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Galectin-1, a �-galactoside-binding protein highly expressed
in the thymus, induces apoptosis of specific thymocyte subsets
and activated T cells. Galectin-1 binds to N- and O-glycans on
several glycoprotein receptors, including CD7, CD43, and
CD45. Here we show that galectin-1 signaling through CD45,
which carries both N- and O-glycans, is regulated by CD45 iso-
form expression, core 2 O-glycan formation and the balance of
N-glycan sialylation. Regulation of galectin-1 T cell death by
O-glycans is mediated through CD45 phosphatase activity.
While galectin-1 signaling in cells expressing low molecular
weight isoforms of CD45 requires expression of core 2 O-gly-
cans (high affinity ligands for galectin-1), galectin-1 signaling in
cells expressing a high molecular weight isoform of CD45 does
not require core 2O-glycans, suggesting that a larger amount of
core 1O-glycans (low affinity ligands for galectin-1) is sufficient
to overcome lack of core 2 O-glycans. Furthermore, regulation
of galectin-1 signaling by �2,6-sialylation of N-glycans is not
solely dependent onCD45phosphatase activity and canbemod-
ulated by the relative expression of enzymes that attach sialic
acid in an �2,6- or �2,3-linkage. Thus,N- andO-glycans modu-
late galectin-1 T cell death by distinct mechanisms, and differ-
ent glycosylation events can render thymocytes susceptible or
resistant to galectin-1.

A functional immune response requires a T cell repertoire
that can both recognize pathogens and ignore self. DuringT cell
development in the thymus, thymocytes that either inade-
quately recognize foreign antigens or are self-reactive are
purged by processes termed positive or negative selection,
respectively (1). Positive and negative selection are complex
processes controlled by a number of pro-apoptotic and anti-
apoptotic factors. Both positive and negative thymocyte selec-
tion are regulated by galectin-1, an endogenous lectin
expressed by thymic epithelial cells (2, 3). Galectin-1 binding to
developing thymocytes can influence the strength of T cell
receptor (TCR)2 signaling, an important factor in determining

if a T cell can properly recognize antigen (3, 4). Galectin-1 can
also directly induce apoptosis of specific thymocyte subsets, as
well as activated peripheral T cells (5–9). Galectin-1 knock-out
mice have aberrant thymocyte selection, leading to an altered T
cell repertoire (3), as well as an alteredmatureT cell response in
the periphery (4).
Galectin-1 preferentially binds to lactosamine sequences

(Gal�1,4GlcNAc) on bothN- andO-glycans, and thus can bind
to a wide variety of T cell surface glycoproteins that bear these
glycans. In addition, our laboratory has shown that galectin-1
can bind to a glycoprotein receptor, CD43, bearing only core 1
O-glycans and lacking lactosamine sequences; in this case, low
affinity/high avidity binding to a highly abundant but less pre-
ferred glycan ligand, Gal�1,3GalNAc, is sufficient to induce T
cell death (6).
Several T cell surface glycoprotein receptors regulate suscep-

tibility of thymocytes and T cells to galectin-1-induced death,
including CD7 (10), CD43 (6), and CD45 (5, 11). Although not
absolutely required for susceptibility to galectin-1, CD45 is a
major receptor for galectin-1 on T cells, acts as a negative and
positive regulator of galectin-1 death, and enhances phagocytic
clearance of cells killed by galectin-1 (11–15).
CD45 is a large transmembrane glycoprotein expressed on all

nucleated hematopoietic cells. CD45 is estimated to comprise
up to 10% of lymphocyte cell surface proteins, and the CD45
intracellular phosphatase domain contributes the majority of
tyrosine phosphatase activity in T cells (16–18). Galectin-1
binding to CD45 reduces CD45 phosphatase activity, an effect
that appears to be essential for galectin-1 death of CD45-ex-
pressingT cells (12–14), although themechanismbywhich this
occurs is unknown. The extracellular domain of CD45 is vari-
able, with different CD45 isoforms expressed on different lym-
phocyte subsets at distinct developmental stages. The extracel-
lular domain of CD45 can include 1, 2, or 3 additional domains,
termed A, B, and C, which are encoded by exons 4, 5, and 6 in
the CD45 gene (16). The A, B, and C domains all contain
numerous serine and threonine residues (in mouse, 13, 13, and
16 residues, respectively (16)), so that CD45 isoforms including
these domains bear additionalO-glycans; the number ofO-gly-
cans on CD45 can vary significantly among different isoforms
(19). Thymocytes and mature T cells express low molecular
weight isoforms of CD45, typically CD45R0 (no additional
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domains), CD45RA, and CD45RB. Thus T cells have relatively
fewer O-glycans compared with B cells, which express full-
length CD45RABC with the full complement of O-glycans
(20–23). CD45 also bears abundant N-glycans, most of
which are found on the membrane proximal region of the
molecule, which is common to all CD45 isoforms. The
expression of specific CD45 isoforms and N- and O-glycosy-
lation of CD45 are all regulated during T cell development
(6, 11, 12, 21, 22, 24–27).
Developing T cells undergo several specific changes in cell

surface glycosylation during maturation in the thymus (28,
29). For example, immature cortical thymocytes bear abun-
dant asialo O-glycans that can bind the plant lectin peanut
agglutinin (PNA)hi, while expression of �2,3-sialyltransferase I
(ST3Gal-I), which creates the SA�2,3Gal�1,3GalNAc sequence
on core 1 O-glycans, is up-regulated in mature medullary thy-
mocytes, which are PNAlo (30–32). Additionally, immature
cortical thymocytes bear core 2 O-glycans, created by core 2
O-GlcNAc transferase (C2GnT); C2GnT expression is reduced
in mature medullary thymocytes, concurrent with up-regula-
tion of ST3Gal-I expression in this subset (2, 32). Similarly,
there is higher binding of Sambucus nigra agglutinin (SNA) to
mature thymocytes compared with immature thymocytes,
indicating increased decoration of glycans with �2,6-linked
sialic acid on these cells. Knock-out of either ST3Gal-I or �2,6-
sialyltransferase I (ST6Gal-I), both of which preferentially dec-
orate glycans onmature thymocytes, results in aberrant thymo-
cyte development and loss of cells from specific thymocyte
subsets (32, 33).
Galectin-1 preferentially kills immature thymocytes, while

mature thymocytes are resistant to galectin-1 death (2, 6, 8).
Susceptibility to galectin-1 is regulated by the presence or
absence of specific N- and O-glycan modifications, and these
specific glycans are differentially expressed on thymocyte sub-
sets. Expression of core 2 O-glycans, as found on immature
thymocytes, promotes T cell susceptibility to galectin-1-in-
duced death (11, 26, 34, 35). Expression of �2,6-linked sialic
acid, as found on mature thymocytes, reduces T cell suscepti-
bility to galectin-1-induced death (9, 12, 36, 37). These modifi-
cations can affect O- and N-glycans, respectively, on CD45.
However, it is not clear how these precise glycan modifications
regulate galectin-1 signaling throughCD45 during T cell death,
nor how galectin-1 binding to different CD45 isoforms may be
affected by glycosylation.
In the present work, we have found that galectin-1 signaling

via CD45 is regulated by both the relative abundance and the
type of O-glycans on different CD45 isoforms, suggesting a
mechanism by which T and B cells are differentially controlled
in similar environments. The balance of �2,3- and �2,6-linked
sialic acid onN-glycans influences galectin-1 binding to T cells
and thymocytes, and removal of �2,6-linked sialic acids from
N-glycans onmature thymocytes is sufficient to render the cells
susceptible to galectin-1 death. Thus, thymocyte andT cell sus-
ceptibility to galectin-1 is controlled both by developmentally
regulated glycosylation as well as by expression of specific gly-
coforms of CD45.

EXPERIMENTAL PROCEDURES

Cell Lines—Murine cell lines PhaR2.1 (gift of Dr. M. Pierce),
BW5147 (gift of Dr. R. Hyman), T200RABC and T200C817S
(gift of Dr. P. Johnson) weremaintained in DMEM (Invitrogen)
supplemented with 10 mM GlutaMAX (Invitrogen), 10% fetal
bovine serum (Hyclone), and 100 units/ml penicillin and 0.1
mg/ml streptomycin (Biowhittaker). BW5147-C2GnT and
vector control cells (34), PhaR ST3 and vector control cells,
T200-C2GnT and vector control cells, and Rev-C2GnT and
vector control cells were maintained in the above supple-
mented DMEMwith 0.2 mg/ml Zeocin (Invitrogen). PhaR ST6
and vector control cells (12) were maintained in the above sup-
plemented DMEM with 800 �g/ml G418 (Gemini). T200 cells
doubly transfected with C2GnT and CD45RABC or
CD45E613R and corresponding controls were maintained in
DMEM with 0.2 mg/ml Zeocin (Invitrogen) and 0.8 mg/ml
G418 (Gemini). All murine cell lines were maintained in 10%
CO2 in a humidified atmosphere.
ST3Gal-III Messenger RNA Isolation and RT-PCR—Total

RNA from PhaR2.1 T cells was isolated using TRIzol reagent
according to the manufacturer’s protocol. Murine ST3N
(ST3Gal3, EC 2.4.99.6, GenBankTM NM009176) cDNA was
obtained using a one-step RT-PCR kit (Invitrogen). Forward
primer sequence containing the EcoR1 digestion site was:
aagaattcgccgccaccatgggactcttggtatttg; reverse primer sequence
containing XbaI digestion site was: acctctagaatttcagataccgct-
gcttaagtc. The final PCR product was cloned into TOPO-TA-
PCR vector (Invitrogen).
Construction of ST3Gal-III Expression Vectors—cDNA was

cut from theTOPO-TA-PCRvector containing the sequence of
ST3N with digestion enzymes EcoR I and XbaI (New England
Biolabs). Digested cDNA was purified and ligated into
pcDNA3.1/Zeo(�) (Invitrogen) linearized by the same two
restriction enzymes. The ligated products were transformed
into chemically competent Escherichia coliDH5� (Novagen) to
amplify the expression vectors. Plasmid was isolated, and the
insert was verified by restriction enzyme analysis and DNA
sequencing.
Construction of CD45-E613R Mutant—cDNA of full-length

murine CD45RABC (20) in pBCMGS-neo (gift of Dr. P. John-
son) was mutated with a site-directed mutagenesis kit (Strat-
agene). Primers used, which encode the E613Rmutation, were:
caaaaggaagattgccgatcggggcagactgttcctggctg and the reverse
complement. Mutagenesis was verified by sequencing (UC
Davis Sequencing).
Transfection—pcDNA3.1/Zeo(�)-ST3N plasmid or vector

alone were transfected into PhaR2.1 cells. Following selection
in culture containing 0.3 mg/ml Zeocin, positive PhaR2.1
clones were identified by Maackia amurensis lectin II (MAA)
flow cytometry.
T200� and Rev1.1 cell lines were transfected with C2GnT in

the pcDNA3.1 vector (Invitrogen) as done previously (34).
T200-C2GnT and vector control cells were then cotransfected
with CD45RABC or CD45E613R in the pBCMGS-neo vector
(38, 39). All cells were selected in 0.3mg/mlZeocin (Invitrogen)
and/or 900 �g/ml G418 (Gemini). CD45 transfectants were
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cloned and C2GnT �/� clones were paired for matched levels
of CD45 expression by flow cytometry.
Thymocytes—Thymocytes fromC57/BL6mice were isolated

as described (6). Thymocytes were resuspended in RPMI
medium supplemented with 10% fetal bovine serum, 100 mM

HEPES (Invitrogen), 10 mM GlutaMAX, 2.5 mg/liter glucose,
0.1% 2-mercaptoethanol (Fisher Scientific), and 100 units/ml
penicillin and 0.l mg/ml streptomycin and cultured at 5% CO2.
Flow Cytometry—All flow cytometry was done at the UCLA

JohnssonComprehensive Cancer Center FlowCytometry Core
Facility on the BD FACScan or BD LSR I.
Death Assays—Galectin-1 death assays were performed

essentially as described (40). Briefly, 2 � 105 cells were resus-
pended in complete DMEMwith galectin-1 (20 �M unless oth-
erwise noted) in 1.2 mM dithiothreitol (DTT, Fisher Scientific)
or buffer control for 4.5 h. Cells were disaggregated with 0.1 M

�-lactose (Agros), washed in annexin-V binding buffer, and
stained with annexin-V FITC or annexin-V PE (Molecular
Probes) and 7-aminoactinomycin D (7-AAD, Invitrogen).
T200RABC and T200C817S cells were stained with annexin-V
PE (Invitrogen) and 7-AAD. Percent cell death was calculated
by normalizing the % of cells that are annexin-V� in treated
samples to % of cells that are annexin-V� in buffer control and
100%.
In galectin-1 death assays with bpV(phen) phosphatase

inhibitor (Calbiochem) (11), 2 � 105 PhaR2.1, PhaR ST6, or
PhaR ST3 cells were resuspended in complete DMEM with 20
�M bpV(phen) and incubated at 37 °C and 10% CO2 for 3 h.
Then galectin-1 or buffer control was added, and cells were
incubated and assayed as above.
Thymocytes were assayed for death with bpV(phen) essen-

tially as described for cell lines above, with the following excep-
tions. 5 � 105 cells were resuspended in 10 �M bpV(phen) for
3 h, followed by incubation with DTT or galectin-1. Thymo-
cytes were stained with CD4-FITC (Biolegend), CD8a-PE (Bio-
legend), and 7-AAD, and 5 �l CountBright Absolute Counting
beads (Invitrogen) were added to each sample. 750 beads were
collected per sample. Thymocytes were gated into DN, DP,
CD4, and CD8 subsets by CD4-FITC and CD8a-PE staining.
Percent cell loss was calculated by finding the percent reduc-
tion in live cell counts per cell type per sample in galectin-1-
treated versus buffer-treated control samples.
For neuraminidase assays, thymocytes were resuspended at

3 � 106 cells/ml in 100 units/ml Clostridium perfringens or
Salmonella typhimurium LT2 neuraminidase (New England
Biolabs), or buffer control (50mMsodiumcitrate, 100mMNaCl,
100 �g/ml BSA, pH 6.0) for 1 h at 37 °C. Sialic acid removal was
verified by flow cytometric analysis with SNA or MAA lectin
(see below). Thymocytes were then resuspended in RPMI at
2.5 � 106/ml with galectin-1 or buffer control for 4.5 h. Galec-
tin-1 or buffer control-treated thymocytes were then stained
with CD4-FITC, CD8a-PE, 7-AAD, and CountBright Beads as
above, and assayed for cell loss.
Surface Staining—For phenotyping of cell lines, 2 � 105 cells

were blocked with 1% bovine serum albumin (BSA, Sigma) and
incubatedwith 0.2�g of antibody for 1 h. Antibodies usedwere:
30-F11-FITC (BD Biosciences) for CD45, Rat IgG2b/�-FITC
(Biolegend), CD43 1B11-PE (Biolegend) for core 2 O-glycans,

and rat IgG2a/�-PE (Biolegend). ForT200RABCorT200C817S
cells, 30-F11-biotin (BD Biosciences) and Rat IgG2b/�-biotin
(BD Biosciences) were used to assay CD45 expression. Biotiny-
lated 30-F11 or isotype control stains were bound by streptavi-
din-PerCP (BD Biosciences).
For lectin phenotyping of cell lines, 2 � 105 cells were

blocked with 1% BSA and then stained with 1�g/106 cells BSA-
biotin, PNA-biotin, MAA-biotin, or 0.3 �g/106 cells SNA-bio-
tin (Vector Labs). Cells were washed and bound lectin was
detected with 5 �g/ml streptavidin-FITC (Jackson IR).
For lectin phenotyping of thymocytes, 1 � 106 thymocytes

were stained with lectins as above, except that biotinylated
lectins were detected with 5 �g/ml streptavidin-PerCP (BD
Biosciences). Thymocytes were co-stained with CD4-FITC
(Biolegend) and CD8a-APC (BD Biosciences) to allow gating of
DN, DP, CD4, and CD8 populations.
For galectin-1 binding, 5 � 105 cells were suspended in PBS

with the indicated amount of galectin-1-biotin for 10 min with
or without 50mM �-lactose. Cells were washed in PBS and then
stained in 5 �g/ml streptavidin-FITC. Mean fluorescence
intensity was corrected for autofluorescence for each cell type.
PhosphataseActivity Assays—1� 106 cells were resuspended

in 250 �l of complete DMEM and 20 �M galectin-1 and 1.2 mM

DTT or buffer control (in triplicate). Cells were incubated in
round bottom 96-well plates for 15 min or the indicated times,
washed twice with 1� TBS, then lysed in Nonidet P-40 lysis
buffer (50 mM Tris, 150 mM NaCl, 1% Nonidet P-40 (Igepal
CA-630, Sigma), 1mMphenylmethylsulfonyl fluoride, 10�g/ml
leupeptin (Sigma), 10 �g/ml aprotinin (Sigma)). Lysate was
cleared by centrifugation for 20 min. 1 part lysate was mixed
with 9 parts phosphatase assay buffer (150 mM NaCl, 100 mM

HEPES, 1 mM DTT, 1 mM EDTA, 50 nM okadaic acid, and 10
mM pNpp) with or without 40 �M bpV(phen) and incubated at
room temperature for 2 h. Equal volume 1MNaOH (Sigma)was
then added to stop the pNpp reaction. Samples were plated in
duplicate and were read on a colorimetric spectrophotometer
(Bio-Rad Benchmark Plus) at A415. A415 readings were normal-
ized to blank and background activity readings for each cell type
(exceptT200C817S in supplemental Fig. S1,whichwas normal-
ized to background activity of T200RABC control).
Western Blots and Immunoprecipitations—106 cells were

washed in PBS and lysed in Nonidet P-40 lysis buffer and
cleared by centrifugation for 30 min at 4 °C. Lysates were
assayed for protein concentration by BradfordAssay (Bio-Rad),
and diluted to 1 mg/ml protein. 100 �g of protein lysate was
mixed with 10 �l of protein G beads (Pierce) and 1 �g of goat
anti-mouse CD45 polyclonal antibody (R&D Systems) or 1 �g
of goat IgG (Zymed Laboratories Inc./Invitrogen) overnight at
4 °C. Beads were washed with lysis buffer and denatured in
NuPAGE sample buffer and reducing agent (Invitrogen).
Immunoprecipitate was run on NuPAGE Novex 3–8% Tris-
acetate gels (Invitrogen) per themanufacturer’s protocols. Gels
were transferred to polyvinylidene difluoride membrane (Bio-
Rad) and blocked in 3% BSA and 0.01% Tween.
Blots were probed with 0.1 �g/ml goat anti-mouse CD45

polyclonal antibody (R&D Systems) and donkey anti-goat
horseradish peroxidase (HRP) secondary (Novus) for CD45
blots. Lectin blots were probed with 0.1 �g/ml SNA-biotin
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(Vector Labs) and streptavidin-HRP secondary (Zymed Labo-
ratories Inc./Invitrogen).
Glycan Microarray—200 �g/ml biotinylated galectin-1 (5)

were assayed at Core H at the Consortium for Functional Gly-
comics on the mammalian version 4 slide glycan microarray.
Data shown in this publication are from glycans (A) 320:
[Neu5Aca2–3Galb1–4GlcNAcb1–2Mana1–3(Neu5Aca2–
3Galb1– 4GlcNAcb1–2Mana1– 6)Manb1– 4GlcNAcb1–
4GlcNAcb-Sp12], (B) 313: [Neu5Aca2–3Galb1–4GlcNAcb1–
2Mana1–3(Neu5Aca2– 6Galb1– 4GlcNAcb1–2Mana1–
6)Manb1–4GlcNAcb1–4GlcNAcb-Sp12], (C) 321: [Neu5Aca2–
6Galb1–4GlcNAcb1–2Mana1–3(Neu5Aca2–3Galb1–4Glc-
NAcb1–2Mana1–6)Manb1-4GlcNAcb1–4GlcNAcb-Sp12],
and (D) 53: [Neu5Aca2– 6Galb1– 4GlcNAcb1–2Mana1–
3(Neu5Aca2– 6Galb1– 4GlcNAcb1–2Mana1– 6)Manb1–
4GlcNAcb1–4GlcNAcb-Sp12]. Data shown are relative fluo-
rescence units (RFUs) � the S.E. of six replicate assays.

RESULTS

Differential Sialylation of Thymocytes at Distinct Develop-
mental Stages—During development, thymocytes undergo sev-
eral changes inN- andO-glycosylation of cell surface glycopro-
teins. Earlier studies of glycosylation patterns in the thymus
focused on differences between cortical (immature) and med-
ullary (mature) thymocytes, or used only a single marker, such
as CD3, to distinguish thymocyte subsets at different points of

maturation (2, 29, 30, 41, 42). How-
ever, multiparameter flow cytom-
etry has allowed separation of thy-
mocytes into four distinct
developmental subsets; these
include the most immature cells
that express neither CD4 nor CD8
(double negative, DN), immature
cells that are undergoing TCR rear-
rangement and express both CD4
and CD8 (double positive, DP), and
mature cells that express a func-
tional TCR and either CD4 or CD8
(single positive, SP) (1). Few studies
have analyzed differences in glyco-
sylation among these well-defined
thymocyte subsets (33, 43).
To more precisely characterize

the sialylation of bothN- andO-gly-
cans on thymocyte subsets, we used
three plant lectins: PNA, which
binds asialo core 1 O-glycan struc-
tures, SNA,which binds�2,6-linked
sialic acid primarily on N-glycans,
and MAA, which binds �2,3-linked
sialic acid primarily on N-glycans.
Total murine thymocytes were
stained with CD4, CD8, and the
indicated lectin. Using flow cytom-
etry, cells were separated into DN,
DP, CD4SP, and CD8SP subsets
(Fig. 1A), and reactivity with the
indicated lectin for each subset was

determined.
As shown in Fig. 1B, exposure of asialo core 1 O-glycans

increases at the DN-DP transition; we observed strong reactiv-
ity of DP cells with PNA, while DN cells had minimal binding.
While previous studies have described increased PNA binding
to “immature” versus “mature” thymocytes, the present analysis
identifies a clear difference between DN and DP cells with
regard to PNA staining. In contrast, both CD4-SP and CD8-SP
subsets lose PNA reactivity, compared with DP cells; previous
studies had found reduced PNA binding to medullary com-
pared with cortical thymocytes (2, 29). Work from our labora-
tory and others has shown that sialylation of core 1 O-glycans
antagonizes susceptibility to galectin-1-induced cell death (6,
11, 44). Thus, the PNAprofile of these four thymocyte subsets is
consistent with our observation that DP cells are highly suscep-
tible to galectin-1-induced cell death, while DN and SP thymo-
cytes, which have reduced levels of asialo O-glycans, are resist-
ant to galectin-1 death.
Fig. 1, C and D, show that there is also an increase in both

�2,6- and �2,3-linked sialic acids (detected by SNA and MAA,
respectively) on thymocytes at the DP-SP transition, especially
onCD4 cells; the former is consistentwith previous reports that
SNA preferentially binds to mature thymocytes (33, 41). As
mentioned above, CD4 andCD8-SP thymocytes are resistant to
galectin-1 (8); as overexpression of ST6Gal-I enzyme, which

FIGURE 1. Differential glycosylation of murine thymocyte subsets. A, identification of thymocyte subsets.
Thymocytes were stained with CD4-FITC and CD8-PE. Representative gating to identify DN (CD4- CD8-), DP
(CD4� CD8�), CD4 (CD4� CD8-), and CD8 (CD4- CD8�) cells is shown. B, DP thymocytes bear asialo O-glycans.
Thymocytes were stained with CD4-FITC, CD8-PE, and PNA-biotin. Lectin binding was detected with strepta-
vidin-PerCP. Thymocytes were gated on DN, DP, CD4, and CD8 subpopulations and PerCP MFI of each subset
determined. C, SP thymocytes bear abundant �2,6-linked sialic acid. Cells were stained and gated as above,
except that SNA-biotin binding was detected. D, SP thymocytes bear abundant �2,3-linked sialic acid. Cells
were stained and gated as above, except that MAA-biotin binding was detected. In B–D, data are mean MFI �
S.E. of cells from four animals.
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adds �2,6-linked sialic acid to N-glycans, blocks galectin-1
death, and peripheral CD4-Th2 cells, which are resistant to
galectin-1, express ST6Gal-I and bind SNA (9, 12), this indi-
cates that addition of �2,6-linked sialic acids to SP thymocytes
also protects these cells from galectin-1 death.
O-Glycans on CD45 Regulate Galectin-1 Binding, Phospha-

tase Activity, and Cell Death—As mentioned above, CD45 is
one of the most abundant glycoproteins on the T cell surface,
and glycosylation of CD45 is regulated during thymocyte devel-
opment.While not essential for galectin-1 T cell death, CD45 is
amajor cell surface receptor for galectin-1, and galectin-1 bind-
ing to T cells results in a reduction in the intracellular tyrosine
phosphatase activity of CD45 (12–14, 44). In T cells and T cell
lines expressing CD45, CD45 must be appropriately glycosy-
lated for galectin-1 death to occur. Cells that express CD45 but
not core 2 O-glycans are not susceptible to galectin-1 death,
while expression of C2GnT adds core 2O-glycans to CD45 and
renders cells susceptible to galectin-1 (11, 26, 34). While core 2
O-glycans can also be found on CD43, another major cell sur-
face receptor for galectin-1, addition of core 2 O-glycans spe-

cifically to CD43 is not essential for galectin-1 death (6). Thus,
we asked if addition of core 2 O-glycans was essential for the
galectin-1-induced reduction in CD45 phosphatase activity
that is necessary for galectin-1 T cell death.
We expressed C2GnT in the CD45RB� BW5147 thymoma

cell line (11, 34); all cell lines constructed for this study are
described in Fig. 2. As a positive control, we used the PhaR2.1
cell line, a phytohemagglutinin resistant mutant of BW5147,
which expresses C2GnT and CD45RB and is highly susceptible
to galectin-1 (11). C2GnT expression in BW5147 cells resulted
in addition of core 2 O-glycans to cell surface glycoproteins
detected by the 1B11 mAb (45), while all cell lines expressed
comparable amounts of CD45 (Fig. 3A). Expression of C2GnT
in BW5147 cells resulted in increased galectin-1 binding to the
cell surface (Fig. 3B).
As shown in Fig. 3C, addition of galectin-1 to PhaR2.1 cells

resulted in a substantial reduction in tyrosine phosphatase
activity, while no reduction of phosphatase activity was seen in
BW5147 cells that do not express C2GnT. In contrast, galec-
tin-1 binding to BW5147 cells expressing C2GnT resulted in a

FIGURE 2. Derivation of cell lines used in this study. The PhaR2.1 cell line is a derivative of BW5147 that has spontaneously re-expressed C2GnT. The T200�

cell line is a derivative of BW5147 that lacks CD45. The Rev1.1 cell line is a derivative of the T200� cell line that has spontaneously re-expressed the extracellular
and transmembrane regions of CD45.
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significant and sustained decrease, �40%, in tyrosine phospha-
tase activity in these cells. While 1B11 reactivity of C2GnT-
expressing BW5147 cells was not as high as that for PhaR2.1
cells (Fig. 3A), the degree of core 2O-glycosylation on C2GnT-
expressing BW5147 cells was clearly adequate to permit galec-
tin-1 binding to modulate CD45 phosphatase activity. Thus,
addition of core 2O-glycans to CD45RB, the isoform expressed
by thymocytes and the BW5147 thymoma cell line, was neces-

sary and sufficient to restore galectin-1 signaling through
CD45.
As mentioned above, core 2 O-glycan expression is only

required for galectin-1 T cell death if the cells express CD45
(11). While core 2 O-glycan expression clearly affected CD45
intracellular phosphatase activity (Fig. 3C), core 2 O-glycan
modification of the CD45 extracellular domain could also
enhance galectin-1 binding and cell death by increasing the

FIGURE 3. Expression of core 2 O-glycans increases galectin-1 binding and is required for galectin-1 inhibition of CD45 tyrosine phosphatase activity
in cells expressing CD45RB. A, expression of C2GnT adds core 2 O-glycans to T cell surface glycoproteins. PhaR2.1, BW5147, BW-C2GnT, or BW-vector cells
were stained with CD45-FITC or 1B11-PE (open) or isotype control (filled). 1B11 binding to BW-C2GnT cells demonstrates core 2 O-glycan addition. B, BW-C2GnT
(squares) or BW-vector (circles) cells were bound by biotinylated galectin-1 for 10 min with (open) or without (filled) 50 mM lactose. Bound galectin-1 was
detected with streptavidin-FITC, and MFI was determined. Data are mean fluorescence, corrected for autofluorescence, � S.D. of duplicate samples. C, 1 � 106

PhaR2.1, BW-vector, or BW-C2GnT cells were incubated with 20 �M galectin-1 (circles) or buffer control (squares) for the shown times. Cells were then washed
and lysed, and phosphatase activity was measured with (open) or without (filled) bpV(phen). Data are mean � S.D. of triplicate samples.
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concentration of galectin-1 on the cell surface and making
more galectin-1 locally available to other, smaller glycoprotein
receptors, such as CD7, that are required for cell death (6, 46).
To determine whether dependence on core 2 O-glycans for
galectin-1 cell death is mediated through the CD45 extracellu-
lar domain, we expressedC2GnT in theT200� cell line, a deriv-
ative of BW5147 that lacks CD45, and the Rev1.1 cell line, a
derivative of T200� that bears a truncated form of CD45
expressing only the transmembrane and extracellular domains.
We have previously shown that both these cell lines are suscep-
tible to galectin-1 death, even in the absence of core 2O-glycans
(11). Following C2GnT transfection, expression of core 2
O-glycans was demonstrated by increased binding of the 1B11
mAb (Fig. 4A). However, the presence or absence of core 2
O-glycans had no effect on the susceptibility of either the
T200� cells, or the Rev1.1 cells (Fig. 4A) to galectin-1 cell death,
as we observed equivalent susceptibility to galectin-1 in T200�

or Rev1.1 cells with or without core 2 O-glycans. These data
demonstrate that the primary effect of core 2O-glycan modifi-
cation of CD45 is to allow galectin-1 regulation of CD45 intra-
cellular tyrosine phosphatase activity.
CD45RB, the isoform of CD45 found on BW5147 cells

and on most thymocytes, bears fewer O-glycans than the
CD45RABC isoform; the CD45RABC isoform, which is typi-
cally expressed onB cells, includes all three alternatively spliced
regions in the extracellular domain, which have abundant ser-
ine/threonine residues. As discussed above, core 2 O-glycan
modification of cells expressing CD45RB is required for galec-
tin-1 death. To determine if an increase in total core 1 (low
affinity galectin-1 ligand)O-glycans could compensate for lack
of core 2 (high affinity galectin-1 ligand) O-glycans, we trans-
fected full-length murine CD45RABC into T200� cells with
and without C2GnT. We compared cells expressing compara-
ble levels of CD45, and the presence of core 2 O-glycans was
confirmed by 1B11 binding (Fig. 4B). Surprisingly, there was no
significant difference in susceptibility to galectin-1 cell death
between cells co-transfectedwithCD45RABCandC2GnTover
cells transfected with CD45RABC alone. Furthermore, T200�

cells transfected with CD45RABC, but not with C2GnT,
showed a 20% reduction in phosphatase activity after galectin-1
binding (supplemental Fig. S1). These data indicate that that
the greater abundance of low affinity core 1 O-glycan ligands
present on CD45RABC versus CD45RB is sufficient to allow
galectin-1 binding and signaling, even without core 2O-glycan
elongation.

Finally, to determine the requirement for CD45 phosphatase
activity in galectin-1 death, we used T200� cells transfected
with either CD45RABC or a CD45RABC mutant C817S in the
intracellular domain. This mutation completely abrogates
CD45 phosphatase activity, which is essentially all the tyrosine
phosphatase activity in these cells (supplemental Fig. S1) (47).
Again, we compared cells expressing equivalent levels of CD45
(Fig. 4C). As we saw in Fig. 3B, cells expressing the CD45RABC
isoform (T200RABC) were susceptible to galectin-1. Cells
expressing the phosphatase-dead CD45RABC mutant
(T200C817S) were also susceptible to galectin-1 and actually
demonstrated a modest but statistically significant increase in
cell death comparedwith cells expressingwild-typeT200RABC
(Fig. 4C). As galectin-1 binding to wild-type CD45 only inhibits
phosphatase activity by 20–50% (12–14) (Fig. 3), this suggests
that complete inhibition of CD45 phosphatase activity further
enhances susceptibility of cells to galectin-1.
Sialic AcidAddition toN-Glycans Regulates Galectin-1 Bind-

ing, CD45Tyrosine Phosphatase Activity, andGalectin-1Death—
Prior work in our laboratory has shown that galectin-1 binding
toN-glycans in general and toN-glycans on CD45 in particular
is required for galectin-1 signaling and T cell death (8, 12). The
factors that regulate galectin-1 binding to N-glycans are not
entirely known. However, galectin-1 binding to soluble or
immobilized lactosamine-containing glycans terminated with
�2,6-linked sialic acid is reduced, compared with binding to
glycans with lactosamine sequences capped with �2,3-linked
sialic acid (37, 46, 48). Overexpression of ST6Gal-I, which adds
�2,6-linked sialic acid to N-glycans, also reduces galectin-1
binding to and signaling in T cell lines (12). As shown in Fig. 1,
sialic acid is found in both �2,3- and �2,6-linkages on cell sur-
face N-glycans on different thymocyte subsets. We therefore
wished to investigate how relative levels of �2,3- and �2,6-
linked sialic acid on cell surface N-glycans would affect galec-
tin-1 binding, signaling, and T cell death.
We expressed �2,3-sialyltransferase III (ST3Gal-III), a sialyl-

transferase that preferentially adds �2,3-linked sialic acid to
N-glycans, in PhaR2.1 cells to create PhaR ST3 cells, as we had
done with the ST6Gal-I to create PhaR ST6 cells (12).We com-
pared SNA and MAA lectin staining of parental PhaR2.1 cells
with PhaR ST6 and Phar ST3 cells (Fig. 5A). Cells with high
levels of cell surface �2,6-linked sialic acid (detected by SNA
binding) had reduced levels of cell surface �2,3-linked sialic
acid (detected byMAAbinding), and vice versa, suggesting that
ST6Gal-I and ST3Gal-III compete for glycoprotein substrates,

FIGURE 4. CD45 regulation of galectin-1 susceptibility requires the intracellular phosphatase domain, and CD45 isoform usage determines the
requirement for core 2 O-glycans. A, T cells lacking the intracellular domain of CD45 do not require C2GnT expression for galectin-1 susceptibility. Left, T200�

or Rev1.1 cells were transfected with cDNA encoding C2GnT or vector alone, and the presence of core 2 O-glycans determined by staining with 1B11-PE (open)
or isotype control (filled). CD45 expression was determined with CD45-FITC (open) or isotype control (filled). Histograms are of representative clones. Right,
T200-C2GnT, T200-vector, Rev-C2GnT, or Rev-vector cells were treated with galectin-1 or buffer control, and cell death was analyzed by staining with annexin-
V-FITC and 7-AAD. T200� and Rev1.1 cells were susceptible to galectin-1 death, and cells with or without core 2 O-glycans had comparable levels of cell death.
Data are mean � S.D. of at least duplicate samples, and representative of at least four experiments. B, expression of core 2 O-glycans does not enhance
galectin-1 susceptibility in T cells expressing CD45RABC. Left, T200� cells were transfected with CD45RABC and C2GnT (T200 RABC C2) or CD45RABC and vector
control (T200 RABC vec), and core 2 O-glycan expression was determined as in A. Histograms are of representative clones. Right, cell death assays were
performed as in A. Data are mean � S.D. of triplicate samples. C, loss of CD45 phosphatase activity enhances T cell susceptibility to galectin-1. Left, T200� cells
transfected with CD45RABC (T200RABC) or the inactive phosphatase mutant CD45RABC-C817S (T200C817S) were stained for CD45 as above. Right, while cells
expressing CD45RABC were sensitive to galectin-1, complete loss of CD45 phosphatase activity in the C817S mutant enhanced susceptibility to galectin-1. Cell
death assays were performed as above. Data are mean � S.E. of triplicate samples from three independent experiments. Significance was determined by
Student’s t test.
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and that changes in the expression level of one of these enzymes
alters the relative proportion of both linkages. CD45 was spe-
cifically modified by both enzymes, as CD45 from PhaR ST6
cells had increased abundance of �2,6-linked sialic acid, and
CD45 fromPhaR ST3 cells had less�2,6-linked sialic acid, com-
pared with control cells (Fig. 5B). This indicates that the
changes in lectin binding observed on whole cells, detected by
flow cytometry, occurs specifically on CD45, a major galectin-1
receptor on T cells.

Because amulti-antennaryN-gly-
can can bear a sialic acid residue at
the terminus of each branch, we
investigated the effect of different
sialic acid linkages on galectin-1
binding to a biantennary glycan.We
analyzed the binding efficiency of
galectin-1 to biantennaryN-glycans
with (column A) two �2,3-, (col-
umns B and C) one �2,3- and one
�2,6-, or (column D) two �2,6-
linked sialic acids on a glycan
microarray (Fig. 5C). The greatest
galectin-1 binding was observed for
the glycan with only �2,3-linked
sialic acid. Galectin-1 binding was
reduced by about 40% when the
biantennary glycan had one sialic
acid in an �2,6-linkage and one
sialic acid in an �2,3-linkage,
although there was no preference
for one branch over another. How-
ever, galectin-1 binding was dra-
matically reduced (greater than
10,000-fold) when both branches
were terminated with �2,6-linked
sialic acid.
We observed a similar effect of

the ratio of �2,6- to �2,3-linked
sialic acids on galectin-1 binding to
cells. Indeed, while PhaR2.1 cells
bearing glycans terminated with an
intermediate number of�2,6-linked
sialic acids bound galectin-1, small
changes in �2,6-�2,3-linkage ratio
resulted in a dramatic shift in galec-
tin-1 binding; galectin-1 binding to
PhaR ST3 cells was increased, and
galectin-1 binding to PhaR ST6 cells
was reduced, relative to parental
PhaR2.1 cells (Fig. 5D). Thus, mod-
ifying the ratio of �2,6-linked to
�2,3-linked sialic acids on cell sur-
face glycans can significantlymodu-
late the binding and signaling capa-
bility of galectin-1 for the cell.
As mentioned above, overexpres-

sion of ST6Gal-I in T cells inhibited
the reduction in tyrosine phospha-

tase activity that occurs after galectin-1 binding (12). As shown
in Fig. 6A, this effect is specific for the �2,6-linkage; PhaR ST6
cells demonstrated no significant decrease in tyrosine phospha-
tase activity after galectin-1 binding compared with parental
PhaR2.1 cells, while PhaR ST3 cells had a similar reduction in
tyrosine phosphatase activity compared with parental PhaR2.1
cells. Additionally, while PhaR ST6 cells had a 60% reduction in
galectin-1 T cell death compared with PhaR2.1 cells, PhaR ST3
cells were �2-fold more susceptible to galectin-1 than PhaR2.1

FIGURE 5. ST6Gal-I and ST3Gal-III expression modulates the balance of sialic acid linkages on T cells to
regulate galectin-1 binding. A, ST6Gal-I (PhaR ST6) and ST3Gal-III (PhaR ST3) were expressed in PhaR2.1 cells
and cell surface sialylation was determined by reactivity with SNA-biotin or MAA-biotin, detected by strepta-
vidin-FITC. Cells expressing ST6Gal-I had increased SNA binding and reduced MAA binding, and cells express-
ing ST3Gal-III had increased MAA binding and reduced SNA binding, indicating that the enzymes compete for
acceptor substrates. Data are mean fluorescence intensity � 95% CI for representative samples of three inde-
pendent assays. B, overexpression of ST6Gal-I increased �2,6-linked sialic acid on CD45, while expression of
ST3Gal-III reduced �2,6-linked sialic acid on CD45. Lysates of PhaR2.1, PhaR ST6, and PhaR ST3 cells were
immunoprecipitated with anti-CD45 (45) or control IgG (C). Precipitates were probed with SNA-biotin,
stripped, and reprobed with anti-CD45 to confirm equal loading. C, galectin-1 binding to bi-antennary N-gly-
cans is regulated by addition of �2,6-linked sialic acid. Galectin-1 binding to a glycan microarray was per-
formed, and binding to bi-antennary complex N-glycans decorated with different terminal sialic acid linkages
was determined. Relative binding to a bi-antennary complex N-glycan with two �2,3 (column A), one �2,3 and
one �2,6 (columns B and C), or two �2,6 (column D)-linked sialic acids. Data are mean relative fluorescence units
(RFU) � S.E. of six replicate determinations. Statistical significance was measured by one-way analysis of vari-
ance with Bonferroni’s multiple comparison post-test. D, alteration of sialic acid balance on the cell surface
results in change in galectin-1 binding. PhaR2.1 (f, �), PhaR ST6 (�, ƒ), or PhaR ST3 (F, E) were incubated with
indicated concentration of biotinylated galectin with (open) or without (filled) 50 mM lactose for 10 min,
washed, and stained with streptavidin-FITC. Data are mean fluorescence intensity (corrected for autofluores-
cence) � S.D. of duplicate samples.
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cells. This suggests that galectin-1 T cell death is exquisitely
sensitive to the relative balance of �2,3- and �2,6-linked sialic
acids on cell surface glycans, and that small changes in the
expression level of either responsible enzyme may alter the
sialic acid linkage ratio and thus galectin-1 signaling.
Resistance of SP Thymocytes to Galectin-1 Is Dependent upon

the Presence of Sialic Acid, Rather than Phosphatase Activity—
As shown in Fig. 3, addition of core 2 O-glycans to CD45 is
necessary for reduction of tyrosine phosphatase activity after
galectin-1 binding, as well as for susceptibility to galectin-1
death. Resistance to galectin-1 can be overcome in T cells that
express CD45 but lack core 2O-glycans with a pharmacological
tyrosine phosphatase inhibitor, bpV(phen) (11). To ask if the
resistance to galectin-1 death that we observed in cells overex-
pressing ST6Gal-I was also dependent on CD45 phosphatase

activity, we asked if bpV(phen) would enhance death of PhaR
ST6 cells (Fig. 7A). Surprisingly, bpV(phen) increased the sen-
sitivity of bothPhaR2.1 andPhar ST3 cells to galectin-1, but had
no effect on the susceptibility of Phar ST6 cells to galectin-1.
This indicates that the mechanism by which increased cell sur-
face�2,6-linked sialic acid inhibits galectin-1 binding, signaling
and T cell death is not solely due to blocking the ability of
galectin-1 to decrease CD45 tyrosine phosphatase activity, as
we observed for core 2 O-glycans (Fig. 3).
As shown in Fig. 1, sialylation of both N- and O-glycans is

increased in SP thymocytes, which are resistant to galectin-1
death (8). In T cell lines, while resistance to galectin-1 death
because of lack of core 2 O-glycans on CD45 can be overcome
by inhibiting CD45 phosphatase activity with bpV(phen) (11),
resistance to galectin-1 death due to cell surface �2,6-linked
sialic acid was not (Fig. 7A). To ask if primary SP thymocyte
resistance to galectin-1 is also due to a phosphatase-indepen-
dentmechanism,we treated thymocyteswith galectin-1with or
without bpV(phen) (Fig. 7B). As we saw with PhaR ST6 cells,
the resistance of CD4 andCD8 SP thymocytes to galectin-1 was
unaltered by the addition of bpV(phen), suggesting that the
primary reason that SP thymocytes are resistant to galectin-1
death is the presence of �2,6-linked sialic acid on N-glycans
rather than the lack of core 2 O-glycans.

FIGURE 6. Overexpression of ST6Gal-I, but not ST3Gal-III, inhibits galec-
tin-1-induced reduction of CD45 phosphatase and death. A, PhaR2.1,
PhaR ST6, and PhaR ST3 cells were incubated with 20 �M galectin-1 or buffer
control for 15 min prior to determination of tyrosine phosphatase activity of
cell lysates. Data are mean � S.D. of triplicate samples. B, PhaR2.1, PhaR ST6,
or PhaR ST3 cells were incubated with 20 �M galectin-1 or buffer control. %
cell death was normalized to buffer control, and then PhaR ST6 and PhaR ST3
death were normalized relative to PhaR2.1 cell death. Data are mean � S.E. of
triplicate samples from seven independent experiments.

FIGURE 7. Inhibition of tyrosine phosphatase activity cannot overcome
the block to galectin-1 death in T cells expressing high levels of �2,6-
linked sialic acid. A, tyrosine phosphatase inhibitor bpV(phen) increases
galectin-1 death of PhaR2.1 and PhaR ST3 cells, but does not affect PhaR
ST6 cells. Phar2.1, PhaR ST6, and PhaR ST3 cells were treated with 20 �M

bpV(phen) or buffer control for 3 h, then incubated with 20 �M galectin-1 or
buffer control for an additional 4.5 h. Data are mean � S.D. of triplicate
samples. B, treatment with bpV(phen) does not increase galectin-1-induced
death in SP thymocytes. Total thymocytes were incubated with 10 �M

bpV(phen) and followed by 20 �M galectin-1 as above. Cells were stained
with 7-AAD, anti-CD4, and anti-CD8, and gated for DP, CD4, and CD8 pop-
ulations. Data are mean � S.D. of triplicate samples from two independent
experiments.
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To determine if removal of �2,6-linked sialic acids from cell
surface glycans would restore susceptibility to galectin-1, we
treated thymocytes with C. perfringens neuraminidase, which
primarily removes sialic acid in �2,6- and �2,3-linkages from
underlying glycans, and confirmed that the enzyme removed
�2,6-linked sialic acid by flow cytometry with SNA (Fig. 8A).
Neuraminidase treatment had no effect on SNA binding to DN
andDP thymocytes, but reduced SNAbinding to CD4 andCD8
SP thymocytes. We then tested neuraminidase-treated and
control-treated thymocytes for sensitivity to galectin-1 death.
Neuraminidase treatment dramatically enhanced the suscepti-
bility of CD4 and CD8 SP thymocytes to galectin-1; the galec-
tin-1 death of SP cells was equivalent to that of DP thymocytes
(Fig. 8B). Importantly, a relatively modest decrease in the
amount of �2,6-linked sialic acid on the cell surface (Fig. 7A)
was sufficient to dramatically increase galectin-1 sensitivity. In
contrast, when thymocytes were treated with S. typhimurium
neuraminidase that selectively removes �2,3-linked sialic acid,

we observed no change in suscepti-
bility to galectin-1 cell death (data
not shown). These results demon-
strate that, as we have previously
found for peripheral CD4 Th2 cells
(9), SP thymocyte resistance to
galectin-1 death results from an
increase in�2,6-linked sialic acid on
cell surface glycans; however, small
changes, such as a modest decrease
in ST6Gal-I activity or increase in
ST3Gal-III activity, may be suffi-
cient to render these cells suscepti-
ble to galectin-1 binding, signaling,
and death.

DISCUSSION

The present work demonstrates
that there are at least two indepen-
dent glycan-dependent mecha-
nisms that regulate T cell suscepti-
bility to galectin-1-induced cell
death. First, the presence or absence
of core 2 branches onO-glycans reg-
ulates the binding of galectin-1 to
CD45RB and the ability of galec-
tin-1 to reduce CD45 tyrosine phos-
phatase activity (Fig. 3), and lack of
core 2 O-glycans can be overcome
by a pharmacological tyrosine phos-
phatase inhibitor (11). Second,
�2,6-linked sialic acids on N-gly-
cans block galectin-1 binding to T
cells; while this mechanism also
inhibits galectin-1-induced reduc-
tion inCD45phosphatase activity, it
cannot be overcome by a tyrosine
phosphatase inhibitor (Figs. 5–7).
Both mechanisms likely function in
vivo to regulate susceptibility of thy-
mocyte subsets to galectin-1 T cell

death. The decoration of O-glycans with core 2 branches and
N-glycans with terminal �2,6-linked sialic acid are tightly reg-
ulated during T cell development and activation, so that both
glycosylation events can alter the threshold for galectin-1 bind-
ing and signaling.
CD45 is highly N- and O-glycosylated and is a major cell

surface receptor for galectin-1 on T cells. While not absolutely
required for galectin-1 death, all nucleated hematopoietic cells
express CD45, so CD45 would be an important regulator of
thymocyte and T cell susceptibility to galectin-1 in vivo. CD45
can both positively and negatively regulate susceptibility to
galectin-1; appropriate glycosylation of CD45 with core 2
O-glycans permits galectin-1 binding to decrease CD45 tyro-
sine phosphatase activity, an essential step in the galectin-1
pathway. The absolute decrease in CD45 tyrosine phospha-
tase activity after galectin-1 binding does not appear to
depend on the expression level of CD45; indeed, it has been

FIGURE 8. Removal of sialic acid from thymocytes renders SP thymocytes sensitive to galectin-1. A, thy-
mocytes were treated with 100 units/ml C. perfringens neuraminidase or buffer control for 1 h. Cells were
stained with CD4-FITC and CD8-PE, and SNA-biotin and streptavidin PerCP, and gated for DN, DP, CD4, and CD8
subpopulations. SNA binding is reduced on CD4 and CD8 cells after neuraminidase treatment. Data are mean
fluorescence intensity � S.D. of cells from two animals. B, loss of �2,6-linked sialic acid enhances galectin-1
susceptibility of CD4 and CD8 SP thymocytes. Cells were treated with neuraminidase or buffer control as above,
followed by 20 �M galectin-1 or buffer control for 4.5 h. Cells were stained with 7-AAD, anti-CD4, and anti-CD8,
and gated for DN, DP, CD4, and CD8 subpopulations. Cell loss from each subpopulation was determined. Data
are mean � S.D. of triplicate samples.
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noted that very high levels of expression of CD45 blunt sig-
naling strength compared with lower levels of CD45 expres-
sion3 (17, 22, 49). Thus, changes in glycosylation of CD45,
rather than changes in the amount of CD45 that is expressed,
may be the primary factor that regulates susceptibility to
galectin-1 death during thymocyte development.
CD45 phosphatase activity is not required for phosphatidyl-

serine externalization and membrane permeabilization during
galectin-1 death; indeed, we observed enhanced death of T cells
expressing an enzymatically inactive CD45 mutant compared
with wild-type CD45 (Fig. 4). In contrast, we have recently
shown that membrane blebbing and cytoskeletal degradation
during galectin-1 death require the CD45 phosphatase domain
(15). To ask if constitutively active CD45 phosphatase would
oppose galectin-1 death, we used a CD45RABC mutant re-
ported to have a constitutively active phosphatase domain, the
CD45 E613R “wedge” mutant (50). However, we found that
galectin-1 binding reduced the phosphatase activity of the
CD45 E613R mutant to a level comparable to that observed for
wild-type CD45; moreover, T200� cells expressing the E613R
mutant were susceptible to galectin-1 death (supplemental Fig.
S2). Thus, we could not use thismutant to determine the role of
the CD45 phosphatase activity in opposing galectin-1 signaling
and death.
T cells typically express lower molecular weight isoforms of

CD45, such as CD45RB or CD45R0 (22, 51). These lower
molecular weight isoforms carry fewer O-glycans compared
with CD45RABC, which is expressed primarily by B cells (19).
We found that T cells expressing CD45RB were dependent on
expression of C2GnT for susceptibility to galectin-1, while cells
expressing CD45RABC did not require C2GnT expression.
Interestingly,mice overexpressingC2GnThave impairedT cell
immune responses and humoral immune defects because of
impaired T cell stimulation of B cells (52). Similarly, mice lack-
ing ST3Gal-I, which inhibits core 2 elongation on O-glycans,
have increased apoptosis of CD8� T cells (32). Thus, an
increase in core 2 O-glycans, either by overexpression of
C2GnT or deletion of ST3Gal-I, results in impaired T cell func-
tion and loss of T cells. This suggests that the balance of core 1
and core 2 structures on O-glycans is more important in T cell
regulation than in B cell regulation, likely because of expression
of smaller CD45 isoforms by T cells. Indeed, aberrant CD45
isoform expression on T cells has been noted in autoimmune
and immunodeficiency diseases (53–55).
N-Glycosylation is also integral to T cell development and

function. A recent report has shown that, in mice lacking
ST6Gal-I, there is a significant defect in thymocyte cellularity,
starting at the DN stage (33). As the presence of �2,6-linked
sialic acid protects thymocytes from galectin-1 death (Fig. 8),
there may be increased loss of thymocytes in these mice
because of endogenous galectin-1.
While galectin-1 resistance caused by the lack of core 2

O-glycans could be overcome by a tyrosine phosphatase inhib-
itor, we found that inhibition of galectin-1 binding and signal-
ing by �2,6-linked sialic acid on N-glycans could not be over-

come by a phosphatase inhibitor. This suggests that, in the
absence of core 2O-glycans, galectin-1 can bind to other recep-
tors involved in galectin-1 death, such as CD43 andCD7; core 2
O-glycans are only required for inhibition ofCD45 phosphatase
activity. In contrast, an increase in �2,6-linked sialic acid on
N-glycans may reduce binding of galectin-1 to other receptors,
such as CD7, a small glycoprotein that is exclusively N-glyco-
sylated and is absolutely required for galectin-1 death of human
T cells (10, 34, 56, 57). Although a homologue of CD7 is not
known to be expressed on murine T cells, a similar N-glyco-
sylated protein may act as a pro-apoptotic receptor for galec-
tin-1 in themouse, and�2,6-linked sialic acid onN-glycansmay
affect galectin-1 binding to this receptor.
As mentioned above, aberrant expression of glycosyltrans-

ferases, including C2GnT, ST3Gal-I, and ST6Gal-I, leads to
defects or abnormalities in T cell development, activation, and
regulation (32, 33, 52). Indeed, the presence of large, highly
glycosylated structures on receptors like CD45 and CD43 are
necessary for TCR signaling and proper thymocyte positive and
negative selection (58). Specific CD45 isoforms contribute to
the intensity of TCR signals (55, 59). Additionally, galectin-1
regulates the threshold of TCR signaling and tunes thymocyte
selection (4, 60). Together, these findings demonstrate that the
presentation of specific N- and O-glycans by CD45 on thymo-
cytes, influenced both by CD45 isoform usage and regulated
glycosyltransferase expression, is critical for proper thymocyte
development and selection involving galectin-1.
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