
of apoptosis during T cell activation (59). To determine whether
Gal-3 affects T cell viability, we assessed the dose response and
kinetics of PS exposure in activated T cells. Unlike neutrophils, T
cells treated with Gal-3 continued to display increased PS expo-
sure over time, with significant PS exposure observed following

A TUNEL Assay
N.T. iGal-1 Gal-3 Fas
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FIGURE 3. Gal-3 induces PS exposure in activated T cells. A, Activated T cells treated with PBS (vehicle), 20 uM iGal-1, or Gal-3 for the indicated
times were analyzed for PS exposure by annexin V binding and PI exclusion. Data are represented as mean values * SD; *, p < 0.001 between Gal-3 and
PBS (two-way ANOVA). No significant difference was observed between iGal-1 and PBS (p > 0.05). B, Activated T cells treated with PBS (vehicle),
iGal-1, or Gal-3 at the indicated concentrations for 9 h were analyzed for PS exposure by annexin V binding and PI exclusion. Data are represented as mean
values = SD. *, p < 0.001 or *x, p < 0.05 between Gal-3 and iGal-1 (two-way ANOVA). No significant difference was observed between iGal-1 and
control (p > 0.05). C, Activated T cells were incubated with Gal-3-Alexa, Gal-3-Alexa + 25 mM TDG, and Gal-3-Alexa + 25 mM sucrose followed by
flow cytometric analysis for binding. D, Activated T cells were incubated with iGal-1-Alexa, iGal-1-Alexa + 25 mM TDG, and iGal-1-Alexa + 25 mM
sucrose followed by flow cytometric analysis for binding. E, T leukemic MOLT-4 cells treated with PBS (vehicle), 20 uM iGal-1 or Gal-3 for the indicated
times were analyzed for PS exposure by annexin V binding and PI exclusion. Data are represented as mean values = SD; *, p < 0.001 comparing Gal-3
or iGal-1 and PBS and also between Gal-3 and iGal-1 (two-way ANOVA). F, T leukemic MOLT-4 cells treated with PBS (vehicle), iGal-1, or Gal-3 at
the indicated concentrations for 8 h were analyzed for PS exposure by annexin V binding and PI exclusion. Data are represented as mean values = SD.
#,p < 0.001 or **, p < 0.05 between Gal-3 and iGal-1; p < 0.001 when comparing iGal-1 (1.9-30 uM) or Gal-3 (0.9-30 uM) to PBS (two-way ANOVA).

4 h of treatment (Fig. 3A4). Similar to the effects of Gal-3 on neu-
trophils, however, maximal PS exposure occurred at a concentra-
tion of ~7 uM (Fig. 3B), demonstrating a similar optimal con-
centration for PS exposure in these two cell types. In control
experiments, iGal-1 had no effect on T cells over any time period
tested or concentration used (Fig. 3, A and B), consistent with our
earlier findings using Gal-1 (26). Importantly, TDG inhibited
iGal-1 and Gal-3 binding to T cells (Fig. 3, C and D), demonstrat-
ing that T cells possessed ligands for both proteins, similar to
previous studies on Gal-1 (23). Furthermore, iGal-1 induced PS
exposure in MOLT-4 cells in parallel assays in a dose- and time-
dependent manner (Fig. 3, E and F), as demonstrated previously
for Gal-1 (26, 29), indicating that in these experiments iGal-1 was
active and capable of signaling cells. Importantly, Gal-3 also in-
duced PS exposure in MOLT-4 cells (Fig. 3, E and F).

Having determined the optimal dose response and time required
for Gal-3-induced PS exposure in T cells, we explored whether PS
exposure induced by Gal-3 was accompanied by cell death. Gal-
3-induced PS exposure in T cells was accompanied by DNA frag-
mentation as demonstrated by increased TUNEL positivity (Fig.
4A) and hypodiploid stain (Fig. 4B). Gal-3-induced DNA fragmen-
tation, like PS exposure, required carbohydrate recognition of cell
surface receptors, and TDG, but not sucrose, blocked this effect
(Fig. 4A). Gal-3 also induced DNA fragmentation at lower con-
centrations, such as 10 uM (data not shown), consistent with the
ability of Gal-3 to induce PS exposure at 10 uM (Fig. 3B), while
10 uM iGal-1 had no effect on DNA fragmentation in parallel
assays (data not shown). To further confirm that Gal-3-induced PS
exposure and DNA fragmentation was accompanied by cell death,
we directly examined cell viability using the MTT assay. Gal-3-
treated cells demonstrated decreased conversion of the MTT sub-

strate (Fig. 4C), an indicator of cell viability (53), while iGal-1
failed to alter MTT conversion (Fig. 4C). To determine whether PS
exposure induced by Gal-3 was comparable to apoptosis induced
by Fas, we treated cells with Gal-3 or Fas. Both Gal-3 and Fas
induced apoptosis in activated T cells (Fig. 4D). These results
demonstrate that while Gal-3 induced PS exposure in the conspic-
uous absence of apoptosis in neutrophils, Gal-3 induced both PS
exposure and cell death in T cells.

Gal-3 induces PS exposure independently of apoptosis in T
leukemic cell lines

Because both iGal-1 and Gal-3 induced PS exposure in T leukemic
cells (Fig. 3, E and F), yet only Gal-3 induced PS exposure in
activated primary T cells, we next examined whether PS exposure
induced in T leukemic cells by Gal-3 might also accompany cell
death as observed in primary T cells. As a control, we also eval-
uated the effects of iGal-1 on MOLT-4 cells, as previous studies
demonstrated that Gal-1 induces PS exposure in the absence of
apoptosis in MOLT-4 cells (26, 29). Unlike the effects of Gal-3 on
primary T cells, T leukemic MOLT-4 cells treated with Gal-3 did
not show changes in viability as measured by increased PI stain
(Fig. 4E), although PS exposure was induced (Figs. 3, E and F, and
4FE). Gal-3 also failed to induce DNA fragmentation (Fig. 4F) or
alter cell growth (data not shown), although etoposide, a proapop-
totic agent in these cells (29), induced apoptosis in parallel assays
(Fig. 4, E and F). Similarly, iGal-1 also failed to induce apoptotic
cell death in MOLT-4 cells as determined by the same indicators
(Fig. 4, E and F). These results demonstrate that only Gal-3 induces
PS exposure and apoptosis in activated primary T cells, while
iGal-1 and Gal-3 induce PS exposure in activated neutrophils and
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FIGURE 4. Gal-3 induces apoptotic PS exposure in activated T cells and nonapoptotic PS exposure in T leukemic MOLT-4 cells. A, Activated T cells
treated with PBS (vehicle), 20 uM iGal-1, 20 uM iGal-1 + 25 mM TDG, 20 uM iGal-1 + 25 mM sucrose, 20 uM Gal-3, 20 uM Gal-3 + 25 mM TDG,
or 20 uM Gal-3 + 25 mM sucrose for 9 h were analyzed for DNA fragmentation using the TUNEL assay. Data are represented as mean values = SD;
#, p < 0.01 and **, p < 0.05 (one-way ANOVA). No significant difference was observed between all iGal-1-treated samples, Gal-3 + 25 mM TDG, and
PBS (p > 0.05). B, Activated T cells treated with PBS (vehicle), 20 uM iGal-1 or Gal-3 for 9 h were analyzed for DNA fragmentation using hypodiploid
analysis. Data are represented as mean values = SD. *, p < 0.01 (one-way ANOVA). No significant difference was observed between iGal-1 and PBS (p >
0.05). C, Activated T cells treated with PBS (vehicle), 20 uM iGal-1 or Gal-3 for 18 h were analyzed for cell viability using the MTT assay. Data are
represented as mean values = SD; *, p < 0.001 and **, p < 0.01 (one-way ANOVA). No significant difference was observed between iGal-1 and control
(p > 0.05). D, Activated T cells treated with PBS (vehicle), 20 uM Gal-3, or 100 ng/ml a-Fas for 9 h were analyzed for DNA fragmentation using the
TUNEL assay. Data are represented as mean values = SD; *, p < 0.01 and **, p < 0.05 (one-way ANOVA). E, T leukemic MOLT-4 cells treated with
PBS (vehicle), 20 uM iGal-1, 20 uM Gal-3, or 20 uM etoposide (Etop.) for 10 h were analyzed for PS exposure by annexin V binding and PI exclusion
and cell death by annexin V binding and PI staining. Data are represented as mean values = SD; *, p < 0.01 when comparing iGal-1 and PBS for PS
exposure; %, p < 0.001 when comparing Gal-3 and PBS for PS exposure. Value of p < 0.01 when comparing Etop.-treated cells to iGal-1, Gal-3, and
PBS for both PI staining and PS exposure (one-way ANOVA). No significant difference was observed between iGal-1, Gal-3, and PBS for PI staining (p >
0.05). F, T leukemic MOLT-4 cells treated with PBS (vehicle), 20 uM iGal-1, 20 uM Gal-3, or 20 uM Etop. for 10 h were analyzed for DNA fragmentation
using hypodiploid analysis. Data are represented as mean values = SD; *, p < 0.001 (one-way ANOVA). No significant difference was observed between

iGal-1, Gal-3, and control (p > 0.05).

a T leukemic MOLT-4 cells in the absence of cell death, similar to
previous results for Gal-1 (26, 29).

iGal-1 does not modulate apoptosis induced by Gal-3 in
activated T cells

Several studies have suggested that Gal-1 may modulate Gal-3-
induced effects at the receptor level (34, 60), which led us to de-
termine whether Gal-1 may modulate Gal-3-induced PS exposure
in T cells. T cells treated with both iGal-1 and Gal-3 showed very
little change in PS exposure when compared with Gal-3 alone (Fig.
5A). iGal-1 also failed to alter the Gal-3 induction of cell death in
T cells as measured by increased staining with PI (Fig. 5B) or by
DNA fragmentation assessed by the TUNEL assay (Fig. 5C).
Gal-3 induced PS more rapidly in MOLT-4 cells than iGal-1 (Fig.
3E), suggesting, among several possibilities, faster kinetic on-rates
for receptor engagement compared with iGal-1. To test this, we
preincubated T cells for 30 min with iGal-1 to allow iGal-1 to bind
receptors before the addition of Gal-3. Preincubation with iGal-1
did not significantly alter the ability of Gal-3 to induce cell
death in T cells (Fig. 5B). Similar results were obtained when
incubating T cells with 10 uM iGal-1 and Gal-3 as outlined

above (data not shown). These results suggest that Gal-1 and
Gal-3 recognize distinct signaling receptors on the T cell sur-
face that likely account for the unique ability of Gal-3 to induce
apoptosis in T cells.

2+

Gal-3 induces mobilization of intracellular Ca”™ in activated

T cells

The above results demonstrate that both iGal-1 and Gal-3 can in-
duce PS exposure independently of apoptosis in neutrophils. Thus,
we explored whether iGal-1 and Gal-3 signal through common or
distinct pathways in neutrophils. This question is important in light
of recent evidence that Gal-1 and Gal-4 signal PS exposure inde-
pendently of apoptosis in neutrophils through two separate path-
ways (26). To this end, we treated activated neutrophils with
iGal-1 or Gal-3 and measured changes in intracellular Ca*>*, which
we showed previously to be required for Gal-1-induced PS expo-
sure in these cells (30). iGal-1 and Gal-3 both induced Ca>* flux
in neutrophils (Fig. 6, A and B), suggesting a common pathway. To
determine whether iGal-1 and Gal-3 might signal Ca>* mobiliza-
tion through a common receptor, we determined whether iGal-1
might block Gal-3 induced Ca?* flux. We first tested whether
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FIGURE 5. Gal-1 fails to alter Gal-3-mediated T cell apoptosis. A, A representative facsimile of activated T cells treated with 20 uM iGal-1, 20 uM
Gal-3, or 20 uM iGal-1 + 20 uM Gal-3 for 9 h were analyzed for PS exposure by annexin V binding and PI exclusion. Percent of total cells in each quadrant
is shown. B, Activated T cells treated with 20 uM iGal-1, 20 uM Gal-3, 20 uM iGal-1 + 20 uM Gal-3 (iGal-1 + Gal-3), and 20 uM iGal-1 for 30 min
followed by 20 uM Gal-3 (iGal-1 — Gal-3) or 20 uM Gal-3 for 30 min followed by 20 uM iGal-1 (Gal-3 — iGal-1) for 9 h were analyzed for apoptotic
cell death by staining with PL. Data are represented as mean values = SD; *, p < 0.01 and **, p < 0.05 (one-way ANOVA). No significant difference
was observed between iGal-1 coincubated with Gal-3 compared with Gal-3 alone (p > 0.05) or between iGal-1 and control (p > 0.05). C, Activated T cells
treated with 20 uM iGal-1, 20 uM Gal-3, or 20 uM iGal-1 + 20 uM Gal-3 for 9 h were analyzed for DNA degradation using the TUNEL assay. Data
are represented as mean values * SD; *, p < 0.05 (one-way ANOVA). No significant difference was observed between iGal-1 coincubated with Gal-3
compared with Gal-3 alone (p > 0.05) or between iGal-1 and control (p > 0.05).

iGal-1 could cause further Ca®" release following a second treat-
ment of cells with iGal-1. We observed that while the first treat-
ment of cells with iGal-1 induced transient Ca®>* mobilization, the
second treatment had no effect on Ca>" flux (data not shown). This
result suggests that either the iGal-1 receptors become saturated
following initial treatment or that the signaling pathway becomes
refractory to further stimulation. Similarly, we found that an initial
treatment of cells with Gal-3 induced a transient Ca*>* mobiliza-
tion, but a second treatment had no effect (data not shown). Im-
portantly, neutrophils treated first with iGal-1 were insensitive to
further stimulation by Gal-3 (Fig. 6C). Because the responses of T
cells and neutrophils to iGal-1 and Gal-3 were fundamentally dif-
ferent, we determined whether iGal-1 or Gal-3 mobilized Ca®* in
T cells. In contrast to the effects of iGal-1 on neutrophils, T cells
treated with iGal-1 failed to mobilize Ca®>* (Fig. 6D), whereas
Gal-3 induced significant Ca®" flux in T cells in parallel assays,
which was sustained in T cells (Fig. 6E). We also treated activated
T cells with iGal-1, which was followed by treatment with Gal-3.
However, iGal-1 failed to alter the sensitivity of T cells to Gal-3-
induced Ca®>" mobilization (Fig. 6F), further demonstrating that
iGal-1 and Gal-3 recognize distinct receptors on the T cell surface.
These results demonstrate that Gal-1 and Gal-3 recognize different
receptors on the T cell surface and that Gal-3 initiates a signaling
pathway in activated T cells that is not shared by Gal-1.

iGal-1 and Gal-3 signal additive PS exposure in neutrophils

To further evaluate whether iGal-1 and Gal-3 signal through sim-
ilar pathways in neutrophils, we treated neutrophils with iGal-1,
Gal-3, or both galectins. Coincubation of activated neutrophils
with iGal-land Gal-3 induced PS exposure to a level that was
similar to that observed with iGal-1 or Gal-3 alone (Fig. 74), fur-
ther supporting the notion that iGal-1 and Gal-3 signal through a
similar pathway in neutrophils.

Gal-1 and Gal-3 bind to distinct microdomains on activated
T cells

Because the T cell response to iGal-1 and Gal-3 was fundamen-
tally different and iGal-1 failed to attenuate Gal-3-induced T cell
death, we examined the localization of iGal-1 and Gal-3 binding
sites on the surface of activated T cells using confocal microscopy.
Both iGal-1and Gal-3 bound to discrete microdomains on the cell
surface (Fig. 7B). Interestingly, the binding was largely to separate
domains, although there was some overlap (Fig. 7B). These studies
were performed at 4°C, which limits the possibility of receptor
reorganization. These results show that Gal-1 and Gal-3 recognize
discrete receptors on T cells, and also recognize discrete microdo-
mains on the T cell surface, further demonstrating that Gal-1 and
Gal-3 have differential activities toward T cells.
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Gal-1 and Gal-3 display similar affinities for T cell ligands

We next sought to examine the affinity of Gal-1 and Gal-3 toward
T cell counter ligands. To accomplish this, we examined the bind-
ing of Gal-1 and Gal-3 toward T cells using a solid phase approach
as described previously (56). Gal-1 and Gal-3 recognized T cells
and recognition was inhibited by lactose, demonstrating carbohy-
drate-dependent recognition of T cell ligands (Fig. 8, A and B).
Binding isotherms of Gal-1 (Fig. 8C) or Gal-3 (Fig. 8D) toward T
cells revealed a similar binding affinity toward T cell surface li-
gands, with Gal-1 exhibiting a K; of ~4 uM and Gal-3 displaying
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FIGURE 7. Gal-3 and Gal-1 recognize separate ligands on the T cell sur-
face. A, Activated neutrophils treated with 20 uM iGal-1'%, 40 uM iGal-1"",
20 uM Gal-3'°%, 40 uM Gal-3"", 20 uM iGal-1 + 20 uM Gal-3 (iGal-1 +
Gal-3), and 20 uM iGal-1 for 30 min followed by 20 uM Gal-3 (iGal-1 —
Gal-3) or 20 uM Gal-3 for 30 min followed by 20 uM iGal-1 (Gal-3 —
iGal-1) were analyzed for PS exposure by annexin V binding and PI
exclusion. Data are represented as mean values = SD; *, p < 0.001 be-
tween iGal-1, Gal-3, or iGal-1 and Gal-3 treated and PBS (one-way
ANOVA). No significant difference was observed between iGal-1 and
Gal-3"2" alone and coincubation of iGal-1 with Gal-3 (p > 0.05). B,
Activated T cells were stained with iGal-1 and Gal-3 followed by de-
tection for ligand localization by confocal analysis.

a K, of ~2 uM (Fig. 8, C and D). Importantly, iGal-1 exhibited a
similar affinity toward T cells as Gal-1 (data not shown). These
results demonstrate that Gal-1 and Gal-3 recognize their respective
counter receptors with similar affinity and strongly suggest that the
inability of Gal-1 to inhibit Gal-3 induced PS exposure in T cells
likely reflects discrete receptor recognition.

iGal-1 retains biological activity toward T cells

Although iGal-1 bound to T cell ligands (Figs. 3C and 8, A and C),
no changes in T cell viability occurred following treatment, similar
to previous results with Gal-1 (26). Previous studies demonstrated
that Gal-1 induces apoptosis in T leukemic cell lines and primary
activated T cells in the presence of DTT. Although iGal-1 retained
all the previously documented effects toward neutrophils, T cells,
and leukemic T cells (Figs. 1-4) (26, 29, 30), we sought to deter-
mine whether iGal-1 might induce additional previously described
biological endpoints in T cells. Similar to previous results with
Gal-1 (24, 26, 46, 61, 62), iGal-1 induced apoptotic cell death in
T leukemic CEM cells (Fig. 9, A and B) and MOLT-4 cells (data
not shown) only in the presence of DTT in a dose-dependent man-
ner (Fig. 9, A and B). Similarly, iGal-1 induced apoptotic cell death
in primary T cells only when incubated in the presence of DTT
(Fig. 9C), consistent with previous findings using Gal-1 (23, 26).
Few studies have examined the effects of Gal-1 in the absence of
DTT. However, Gal-1 has been shown to increase 1L-10 produc-
tion and attenuate IFN-vy production in the absence of DTT (48).
We next sought to determine whether iGal-1 induced the same
effects. Similar to Gal-1 (48), iGal-1 induced increased IL-10 pro-
duction while attenuating IFN-y production (Fig. 9, D and E).
Taken together, these results demonstrate that iGal-1 retains the
function of Gal-1 toward T cells and neutrophils. As the inability
of iGal-1 to inhibit Gal-3-induced apoptosis was a novel finding
in this study, as a final control we determined whether Gal-1
also fails to inhibit Gal-3 induced apoptosis. Similar to iGal-1,
Gal-1 failed to induce PS exposure or inhibit Gal-3-induced PS
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exposure (Fig. 9F), DNA fragmentation or Ca®>" flux (data not
shown) in T cells in the absence of DTT, although Gal-1 re-
mained active over the treatment condition as indicated by its
ability to induce PS exposure in MOLT-4 cells in parallel ex-
periments (Fig. 9F) and agglutinate T cells in the absence of
Gal-3 over the duration of the experiment (data not shown).
Taken together, these results demonstrate that Gal-1 and Gal-3
induce disparate effects in T cells while retaining the common
ability to induce PS exposure independent of apoptosis in
neutrophils.

Discussion

These results demonstrate that human neutrophils and T cells have
distinct responses to Gal-1 and Gal-3, which may reflect differ-
ences between these leukocyte populations in their turnover and
function. Gal-1 and Gal-3 exhibit robust and differential modula-
tion of neutrophils and T cells, implicating this family as key reg-
ulators of both innate and adaptive immune responses. Further-
more, our data provide the first description of a single factor,
Gal-3, capable of differentially inducing exposure of PS with or
without apoptosis in two different leukocyte populations.

Gal-1 and Gal-3 are expressed in almost all tissues by many
different types of cells (31, 63). Gal-3 is the Mac-2 Ag that is
expressed constitutively on the surface of macrophages (64). Both
galectins are expressed by fibroblasts, smooth muscle cells, skel-
etal muscle, neuronal cells, endothelial cells, and some lympho-
cytes, including T lymphocytes (31, 63). Gal-1 and Gal-3 are also
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FIGURE 9. iGal-1 retains biological activities toward T cells. A, T leukemic CEM cells were treated with 20 uM iGal-1 with or without DTT as
indicated for 9 h following by assessing cell shrinkage by flow cytometric analysis. Data are represented as mean values * SD; *, p < 0.001 or #x*, p <
0.01 (two-way ANOVA). No significant difference between iGal-1 and PBS (p > 0.05). B, T leukemic CEM cells were treated with 20 uM iGal-1 with
or without DTT as indicated for 9 h following by assessing cell death by PI staining. Data are represented as mean values = SD; *, p < 0.01 or #x, p <
0.05 (two-way ANOVA). No significant difference occurred between iGal-1 and PBS (p > 0.05). C, Activated T cells or MOLT-4 cells were treated with
20 uM iGal-1 with or without 1.2 mM DTT as indicated. Data are represented as mean values * SD; *, p < 0.001 (one-way ANOVA). No significant
difference occurred between iGal-1 and control for activated T cells (p > 0.05). D, PBMCs or PBMCs treated with anti-CD3 and -CD28 (Act. T cells) were
treated with 20 uM iGal-1 with or without 20 mM TDG as indicated followed by detection for IL- 10. Data are represented as mean values = SD; *, p <
0.001 (one-way ANOVA). E, PBMCs or PBMCs treated with anti-CD3 and -CD28 (Act. T cells) were treated with 20 uM iGal-1 with or without 20 mM
TDG as indicated followed by detection for IFN-vy. Data are represented as mean values = SD; *, p < 0.001 (one-way ANOVA). F, Activated T
cells or MOLT-4 cells were treated with 20 uM Gal-1, 20 uM iGal-1, 20 uM Gal-3, 20 uM Gal-1 + 20 uM Gal-3, or 20 uM iGal-1 + 20 uM
Gal-3 for 9 h as indicated followed by analysis for PS exposure by annexin V binding and PI exclusion. Data are represented as mean values * SD;
#, p < 0.001 (one-way ANOVA). No significant difference occurred between Gal-1 + Gal-3 or iGal-1 + Gal-3 when compared with Gal-3 alone

(p > 0.05) or between Gal-1 or iGal-1 and PBS (p > 0.05).

20z INdy 61 U0 1s8n6 Aq Jpd*L60£0080S00WIZ/G 8L LZL/L60E/S/08 | /4Pd-Bonie/ounwwif/Bio jounwwil mmm//:diy woy pepeojumoq



3100

up-regulated in response to inflammatory stimuli (31, 63). Thus,
migrating neutrophils and T cells are likely to encounter these
galectins during their normal movement into inflamed tissues. As
aresult, the effects of these galectins on neutrophils and T cells are
likely relevant in many aspects of leukocyte biology, including
trafficking, turnover, and the modulation of leukocyte responses
during the course of inflammation.

Increasing evidence suggests that galectin family members pos-
sess key regulatory activities toward leukocytes with members ex-
erting both overlapping and unique effects. Although Gal-1, Gal-2,
Gal-3, and Gal-4 all induce apoptosis-independent PS exposure in
neutrophils (26), only Gal-3 induces apoptotic cell death in acti-
vated T cells. Furthermore, only Gal-4 induces nonapoptotic PS
exposure independent of intracellular Ca?™ mobilization in neu-
trophils (26), suggesting the existence of at least two separate path-
ways regulating nonapoptotic PS exposure. In contrast to the
present study, previous results demonstrated that transient treat-
ment of resting neutrophils with Gal-3 enhanced spontaneous ap-
optosis when analyzed following prolonged incubation (65). How-
ever, because high levels of free glycan are unlikely to efficiently
disengage Gal-3 once bound to neutrophils, we felt that evaluating
the effect of Gal-3 on neutrophil viability and PS exposure follow-
ing continual treatment with Gal-3 would more appropriately re-
flect Gal-3 interactions with neutrophils in vivo. Indeed, previous
studies demonstrated that cells actually require continual Gal-1-
ligand engagement for full PS exposure to be realized (30). Un-
interrupted binding may not only be required to sustain PS expo-
sure, but also serve to signal the maintenance of cell viability.
Future studies will evaluate this intriguing possibility.

It is likely that Gal-1 and Gal-3 share common receptors or a
convergent signaling pathway in neutrophils, because preincuba-
tion with Gal-1 prevented further Ca>* flux following incubation
with Gal-3. In addition, coincubation of Gal-1 and Gal-3 caused
additive, rather than synergistic, signaling responses in neutro-
phils. By contrast, activated T cells likely possess unique receptors
and/or signaling pathways for Gal-1 and Gal-3, because Gal-1 did
not attenuate the ability of Gal-3 to induce PS exposure and apo-
ptosis in activated T cells. Furthermore, Gal-1 failed to block Gal-
3-induced intracellular Ca®>* mobilization in activated T cells,
which was sustained, unlike the transient Gal-1 and Gal-3 induced
Ca®" flux in neutrophils. The similar affinity of Gal-1 and Gal-3
toward their respective T cell counter ligands suggests that the
inability of Gal-1 to alter Gal-3 likely results from recognition of
different cell surface glycans. Gal-1 and Gal-3 also recognized
discrete microdomains on activated T cells, further demonstrating
differential recognition of T lymphocyte ligands. Consistent with
this, recent studies demonstrate that Gal-1 and Gal-3 exhibit dif-
ferential binding to T cell surface ligands (32, 66).

Earlier studies demonstrated that Gal-1 exhibited potent adap-
tive immunosuppressive activity toward the in vivo (13-16). Sub-
sequent studies suggested that Gal-1 may modulate the immune
system by inducing cell death in activated T cells (23). The results
of the present study suggest that the in vivo effects of Gal-1 may
result from altered expression of IL-10 and IFN-y in T cells as
opposed to directly altering T cell viability, consistent with previ-
ous results (48). IL-10 exhibits potent immunosuppressive activity,
inhibiting T cell activation and Thl cytokine secretion and de-
creasing costimulatory receptors on APCs (67, 68). Gal-1 admin-
istration in vivo reduces Th1 responses (14, 69), and Gal-1""" mice
exhibit a Th2-biased responses (66). Additional regulatory mech-
anisms may be involved in Gal-1-mediated suppression of adap-
tive immune responses. CD4"CD25™ regulatory T cells from Gal-
1™" mice exhibit significantly compromised suppressive behavior
(20) and Gal-1 itself induces FoxP3 expression in naive T cells

GALECTINS ALTER LEUKOCYTE VIABILITY

(70). The ability of Gal-1 to induce IL-10 production, a key cyto-
kine involved in regulatory T cell function (71), in both PBMCs
and activated T cells may therefore reflect mechanisms whereby
regulatory T cells suppress the immune system in vivo. Consistent
with this, Blois et al. (72) recently demonstrated that Gal-1 re-
quires IL-10 and regulatory T cell-mediated pathways in the main-
tenance of immunological tolerance at the maternal-fetal interface
during early gestation. Interestingly, the first studies demonstrating
that Gal-1 suppresses adaptive immunity suggested a role for sup-
pressor T cells (13, 73, 74). These studies therefore suggest that
Gal-1 suppresses adaptive immune responses by altering cytokine
production without directly affecting T cell viability. Gal-4 also
shows no effect on T cell viability (26, 58) yet exacerbates chronic
colitis through increasing IL-6 production (58), and Gal-3 directly
induces apoptosis in T cells. Such results suggest that galectins
exert similar effects on activated neutrophils but unique and po-
tentially opposing effects on T lymphocytes.

The ability of Gal-1, Gal-2, Gal-3, and Gal-4 to induce PS ex-
posure independently of apoptosis in neutrophils, but not T cells,
may be related to the unique selective pressures on neutrophils
within a harsh inflammatory environment. The inflammatory mi-
lieu in which neutrophils neutralize pathogens or remove necrotic
tissue is distinct from the inflammatory setting of T cells and may
preclude these cells from maintaining membrane integrity for pro-
longed time between the induction of apoptosis and successful
phagocytic removal. This may be especially important when con-
sidering that the number of neutrophils usually far exceeds the
number of phagocytes that can remove them, especially during the
early stages of acute inflammation (75). Indeed, neutrophil necro-
sis exacerbates the inflammatory response and may in part result
from nonphagocytosed cells in late stages of apoptotic cell death
(3, 76-78). In this setting, galectins released during neutrophil-
mediated tissue damage may prepare cells for removal by signal-
ing exposure of PS without inducing cell death, thus enabling these
cells to maintain membrane integrity until successfully phagocy-
tosed. Because T cells act in a more direct fashion, exhibiting
Ag-specific immunity, similar selective pressures likely failed to
convey the same avenue of removal for T cells (4).

The use of iGal-1 in this study allowed for the examination of
Gal-1 function on leukocytes without introducing the deleterious
effects of DTT inclusion in treatment medium (35-38) while con-
trolling for the potential loss of Gal-1 activity as a result of oxi-
dative inactivation. Many studies have used iGal-1 to control for
loss of Gal-1 activity to oxidative inactivation (39—-44). Previous
studies demonstrated that iGal-1 retains quaternary structure and
tertiary structure as measured by solution based small angle neu-
tron and x-ray scatting compared with the crystal of the nonalky-
lated protein (43). Furthermore, iGal-1 retained the carbohydrate-
binding specificity of Gal-1. More importantly, iGal-1 retained
previously documented biological endpoints of Gal-1 activity on
leukocytes, including the induction of PS exposure in activated
neutrophils, MOLT-4 cells and CEM cells in the absence of cell
death (26, 29, 30), the induction of Ca®>* flux in activated neutro-
phils (30), the induction of apoptosis in T cells, CEM cells and
MOLT-4 cells in the presence of DTT (23, 24, 26, 46, 79) and the
ability to alter T cell cytokine production (48). Taken together,
these results demonstrate that iGal-1 retains the biological activi-
ties of the Gal-1. Equally important, these results also rule out the
possibility that the failure of Gal-1 to induce apoptosis in neutro-
phils in previous studies reflected loss of activity during treatment
(26, 29, 30). Importantly, Gal-1 failed to alter Gal-3-induced Ca®*
flux or cell death in T cells, similar to iGal-1, further demonstrat-
ing that alkylation fails to alter Gal-1 activity. Although DTT and
iodoacetamide adduct formation are both artificial, the ability of
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iodoacetamide to stabilize Gal-1 will facilitate future studies of
Gal-1 function while controlling for oxidative inactivation as done
previously (39-44) without introducing cells to an artificial re-
ducing environment (35-38).

The unique ability of galectins to signal PS exposure in living
cells challenges current models of cell turnover and removal,
which invoke only cellular apoptosis and necrosis. Galectin-in-
duced cell removal could occur independently of cell death
through the phagocytosis of living cells. We propose that this pro-
cess be termed “preaparesis” (from the Latin preaparare), signi-
fying that it prepares cells for phagocytic removal by causing PS
exposure without accompanying apoptosis. We previously showed
that Gal-1 induction of PS on activated human neutrophils corre-
lated with their phagocytosis by activated macrophages (29). Con-
sistent with the possible unique role of galectins in this pathway,
only neutrophils undergo apoptosis-independent removal in vivo
(12). Furthermore, genetic defects in classical apoptotic signaling
pathways fail to alter neutrophil turnover in vivo (7, 10). Future
studies should examine the role of galectins in leukocyte turnover
in vivo and determine whether apoptosis-independent phagocytic
removal is specific to neutrophils.
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