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Background: The C-type lectin macrophage galactose-type lectin (MGL) specifically dampens effector T cell function.
Results: Activation through the ERK and calcineurin pathways leads to dramatic changes in T cell surface glycosylation.
Conclusion:MGL-binding glycans are expressed only on recently activated T cells.
Significance: This study provides mechanistic insight into the signaling pathways that regulate T cell surface glycosylation.

The C-type lectin macrophage galactose-type lectin (MGL)
exerts an immunosuppressive role reflected by its interaction
with terminal GalNAc moieties, such as the Tn antigen, on
CD45 of effector T cells, thereby down-regulating T cell recep-
tor signaling, cytokine responses, and induction of T cell death.
Here, we provide evidence for the pathways that control the spe-
cific expression of GalNAc moieties on human CD4� T cells.
GalNAc epitopeswere readily detectable on the cell surface after
T cell activation and required de novo protein synthesis. Expres-
sion of GalNAc-containing MGL ligands was completely
dependent on PKC and did not involve NF-�B. Instead, activa-
tion of the downstream ERK MAPK pathway led to decreased
mRNA levels and activity of the core 1 �3GalT enzyme and its
chaperone Cosmc, favoring the expression of Tn antigen. In
conclusion, expression of GalNAc moieties mirrors the T cell
activation status, and thus only highly stimulated T cells are
prone to the suppressive action of MGL.

Protein glycosylation is one of the most common forms of
post-translational modifications. About 1–3% of the mamma-
lian genome is dedicated to the glycosylation machinery,
defined by the set of enzymes, chaperones, regulatory mole-
cules, and co-factors involved in the glycan biosynthesis (1).
It is estimated that over 90% of all proteins on the cell surface
carry glycosidic residues. These surface glycans create the
cell glycocalyx that acts as a shield to protect cells from

injury, but it also has a structural role in maintaining tissue
integrity. In addition, surface glycans can be recognized by
carbohydrate-specific lectin receptors, thus mediating cell-
cell adhesion or communication.
The importance of glycosylation is emphasized in several

syndromes in which genetic mutations occur in key molecules
of the glycosylation pathway. These congenital disorders of gly-
cosylation can lead to malformations, mental retardation, and
even embryonic death (2). Glycosylation defects can also insti-
gate the onset of systemic autoimmune diseases (3, 4). In
chronic inflammatory conditions or during cancer progression,
glycosylation is altered (5), significantly contributing to disease
progression and pathology. Clearly, glycosylation is a tightly
regulated process whereby cellular development, differentia-
tion, and activation have an enormous impact on the glycosyl-
ation of cells.
New insights indicate that subtle glycosylation differences

appear in T cells during development, peripheral activation,
and aging (6). These variations regulate not only the threshold
for T cell receptor activation but also apoptosis susceptibility
through the interaction with lectins (7, 8). For instance, CD4�

T helper subsets display distinct glycosylation patterns, result-
ing in specific galectin-1-mediated apoptosis of T helper 1 and
Thelper 17 cells. In contrast,�2–6 sialylation ofThelper 2 cells
protects them from galectin-1-induced cell death (9, 10). T cell
function is likewise regulated via N-glycan branching through
metabolic supply of the hexosamine pathway (11). We have
demonstrated that the C-type lectin macrophage galactose-
type lectin (MGL)4 specifically interacts with a terminal
N-acetylgalactosamine (GalNAc) epitope on CD45 present
only on human effector T cells (12). Binding of MGL to CD45
reduced CD45 phosphatase activity and inhibited several sig-
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naling pathways downstream of the T cell receptor, resulting in
decreased secretion of pro-inflammatory cytokines, lowered T
cell proliferation, and the induction of T cell death (12).
Although the qualitative nature of the T cell glycan changes

following activation are well characterized, little is known
about the cellular pathways that direct the specific exposure of
GalNAc epitopes on activated humanT cells.We establish here
that expression of GalNAc moieties and subsequent MGL
binding is controlled via the Src-PKC-ERKaxis, whereasNF-�B
is not involved. Activation of the ERK MAPK pathway led to a
down-regulation of core 1 �3GalT and Cosmc mRNA levels,
thus favoring the expression of MGL ligands on the surface of
activated T cells.

EXPERIMENTAL PROCEDURES

Cells—Human CD4� and CD8� T cells were isolated from
buffy coats (Sanquin, Amsterdam, The Netherlands) of healthy
volunteers (after informed consent) through Ficoll gradient
centrifugation, followed by negative selection of the CD4� or
CD8� T cells using MACS isolation (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s instruc-
tions. Human immature monocyte-derived dendritic cells
(DCs) were cultured for 4–7 days in RPMI 1640 medium
(Invitrogen) containing 10% fetal calf serum from monocytes
obtained after informed consent from the buffy coats of healthy
donors (Sanquin) in the presence of IL-4 and GM-CSF (500
units/ml and 800 units/ml respectively, BIOSOURCE). Jurkat
cells were maintained in RPMI 1640 medium containing 10%
fetal calf serum.
T Cell Stimulation Assays—T cells were cultured in 24-well

plates in RPMI 1640 medium supplemented with 10% fetal
bovine serum (Lonza, Basel, Switzerland) at a density of 1� 106
cells/ml. T cells were stimulated for the indicated times using
PMA (10 ng/ml) and ionomycin (500 ng/ml both from Sigma)
or using �CD3/CD28-coated beads (Invitrogen, bead/cell ratio
of 1:1). T cell activation was monitored by staining for the acti-
vation markers CD25 and CD69 (data not shown). In some
experiments, T cells were pretreated for 30minwith cell signal-
ing inhibitors at the indicated final concentrations prior to the
activation with PMA/ionomycin or �CD3/CD28 beads. All
inhibitors were routinely titrated to avoid cell death, checked
for functionality by assessing their ability to block IL-2 produc-
tion by theT cells (data not shown), and kept present during the
whole stimulation procedure. The following inhibitor concen-
trations were used: PP2 (Src kinases, 12.5 �M), GO6983 (PKC,
10 �M), SR11302 (AP-1, 10 �M), FK506 (calcineurin, 10 nM, all
from Tocris Biosciences, Bristol, UK), U0126 (MEK/ERK, 25
�M), SB203580 (P38 MAPK, 12.5 �M), SP600125 (JNK, 25 �M)
and Bay11-7082 (I�B-�, 1 �M, all from Invivogen, San Diego).
The AP-1 blocking peptide and scrambled control were
described before (13) and used at 25 �M. Peptides were synthe-
sized on Protein Technologies, Inc. Symphony peptide synthe-
sizers (Tucson,AZ) at the 50-�mol scale using a 5-fold excess of
Fmoc-amino acids (400 mM) relative to the resin (Rinkamide-
HMPB-ChemMatrix resin, Sigma). O-(7-azabenzotriazol-1-
yl)-N,N,N�,N�-tetramethyluronium hexafluorophosphate was
purchased from Iris Biotech (Marktredwitz, Germany), and all
solvents and Fmoc amino acids were from Biosolve (Valkens-

waard, The Netherlands). The side chain-protecting groups for
the amino acids were as follows: Trt for cysteine, histidine,
asparagine, and glutamine; tBu for aspartic acid, glutamic acid,
tyrosine, serine, and threonine; pentamethyldihydrobenzo-
furan-5-sulfonyl for arginine; and tBoc for lysine and trypto-
phan. Coupling was performed using a 1:1:2 mixture of amino
acid/O-(7-azabenzotriazol-1-yl)-N,N,N�,N�-tetramethyl-
uronium hexafluorophosphate/N,N-diisopropylethylamine in
dimethylformamide. Deprotection was performed using 20%
piperidine/dimethylformamide. Cleavage reactions were car-
ried out in a 82.5:5:5:5:2.5 mixture of TFA/water/anisole/phe-
nol/triisopropylsilane for 2 h.
DC-CD4� T Cell Co-culture Using HD7 T Cells—HD7 (a

kind gift from Dr. Lanzavecchia) is a human CD4� T cell clone
that recognizes an epitope derived from murine IgG1 in the
context of HLA-DR0101/DQw1 (14). Immature DCs (20,000
cells/well) from a typed donor were preincubated for 1 h with
antibody and subsequently co-cultured with 80,000 HD7 cells/
well. The AZN-D1 antibody (IgG1 isotype, directed against
DC-expressedDC-SIGN)was used as themodel antigen at con-
centrations indicated in the figures. After 48 h, supernatants
were harvested and analyzed for IFN� secretion byELISACyto-
SetsTM ELISA kits (BIOSOURCE), according to the manufac-
turer’s protocol. In addition, the HD7 cells were assessed for
their cell surface glycosylation pattern by MGL-Fc staining.
FlowCytometry, Lectin Profiling, andMGL-Fc Staining—The

following biotinylated lectins were used: Helix pomatia agglu-
tinin (HPA, �-GalNAc/Tn antigen, Sigma); soybean agglutinin
(SBA, �/�-GalNAc); concanavalin A (mannose structures and
di-antennary N-glycans); peanut agglutinin (PNA, Gal�1–
3GalNAc); Sambucus nigra agglutinin (SNA, �2–6-sialic acid),
andMaackia amurensis agglutinin II (MAA II,�2–3-sialic acid,
all from Vector Laboratories, Burlingame, CA). MGL-Fc con-
sisting of the extracellular domains ofMGL fused to the human
IgG1-Fc tail was generated as described previously (15). T cells
were stained for 30 min at 37 °C with 10 �g/ml MGL-Fc or 5
�g/ml of the biotinylated lectins in Hanks’ buffered saline solu-
tion containing 0.5% BSA. Lectins were counterstained using
Alexa Fluor 488-labeled streptavidin (Molecular Probes). After
washing, bound MGL-Fc was counterstained with FITC-con-
jugated goat anti-human Fc (Jackson ImmunoResearch, Suf-
folk,UK). Cellswere analyzed by flow cytometry (FACSCalibur,
BD Biosciences). Dead cells were excluded by 7-AAD (Molec-
ular Probes) staining.
For surface expression analysis, cells were incubated for 30

min at 4 °C with the following primary antibodies: anti-CD45
(MEM-28), anti-CD43 (MEM-59, provided by Dr. V. Horesji,
Academy of Sciences of the Czech Republic, Prague, Czech
Republic), and with a Tn-specific antibody ((16), kindly pro-
vided by Dr. R. Cummings, Emory University School of Medi-
cine, Atlanta, GA). After washing, antibodies were counter-
stained for 30min at 4 °C with the secondary antibodies F(ab�)2
goat anti-mouse Alexa 488 (Molecular Probes) or F(ab�)2 goat
anti-mouse IgM-FITC (Jackson ImmunoResearch). Cells were
analyzed by flow cytometry (FACS Calibur, BD Biosciences).
Dead cells were excluded by 7-AAD staining.
GlycosidaseAssays—Glycosyl hydrolase activitywas tested as

described (17). In brief, supernatants of activated T cells were
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harvested 24 h after stimulation. Cell extracts were prepared by
resuspending cells in TBS (1:8 v/v) containing protease inhibi-
tors (Roche Applied Science) and 0.5% Triton X-100 (Sigma)
followed by five consecutive sonication steps of 3 s. The extracts
were incubated on ice for 20 min and subsequently centrifuged
at 1000� g for 5min at 4 °C. Protein concentrationswere deter-
mined by BCA protein assay (Pierce). T cell supernatants were
tested for their ability to cleave p-nitrophenyl (pNp)-coupled
carbohydrates (Sigma) as a substrate. Reaction mixtures (60 �l
final volume) consisted of 6 �l of 1 M NaAc, pH 4.5, 8 �l of a 5
mM pNp/sugar substrate, and 20-�l supernatants or 2 �l of
Caylase M2 as a positive control (5 mg/ml, kindly provided by
Dr. A. F. J. Ram, originally from Societe Cayla, Toulouse,
France). Sampleswere incubated for 6.5 h at 37 °C. The reaction
was stopped by the addition of 240 �l of 0.25 M NaOH. Free(d)
pNp was determined by optical density at 405 nm.
T cell supernatants and cellular extracts were tested for their

ability to cleave 4-methylumbelliferone (MU)-coupled sialic
acid (Sigma) as a substrate. Reactionmixtures consisted of 19�l
of 50 mM MES/NaOH, pH 6.8, 5 �l of a 1 mM 4-MU/sialic acid
substrate, 5 �l 20 mM MnCl2, 1 �l of 0.2% Triton X-100, and
20-�l supernatants or cell extracts. 0.01 U Vibrio cholera
Neuraminidase (Roche Applied Science) was used as a positive
control and free 4-MU as a standard. Samples were incubated
for 30min at 37 °C. The reaction was stopped by the addition of
100 �l of 1 M glycine-NaOH, pH 10.0. Free(d) 4-MUwas deter-
mined by fluorescence measurement at excitation 360 nm and
emission 460 nm.
Core 1 �3GalT/Cosmc Activity Assay—To analyze the activ-

ity of the core 1 �3GalT-Cosmc complex, we sorted the MGL-
binding and MGL-nonbinding cells using a MoFlo XDP cell
sorter (Beckman Coulter, Indianapolis, IN) and performed an
enzymatic activity assay on these subsets of cells as described
previously (18). Activities were normalized to the protein con-
tent of the samples, which was determined using the micro
BCA protein assay kit (Pierce). The Cosmc-deficient cell line
Jurkat was included as a negative control.
MGL Ligand ELISA—NUNC Maxisorb plates were coated

with goat anti-human-Fc antibody (4 �g/ml for 1 h at 37 °C,
Jackson ImmunoResearch), followed by a 1%BSAblocking step
(30 min at 37 °C) and MGL-Fc (1 �g/ml for 1 h at 37 °C).
MGL-Fc coated plates were incubated overnight at 4 °C with
cell lysates (30�106 cells/ml in lysis buffer (10 mM triethanol-
amine, pH8.2, 150mMNaCl, 1mMMgCl2, 1mMCaCl2, 1% (v/v)
Triton X-100) containing EDTA-free protease inhibitors
(Roche Applied Science)). After extensive washing with TSM
(20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM MgCl2, 1 mM

CaCl2), anti-CD45 (MEM-28) or anti-CD43 (MEM-59) was
added at a concentration of 1 �g/ml for 2 h at RT. Binding was
detected using a peroxidase-labeled goat anti-mouse antibody
(Jackson ImmunoResearch).
To specifically test newly synthesized proteins, T cells were

biotinylated for 30 min at 4 °C using 0.5 mg/ml sulfo-NHS-
biotin (Pierce) in PBS prior to or after stimulationwithmedium
or PMA/ionomycin. Cells were lysed at a concentration of
30�106 cells/ml in lysis buffer. Streptavidin-coated plates
(Pierce) were incubated overnight at 4 °C with a 1:1 dilution of
T cell lysates in PBS. After extensive washing with TSM, wells

were subsequently probed for 2 h at RT with MGL-Fc (0.5
�g/ml) or anti-CD45 antibodies (MEM28, 1 �g/ml). After
extensive washing with TSM, 0.05% Tween, binding was deter-
mined by peroxidase-labeled goat anti-human Fc or goat anti-
mouse Fc (both from Jackson ImmunoResearch).
mRNA Isolation and cDNA Synthesis—mRNA isolation and

cDNA synthesis were performed using the mRNA Capture
(Roche Applied Science) and Reverse Transcription System kit
(Promega, Madison, WI) according to the manufacturer’s
instructions. Briefly, cells were washed twice with ice-cold PBS
and resuspended in 100 �l of lysis buffer. Lysates were incu-
bated with biotin-labeled oligo(dT)20 for 5 min at 37 °C, trans-
ferred to streptavidin-coated tubes, and incubated for another 5
min at 37 °C. After washing with 200�l of washing buffer, 30�l
of the reverse transcriptionmix (5 mMMgCl2, 1� reverse tran-
scription buffer, 1 mM dNTPs, 0.4 units of recombinant RNasin
ribonuclease inhibitor, 0.4 units of avian myeloblastosis virus
reverse transcriptase, 0.5 �g of random hexamers in nuclease-
free water) was added and incubated for 10 min at room tem-
perature followed by 90 min at 42 °C and a denaturing step at
99 °C for 5 min. cDNA samples were stored at �20 °C.
Quantitative Real Time PCR—Primers were designed using

Primer Express 2.0 (Applied Biosystems, Invitrogen) and syn-
thesized by Invitrogen. PCRs were performed with FAST SYBR
Green method in an ABI 7900HT sequence detection system
(Applied Biosystems). The reactionmixture consisted of 4�l of
FAST SYBR Green Master Mix (Applied Biosystems), 0.2 �l of
the primer solution containing 5 nmol/�l of both primers, 1.8
�l of H2O, and 2 �l of a 1:2 dilution of cDNA solution. PCRs
were run for 2 min at 50 °C, followed by 10 min at 95 °C and 40
cycles of 15 s at 95 °C and 1min 60 °C. TheCt value was defined
as the number of PCR cycles where the fluorescence signal
exceeds the threshold value, which is fixed above 10 times the
standard deviation of the fluorescence during the first 15 cycles
and typically corresponds to 0.2 relative fluorescence units.
GAPDH served as an endogenous reference gene (19). Because
of the low expression of glycosylation-related genes, the results
are shown as 100 times the relative abundance. The primers
used to measure mRNA levels of Cosmc and core 1 �3GalT
have been described before (20).
Immunohistochemistry—Cryosections of human multiple

sclerosis tissue (7 �m, kind gift of Dr. J. van Horssen, VU Uni-
versity Medical Center, Amsterdam, The Netherlands) were
fixed with 100% acetone and stained with CD3 (clone T3b, 10
�g/ml) andHPA (5�g/ml) for 1 h at 37 °C. Sections were coun-
terstained with Alexa 594-labeled goat anti-mouse and Alexa
488-labeled streptavidin (both fromMolecular Probes). Nuclei
were visualized using Hoechst (Molecular Probes).
Statistical Analysis—Significant differences were evaluated

using Graphpad Prism software. Student’s t test and one-way
analysis of variance with Dunn’s multiple comparisons were
used for statistical analysis. Significancewas accepted at the p�
0.05 level.

RESULTS

MGL Ligands Are Up-regulated on Recently Activated CD4�

T Cells—We have previously demonstrated a preferential Tn
antigen-dependent interaction of the C-type lectin MGL with
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human effector T cells that results in T cell apoptosis (12). To
gainmore insight in themechanisms that control expression of
terminal GalNAc epitopes, human CD4� T cells were exposed
to the T cell stimulatory agents, PMA/ionomycin or �CD3/

CD28-coated beads, of which the latter closely mimics the
interaction with antigen-presenting cells. Overnight stimula-
tion resulted in a robust increase in expression of MGL ligands
on the cell surface of CD4� T cells, as visualized by MGL-Fc
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staining (Fig. 1A). MGL binding could be blocked by the addi-
tion of the Ca2�-chelator EGTA or an excess amount of free
ligand (GalNAcmonosaccharides) confirming the specificity of
the interaction. PolyclonalT cell activation augmented both the
number of CD4� T cells carrying MGL ligands as well as the
amount of ligand on a per cell basis (Fig. 1, B and C, respec-
tively).MGLbinding glycans appeared on theT cell surface 24h
after activation and steadily increased for the next days after
�CD3/CD28 triggering (Fig. 1, D and E). Additionally, we
wanted to confirmalso that a direct antigen-specific interaction
between antigen-presenting cells and T cells could up-regulate
the expression of MGL-binding epitopes. Therefore, human
CD4� T cells (clone HD7) that recognize a peptide derived
from mouse IgG1 in the context of MHC class II (14) were
co-cultured with DCs primed with mouse IgG1 antibodies as
the model antigen. Antigen-specific T cell activation, as mea-
sured by IFN� release (Fig. 1F, left panel), completely coincided
with enhanced MGL binding (Fig. 1F, right panel), indicating
that antigen experiencedT cell up-regulatedMGL-binding gly-
can structures within 24 h after stimulation.
We next assessed whether the enhanced MGL binding is

accompanied by concomitant changes in cell surface glyco-
sylation and especially by the up-regulation of the MGL-
binding glycan epitope Tn antigen (�GalNAc-Ser/Thr). Gly-
can changes on cells can be visualized through the use of plant/
invertebrate lectins, which have well defined carbohydrate
specificities (21). CD4� T cell activation was characterized by a
time-dependent increase in binding of HPA (Tn antigen), (SBA
(terminal �- and �-GalNAc, including Tn antigen), and PNA
(Gal�1–3GalNAc) (Fig. 2, A and B). Whereas on resting T cells
HPA staining displayed predominantly an intracellular Golgi-
like pattern, a clear cell surface localization could be detected
on activated T cells (Fig. 2C). This expression pattern was con-
firmed by the increased staining with a Tn-specific antibody
after CD4� T cell activation (Fig. 3). T cell stimulation also
resulted in a loss of both �2–3- and �2–6-sialylation, as
depicted by the reduced staining with the lectins MAA II and
SNA, respectively (Fig. 2A). No major changes were observed
on concanavalin A binding (high mannose and di-antennary
glycans). Similar changes in cell surface glycosylation and
induction of MGL ligands was observed on activated CD8� T
cells (Fig. 4,A andB). Glycan changeswere visible not only on in
vitro triggeredT cells but we could also detect GalNAc epitopes
on activated T cells in vivo within an active lesion of a multiple
sclerosis patient (data not shown). In summary, human T cell
activation is complemented by an altered cell surface glycosyl-
ation profile, displaying enhanced Tn antigen expression and
an up-regulation of MGL-binding ligands.

MGL Ligands Appear on Newly Synthesized Proteins and Are
Not the Consequence of Glycosidase Activity—Strikingly, the
appearance of Tn antigen preceded the expression of MGL
ligands (compare Figs. 1D and 2B), suggesting that MGL
ligands may be carried by newly synthesized glycoproteins that
carry de novo glycan epitopes. However, the altered T cell
surface glycosylation could also be the result of exogenous gly-
cosidase trimming. During the biosynthesis of O-glycans, Tn
antigens were elongated with either GlcNAc, �-galactose, or
�2–6-sialic acid. Using an assay based on the release of pNp or
MU groups upon cleavage from a glycoconjugate, we assessed
the presence of exoglycosidase activity toward GlcNAc; �-ga-
lactose, sialic acid, or xylose as a negative control was present in
the supernatants of overnight stimulated CD4� T cells. How-
ever, we could not measure any degradation of pNp-GlcNAc,
�-galactose, or xylose, although the positive control Caylase
M2, isolated from H. jecorina, showed glycosidase activity
toward these substrates (Fig. 5A). Although we detected some
sialidase activity in medium containing fetal bovine serum, no
additional sialidase activity was measured in T cell superna-
tants or lysates (Fig. 5B). Therefore, we postulate that the expo-
sure of MGL ligands must be derived from newly synthesized
proteins.
ThemajorMGL ligandon effectorT cells is the cellular phos-

phatase CD45, although MGL on the T cell line Jurkat can also
bind CD43 (Fig. 5C) (12). The enhanced MGL binding to acti-
vated T cells (�5-fold, as shown in Fig. 1C) could not be
explained by similar changes in expression levels of CD45 (Fig.
5D), suggesting that indeed the glycosylation of CD45 is
changed on the activated T cells. In mice, CD45 was shown to
have a slow turnover time, resulting in de novo TF moieties on
newly synthesized CD45 following T cell activation (22). To
validate that on human T cells MGL ligands also arise on de
novo synthesized glycoproteins, we biotinylated T cells before
or after T cell activation. Biotinylation following T cell stimu-
lation will label all proteins, whereas labeling prior to T cell
activation will not tag proteins that newly arrive on the cell
surface. Clearly,MGL-Fc only bound biotinylated proteins that
were labeled after T cell stimulation (Fig. 5E), even though
abundant CD45molecules were captured on the plate (Fig. 5F),
suggesting that MGL ligands are indeed dependent on protein
synthesis for their exposure on the T cell surface.
ERK-Calcineurin Axis Controls Expression of Tn Antigens—

To gain more insight in the mechanisms that control expres-
sion of MGL ligands, we evaluated which cellular signaling
pathways are involved in the exposure of Tn/GalNAc moieties
on the T cell surface. T cell receptor stimulation was character-
ized by the activation of several intracellular cascades, which

FIGURE 1. MGL ligands are up-regulated on recently activated CD4� T cells. CD4� T cells were left untreated or stimulated with PMA/ionomycin or
�CD3/CD28 beads. A, after overnight incubation, MGL-Fc binding in the presence or absence of EGTA or free GalNAc was measured by flow cytometry. Mean
fluorescence and the % of positive cells are indicated in the plots. Data are from one representative donor out of 20. FSC, forward scatter. B and C, both the %
of cells expressing MGL binding epitopes as well as the magnitude of expression increases after overnight CD4� T cell stimulation using PMA/ionomycin or
�CD3/CD28 beads. At least 18 donors are plotted for each condition. *, p � 0.05; ***, p � 0.001. D and E, MGL ligands appear after 24 h of stimulation but
subsequently remain stable on the cell surface for days. CD4� T cells were stimulated for indicated time points with medium, PMA/ionomycin, or �CD3/CD28
beads. At each time point, MGL-Fc binding was measured by flow cytometry. Experiments were repeated three times with different donors, yielding similar
results. Data are from one representative donor. F, antigen-specific stimulation of memory T cells increases expression of MGL ligands. HD7 T cells were
stimulated with HLA-matched DCs that had been pulsed with the appropriate antigen. After 48 h, IFN� secretion, as a measure for T cell activation, was
determined by ELISA (left panel) and MGL ligands were assessed by MGL-Fc binding (right panel). Dashed line indicates the amount of MGL-Fc-positive cells
when no antigen was added. One independent experiment out of two is shown.
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FIGURE 2. MGL ligand up-regulation is accompanied by changes in cell surface glycosylation and exposure of GalNAc-containing epitopes. CD4� T
cells were left untreated or stimulated with PMA/ionomycin or �CD3/CD28 beads. A, T cell activation is characterized by increased exposure of Thomsen-
Friedenreich (TF) and Tn antigen and a decrease in overall sialylation. After overnight stimulation, binding of a well characterized panel of plant/invertebrate
lectins was assessed by flow cytometry. Glycan specificities of the lectins used are as follows: HPA, �-GalNAc/Tn, PNA, Gal�1–3GalNAc, SBA, �/�-GalNAc,
concanavalin A, mannose structures and di-antennary N-glycans, MAA II, �2–3-sialic acid, and SNA, �2– 6-sialic acid. Mean fluorescence and the % of positive
cells are indicated in the plots. Experiments were repeated six times with different donors, yielding similar results. Data are from one representative donor. FSC,
forward scatter. B, Tn antigens appear 4 h after T cell stimulation with PMA/ionomycin or �CD3/CD28 beads. At each time point HPA binding was measured by
flow cytometry. One independent donor out of three is shown. C, Tn antigens are localized to the surface of activated T cells. HPA staining of umstimulated as
well as PMA/ionomycin or �CD3/CD28 beads activated T cells was evaluated by HPA staining and confocal microscopy.
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result in the mobilization of intracellular Ca2� and the activa-
tion of NF-�B and the MAPK pathway. The initial step after T
cell receptor triggering is the phosphorylation of protein-ty-
rosine kinases of the Src kinase family, of which Lck is the pro-
totype member in T cells. Blocking Src kinases completely
abrogated the up-regulation of MGL ligands (Fig. 6A), demon-
strating the absolute necessity of T cell activation in this pro-
cess. In general, �CD3/CD28 triggering and PMA/ionomycin
treatment share activation of PKC activation and Ca2� mobili-
zation. Indeed, inhibition at the level of PKC resulted in a com-
plete loss of MGL binding after stimulation, whereas a consis-
tent although never full block was observed using inhibitors of
calcineurin, the effector molecule downstream of Ca2� release
(Fig. 6B). Commonly, the transcription factor NF-�B is the
major pathway downstream of PKC; however, after NF-�B
inhibition, we did not detect a block in MGL binding, although
blast formation is clearly abrogated (Fig. 6C, notice the decease
in forward scatter in combinationwith theNF-�B inhibitor). As
NF-�B seemed not to be involved in the regulation of MGL
ligands on stimulated T cells, we focused our attention to the
MAPK route, also known to operate downstream of PKC.
Impeding JNK or p38 MAPK function had little or no effect on
the expression of MGL-binding epitopes on the T cell surface.
Yet, when blocking ERK activation through inhibition of MEK,
a consistent decrease in MGL ligands was observed (Fig. 6D).
Strikingly, a complete block was observed when MEK and cal-
cineurin inhibitors were combined (Fig. 6E), confirming that
MGL binding is regulated through the ERK-calcineurin axis.
The binding ofMGL-Fc displayed a strong correlation with the
expression of GalNAc moieties on the T cells, which was also
dependent on theMEK-ERK and calcineurin pathways (Fig. 7).
TheMAPKandCalcineurin pathways are known to converge at
the formation of the AP-1 transcriptional complex; however,

AP-1 inhibitors or blocking peptides do not prevent the up-reg-
ulation of MGL ligands after T cell stimulation (data not
shown). Except for the inhibition of Src kinases, which acts
upstream of PMA/ionomycin, similar results were obtained in
PMA/ionomycin-activated T cells (data not shown).
ERK-Calcineurin Axis Regulates Expression of the Glycosyl-

transferase Core 1 �3GalT and Its Chaperone Cosmc—In lym-
phocytes, O-glycosylation is initiated through the addition of a
single GalNAc residue to serine or threonine, thereby forming
the Tn antigen, one the major ligands of MGL (15). Normally,
this Tn antigen is elongated to the core 1 glycan (Gal�1–
3GalNac) through the action of the glycosyltransferase core 1
�3GalT and its chaperone Cosmc (23). Strikingly, after T cell
activation, the activity of the core 1 �3GalT-Cosmc complex
was strongly reduced in the MGL-binding population com-
pared with the cells that did not bind MGL after T cell stimu-
lation (Fig. 8A). Moreover, the activity of this complex in the
MGL-binding cells was only slightly higher than the negative
control (without the sugar donor UDP-Gal) or the Cosmc-de-
ficient Jurkat cells (Fig. 8A). These changes in enzymatic activ-
ity of the core 1 �3GalT-Cosmc complex likely result from the
rapid and time-dependent decline in mRNA levels of Cosmc
and core 1 �3GalT observed after both �CD3/CD28 as well as
PMA/ionomycin-induced T cell activation (Fig. 8, B and C,
respectively). In line with the binding of MGL (Fig. 6E), the
mRNA levels of both Cosmc and core 1 �3GalT were com-
pletely dependent on the activation the MEK-ERK and cal-
cineurin axis, as inhibitors of these pathways could prevent the
down-regulation in stimulated T cells (Fig. 8, D and E).
Another ligand ofMGL, the LacdiNAc epitope (GalNAc�1–

4Gal), is dependent on the action of the enzymes�4GAlNAcT4
and �4GAlNAcT3; however, no mRNA could be detected in
activated T cells coding for these enzymes (data not shown),
again confirming that the MGL ligands on activated T cells are
decorated with Tn antigens.
Together, our results indicate that T cell activation is accom-

panied by a dramatic change in cell surface glycosylation,
thereby exposing newly synthesizedTn epitopes for binding the
C-type lectin MGL. Expression of these Tn antigens is inde-
pendent of NF-�B activation and instead is dependent on the
MEK-ERK and calcineurin pathways (Fig. 9).

DISCUSSION

Here, we describe how activation of humanCD4� andCD8�

T cells enhances expression of terminal GalNAc moieties,
which can subsequently be recognized by the DC-expressed
C-type lectin MGL. T cell receptor triggering of human T cells
led to an up-regulation of Tn antigen on the cell surface, as
visualized by the increased staining with the Tn-specific lectin
HPA and the elevated binding of a Tn-specific antibody. This
process was dependent on signaling via the MEK-ERK and cal-
cineurin pathways. T cell activation also coincided with a
decreased sialylation and an increase in the expression of the
PNA epitope Gal�1–3GalNAc. Our data expand the observa-
tions made by Antonopoulos et al. (24) that show the remodel-
ing of the N- and O-glycosylation profile of recently activated
human CD8� T cells, leading to more multiantennary struc-
tures and longerN-acetyllactosamine units, thereby increasing

FIGURE 3. CD4� T cell activation is associated with an increase in Tn
expression. A, after overnight T cell activation, Tn expression was measured
by flow cytometry using a Tn-specific antibody. Representative flow cytom-
etry plots for one out of three donors are shown. Open histograms indicate the
isotype control staining. Tn expression is represented by the gray histograms.
B, combined mean fluorescence intensities (MFI) as measured by flow cytom-
etry are plotted for three independent donors. *, p � 0.05; **, p � 0.01.
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FIGURE 4. MGL ligands are up-regulated on recently activated CD8� T cells. CD8� T cells were left untreated or stimulated with PMA/ionomycin or
�CD3/CD28 beads. After overnight incubation, binding of MGL-Fc (A) and a panel of plant/invertebrate lectins (B) was determined by flow cytometry. Glycan
specificities of the lectins used are as follows: HPA, �-GalNAc/Tn, PNA, Gal�1–3GalNAc, SBA, �/�-GalNAc, concanavalin A, mannose structures and di-antennary
N-glycans, MAA II, �2–3-sialic acid and SNA, and �2– 6-sialic acid. Mean fluorescence and the % of positive cells are indicated in the plots. Experiments were
repeated three times with different donors, yielding similar results. One representative donor is shown. FSC, forward scatter.

ERK Activation Triggers Tn Antigen Expression

27526 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 38 • SEPTEMBER 20, 2013



the binding of galectin-3 in the tumormicroenvironment. Sim-
ilar to humans, a reduction in sialylated biantennaryN-glycans
and an increased PNA binding specifically marks activated
murine lymphocytes (22). However, activation of murine T
cells is also accompanied by the appearance of glycans carrying
the Gal�1–3Gal sequence (25), an epitope not found on human
cells due to an inactivation of the corresponding enzyme, UDP-
Gal:�-galactosyl�1–3-galactosyltransferase (26). It is currently
unclear whether antigen-stimulated murine T cells also carry
the GalNAc epitope.
Post-translational modification by glycosylation is a dynamic,

but tightly controlled process that is closely coupled to the

physiology of the cell. Although our understanding on the rep-
ertoire of glycosylated structures on mouse immune cells has
greatly increased over the last decades, the exact cellular path-
ways that regulate glycosylation remain to be elucidated to a
great extent. Factors known to influence glycosylation include
the expression and location of glycosyltransferases, as well as
the availability of sugar donors and scaffold (glyco)proteins and
(glyco)lipids. O-Glycosylation is initiated by the addition of a
single GalNAc residue to a threonine or serine (�GalNAc-Thr/
Ser or Tn antigen) by a polypeptide-GalNAc transferase
(ppGalNAcT). Strikingly, the human genome encodes for a
large family of 20 ppGalNAcTs (27), whereas the elongation of

FIGURE 5. MGL ligands appear on newly synthesized proteins and are not due to exogenous cleavage of glycans by glycosidases. A and B, no
�-galactosidase or N-acetylglucosaminidase (A) or sialidase (B) activity could be detected in culture supernatants and/or cellular lysates of unstimulated
(unstim), PMA/ionomycin (iono), or �CD3/CD28-activated T cells using the glycosidase assays. Background levels were subtracted, and mean � S.D. of three
independent T cells donors measured in duplicate is shown. C, MGL binds CD45 on activated human CD4� T cells. Capture of ligands from CD4� T cells on
MGL-Fc coated plates was detected by specific antibodies to CD43, CD45, or an isotype control in a MGL-ligand ELISA. MGL-Fc binding was blocked by the
addition of 10 mM EGTA. NT, not tested. D, no changes in surface expression of the known MGL protein ligand CD45 after T cell stimulation. Expression of CD45
on unstimulated, PMA/ionomycin, and �CD3/CD28-activated T cells was determined by flow cytometry. Mean fluorescent intensities are depicted. One out of
three donors is shown. E and F, only newly synthesized proteins carry MGL ligands. Biotinylated T cell proteins were captured on streptavidin-coated plates and
probed with MGL-Fc (E) or anti-CD45 antibodies (F). One out of two independent experiments is shown.
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the Tn antigen with galactose is facilitated by only one enzyme,
the core1 �3GalT, which requires the unique but crucial chap-
erone Cosmc (28). Cosmc appears to play a central role in Tn
expression as mutations or reduced levels of Cosmc lead to loss

of core1�3GalT activity and increased exposure of the Tn anti-
gen on the cell surface (23, 29, 30). Indeed, we observed a reduc-
tion in core1�3GalT andCosmcmRNA levels, likely leading to
a decreased activity of this glycosyltransferase complex. Of

FIGURE 6. MGL ligand expression is controlled by an ERK- and calcineurin-dependent pathway. A–E, CD4� T cells were left untreated or stimulated with
�CD3/CD28 beads in the presence or absence of PP2 (Src kinases, 12.5 �M), GO6983 (PKC, 10 �M), FK506 (calcineurin, 10 nM), Bay11-7082 (I�B-�, 1 �M), U0126
(MEK/ERK, 25 �M), SB203580 (P38 MAPK, 12.5 �M), and SP600125 (JNK, 25 �M). DMSO was added as a vehicle control. All inhibitors were titrated and used at
concentrations that allowed for at least 90% cell survival. 7-AAD was included to exclude dead cells. Mean fluorescent intensities and percentage of positive
cells are indicated in the plots. All inhibitors were tested in at least three independent donors, yielding similar results. One representative donor is shown. FSC,
forward scatter.
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course, we cannot rule out that a changed repertoire of ppGal-
NAcT enzymes during T cell activation also contributes to the
expression of Tn antigen on the T cell surface, and this will be
the focus of future studies.
Although differences in surface glycosylation can sometimes

be directly linked to enhanced or decreased levels of glycosyl-
transferases (31) or availability of sugar donors, little is known
about the cellular signaling cascades or transcription factors
that control the expression of glycosylation-related enzymes
and thus particular carbohydrate epitopes. Here, we report that
activation through the ERK-MAPK kinase pathway initiated
the appearance of Tn epitopes on the T cell surface, whereby
the calcineurin-NFAT axis also played a minor but significant
role in this process. Strikingly,NF-�B activation and I�B-� deg-

radation did not seem to be involved, although this transcrip-
tion factor regulates many pro-inflammatory genes induced
after T cell receptor triggering (32). Signaling via the ERK axis is
well known for its function in cell fate determination. Not only
is thymic positive selection of T cells coupled to ERK activation
(33), the ERK cascade is required for proper IL-4 receptor func-
tion and the differentiation of CD4� T helper 2 cells in vivo as
well (34). Triggering of ERK and the subsequent exposure of Tn
epitopes has important parallels to thymic decisions in T cell
life and death, as Tn antigen expression on the CD45 scaffold
induces MGL binding and apoptosis of effector T cells (12).
NFAT is considered to be a master transcriptional regulator in
effector T cells; however, it is now also implicated in the induc-
tion of T cell anergy (35), again linking Tn exposure to a silenc-
ing of T cell immune responses. As ERK andNFAT converge at
the formation of the AP-1 complex (36), our results suggest
an involvement of other transcriptional partners in control-
ling Tn exposure; however, this needs to be addressed in
future experiments.
Noticeably, expression of the sialyltransferase ST6Gal-I

and the UDP-N-acetylglucosamine:�-6-d-mannoside �1,6
N-acetylglucosaminyltransferases II and V (GnT-II and
GnT-V are also controlled by the ERK pathway in both tumor
cells and immune cells (37, 38). GnT-V, which facilitates �1,6-
branching on N-glycan intermediates, is overexpressed during
malignant transformation and is associated with enhanced
onset of mammary tumor formation (39). GnT-V gene tran-
scription is mediated by the transcription factor Ets-1, a direct
downstream target of ERK (40, 41).Whether the appearance of
Tn antigen on activated T cells can also be attributed to Ets-1
remains to be determined. Activation of ERK, however, does
not appear to be a general regulatorymechanism that applies to
all glycosyltransferases as the enzyme �4GalT-1 in endothelial
cells is regulated through mRNA stability rather than mRNA
expression levels (42). In resting endothelial cells, the�4GalT-1
mRNA is bound by a complex of tristetraprolin and 14-3-3�
targeting it for degradation. After TNF� activation, the
�4GalT-1 mRNA is released from this complex due to the
phosphorylation of 14-3-3� by I�� kinase and protein kinase
C� (43). Furthermore, even tissue-specific transcriptional reg-
ulation through alternative splicing and promoter utilization
should be considered, as has been observed for the different
�-galactoside �2,3-sialyltransferase genes (44). The fact that
GnT-V is cleaved by �-secretase, suggests that glycosyltrans-
ferases might even be post-transcriptionally modified them-
selves (45).
In addition to transcriptional regulation, the correct localiza-

tion of glycosyltransferases is imperative for proper glycosyla-
tion. The multisubunit conserved oligomeric Golgi complex is
crucial in the positioning of glycosyltransferases in the Golgi,
and conserved oligomeric Golgi defects have been shown to
disrupt both the N- and O-glycosylation machinery (46). In
addition, the correct compartmentalization of the Golgi appa-
ratus itself is imperative for proper glycosylation, and changes
inGolgimorphology directly affect the synthesis of bothN- and
O-glycans (47). Signaling via all four MAPK pathways modu-
lates the structural organization of theGolgi network, yet in our
experiments only ERK-mediated signals appeared to regulate

FIGURE 7. GalNAc exposure is associated with ERK activation. CD4� T cells
were left untreated or stimulated overnight with �CD3/CD28 beads in the
presence or absence of the inhibitor FK506 (calcineurin, 10 nM) and/or the
MAPK kinase inhibitors U0126 (MEK/ERK, 25 mM), SB203580 (p38 MAPK, 12.5
mM), SP600125 (JNK, 25 mM), and subsequently characterized for their surface
glycosylation by lectin binding. Glycan specificities of the lectins used HPA,
�-GalNAc/Tn, PNA, Gal�1–3GalNAc, and SBA, �/�-GalNAc. DMSO was added
as a vehicle control. All inhibitors were titrated and used at concentrations
that allowed for at least 90% cell survival. 7-AAD was included to exclude
dead cells. All inhibitors were tested in at least three independent donors,
yielding similar results. One representative donor is shown.
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the expression of MGL ligands, whereas inhibition of JNK and
p38 function had little to no effect.
Recently, Gill et al. (48) described the retrograde trafficking

of multiple ppGalNAcT from the Golgi to the endoplasmic
reticulum, allowing more time for O-glycosylation initiation

due to a lower degree of competition with other glycosyltrans-
ferases. This re-location of ppGalNAcT in HeLa cells was
dependent on activation of Src kinases, a signaling molecule
also involved in regulating Tn expression on stimulated T cells
(Fig. 6A). Furthermore, ERK controls polarization and remod-

FIGURE 8. Expression levels and activity of Cosmc and core 1 �3GalT are down-regulated after T cell activation. A, MGL-binding CD4� T cells have a
diminished activity of the core 1 �3GalT-Cosmc complex. CD4� T cells were stimulated overnight with PMA/ionomycin and subsequently sorted into a
MGL-binding and MGL nonbinding fraction. Both fractions were analyzed for their glycosyltransferase activity. Activities were normalized to the protein
content of the samples. B and C, mRNA levels of Cosmc and core 1 �3GalT were analyzed in time by RT-PCR using GAPDH as an endogenous reference gene.
One out of three donors is shown. D and E, CD4� T cells were left untreated or stimulated with �CD3/CD28 beads in the presence or absence of FK506
(calcineurin, 10 nM) and/or U0126 (MEK/ERK, 25 �M). DMSO was added as a vehicle control. mRNA levels of Cosmc and core 1 �3GalT were analyzed by RT-PCR
using GAPDH as an endogenous reference gene.
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eling of the Golgi in migrating cells (49), suggesting that the
ERK-dependent exposure of Tn epitopesmight also implicate a
redistribution of ppGalNAcT in activated T cells. However, ini-
tial experiments showedanexclusive localizationofppGalNacTto
theGolgi in both resting aswell as activatedCD4�Tcells impli-
cating that the localization of glycosyltransferases may not be
altered during the synthesis of Tn epitopes on activated T cells
(data not shown). Further research will be needed to evaluate if
the Golgi network organization is influenced by T cell activa-
tion and whether changes in Golgi structure can explain the
differential glycosylation in activated T cells.
In conclusion, expression of GalNAc moieties is controlled

by ERK- and calcineurin-dependent pathways reflecting the
activation status of human effector T cells. Thus, only highly
stimulated T cells are predisposed to the suppressive action of
MGL. Understanding the mechanisms that control GalNAc
exposure may aid the development of novel strategies to inter-
vene in inappropriate T cell activation as observed in chronic
inflammatory and autoimmune disorders.
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