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Berlin, Germany. E-mail: syrbe@drfz.de

Senior author: Uta Syrbe

Summary

Ligands for E-selectin and P-selectin (E-lig and P-lig) are induced on CD4+

T cells upon differentiation into effector T cells. Glycosyltransferases, espe-

cially a 1,3-fucosyltransferase VII (FucT-VII) and core 2 b1,6-N-acetyl-

glycosaminyltransferase I (C2GlcNAcT-I), are critical for their synthesis.

We here analysed the signals that control the expression of E-lig, P-lig and

mRNA coding for FucT-VII and C2GlcNAcT-I. In line with previous

reports, we found that P-lig expression correlates with the regulation of

C2GlcNAcT-I, whereas E-lig expression can occur at low levels of

C2GlcNAcT-I mRNA but requires high FucT-VII mRNA expression. Inter-

estingly, the two enzymes are regulated by different signals. Activation-

induced C2GlcNAcT-I up-regulation under permissive (T helper type 1)

conditions was strongly reduced by cyclosporin A (CsA), suggesting the

involvement of T-cell receptor-dependent, calcineurin/NFAT-dependent

signals in combination with interleukin-12 (IL-12) -mediated signals in the

regulation of C2GlcNAcT-I. In contrast, expression of FucT-VII mRNA

was not significantly inhibited by CsA. Interleukin-4 inhibited the expres-

sion of FucT-VII but IL-2 and IL-7 were found to support induction of

FucT-VII and E-lig. E-selectin, P-selectin and their ligands initially

appeared to have rather overlapping functions. These findings however,

unravel striking differences in the regulation of E-lig and P-lig expression,

dictated by the dominance of FucT-VII and C2GlcNAcT-I, respectively,

and their dependency on signals from either promiscuous or homeostatic

cytokines (FucT-VII) or a strong T-cell receptor signal in combination

with inflammatory cytokines in case of C2GlcNAcT-I.

Keywords: fucosyltransferase; interleukin-2; P-selectin ligand; T-cell

activation.

Introduction

P-selectin and E-selectin ligands (P-lig and E-lig) are

involved in the recruitment of leucocytes into inflamed

tissues. Myeloid cells express the ligands constitutively

but lymphocytes show a restricted expression on subsets

of memory/effector cells.1,2 Selectin-binding epitopes are

generated after post-translational modification of protein

carriers such as P-selectin glycoprotein ligand-1 with sLex

oligosaccharides.3 A critical step in the synthesis of these

epitopes is the addition of carbohydrate side chains by

the activity of a variety of glucosaminyltransferases. Fuco-

syltransferase VII (FucT-VII) and core 2 b1,6-N-acetyl-
glycosaminyltransferase I (C2GlcNAcT-I) are particularly

Abbreviations: APC, allophycocyanin; C2GlcNAcT-I, core 2 b1,6-glycosaminyltransferase I; CFSE, 5-(and 6-)carboxy-fluorescein
diacetate succinimidyl ester; CsA, cyclosporin A; E-lig, E-selectin ligand; FucT-VII, fucosyltransferase VII; IFN-c, interferon-c; IL-
2, interleukin-2; mAb, monoclonal antibody; MEK, mitogen-activated protein kinase kinase; NFAT, nuclear factor of activated T
cells; PE, phycoerythrin; P-lig, P-selectin ligand; STAT4, signal transducer and activator of transcription 4; Th1, T helper type 1
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important for the generation of selectin-binding epitopes

in lymphocytes because deletion of either one of these

transferases results in the almost complete lack of E-lig

and P-lig on T lymphocytes.4,5 Whereas both enzymes,

FucT-VII and C2GlcNAcT-I, are required for the genera-

tion of P-lig, E-lig binding is observed to some extent

also in the absence of C2GlcNAcT-I.5

Initial in vitro studies showed that P-lig are induced in

CD4+ T cells concomitant with the T helper type 1 (Th1)

differentiation programme.6 Studies using human T cells

suggested that FucT-VII is induced by interleukin-12 (IL-

12) and counter-regulated by IL-4.1 In contrast, in the

murine system, Lim et al.7 and White et al.8 showed by

using T cells that were deficient for signal transducer and

activator of transcription (STAT4), which have impaired

intracellular IL-12 signalling, that IL-12 induces C2GlcN-

AcT-I expression but not FucT-VII expression. T-box

expressed in T cells (T-bet) was also shown to regulate

selectin binding, acting mostly via induction of C2GlcN-

AcT-I, which was reflected by a reduced IL-12-dependent

induction of P-lig but unimpaired E-lig induction in T-

bet�/� T cells.9,10 Taken together, these data appeared to

suggest that C2GlcNAcT-I is regulated by cytokine sig-

nals, most specifically IL-12, whereas FucT-VII is con-

trolled by T-cell activation. The impact of T-cell receptor

(TCR) signalling on FucT-VII induction was investigated

by Barry et al.,11 who showed that FucT-VII induction in

a PMA-responsive human T-cell line was reduced by

combined treatment with the p38 mitogen-activated pro-

tein kinases inhibitor SB203580 and the mitogen-activated

protein kinase kinase 1/2 (MEK1/2) inhibitor PD98059.

As PMA and TCR activate Ras, involvement of this path-

way was suggested and transfection of Jurkat T cells with

a constitutively active form of H-Ras led to E-lig binding

and corresponding FucT-VII activity.12

However, TCR stimulation does not only activate the

MEK and Ras-Raf pathway but also leads to calcineurin-

dependent phosphorylation of nuclear factor of activated

T cells (NFAT) proteins, which activate a number of

target genes after nuclear translocation. To investigate

the role of this signalling pathway, we first analysed the

effect of cyclosporin A (CsA), an inhibitor of the calci-

neurin-mediated NFAT activation, on the induction of

selectin ligands in T cells. While P-lig and C2GlcNAcT-I

induction was severely reduced by CsA treatment under

Th1 conditions, FucT-VII induction was, surprisingly,

only marginally affected. Moreover, analysis of the role

of various cytokines highlighted striking differences in

the regulation of the two enzymes resulting also in

differential regulation of P-lig versus E-lig. Together

with the TCR signal, IL-12 is the major inducer of

C2GlcNAcT-I under Th1 conditions, In contrast, FucT-VII

was primarily induced during the resting phase by IL-2

or IL-7 and suppressed by IL-4 and to some extent IL-12.

These findings demonstrate an unrecognized role of

common c-chain cytokines in the regulation of FucT-

VII in activated T cells and suggest a functional dichot-

omy among the ligands for E-selectin and P-selectin

in that FucT-VII-dominated synthesis of E-lig which is

predominantly driven by homeostatic cytokines whereas

C2GlcNAcT-I-dependent P-lig synthesis requires a strong

TCR signal combined with inflammatory cytokines,

notably IL-12.

Materials and methods

Mice

BALB/c mice were purchased from Charles River

(Sulzfeld, Germany). DO11.10 mice were a gift from

D.Y.Loh (Washington University School of Medicine,

St Louis, MO) and T-bet�/� mice were I gift from A.

Radbruch (Deutsches Rheuma-Forschungszentrum, Berlin,

Germany). Mice were bred under specific pathogen-free

conditions in the Bundesinstitut für Risikobewertung

(Berlin, Germany). All animal experiments were per-

formed in accordance with institutional, state and federal

guidelines.

Antibodies, magnetic beads, culture media and cytokines

The following antibodies were produced in our laboratory

or the Deutsche Rheuma-Forschungszentrum (Berlin,

Germany): anti-CD3 (145-2C11), anti-CD28 (37.51),

anti-IL-4 (11B11), anti-IL-12 (C17.8), anti-interferon-c
(anti-IFN-c; AN18.17.26) and anti-IL-2 (S4B6). Anti-

CD4-FITC (L3T4), anti-CD62L-phycoerythrin (PE)

(MEL-14), anti-CD25-allophycocyanin (APC) (PC61) and

anti-CD90-Peridinin chlorophyll protein (Ox-7) were

purchased from BD Biosciences (Franklin Lakes, NJ);

anti-T-bet-APC (eBio4B10), anti-CD4-Alexafluor450

(L3T4), anti-CD62L-efluor450 (MEL-14) and isotype con-

trols were from eBioscience (Hatfield, UK); anti-CD43

(activated Glycoform)-PE-Cy7 (1B11) were from BioLeg-

end (San Diego, CA); and PE-conjugated F(ab’)2 donkey

anti-human IgG antibody was from Jackson Immuno

Research (West Grove, PA). All microbeads were obtained

from Miltenyi Biotec (Bergisch Gladbach, Germany).

Cell culture was set up in complete RPMI-1640 (Gibco

Invitrogen, Carlsbad, CA) containing 10% fetal calf serum

(Sigma-Aldrich, Taufkirchen, Germany), 5 mM HEPES,

penicillin and streptomycin, 1 mM sodium pyruvate (all

from Biochrom AG, Berlin, Germany), and 10 lM 2-mer-

captoethanol (Gibco Invitrogen). Recombinant murine

IL-2, IL-7, IL-12, IFN-c, IL-4 and E-selectin–human IgG

chimeric protein were purchased from R&D Systems

(Wiesbaden, Germany). P-selectin–human IgG chimeric

protein was kindly provided by M. Wild and D. Vestwe-

ber (Max Plank Institut für Vaskuläre Biologie, Münster,

Germany).
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Isolation and cell purification

For purification of naive CD4+ T cells, spleens and pelvic

and mesenteric lymph nodes were pooled and stained

with anti-CD4-FITC monoclonal antibody (mAb) and

anti-FITC multisort magnetic activated cell sorting

(MACS) beads. Cells were sorted using an AutoMACS

(Miltenyi Biotech, Bergisch-Gladbach, Germany) reaching

a purity of at least 95%. After release of multisort beads

according to the manufacturer’s instruction CD62L+ T

cells were isolated using anti-CD62L microbeads. In some

experiments CD25+ T cells were depleted using anti-

CD25-APC and anti-APC beads before CD4 enrichment.

Antigen-presenting cells were prepared by depletion of

CD90+ cells from CD4-depleted cell fraction and irradi-

ated (30 gray) before culture.

Cell culture

Naive ovalbumin (OVA) TCRtg T cells were cultured with

antigen-presenting cells at a ratio of 1 : 4 in the presence

of 0�5 lM OVA323–339 peptide (Biochemistry Department,

Charité Universitätsmedizin, Berlin, Germany). For poly-

clonal activation, sorted naive T cells were cultured on

plates coated with anti-CD3 and anti-CD28 mAbs at

1 9 106 cells/ml. For Th1 polarizing conditions cultures

were supplemented with recombinant murine IL-12 at

5 ng/ml, IFN-c at 20 ng/ml and neutralizing anti-IL-4

mAb at 5 lg/ml. For Th2 polarizing conditions recombi-

nant murine IL-4 at 30 ng/ml, neutralizing anti-IL-12 mAb

at 5 lg/ml and neutralizing anti-IFN-c mAb at 5 lg/ml

were added to the culture. For Th0 conditions neutralizing

anti-IL-12 mAb, anti-IFN-c and anti-IL-4 mAb were added

to the culture. Either IL-2 or IL-7 was added at 10 ng/ml as

indicated. For CsA treatment T cells were incubated for

20 min at 37° in 5% CO2 with CsA (Sigma-Aldrich) before

cytokines, antibodies and stimulus were added.

5-(and6-)carboxy-fluorescein diacetate succinimidyl ester
(CFSE) labelling

Naive CD4+ T cells were washed with PBS before label-

ling and resuspended at 1 9 107 cells/ml in PBS contain-

ing 5 lM CFSE (Molecular Probes, Gibco Invitrogen).

After incubation for 2�5 min at room temperature the

reaction was stopped by adding RPMI-1640 with 10%

fetal calf serum.

Cytometric analysis and FACS sorting

For cytometric analysis cells were stained with the respec-

tive antibodies for 20 min at 4° in the dark. The P-lig

and E-lig were detected with the P-selectin– and E-selectin

–human IgG chimeric proteins and PE-conjugated anti-

human IgG antibody F(ab’)2 as a secondary reagent.

Staining was performed in Ca2+-containing Hanks’

balanced salt solution buffer supplemented with 10 mM

HEPES as previously described.13 A FACSCalibur, LSR II

or LSRFortessa (all BD Biosciences) and the CELLQUEST

PRO (BD Biosciences) or FLOWJO (Tree Star, Ashland, OR)

software was used for FACS analysis.

For sorting of P-lig+ and P-lig� T-cell populations from

Th1 and Th2 cultures, naive T cells were stained with CFSE

and cultured under Th1 or Th2 conditions. For sorting,

cultured cells were stained for CD4 and P-lig. CD4+ T cells

were sorted according to P-lig expression into P-lig+ and

P-lig� cell fractions. Dead cells were excluded according to

propidium iodide or 4,6-diamidino-2-phenylindole stain-

ing (Sigma, St Louis, MO). To ensure similar proliferation

status of the sorted populations P-lig+ and P-lig� T cells

from similar generations were sorted according to CFSE

staining. Sorting was performed on a FACSAria or a FACS-

Diva (all BD Biosciences).

Quantitative PCR

Total RNA was isolated with an RNeasy Mini Kit and

QiaShredder (Qiagen, Hilden, Germany) and DNA was

removed with an RNase-Free DNase Set (Qiagen). RNA

was reverse transcribed by Superscript II Reverse Trans-

criptase (Invitrogen) using oligo(dT) and random hex-

amer primer (Qiagen). Quantitative PCR of FucT-VII or

C2GlcNAcT-I mRNA was performed either as described13

using the ABI PRISM 7900HT Sequence Detection System

(Applied Biosystems, Foster City, CA) or by using the

platinum SYBR Green qPCR Super-Mix-UDG (Gibco

Invitrogen) and the same primer pairs and the Mx3000P

or Mx3005P qPCR system (Agilent Technologies, Santa

Clara, CA).

Statistics

The PRISM (GraphPad, San Diego, CA) software was used

for statistical analysis.

Results

Impact of TCR-mediated signals on the regulation of
P-lig and glycosyltransferases

As known, activation of naive CD4+ T cells under per-

missive (Th1) conditions leads to strong induction of

P-lig. However, surface expression of the C2GlcNAcT-I-

dependent epitope 1B11 and the functional P-lig epitope

as well as FucT-VII and C2GlcNAcT-I mRNA are slowly

up-regulated and reach high levels only at or from day 3

(Fig. 1a–c).
This raises the question whether T-cell signals induce

FucT-VII and C2GlcNAcT-I directly or whether the regu-

lation rather occurs indirectly, e.g. via cytokines or
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Figure 1. T-cell receptor signalling is required for induction of P-selectin ligan (P-lig). Naive T cells from BALB/c mice were activated by anti-

CD3/anti-CD28 stimulation under T helper type 1 (Th1) conditions [(interleukin-2 (IL-2) + IL-12 + interferon-c (IFNc) + anti-IL-4]. 1B11 and

P-lig expression (staining example: a; summary: b) and fucosyltransferase VII (FucT-VII) and core 2 b1,6-N-acetyl-glycosaminyltransferase I (C2-

GlcNAcT-I) mRNA expression (c) were determined at indicated time-points of culture. Carboxy-fluorescein diacetate succinimidyl ester (CFSE)-

labelled naive CD4+ T cells from DO11.10 mice were activated in the presence of ovalbumin323–339 peptide, allophycocyanin and Th1 polarizing

cytokines (IL-12 + IFN-c + anti-IL-4) or Th2 polarizing conditions (anti-IFN-c + anti-IL-12 + IL-4). Three days after activation CD4+ cells were

stained for expression of the transgenic ovalbumin-specific TCR using the clonotype-specific antibody KJ1.26.1 (d). Proliferation determined by

loss of CFSE and P-lig induction was analysed for transgenic and non-transgenic T cells. Cyclosporin A (CsA) was added to polyclonally activated

Th1 (IL-12 + IFN-c + anti-IL-4) and Th2 cultures (anti-IFN-c + anti-IL-12 + IL-4) at different concentrations (e and f). P-lig expression was

determined on day 3 after activation (n � 4; mean ± SD. *P < 0�05; **P < 0�01; ***P < 0�001; unpaired t-test).
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cytokine receptors. First, we exploited the heterogeneous

expression of the transgenic TCR in DO11.10 mice to

analyse whether P-lig induction after activation of naive

CD4+ T cells depends on a cell-intrinsic TCR signal or on

changes in the milieu. As shown in Fig. 1(d), P-lig induc-

tion was observed only on T cells expressing the trans-

genic OVA-specific TCR (KJ1.26.1+). Second, we used

CsA, which inhibits the calcineurin-dependent dephos-

phorylation and translocation of NFAT into the nucleus

to block TCR-mediated activation. P-lig induction was

dose-dependently inhibited by CsA (Fig. 1e) confirming

that TCR-dependent signals are indeed required for the

induction of P-lig on T cells, as shown previously.13

When T cells were activated under non-permissive condi-

tions, i.e. Th2, we observed a low, but reproducible

induction of P-lig on T cells treated with high concentra-

tions of CsA (Fig. 1f).

Inhibition of the calcineurin pathway suppressed P-lig

induction beyond its inhibition of proliferation, as seen

when the impact of CsA on P-lig induction was analysed in

individual generations detected by loss of CFSE (Fig. 2a).

P-lig expression was also reduced within single generations

of T cells activated under Th1 polarizing conditions sug-

gesting that CsA treatment affects P-lig induction indepen-

dently of its anti-proliferative action (Fig. 2b).

Hence, TCR/calcineurin-mediated, cell-intrinsic signals

are essential for the induction of P-lig. To determine

whether the TCR signal regulates FucT-VII, C2GlcNAcT-I

or both we sorted cells of generations 2 and 3 on day 3

after activation and determined mRNA levels or the gly-

cosyltransferases. Surprisingly, CsA treatment only slightly

reduced FucT-VII mRNA expression in T cells cultured

either under Th1 or Th2 conditions (Fig. 2c). In contrast,

CsA treatment affected C2GlcNAcT-I in the same way as

P-lig expression: it suppressed C2GlcNAcT-I expression

in Th1-polarized cells but allowed slightly increased levels

in proliferated Th2-polarized cells (Fig. 2c). This shows

that C2GlcNAcT-I expression dictates the expression of

P-lig under these conditions. Also the paradoxical effect

of CsA on P-lig expression induced under Th2 conditons

was found to correlate to C2GlcNAcT-I, but not FucTVII

mRNA expression.

The contrasting effect of CsA treatment on C2GlcN-

AcT-I under Th1 and Th2 conditions suggests that TCR

signalling differentially regulates C2GlcNAcT-I expression

depending on signals from polarizing cytokines.

C2GlcNAcT-I mRNA expression dictates the
expression of P-lig in Th cells

As apparent from Figs 1 and 2, only a fraction of T cells

expresses P-lig in Th1 cultures and, an even smaller frac-

tion in Th2 cultures. To analyse whether P-lig+ and

P-lig� fractions differ in their expression of FucT-VII

and/or C2GlcNAcT-I mRNA, we sorted P-lig+ and P-lig�

T cells from Th1 and Th2 cultures. The Th1 cells were

sorted from day 3 cultures, a time-point with intermedi-

ate levels of P-lig+ cells (see following Fig. 4) allowing

purification of P-lig+ and P-lig� T-cell fractions. Under

Th2 conditions, P-lig expression was low but stable from

day 3 to day 5. As total numbers of P-lig+ in Th2 cultures

were higher at day 5 because of cellular expansion this

time-point alleviating acquisition of the rare P-lig+ Th2

cells, was chosen to sort Th2 cultures into P-lig+ and P-

lig� fractions. To exclude any bias caused by differences

in proliferation, P-lig+ and P-lig� fractions were again

sorted from similar generations, i.e. generation 2 and 3,

according to CFSE loss (Fig. 3a). FucT-VII and C2GlcN-

AcT-I mRNA was up-regulated in both P-lig+ and P-lig�

fractions compared with naive T cells (Fig. 3b). However,

whereas FucT-VII mRNA levels did only slightly differ

between Th1-P-lig+ and P-lig� cells and not among these

fractions of Th2 cells, C2GlcNAcT-I mRNA was more

strongly expressed in P-lig+ Th1 and Th2 cells. This again

suggests that C2GlcNAcT-I is the key regulator of P-lig

expression under these conditions. Furthermore, it also

suggests that both enzymes are differentially regulated.

Differential regulation of FucT-VII and C2GlcNAcT-I
by cytokine signals

To determine the impact of cytokines on C2GlcNAcT-I

and FucT-VII regulation we activated naive CD4+ cells

either under Th1, Th2 or Th0 conditions for 3 days by

anti-CD3/anti-CD28 mAb followed by a 2-day resting

phase. Interleukin-2 was added to all cultures. In addition

to P-lig, we also determined E-lig expression to correlate

expression of the glycosyltransferases C2GlcNAcT-I and

FucT-VII to P-lig and E-lig expression.

As known, P-lig induction was most efficient under

Th1 conditions and evident already 3 days after activa-

tion. This was associated with high C2GlcNAcT-I expres-

sion (Fig. 4a,c). In contrast, high E-lig expression was

found on day 5 after activation in Th1 and Th0 cultures,

which was accompanied by high FucT-VII expression

(Fig. 4b,d). In contrast to C2GlcNAcT-I, which peaked

on day 3, FucT-VII increased up to day 5 in Th1 and

Th0 cultures after removal from the TCR stimulus and

further culturing in the presence of IL-2 (Fig. 4d). These

data confirm that C2GlcNAcT-I determines the expres-

sion of P-lig whereas E-lig expression is controlled by

FucT-VII and can occur in the absence of higher levels of

C2GlcNAcT-I induction.

To analyse the impact of individual cytokines on FucT-

VII and C2GlcNAcT-I mRNA induction we cultured

naive T cells with IL-2 and additional distinct combina-

tions of IL-12, IFN-c and IL-4 or blocking antibodies.

Interferon-c or IL-4 alone or their blockade during IL-12-

dependent induction did not significantly affect C2GlcN-

AcT-I induction, confirming that IL-12 is the major
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inducer of C2GlcNAcT-I (Fig. 5a). Strikingly, FucT-VII

mRNA expression was most strongly induced under Th0

conditions, and significantly reduced in the presence of

IL-4 (Fig. 5b). Addition of IL-12, but not the combina-

tion of IL-12 and IFN-c, i.e. Th1 conditions, also resulted

in significantly lower FucT-VII expression than under

Th0 conditions (Fig. 5b).

T-bet is induced by IFN-c and IL-12 signalling.14 Since

previous studies suggested that T-bet is involved in

C2GlcNAcT-I induction9,10 we analysed the induction of

P-lig, FucT-VII and C2GlcNAcT-I mRNA in T-bet�/�

T cells 3 days after stimulation under Th1 conditions.

However, we found no significant difference in expression

of P-lig, C2GlcNAcT-I and FucT-VII in T-bet-deficient

cells compared with wild-type controls (Fig. 5c) at this

early time-point, suggesting that T-bet induced by T-cell

activation or IFN-c is not involved in the primary steps

of the IL-12-dependent induction of C2GlcNAcT-I.
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Blockade of IL-2 inhibits FucT-VII expression

To confirm the hitherto unreported role of IL-2 for the

regulation of FucT-VII, we stimulated naive T cells under

Th0 or Th1 conditions for 3 days and added from day 3

either exogenous IL-2 or a neutralizing anti-IL-2 mAb.

Blockade of IL-2 reduced E-lig as well as FucT-VII up-

regulation in T cells cultured under Th0 conditions

(Fig. 6a). Interleukin-7, which also signals via the com-

mon c-chain of the IL-2 receptor, could restore FucT-VII

mRNA expression (Fig. 5a). Expression of P-lig and

C2GlcNAcT-I, which is low under these conditions, was

unaffected by IL-2 blockade (Fig. 5a). Under Th1 condi-

tions, IL-2 blockade also resulted in reduced expression

of E-lig and a tendency toward reduced FucT-VII

(Fig. 6b). Interleukin-7 could at least partially rescue the

effect on E-lig expression, whereas IL-12 and IFN-c pres-

ent under Th1 conditions were obviously unable to do so

(Fig. 6b). P-lig as well as C2GlcNAcT-I mRNA expression

were unaffected by IL-2 blockade.
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These data demonstrate that, in addition to TCR signal,

IL-12 is a key inducer of C2GlcNAcT-I and P-lig, but not

FucT-VII expression, whereas IL-2 and the homeostatic

cytokine IL-7 are important regulators of FucT-VII and

E-lig.

Discussion

By analysing glycosyltransferase expression in P-lig+ and

P-lig� activated T cells we show that C2GlcNAcT-I rather

than FucT-VII expression determines P-lig expression.

For instance, C2GlcNAcT-I expression was much higher

in P-lig+ Th1 versus P-lig� Th1 cells. Moreover, lack or

abrogation of C2GlcNAcT-I induction, as for instance

under Th0 conditions or after CsA treatment, correlated

with low P-lig induction. However, residual expression or

low induction of FucT-VII still seems to be required for

P-lig synthesis because Th1 cells from FucT-VII�/� mice

lack P-lig expression and show impaired recruitment into

acute inflamed delayed-type hypersensitivity skin sites.4,15

In contrast, E-lig expression was found in T cells in the

absence of C2GlcNAcT-I induction such as under Th0

conditions which, however, required high levels of FucT-

VII mRNA expression. For E-lig synthesis, even residual

C2GlcNAcT-I expression might be dispensable as granu-

locytes and Th1 cells from C2GlcNAcT-I knockout mice

retain some binding to E-selectin although binding to

P-selectin is abolished.5

Apart from the distinct contribution of FucT-VII and

C2GlcNAcT-I to the generation of P-lig and E-lig in

CD4+ T cells, the data of our study also show that the

two glycosyltransferases are differentially regulated by

cytokines and the TCR signal.

First, in agreement with other reports, we found that

C2GlcNAcT-I induction is regulated primarily by polariz-

ing cytokines, particularly IL-12, whereas T-cell activation

in the presence of IL-2 (Th0 conditions) was not suffi-

cient to induce C2GlcNAcT-I expression.7,8 Moreover,

blockade of IL-2 in expanding, activated T cells did not

affect C2GlcNAcT-I expression. Interleukin-4 had no

direct suppressive effect on C2GlcNAcT-I expression and

in contrast to other studies, we found no major inducing

effect of IFN-c and T-bet on the expression of P-lig and

C2GlcNAcT-I.9,10 However, in the study by Underhill

et al.9 the differences between wild-type and T-bet�/�

T cells were most prominent after prolonged culture. As

we only analysed early time-points our data do not pre-

clude that T-bet acts at later time-points for instance by

stabilizing the expression of C2GlcNAcT-I.

In contrast, IL-4 suppressed FucT-VII induction. as

shown before by Wagers et al.1 Yet, in contrast to this

study, which found induction of FucT-VII by IL-12, we
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Figure 4. Fucosyltransferase VII (FucT-VII) and E-selectin ligand (E-lig) expression is promoted under T helper type 0 (Th0) conditions in the

absence of T-cell receptor (TCR) stimulation. Naive CD4+ T cells were activated by anti-CD3/anti-CD28 stimulation under Th1 [interleukin-2

(IL-2) + IL-12 + interferon-c (IFN-c) + anti-IL-4], Th2 (IL-2 + anti-IL-12 + anti-IFN-c + IL-4) or Th0 (IL-2 + anti-IL-12 + anti-IFN-c + anti-

IL-4) polarizing conditions. P-lig (a) and E-lig (b) expression as well as core 2 b1,6-N-acetyl-glycosaminyltransferase I (C2GlcNAcT-I) (c) and

FucT-VII mRNA (d) expression normalized to HPRT mRNA expression was determined on day 3 and day 5 after activation (n � 3;

mean ± SD). ***P < 0�001 versus Th1 same day; **P < 0�01 versus Th1 same day; *P < 0�05 versus Th1 same day; unpaired t-test.
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observed that IL-12 in the absence of IFN-c suppressed

FucT-VII expression, though less strongly than IL-4.1

However, addition of IFN-c resembling Th1 culture con-

ditions, seems to prevent the inhibitory effect of IL-12,

resulting in similar levels of FucT-VII expression as under

Th0 conditions. Considering that some of the cultures in

the Wagers et al. study were performed with total CD4+

T cells and without blockade of IFN-c, which rather

reflects Th1 conditions, both studies concur that Th1

conditions support high FucT-VII induction.

Interleukin-2, however, promoted high FucT-VII

expression in activated T cells and blockade of IL-2 abro-

gated induction of E-lig and FucT-VII. In particular,

FucT-VII mRNA expression could be rescued by IL-7,

another common c-chain cytokine16 which suggests that

promiscuous and homeostatic cytokines play a hitherto

unknown role in the induction of FucT-VII in activated

T cells. The rescue of E-lig expression by IL-7 was not as

effective as the restoration of FucT-VII mRNA expression,

suggesting that IL-2 and IL-7 might affect other parts of

the E-lig synthesis pathway with differing efficacy.

Differential effects on FucT-VII and C2GlcNAcT-I

expression were also observed after blockade of calcineu-

rin-dependent TCR signals. TCR signalling, in particular,

p38-dependent and Ras-Raf-dependent pathways were

shown to control FucT-VII induction.11,12 We found that

blocking of calcineurin-dependent pathways of T-cell acti-

vation by CsA inhibited C2GlcNAcT-I but not FucT-VII

mRNA induction. This is surprising as CsA, by inhibiting

calcineurin-dependent signals, also inhibits the produc-

tion of IL-2 which, we found here, is an inducer of FucT-

VII.17 However, the inducing effect of IL-2 on FucT-VII

was most obvious between day 3 and day 5 of culture,

i.e. after removal of the cells from the TCR stimulus,

suggesting that IL-2 and IL-7, which can substitute IL-2,

act at later time-points and that Ras-Raf-dependent

pathways, possibly less affected by the CsA treatment,

might control the early TCR-dependent FucT-VII induc-
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tion. Alternatively, minute amounts of IL-2 produced

even in the presence of CsA might be sufficient to induce

FucT-VII.

In a previous study, we showed that FucT-VII induc-

tion in naive T cells requires cell cycling, which is

induced by the TCR stimulus.13 This, and the fact that

naive T cells express IL-7 receptors but do not express

FucT-VII or E-lig, suggests another level of regulation

such as epigenetic modification of the fucosyltransferase 7

gene locus.

In contrast to FucT-VII, CsA treatment inhibited the

induction of C2GlcNAcT-I under Th1 conditions.

Although we cannot completely exclude the possibility

that the effect of CsA is due to impaired availability of

IL-2, this appears unlikely because IL-2 did not support

C2GlcNAcT-I induction under Th0 conditions and IL-2

blockade had no major effect on C2GlcNAcT-I expres-

sion in activated T cells. It rather suggests direct involve-

ment of NFAT-dependent signals. However, NFAT

phosphorylation occurs early after TCR triggering but

induction of C2GlcNAcT-I and hence the inhibitory

effect of CsA is only observed 48–72 hr after activation.

Hence, the effect of CsA on C2GlcNAcT-I induction

might be indirect by NFAT-dependent regulation of

other pathways, in particular IL-12-dependent signals.

However, IL-12 receptor b2 expression appeared to be

unaffected by CsA treatment (data not shown) and T-bet

was shown to be dispensable for this early C2GlcNAcT-I

expression suggesting that NFAT proteins might even

directly cooperate with STAT4-dependent signals to induce

C2GlcNAcT-I expression. The differential effect of CsA on

FucT-VII and C2GlcNAcT-I could therefore indeed reflect

dichotomy in the requirement of distinct downstream TCR

signalling pathways, i.e. NFAT-dependent and Ras-Raf-

dependent pathways, for C2GlcNAcT-I and FucT-VII

induction.

Surprisingly, CsA treatment resulted in slightly

increased expression of P-lig in progressed T cells cul-

tured under Th2 polarizing conditions, i.e. in the pres-

ence of IL-4. This cannot be explained by changes in IL-4

signalling due to CsA treatment because IL-4 did not

actively suppress C2GlcNAcT-I mRNA expression

(Fig. 4). It rather suggests that restraining NFAT-depen-

dent TCR signals under Th2 conditions turns IL-4 into
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an inducer of C2GlcNAcT-I. Such IL-4-dependent induc-

tion mechanisms are likely to exist because in vivo the

majority of IL-4-producing CD4+ T cells coexpress

P-lig.18

Taken together, our data show striking differences

between the requirement of FucT-VII and C2GlcNAcT-I

for P-lig and E-lig expression in CD4+ T cells. Moreover,

we show that both enzymes are differentially regulated.

Whereas IL-12 and a strong TCR signal up-regulate

C2GlcNAcT-I, FucT-VII is induced independent from

calcineurin-dependent NFAT signals by homeostatic cyto-

kines such as IL-2 and IL-7. The promoting action of

IL-2 and IL-7, both binding to the common c-chain of the

IL-2 receptor, suggest that STAT5 signalling is involved in

transcriptional activation of fucosyltransferase 7.
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