Galectin-1 Specifically Modulates TCR Signals to Enhance
TCR Apoptosis but Inhibit IL-2 Production and Proliferation *
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Galectin-1 is an endogenous lectin expressed by thymic and lymph node stromal cells at sites of Ag presentation and T cell death
during normal development. It is known to have immunomodulatory activity in vivo and can induce apoptosis in thymocytes and
activated T cells (1-3). Here we demonstrate that galectin-1 stimulation cooperates with TCR engagement to induce apoptosis, but
antagonizes TCR-induced IL-2 production and proliferation in a murine T cell hybridoma and freshly isolated mouse thymocytes,
respectively. Although CD4"*CD8* double positive cells are the primary thymic subpopulation susceptible to galectin-1 treatment
alone, concomitant CD3 engagement and galectin-1 stimulation broaden susceptible thymocyte subpopulations to include a subset
of each CD4 CD8~, CD4*CD8", CD4~CD8™", and CD4*CD8~ subpopulations. Furthermore, CD3 engagement cooperates with
suboptimal galectin-1 stimulation to enhance cell death in the CD4CD8™* subpopulation. Galectin-1 stimulation is shown to
synergize with TCR engagement to dramatically and specifically enhance extracellular signal-regulated kinase-2 (ERK-2) acti-
vation, though it does not uniformly enhance TCR-induced tyrosine phosphorylation. Unlike TCR-induced IL-2 production,
TCR/galectin-1-induced apoptosis is not modulated by the expression of kinase inactive or constitutively activated Lck. These data
support a role for galectin-1 as a potent modulator of TCR signals and functions and indicate that individual TCR-induced signals
can be independently modulated to specifically affect distinct TCR functions. The Journal of Immunology,1999, 162: 799—-806.

mature T cells can result in a number of distinct biological (6—8), or the presence of cytokines.
functions. Indeed, TCR stimulation by Ag/MHC on thy-  Galectin-1 is a highly evolutionarily conservegigalactoside

mic epithelial and APCs directs thymocyte cell fate during positivebinding protein demonstrated to have immunomodulatory and
and negative selection in the thymus (4, 5). During positive selecgrowth regulatory activities (1). Galectin-1 is expressed as a non-
tion, cells expressing TCRs with a minimal ability to interact with covalently linked homodimer with two ligand binding sites capa-
peptide/MHC are selected on thymic epithelial cells to undergo &le of mediating cell/cell interactions by binding to saccharide li-
number of activation and differentiation events including rescuegands on apposing cell surfaces. It has no transmembrane domain
from apoptosis and maturation into CD4 or CD8 single positivebut remains cell associated by binding to glycoproteins on the
cells (4). During negative selection, thymocytes with TCRs highlysurface of the cell producing it. It is expressed in a number of
reactive with self/MHC ligands presented on dendritic cells and/ottissues including epithelial cells and APCs in the lymph node,
thymic epithelial cells are purged from the repertoire throughspleen, and thymus (1-3). Galectin-1 can bind T cells and thymo-
TCR-induced apoptosis to prevent autoreactivity (5). Peripheral Tcytes and has been demonstrated to mediate interactions between
cells can respond to antigenic stimulation by producing lympho-T cells and galectin-1 expressing endothelial cells (3). Lac-
kines, proliferating, undergoing apoptosis, or becoming anergictosamine is the minimal oligosaccharide structure recognized by
Relatively little is known regarding how signaling requirements galectin-1, though glycoproteins with multiple and complex sugar
for individual TCR-mediated functions differ and what controls the structures are likely the preferred counterreceptors for galectin-1.
functional consequences of TCR engagement in T cells. Howevelndeed, CD43, CD45, CD4, CD3, and CD7 have been reported to
T cells are known to discriminate between a Variety of stimuli be primary T cell g|ycoproteins bound by ga|ectin_l (1, 3) Eur-
including the type of Ag, the magnitude of the TCR signal, the thermore, Abs directed against galectin-1 as well as CD45 and
CD43 glycoproteins can disrupt thymic epithelial cell/T cell inter-
actions (3). Although initial reports indicated that CD45/galectin-1
interactions may modulate galectin-1-induced apoptosis (9), sub-
sequent studies indicate that this may not always be the case
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molecules within TCR aggregates, and potentially the functional outMeasurement of cell death by propidium iodide (PI) staining

come of antigenic _stlmqlatlon (10). . . BI-141 or thymocytes at concentration of2 10° or 0.5 X 10° cells/ml,
Because galectin-1 is expressed in the thymus (3) and inducagspectively, were incubated at 37°C in medium with 1.2 mM DTT and 20

apoptosis in thymocytes (12), galectin-1 binding may contribute touM of galectin-1 in the presence or absence qfdiml of plate-bound or

cell death during thymic selection. Galectin-1 is also expressed igoluble anti-TCR mAbs. Samples were adjusted to 0.1 M lactose to dis-

; ; ; ; ciate galectin-1-agglutinated cell clumps and washed 12 h poststimula-
peripheral immune organs including the lymph node and spleen, ion. Cell death was measured by staining cells with 0.2 ml pgnl| PI.

well as at sites of immune privilege and on tumor cells, and has staining was detected using a FACScan (Becton Dickinson), and data
been demonstrated to induce apoptosis in activated peripheral ere analyzed using Cellquest software. The percentage of induced death
cells (1). Therefore, galectin-1 binding may also contribute to ap+was calculated relative to the percentage of live cells obtained in the un-

optosis of mature T cells in the periphery (9). Because of its abunstimulated cultur(_e using the following e_quation: induced deatth00 X

dant expression at sites of self and antigenic presentation, it ig — (% treated live cells/% untreated live cell)]

likely that a T cell might simultaneously encounter galectin-1 and Measurement of IL-2 production

.TCR ligand. However, t_he consequences of galectin-1 StlmUIatlo%l-Ml (0.5 x 10°) cells were stimulated as above. Supernatants were

in the context of coordinate TCR engagement have not yet beeRaryested 12 h poststimulation and assayed for IL-2 production by ELISA

examined. Furthermore, most experiments examining galectin-1 s per the manufacturer’s recommendations (Endogen, Cambridge, MA).

cell immunomodulatory activity have been performed using hu-'v| ¢ cell liferati

man T cells, T cell lines, or thymocytes. Here we determine the easurement of cell proliferation

signal transduction and biological consequences of stimulating &hymocytes at concentration ofx 10° cells/ml were cultured at 37°C in

mouse T cell hybridoma or freshly isolated mouse thymocytesfznce‘l]"lﬁ1 éoﬂta'”'”g 1.2 mIM ('ﬂT ?h“dlmt'v'l gf fg'ﬁd;“'g g”hd_/f’f ]ggt_f’f "
: i : : i _ . Cultures were pulsead 1or the las —. ora -N Incubation wi

with galectin-1 alone_ or goordlnately \.Nlth anti-TCR Abs. We _dem 1 uCi of [*H]thymidine/well, DNA were harvested on glass filters, and

onstrate Fhat _TCR St'mm" that otherwise Ieaq to IL-2 production orcqynts incorporated were determined using a scintillation counter.

proliferation n a T hybridoma and freshly isolated thymocytes, ) ) )

respectively, are converted into efficient stimuli for apoptosis inAntiphosphotyrosine Western blot analysis

the context of galectin-1 stimulation. Examination of the TCR sig- T cells (2.5x 105100 ul) were incubated with medium alone or with.&g

nals affected reveal that galectin-1 does not uniformly intensify oranti-CD3 for 30 min on ice and then incubated for 5 min at 37°C with

dampen all TCR signa|sl However, a subset of TCR Signa| transdiffel’ent stimuli (ZOMM galectin-1, 1.2 mM DTT, or rabbit anti-hamster

: . o, - : gG) (Cappel, Durham, NC). Cells were washed in RPMI 1640 and lysed
duction events are intensified when TCR is engaged in the pre§In 50 ul of TNE (50 mM Tris (pH 8.0), 1% Nonidet P-40, and 2 mM

ence of galectin-1. EDTA), supplemented with protease and phosphatase inhibitors for 30 min
on ice. Lysates were boiled in Laemmli buffer containing 2-ME, resolved
; on 10% SDS-PAGE, and transferred to nitrocellulose. Immunoblot analy-
Materlqls an MethOdS lecti sis was performed using antiphosphotyrosine mAb 4G10 @g/inl and
Preparation of recombinant galectin-1 detected with 1QuCi [*23] Protein A (ICN, Irvine, CA) and proteins were

Human galectin-1 was purified frofscherichia coliransformed with the visualized by autoradiography.

expression vector pT7IML-1 as previously described (13). Galectin-1 wa: . At . .
stored in 8 mM DTT at—70°C and used in all procedures in medium Measurement of mitogen-activated protein (MAP) kinase/ERK

containing 1.0-1.2 mM of DTT. activity
. T cells (5% 107/100 ul) were incubated with complete medium alone or with
Cells, Abs, and Annexin V 5 ng anti-CDZ for 30 min at 4°C and then incubated for 5 min at 37°C with

BI-141 is a CD4 CD8~ MHC class lI-restricted murine T cell hybridoma Various stimuli (20uM galectin-1, 1.2 mM DTT, or rabbit anti-hamster IgG).
that recognizes beef insulin in the context ofa8* (14). The BI-141  Cells were pelleted and lysed with ERK lysis buffer (25 mM HEPES (pH 7.6),
transfectants expressing F505Lck or R273F505Lck have been describé}f1% Triton X-100, 20 mMVB-glycerolphosphate, 10 mignitrophenylphos-

(6). Thymocytes were obtained from C57Bl/6 females (4—8 wk) and singlePate, 150 mM NaCl, and 1 mM NO;) supplemented with protease in-
cell suspensions were made using standard procedures. Abs against tigitors for 30 min at 4°C. ERK-2 was immunoprecipitated and in vitro ERK
TCR B-chain (H57-597) (15), and C23(145-2C11) (16) were purified kinase activity measurec_:l using myellrj basic protein (MBP) as an exogenously
from hybridomas. Antisera against extracellular signal-regulated kinase-#dded substrate essentially as described (17).

(ERK-2)? (C-14) and 4G10 antiphosphotyrosine Ab were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA) and Upstate Biotechnolog)ReSUHS

(Lake Placid, NY), respectively. Galectin-1 cooperates with anti-TCR Abs to induce apoptosis,

For analysis of thymic subpopulations 410° thymocytes were incu- . . r ) o
bated at 37°C with media containing 0.3, 0.6, or 1.2 mM DTT alone, but antagonizes anti-TCR-induced IL-2 productionai T cell

together with 5, 10, or 2@M galectin-1 and/or 1.25.g/ml plate-bound  Nybridoma

anti-CDZ for 5 h. Cells were resuspended in 0.1pvlactose for 1 minat  Because APCs and stromal cells at sites of T cell antigenic
room temperature, washed twice with PBS, and incubated with phyco- timulati lectin-1 (1). it is likelv that Ag- )
erythrin conjugated anti-CD4 and biotinylated anti-CD8 (PharMingen, Sans‘_'_mu ation e_xpress galectin-1 (1), it is likely . at an Ag-spe

Diego, CA) for 30 min at 4°C. Cells were then washed and incubated withCific T cell might encounter both Ag and galectin-1. Therefore,
streptavidin tricolor conjugate (Caltag, Burlingame, CA) for 30 min at 4°C, we were interested in determining the effects of galectin-1 stim-
washed, and stained with 2,8 Annexin V-FITC for 15 min on ice as per  y|ation in the context of TCR engagement. BI-141 T hybridoma

the manufacturer's recommendations (PharMingen). Annexin V positive, o5 \vere stimulated with a suboptimal concentration of anti-
cells were electronically gated out using Cellquest software (Becton Dick-

inson, San Jose, CA), and cell death was calculated based on the numbkf-R B-chain, H57-597, or with a more optimal concentration of
of live cells in the treated sample relative to the number in the media alond45-2C11 anti-CD8 alone or together with purified recombi-
contro_l containing a comparable co_ncentratior_\ of DTT u_sing the followi_ng nant galectin-1. We have previously reported that the BI-141 T
(e:%‘??t'on: 1(§JO><”[1)/(_ (”of':f Anr.'ef/'” V negative gallecng_-l a”dloé an|t||-)] hybridoma both secretes IL-2 and undergoes apoptosis in re-
treated cells)/(no. of Annexin V negative control media treated cells)]. . ; .
There were 50,000 total events analyzed in each sample. sponse to TCR stimulation (6). Here we demqngtrate that this
murine T hybridoma also undergoes apoptosis in response to
galectin-1 (Fig. B). Furthermore, suboptimal stimulation of
3 Abbreviations used in this paper: ERK-2, extracellular signal-regulated kinase-2; Plplate-bound H57-597, unable to induce apoptosis by itself, en-
propidium iodide; MBP, myelin basic protein; TUNEL, terminal deoxynucleotidyl h . . . g
ances the ability of galectin-1 to induced apoptosis in the BI-

transferase-mediated dUTP-nick end labeling; GAH, goat anti-hamster; MAP, mito- : - o :
gen-activated protein. 141 T cell hybridoma (Fig. A). The ability of galectin-1 and
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FIGURE 1. Galectin-1 cooperates with anti-TCR Abs to induce apopto-
sis, but antagonizes anti-TCR-induced IL-2 production. Bl-141 cellxat 2 |
10° cells/ml () or 0.5 X 10° cells/ml B) were stimulated with 2QuM 20
galectin-1 (Gal-1) or anti-TCR mAbs, H57-59&TCR B-chain), or 145-
2C11 @CDg3e) individually or togetherA, 12 h after addition of galectin-1,

cells were harvested, stained with PI, and analyzed by flow cytometry. Unst. Gal-1 +CD3 oCD3
Percent of induced cell death was calculated relative to live cells in un-

+
stimulated controlsB, Supernatants were assayed for IL-2 production 12 h Gal-1

poststimulation by ELISA. FIGURE 2. Galectin-1 cooperates with anti-TCR to induce cell death,

but antagonizes its ability to induce proliferation in thymocyt&sThy-
mocytes (2X 10° cells/ml) from C57BI/6 were stimulated with 20M

galectin-1 in the presence or absence of soluble (s) or plate-bound (p)
TCR engagement to cooperate in signaling apoptosis is alsaCD3e. After 9 h, cells were harvested, stained with PI, and analyzed by

evident when optimal concentrations of plate-bound anti-€D3 flow cytometry. Percent of induced cell death was calculated relative to live
(145-2C11) are used in combination with galectin-1 (Fig).1 cells in unstimulated controls8, Thymocytes (1X 10° cells/ml) from
Differences between results obtained with 2C11 and H57-5973f57|51/6g"’eredS“mt‘_J'(‘E‘tgs "C"it:: 20M of ga'eclti”;jlf(G?r"'l)l i”tthl%prlzsﬁncf
- . plate-bouna anti- ultures were pulsed for the las - or a

e et o bt win 141 of Wiiane pa vl Colls e

T i __vested on glass filters and assayed in a scintillation counter. Data are re-
shown). Similar results are seen when cells are incubated Wltlaorted as cpm of*H]thymidine incorporated.
plate-bound anti-TCR Ab 12 h before the addition of galectin-1
(results not shown).

To determine the effects of galectin-1 stimulation on CD3-me- ) ) . . )
diated IL-2 production, supernatants were collected from cell<C@lectin-1 cooperates with anti-TCR Abs to induce apoptosis
stimulated with plate-bound anti-CB3lone or in combination but antagonizes the ability of anti-TCR Abs to induce
with galectin-1. As shown in Fig. B, simultaneous addition of Proliferation in freshly isolated thymocytes

galectin-1 impairs the ability of anti-CD3 to produce IL-2. These The thymus is a primary site of T cell apoptosis. During positive
results are not the effect of galectin-1 interfering with IL-2 detec-and negative selection, TCR engagement cues the apoptotic elim-
tion, because similar inhibition of detection was neither observednation of autoreactive and nonfunctional thymocytes and the res-
when rIL-2 was directly diluted in an equivalent concentration of cue and development of T cells bearing TCRs likely to be useful
galectin-1 nor was IL-2 activity recovered by preabsorbing galec4n the peripheral immune system. Because galectin-1 is expressed
tin-1 from supernatants using a lactosyl Sepharose column beforigy thymic epithelial and some APCs (1, 2), and has been demon-
IL-2 assay (data not shown). Inhibition of IL-2 production is not strated to mediate thymic epithelial/T cell interactions (9), we were
likely the result of killing IL-2-producing cells before they are able interested in determining the effects of stimulating freshly isolated
to produce sufficient quantities of IL-2, because maximal levels ofmouse thymocytes with galectin-1 alone or in coordinately with
IL-2 can be produced by BI-141 under conditions in which deathanti-CD3 Ab. Mouse thymocytes were isolated from 6 wk
due to 2C11 alone is as high as 80% (results not shown). There257BI/6 mice and stimulated with galectin-1 and anti-CD&i-

fore, significant levels of IL-2 can be produced under conditionsvidually or in combination. The effects of stimulation with both
leading to death of most of the cells. plate-bound and soluble anti-CB3vere assessed. Cells were
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FIGURE 3. CD4"CD8" thymocytes undergo apoptosis in response to galectin-1 treatment and treatment with anti-CD3 cooperates with galectin-1
induce death in CD4CD8~, CD4"CD8", CD4"CD8, and CD4 CD8" subpopulations. To determine which thymic subpopulations undergo apoptosis
in response to anti-CD3/galectin-1,410° thymocytes were incubated at 37°C with control media or media containing varying concentrations of galectin-1
alone or together with 1.2pg/ml plate-bound anti-CD8 After a 5-h incubation at 37°C, cells were resuspended in 02 I&ttose and washed. Samples
were incubated with phycoerythrin-conjugated anti-CD4 and biotinylated anti-CD8. Streptavidin tricolor conjugate was subsequently adsigd to det
surface expression of CD8. For detection of dead cells, samples were stained with Annexin V. Annexin V positive cells were considered dead &
electronically gated out, FACS plots and the quadrants used to define thymic subpopulations are shown forhkegklectin concentration. Similar
guadrants were used to define subpopulations in samples treated with varying concentrations of gddedtive Jability of varying concentrations of
galectin-1 alone or in the context of CD3 coengagement to induce cell death were calculated for eacdD8D4CD4*CD8*, CD4"CD8", and

CD4 CD8" thymic subpopulations. Induced cell death was calculated based on the number of live cells in the treated population relative to the numk
of live cells in the unstimulated control population. For each sample, FACS analysis was performed on 50,000 events.

stained with Pl and induced cell death was calculated relative tgected to FACS analysis. To avoid potential complications due to
the percentage of live cells in unstimulated corgi®lh after stim-  the nonspecific uptake of Abs by dead cells, Annexin V positive
ulation (Fig. 24). To assess the affects of galectin-1 on anti-€éD3 apoptotic and preapoptotic cells were electronically gated out and
induced proliferation, tritiated thymidine uptake was used to mea<CD4/CD8 expression on the galectin-1/CD3 insensitive subpopu-
sure proliferation of cultures within 30 h of stimulation (Fid3)2 lation examined. Annexin V negative thymocytes treated with con-
Fig. 2A demonstrates that galectin-1 induces cell death in freshlytrol media show typical relative proportions of CDACD8" sin-
isolated mouse thymocytes. Furthermore, whereas stimulation afle positive, and CD#4CD8" double positive thymocyte
thymocytes with anti-CD3 alone results in proliferation, coordinatesubpopulations (data not shown). Consistent with data reporting
stimulation with anti-CD3 and galectin-1 inhibits proliferation and that human CDZCD8" double positive thymocytes undergo ap-
induces even greater apoptosis than treatment with galectin-dptosis in response to galectin-1 alone (12), we observed that ga-
alone (Fig. 2A andB). lectin-1 treatment also induced apoptosis in CCH8" mouse
thymocytes (Fig. 3). However, unlike findings with human thymo-
cytes in which galectin-1 only induced apoptosis~i5—-15% of
thymocytes (12), we found that the majority of double positive
mouse thymocytes were susceptible to galectin-1 treatment, par-
ticularly at the higher concentrations of galectin-1 tested. Coordi-
nate engagement of CD3 enhanced the ability of galectin-1 to in-
duce apoptosis in double positive thymocytes, especially at
To determine which mouse thymic subpopulations undergo aposuboptimal concentrations of galectin-1 (Figd)3 Furthermore,
ptosis in response to anti-CD3/galectin-1 treatment, thymocytesoncomitant CD3 engagement and galectin-1 stimulation resulted
were coordinately stimulated with varying concentrations of ga-in apoptosis of a subset of the CD@D8~, CD4 CD8"*, and
lectin-1 and anti-CD3 for 5 h. Cells were stained for expression ofCD4"CD8~ subpopulations not susceptible to galectin-1 treat-
CD4 and CD8 and for apoptotic cells using Annexin V and sub-ment alone (Fig. 8).

Although CD4 CD8" double positive cells are the primary
thymic subpopulation susceptible to galectin-1 stimulation,
coordinate CD3 engagement broadens susceptible thymocyte
subpopulations to include a subset of COZD8~, CD4 CD8",
and CD4'CD8" subpopulation and most of the CD@D8"
subpopulation
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FIGURE 5. Expression of constitutively activated or kinase inactive
Lck does not affect the ability of BI-141 to die in response to galectin-1 or
- < anti-CD3 and galectin-1. BI-141 or transfectants atX®.50° cells/ml were
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- (1 pg/ml). After 12 h, cells were harvested, stained with PI, and analyzed
34— on a FACScan. The average percent that induced cell death of triplicate
cultures was calculated relative to the number of live cells in unstimulated
controls.
29_
- the subsequent tyrosine phosphorylation of signal transduction
proteins (18). Because T cell surface galectin-1 counterreceptors
Blot: «PY CD45, CD43, CD3, and CD4 associate with Lck and/or Fyn (19,

) ) o ) ) 20), we examined whether stimulation with galectin-1 directly
FIGURE 4. Galectin-1 stimulation induces tyrosine phosphorylation of modifies protein tyrosine phosphorylation or affects TCR-induced
proteins, but does not uniformly amplify the protein tyrosine phosphory- rotein tyrosine phosphorylation
lation pattern induced by TCR engagement. Bl-141 were stimulated witI‘P L o .
20 uM of galectin-1 (Gal-1) and/or g 2C11 for 5 min at 37°C. Parallel As shown in Fig. 4, galectin-1 stimulation of BI-141 T cells

samples were treated with 2C1GAH (goat anti-hamster) as a positive '€Sulted in the rapid tyrosine phosphorylation of proteins migrating
control or with GAH as a negative control. Postnuclear cell lysates werg/ithin at least two bands in the 120- to 130-kDa range. Stimulation
separated by 10% SDS-PAGE, transferred to nitrocellulose, and immunowith anti-CD3 resulted in less efficient protein tyrosine phosphor-
blotted using antiphosphotyrosineRY) mAb (4G10). The positions of ylation of proteins within the 120- to 130-kDa range and in sig-
proteins differentially affected by galectin-1, CD3, galectin-1/CD3, and nificant phosphorylation of a 105-kDa protein (Fig. 4). TCR-in-
CD3/GAH stimulations are indicated with arrows. Because galectins reduced protein tyrosine phosphorylation of each of these bands is

quire thg presence_of a_ redut_:ed-'thiol _group to maintain binding activity,intensified when goat anti-hamster (GAH) Ig is included as a
recombinant galectin-1 is maintained in 8 mM DTT. Therefore, samplescrosslinking reagent. Furthermore, phosphorylation of p115, p70,
containing galectin-1 also contain diluted concentrations of DTT. The ef-

fects of stimulating 2C11 in the presence of comparable levels of DTT wa%42’ and p23 kDa (phosphorylatt}athaln) protelns IS addltlopally .
included as a control (1.2 mM). etected upon CDS crosslmlgng. Coord!nate stimulation _thh anti-
CD3e and galectin-1 results in the tyrosine phosphorylation of the
120- to 130-kDa proteins to levels comparable with those seen
In Figs. 2 and 3, cell death was determined by the ability of T cellswith galectin-1 alone in addition to inducing the tyrosine phos-
to exclude PI or bind Annexin V because these assays allowed fguhorylation of proteins phosphorylated by anti-GDa&one (i.e.,
the most accurate quantitation of the total number of cells dying inp105) (Fig. 4). However, the phosphorylation pattern observed
response to various stimuli. However, in experiments in whichwith coordinate galectin-1 and anti-Cb3timulation is qualita-
Annexin V was used in combination with Pl staining, an Annexin tively different from that seen with anti-C23and crosslinking
V */PI negative population appeared before the appearance of th BBAH, indicating that galectin-1 is not simply acting to crosslink
positive population (results not shown). These data demonstratthe TCR or uniformly amplify all TCR signals. Of note the anti-
that galectin-1/TCR stimulation results in the initiation of an ap- CD3/GAH-induced p70, p36, and p23 (corresponding to the m.w.
optotic program rather than necrosis and are consistent with presf ZAP70, LAT, and{, respectively) are not detected in lysates
viously published reports demonstrating that galectin-1 stimulatiorfrom cells coordinately stimulated with galectin-1 and CD3 stim-
of T cells and TCR stimulation of the BI-141 hybridoma result in ulation, whereas the 120- to 130-kDa galectin-1-induced bands as
apoptotic-specific events including altered morphology and DNAwell as the p105 band seen with anti-CD3/GAH crosslinking are
fragmentation (6, 11, 12). Similarly, we have detected DNA frag-readily detectable (Fig. 4).
mentation in response to galectin-1 and galectin-1/anti-CD3 treat-

ment using a TUNEL-based assay (data not shown). Expression of constitutively activated (F505Lck) or kinase
inactive (R273F505Lck) mutants of Lck in BI-141 hybridoma
Galectin-1 does not uniformly amplify all TCR signals does not affect galectin-1- or galectin-1/TCR-induced death

The TCR initiates signal transduction through the rapid activationrBecause Lck has been reported to associate with the galectin-1
of intracellular tyrosine kinases including Lck, Fyn, ZAP70, and counterligands CD45 (18, 21), CD43 (20, 22), and CD4 (19), and
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events. We have also reported that TCR-mediated apoptosis in
BI-141 is relatively Lck kinase activity independent in so far as it
is unaffected by the expression of either F505Lck or R273F505Lck
(6). As shown in Fig. 5, the parental Bl-141 cells and both
F505Lck and R273F505 transfectants respond similarly to galec-
tin-1 or coordinate galectin-1/TCR stimulation. These data dem-
onstrate that unlike T cell activation events known to require Lck
kinase activity, the ability of galectin-1 to induce apoptosis or co-
operate with the TCR to induce apoptosis is not dramatically af-
fected by the manipulation of Lck kinase activity and thus indicate
that galectin-1 is not highly dependent on Lck kinase activity to
mediate these functions.

>
S

w
(=]

Relative ERK Activity
= S

0 . . . . .
Galectin-1 and anti-TCR Abs synergize to activate ERK in BI-
UNST. Gal-1 ft(élzgri oCD3e ?CDI?I?: 141 and thymocytes
B UNST. Gali oCD3¢ oCD3: «CD3e MAP kinases are evolutionarilly conserved mediators of a wide
' + Gal-1 +DTT variety of signal transduction pathways contributing to biological
processes including induction of differentiation, apoptosis, and
-. — proliferation (24). TCR-mediated tyrosine phosphorylation events

are known to result in the activation of the ERK/MAP kinase cas-
cade (18). To determine whether galectin-1 stimulation induces
ERK activation by itself or whether galectin-1 influences the abil-
ity of the TCR to induce ERK activity, BI-141 and thymocytes
were stimulated with galectin-1 alone or in combination with anti-
CD3e. ERK was immunoprecipitated using anti-ERK-2 mAb and
immunoprecipitates were subjected to in vitro kinase assay with
MBP as an exogenous substrate. As shown in FigA @nd B,
galectin-1 and anti-CD3 signals synergize to dramatically up-reg-
ulate ERK activity in both the BI-141 T cell hybridoma (Fig./,
andB) and thymocytes (Fig. 6 andD). Although galectin-1 and
TCR each stimulate low levels of ERK activity, coordinate stim-
ulation with both galectin-1 and anti-Cle3nduces significantly
more ERK activity than either reagent alone. ERK activation in
response to anti-CD3/galectin-1 is quite rapid, occurring within 1
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UNST. DTT Gal-1 aCD3e T&Dﬁ n;%l?r:_!ra min of stimulation, peaking at five minutes, and significantly di-
D minishing by 20 min poststimulation (data not shown). Control
UNST. DTT Gal-1 oCD3e T&Dﬁf (:_%DT::.F“ stimulations with media containing DTT alone (Fig.®andD) or

= - in combination with anti-CD8 (Fig. 6, A-D) demonstrate that the
L — ‘ effects observed are due to galectin-1 rather than DTT present in
the stimulating media.

FIGURE 6. Galectin-1 and anti-CD3 synergize to induce ERK activa-
tion. BI-141 @A andB) or thymocytes € andD) 5 X 10° were stimulated  Djscussion

with 20 uM galectin-1 and/or 5ug anti-CDZF at 37°C for 5 min. Cells lectin-1 i d lecti d . fi
were stimulated in parallel with medium containing 1.2 mM DTT or with Galectin-1 is an endogenous lectin expressed at sites of immune

media alone, which acted as a negative control. Cells were lysed, immufunction which can potently modulate specific TCR signals and
noprecipitated with anti-ERK2 anti-sera, and immunoprecipitates assayefHnctions. Here we demonstrate that murine thymocytes and a T
for in vitro ERK kinase activity using MBP as a substrate. Phosphorylatedcell hybridoma undergo apoptosis in response to galectin-1 stim-
MBP was separated from other proteins using 15% SDS-PAGE. Gels weralation in keeping with reports describing its apoptotic activity on
exposed to film and bands were quantitated using a densitometer. Data agiman thymocytes and some human transformed T cell lines (9,
expressed as fold increase relative to ERK activity in unstimulatedlz). However, unlike a previous report indicating that only a small
samples. subset (15%) of CD4CD8" and some CD4CD8  human thy-
mocytes are susceptible to 20/ galectin-1 (12), we find that the
majority of CD4"CD8" murine thymocytes undergo apoptosis in
is known to be pivotal in initiating TCR-induced signals for IL-2 response to (2@M) galectin-1 treatment. Based on findings that
production, we investigated the role of Lck kinase activity in me-indicate that many of the galectin-1-sensitive apoptotic human thy-
diating galectin-1 signals. To this end, we assessed the ability ofnocytes have a DNA content2 N, Perillo et al. (12) suggested
galectin-1 to stimulate apoptosis in Bl-141 transfectants expresghat cycling CD4 CD8" cells are the primary thymic subpopula-
ing constitutively active (F505Lck) and kinase inactive tion affected by galectin-1 treatment. In our studies, as many as
(R273F505Lck) mutant forms of Lck. We have previously dem-95% of murine CD4CD8" thymocytes can be susceptible to ga-
onstrated that these transfectants are dramatically modified in thelectin-1-induced apoptosis. Because only 5-15% of COB8"
ability to mediate Lck-dependent protein tyrosine phosphorylationthymocytes have been reported to be cycling (25), our data indicate
and IL-2 production (6, 23). Although the expression of F505 en-that noncycling, as well as cycling CD€D8", murine thymo-
hances Lck-mediated TCR activation events, the expression afytes can undergo apoptosis in response to galectin-1. Differences
R273F505 leads to the inhibition of Lck-mediated TCR activationbetween our findings and those previously reported (12) may relate
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to differences between mouse and human immune systems or be-To determine whether galectin-1 stimulation modifies early
tween the sensitivity of the techniques used to measure apoptosiSCR signal transduction events, we examined the abilities of ga-
Because we have not directly analyzed the cell cycle status of thiectin-1, anti-CD3, and galectin-1/anti-CD3 to affect protein ty-
apoptotic cells in our study, we cannot rule out the possibility thatrosine phosphorylation and ERK activity. We demonstrate the ga-
cycling cells are hypersensitive to galectin-1 treatment relative tdectin-1 induces protein tyrosine phosphorylation but does not
noncycling cells. uniformly amplify all TCR-induced tyrosine phosphorylation. Fur-
We further demonstrate that coordinate galectin-1 stimulatiorthermore, galectin-1/TCR-mediated cell death is resistant to the
and TCR engagement result in enhanced apoptosis in thdominant negative expression of impaired forms of Lck that are
CD4"CD8* population, especially at suboptimal concentrationscapable of modulating TCR-induced IL-2 production. We also
of galectin-1. Because galectin-1 is expressed by APCs and thymidemonstrate that galectin-1 synergizes with anti-CD3 to activate
epithelial cells, our finding that galectin-1 stimulation cooperatesERK. These data indicate that galectin-1 differentially influences
with TCR engagement to induce apoptosis in COAD8" thymo- particular TCR-induced signals. The fact that galectin-1 differen-
cytes may implicate a role for galectin-1 in TCR-directed apopto-tially modulates CD3-induced protein tyrosine phosphorylation,
sis during negative selection. The electronic gates definingERK-2 activity, and downstream functions may account for ga-
CD4"CD8* double positive cells in our FACS analysis include lectin-1 immunomodulatory properties.
transitional subpopulations reported to be sensitive to negative se- The fact that galectin-1 and TCR cooperate to induce both ap-
lection (5). Indeed, it is possible that galectin-1 is the thymic co-optosis and ERK activation in T cells implicates a potential role for
stimulatory ligand reportedly required for efficient TCR-induced ERK in affecting apoptosis. Experiments are underway to deter-

negative selection (26). mine whether ERK activity is required for galectin-1/TCR-induced
Furthermore, we demonstrate that engagement of the TCR dugpoptosis or inhibition of IL-2 production and which thymic sub-
ing galectin-1 stimulation induces apoptosis in CIXD8™, population is responsible for the synergistic TCR/galectin-1 ERK

CD4~CD8", and to a lesser extent CD€D8~ subpopulations activation observed in lysates from total thymocytes. The role of
that are insensitive to galectin-1 simulation alone. The fact that th&RK activity in positive and negative selection has been indirectly
CD4 CD8 subpopulation is affected by CD3 stimulation at some assessed through the expression of dominant negative upstream
concentrations of galectin-1 may implicate a role for galectin-1 inregulators of ERK activity, dominant negative Ras, and dominant
modulating pre-TCR signals. Moreover, that CO2D8~ and negative MAP kinase kinase-1 (MEK-1) (27). Interestingly, mice
CD4~CD8" subpopulations can be induced to undergo apoptosigxpressing dominant negative forms of Ras and MEK-1 are se-
in response to galectin-1 treatment in the context of TCR engagererely impaired in TCR-mediated positive selection, though neg-
ment indicate that galectin-1 can modulate TCR-mediated reative selection remains unaffected. Interpretation of the effects of
sponses in mature T cells and may be relevant to the ability oflisrupting Ras- and MEK-1-mediated ERK activation with regard
galectin-1 to modulate TCR-mediated responses in the peripheryo the role for galectin-1-induced ERK activity in negative and/or
In keeping with this idea, we demonstrate that TCR engagemerpositive selection requires additional characterization of the sig-
and galectin-1 stimulation cooperate to induce apoptosis in th@aling mechanism through which galectin-1 induces ERK activa-
BI-141 T cell hybridoma. tion. Furthermore, studies comparing thymocyte development in
A previous study reports that 16 h of pretreatment with anti-TCR transgenics on wild-type and galectin-1 null (28) back-
CD3 increases human thymocyte susceptibility to subsequent 5 grounds should lend additional insight as to whether galectin-1
of galectin-1-induced apoptosis (12). However, whether increasedontributes to thymocyte development and which TCR signal
susceptibility correlated with the number of cycling cells and transduction pathways are affected by galectin-1 stimulation.
which thymic subpopulation was effected were not determined. The ability of galectin-1 stimulation to cooperate with TCR sig-
These data were interpreted to suggest that anti-CD3 treatmentls to mediate apoptosis and inhibit IL-2 production may also be
may induce intracellular transcription of apoptotic machinery,relevant to TCR-directed apoptosis involved in peripheral toler-
which is subsequently activated by galectin-1 (12). Assuming thatince induction, immune privilege, or tumor escape from immune
similar phenomena occur in mouse and human thymocytes, owsurveillance (1). Indeed, galectin-1 is expressed in a number of
data, demonstrating that enhanced apoptosis is observed within Silmmune-privileged sites including testes, cornea, brain, placenta,
of CD3/galectin-1 costimulation, indicate that extensive pretreatand prostate and by malignancies including ovarian and colon car-
ment with anti-CD3 is not necessary. If anti-CD3 does prime thy-cinomas (1). If peripheral T cells, like single positive thymocytes
mocytes for subsequent galectin-1-induced death, such a primingnd hybridoma cells, respond to coordinate TCR and galectin-1
event would have to occur within 1-2 h of TCR engagement. Al-signals by inducing apoptosis and/or inhibiting IL-2 production
ternatively, signals resulting from CD3 and galectin-1 coordinateand proliferation, cells expressing TCRs with specificities for Ag
engagement may cooperate to enhance apoptosis. expressed in immune privileged tissues or tumors would be par-
In this manuscript, we additionally provide evidence that galec-ticularly susceptible to galectin-1 immunomodulatory activity. The
tin-1 modulates TCR-mediated IL-2 production and proliferation. ability of galectin-1 to enhance TCR-induced cell death and inhibit
Although galectin-1 cooperates with TCR engagement to inducéL-2 production may provide a molecular basis for the finding that
apoptosis, it antagonizes TCR-induced proliferation and IL-2 pro-galectin-1 can prevent disease induction in rat experimental auto-
duction in thymocytes and T hybridoma cells, respectively. Addi-immune encephalomyelitis (EAE) model (29). Indeed, galectin-1
tional experiments are required to determine which T cell sub-modulation of EAE and down-regulation of lymphokine produc-
population is susceptible to the inhibition of TCR-induced tion is reminiscent of the immunomodulatory capacity of some
proliferation and to determine whether this effect is secondary tantagonist peptides that have been demonstrated to interfere with
the ability of galectin-1 to inhibit TCR-induced IL-2 production. the onset of EAE by shifting a Th1 response to a Th2 response
However, the fact that individual TCR-mediated functions are dif- (30). That galectin-1 is an endogenous protein with the potential to
ferentially affected by galectin-1 costimulation in the BI-141 T cell independently modulate particular antigenic responses without re-
hybridoma indicates that galectin-1 independently modulategjuiring prior knowledge of the Ag peptide recognized or homo-
TCR-mediated signals and functions. geneity of the specificity of the T cell response makes galectin-1 an
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intriguing candidate for modulating TCR-mediated T cell re- 13.

sponses in vivo. Our demonstration that galectin-1 affects apopto-

sis and dlﬁerentla”y affects TCR Slgnals and functions in mouse T14. Ballhausen, W. G., A. B. Reske-Kunz, B. Tourvieille, P. S. Ohashi, J. R. Parnes,

cells and thymocytes lays the groundwork for studies that capital-
ize on the availability of genetic variants and the ability to manip-

ulate immune responses in the murine system to begin to address

these issues.

16.
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